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Abstract 

Understanding the underlying drivers of carbon emissions is critical for designing effective climate mitigation policies in highly 

vulnerable emerging economies. This study investigates the long-run and dynamic impacts of economic growth, fossil fuel 

energy consumption, population dynamics, and forest area on carbon dioxide (CO2) emissions in Bangladesh from 1990 to 2022. 

Utilizing advanced time-series econometric techniques—including Autoregressive Distributed Lag (ARDL) bounds testing, 

Dynamic Ordinary Least Squares (DOLS), Fully Modified Ordinary Least Squares (FMOLS), Canonical Cointegration 

Regression (CCR), and pairwise Granger causality tests—the analysis confirms a stable long-run cointegrating relationship 

among the variables. The empirical findings reveal that economic expansion and fossil fuel energy consumption significantly 

increase CO2 emissions, yielding long-run elasticities of 0.58 and 1.58, respectively. Conversely, forest area exerts a substantial 

moderating effect; a 1% increase in forest cover reduces carbon emissions by approximately 8.65%, underscoring the critical 

role of forest ecosystems as vital carbon sinks. While population growth exhibits a statistically significant direct impact in the 

long-run model, it influences emissions indirectly by driving energy demand and economic activity. These results highlight the 

urgency of an integrated policy framework that simultaneously promotes sustainable growth paths, accelerates the clean energy 

transition, and strengthens forest conservation strategies. 
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1. Introduction 

Global climate change has been a growing concern for cen-

turies due to its severe consequences. This is due to the rising 

atmospheric concentrations of greenhouse gases (GHGs), par-

ticularly carbon dioxide (CO2) from human activities like the 

burning of fossil fuels, deforestation, and changes in land use 

[1]. Population growth accompanied by increasing economic 

activities and deforestation are the major drivers of CO2 emis-

sions and thereby contribute to the dreadful consequences for 

the environment and human health [2, 3]. It is, thus, considered 

a daunting task for the global community to reduce CO2 emis-

sions to ensure sustainability through mitigation policies [4, 5]. 

In emerging countries like Bangladesh, the problem becomes 
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paramount as the country is resource-poor, leading to vulnera-

bility due to extreme climatic events like drought and flood be-

cause of changing rainfall patterns, and frequent and intense 

heatwaves. The situation is worsening day-by-day as it has a 

huge population but low growth, rare sources of renewable en-

ergy, and the shrinkage of forest areas. It is found that Bangla-

desh is one of the most vulnerable countries of the world with a 

"very high risk" score of 27.73 in the Global Climate Risk Index 

2024 [6]. Bangladesh, having ratified the Paris Agreement in 

2016, committed to reducing national emissions and adapting 

to climate change impacts, focusing on reducing GHG emis-

sions by 15% by 2030 as part of the Paris Agreement [7]. This 

contains a 10% unconditional basis, and a 5% conditional basis 

based on industrialized countries contributing climate finance, 

technology transfer, and capability building, but Bangladesh 

was unable to estimate the substantial reduction in CO2 emis-

sions [8]. Thus, Bangladesh needs to formulate policies and ca-

pacity building aiming at reducing climate vulnerabilities and 

ensuring sustainable development, along with maintaining the 

balance of climate sensitivity, pollution, and economic growth. 

Bangladesh, as a developing country, has had commenda-

ble economic progress during the last two and a half decades. 

However, the question remains whether the growth is sustain-

able with comparatively low environmental vulnerability. 

Over the period, Bangladesh has demonstrated a consistent 

GDP growth exceeding 6% annually before recent domestic 

and international challenges. However, the economy has en-

countered challenges more recently; the World Bank reduced 

its growth prediction for FY2026 to 4.6% because of dwin-

dling public and private investment, high inflation, and weak-

nesses in the financial sector, but forecasted a pickup to 6.1% 

in FY2027 [9]. The driving factors for this substantial eco-

nomic progress in Bangladesh are mainly the growing popu-

lation and the potential labour force. Specifically, increasing 

women's participation in the labour market has been signifi-

cant in rural areas, where it reached 50.89% in 2022, com-

pared to 22.59% in urban areas, from only agricultural sectors 

to industrial and service sectors [10]. Thus, the economic 

characteristics have been changing and shifting from the ma-

jor agricultural sector to the industrial sector, resulting in in-

creased energy consumption. 

Although global concentration of economic activities is 

shifting to adopt renewable energy due to political turmoil, 

sudden energy shocks, climate change, and environmental 

quality [11], Bangladesh does not have many renewable en-

ergy sources and, on the contrary, uses fossil fuels, which emit 

CO2 and reduce environmental sustainability. Thus, a lot of 

fossil fuels (natural gas, oil, coal, etc.) have been used for dif-

ferent purpose that emits tons of carbon dioxide [12]. Due to 

economic development and population growth, the energy de-

mand in Bangladesh has expanded quickly. Between 1996 and 

2016, Bangladesh's CO2 emissions rose by an average of 

8.25%, from 0.20 metric tons per capita to 0.53 metric tons 

[13]. 

While global scholars are increasingly exploring the link-

ages between carbon emissions and macroeconomic aggre-

gates, rigorous econometric research focusing on these dy-

namics within Bangladesh remains limited. There is a distinct 

shortage of integrated studies that evaluate economic growth, 

fossil fuel energy consumption, population dynamics, and for-

est cover within a single unified time-series framework. Con-

sequently, the long-run elasticities and transmission channels 

remain inadequately mapped. Therefore, the primary objec-

tive of this study is to investigate the dynamic impacts of eco-

nomic expansion, fossil fuel energy consumption, population 

growth, and forest area changes on CO2 emissions in Bangla-

desh. 

This research makes several distinct contributions to the 

empirical literature on environmental economics and climate 

policy in developing, climate-vulnerable nations. First, by col-

lectively modeling the long-term effects of economic growth, 

fossil fuel consumption, population dynamics, and forest area 

within a single framework, it offers one of the most compre-

hensive time-series analyses for Bangladesh to date. In con-

trast to existing country-specific studies that evaluate these 

variables in isolation, this paper implements multiple comple-

mentary long-run estimators while explicitly accounting for 

structural discontinuities in the data. Second, methodologi-

cally, the study utilizes a robust combination of DOLS, 

FMOLS, CCR, and ARDL bounds testing alongside structural 

break-based cointegration approaches. This multi-estimator 

strategy mitigates small-sample bias, non-stationarity, and en-

dogeneity issues, thereby enhancing the reliability of the de-

rived elasticities. Third, the findings supply fresh quantitative 

evidence regarding the disproportionate efficacy of forest con-

servation as an emissions-mitigation tool, demonstrating that 

forest expansion yields substantial carbon sequestration bene-

fits that outweigh conventional energy-intensity improve-

ments. Finally, the study clarifies policy discussions by isolat-

ing the indirect transmission channels of population pressure, 

paving the way for more integrated climate, energy, and land-

use strategies. 

The rest of the article is organized as follows. Following the 

introduction, Section 2 provides a brief overview of the exist-

ing research on the connections between CO2 emissions, pop-

ulation growth, economic expansion, energy use, and forest 

areas. The Methodology section, presented in the third section, 

describes the econometric methodologies used in this study 

and highlights the data and empirical model building. The Em-

pirical Findings are presented in Section 4, and the Discussion 

is presented in Section 5. Section 6 provides the conclusion, 

implications, limitations, recommendations, and prospects for 

further research. 

2. Literature Review 

A wide range of previous studies, with varying methodo-

logical approaches, have been conducted worldwide [14-20] 
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to explore the association between carbon emissions, eco-

nomic growth, and energy use. Previous studies suggest that 

not only economic growth and energy use but also other fac-

tors, such as economic complexity [21], urbanization [22], 

policy uncertainty [23], international trade, technological in-

novation [19], renewable energy [24] globalization [25], and 

population density [20, 26] can impact environmental quality. 

Despite all other significant factors and their interconnec-

tions, economic growth is considered the primary driver of 

CO2 emissions. GDP is a major driver of CO2 emissions, 

showing directional causality between them in Bangladesh 

[27]. Using data from Nigeria, [28] it showed that economic 

expansion in Nigeria is a contributing factor to environmental 

loss. Whereas a study demonstrated that economic expansion 

raises CO2 emissions by utilizing time series data for African 

nations [29]. Moreover, a substantial relationship between 

CO2 emissions and economic growth found in ASEAN na-

tions [30]. Furthermore, using the DSUR approach on APEC 

nations, a study found that economic development raises CO2 

emissions [31]. Using ARDL, FMOLS, and DOLS estimators 

on annual data from 1971 to 2016, it is discovered that eco-

nomic expansion has a favorable impact on CO2 emissions in 

Mexico [32]. Another study used the ARDL approach and 

DOLS technique for Malaysia and demonstrated the benefi-

cial effects of economic growth and energy use on CO2 emis-

sions [33]. 

Due to a growing interest in the transitions away from fossil 

fuels, the link between renewable energy use and emissions 

has been fundamental and increasingly evident in global re-

search focuses. For example, manufacturing solar panels in-

volves some greenhouse gas emissions, but these are minimal 

compared to burning fossil fuels [34]. It has been demon-

strated that the reduction in China's first-quarter CO2 emis-

sions in 2025 was due to a 5.8% drop in the power sector. 

While power demand grew by 2.5% overall, there was a 4.7% 

drop in thermal power generation, mainly coal and gas. In-

creases in solar, wind, and nuclear power generation, driven 

by investments in new generating capacity, more than covered 

the growth in demand [35]. In advanced economies, energy-

related CO2 emissions decreased by 1.1% (120 Mt CO2) in 

2024, driven by a 5.7% decline in coal emissions and a 0.5% 

drop in oil emissions. The reduction reflects advanced econo-

mies' continued deployment of low-emission energy sources, 

with renewables and nuclear power accounting for over 50% 

of electricity generation, led by strong growth in wind and so-

lar [36]. It has been confirmed that a long run cointegration 

relationship exists between increased renewable energy use 

and decreased carbon emissions [37]. Using panel fully mod-

ified least squares (FMOLS), panel dynamic least squares 

(DOLS), fixed effects (FE), and panel quantile regression, a 

negative correlation discovered between CO2 emissions and 

renewable energy use in the BRICS nations [38]. Thus, renew-

able energy sources produce little to no waste products like 

CO2 and other pollutants; they have little impact on the envi-

ronment. Moreover, it might provide a way to address both 

energy security and global warming [39]. 

Investigating the relationship between emissions and other 

contributing factors, it is said that the speedy growth of urban-

ization, industrialization, man-made construction, and the 

growing use of forest areas are very important. Due to the 

shrinking of forest areas, the overall ecosystem is being de-

graded, leading to comparatively high levels of emissions. The 

relationship between forest area and emissions has also been 

revealed in different earlier studies. A comprehensive study, 

emphasized that global forests consistently absorb a substan-

tial amount of carbon (around 3.6 Pg C yr−1), offsetting nearly 

half of fossil-fuel emissions [40]. Another study examined the 

impacts of forest cover change on carbon stock and emissions 

in a specific watershed [41]. They found that a decline in for-

est land due to agricultural expansion led to a significant de-

crease in carbon stock and an increase in annual carbon emis-

sions. Globally, changes in land-use, forestry, and agricultural 

activities are the second-largest contributor to CO2 emissions 

and a major contributor to climate change, accounting for 

nearly one-fifth of annual global CO2 emissions [40]. While 

deforestation is estimated to release over three billion tons of 

CO2 into the atmosphere each year, global forest ecosystems 

are estimated to absorb over 300 billion tons of CO2 emissions 

annually [5]. Researching how Bangladesh's forest cover may 

affect the country's efforts to reduce CO2 emissions. 

Due to economic activity and energy consumption, many 

environmental analyses have concentrated on greenhouse gas 

emissions into the atmosphere, ignoring population expansion 

and the usage of forest areas as crucial components of envi-

ronmental quality, especially in Bangladesh. It is found that 

the relationship between population growth and CO2 emis-

sions is a well-studied area in environmental economics and 

demography. A large body of literature suggests a positive 

correlation, where increasing population size often leads to 

higher energy demand and subsequent carbon emissions. The 

IPCC's Sixth Assessment Report (2023) highlights that glob-

ally, gross domestic product (GDP) per capita and population 

growth remained the strongest drivers of CO2 emissions from 

fossil fuel combustion in the last decade (2010–2019) [1]. 

These factors increased emissions by 2.3% and 1.2% per year, 

respectively, outpacing reductions from energy intensity im-

provements. There is a positive association found between 

CO2 emissions, population, and technology in Nigeria [41]. 

While some studies in the past have indicated a marginal im-

pact, recent analysis using data up to 2023 continues to show 

a positive long-run impact of population growth on carbon 

emissions, highlighting the need for increased renewable en-

ergy adoption. Even though it has become a popular issue 

among modern researchers globally, there is a dearth of re-

search utilizing econometric methodologies to examine the re-

lationship between CO2 emissions and population growth in 

Bangladesh. 

Based on the above discussion, there are many studies 

around the world studied the connections between CO2 emis-

sions and its vital drivers; however, there are no studies which 
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investigated the combined impacts of economic expansion, 

population growth, renewable energy, and forest area on CO2 

emissions in a single econometric framework. There are also 

studies that applied advanced econometric approaches, but 

few used structural break-based cointegration approaches. 

There are some studies that investigated the impact of eco-

nomic growth and energy use on CO2 emissions in Bangladesh, 

but there is a lack of such studies that investigated the rela-

tionship by considering population growth and forest area 

cover as vital factors of CO2 emissions in Bangladesh. 

3. Data and Methodology 

3.1. Data Selection for the Study 

The present study empirically examines the interrelated and 

varying influences of economic expansion, population, fossil 

fuel energy consumption, and forest area on CO2 emissions in 

Bangladesh by employing the dynamic ordinary least squares 

(DOLS) regression [42]. Theoretically, rising economic ex-

pansion leads to increased energy consumption, primarily 

from fossil fuels, which increases CO2 emissions. The litera-

ture analysis suggested that the population, which is one of the 

primary drivers of CO2 emissions, has the potential to have a 

positive impact on emissions, along with the continuous 

shrinkage of forest area. This study used population, GDP 

(Constant Price), the utilization of fossil fuel energy consump-

tion, and forest area as explanatory variables, and CO2 emis-

sions as the dependent variable. Time series data from 1990 to 

2022 for Bangladesh were obtained from the World Develop-

ment Indicator (WDI) dataset of the World Bank (WB). The 

study uses kilotons (kt) to measure CO2 emissions, GDP (con-

stant local currency unit) to measure economic growth, popu-

lation refers to the total number of people, the percentage of 

energy usage that comes from fossil fuel energy consumption, 

and square kilometers (sq. km) to measure forested area. To 

ensure that the data are normally distributed, the variables are 

converted to logarithms. The variables with their logarithmic 

forms, measurement units, and data sources are presented in 

Table 1, which corresponds to each of the variables for the 

current study. 

Table 1. Variables with their logarithmic forms, units, and data sources. 

Variables Description Logarithmic forms Units Sources 

CO2 CO2 emissions LCO2 Kilotons (kt) WB 

GDP Economic growth LGDP Constant Bangladeshi taka WB 

FFE Fossil fuel energy consumption LFFE % of total WB 

PU Population Total LPU Total Population WB 

FA Forest area LFA Square kilometers (sq. km) WB 

Note: Data source link: https://data.worldbank.org/country/bangladesh 

3.2. Model Development 

There are extant empirical studies that have investigated the 

impact of fossil fuel energy use on CO2 emissions in Bangla-

desh [8]; however, they did not include population and for-

ested area. The country has a significant share of the global 

population, which contributes to global CO2 emissions 

through unplanned urbanization and industrial production [43]. 

Moreover, hypothesized a negative relationship between for-

ested area cover and CO2 emissions due to the role of forests 

in carbon sequestration [44]. Therefore, the present study uses 

the following functional model to explore the impacts of pop-

ulation, use of fossil fuel energy, and forest area on CO2 emis-

sions in Bangladesh. 

𝐶𝑂2𝑡
= 𝑓(𝐺𝐷𝑃𝑡; FFE𝑡; 𝑃𝑈𝑡; 𝐹𝐴𝑡;)             (1) 

where 𝐶𝑂2𝑡
 is the CO2 emissions at time t, 𝐺𝐷𝑃𝑡  is the eco-

nomic growth at time t, which is the most conventional factor 

of CO2 emissions, and 𝑃𝑈𝑡  is the population at time t, FFEt is 

the fossil fuel energy consumption at time t, and FAt is the 

forested area at time t. The functional model can be translated 

into the following statistical model by taking the logarithmic 

argument to both sides of equation (1). 

𝐿𝐶𝑂2𝑡
= 𝛽0 + 𝛽1𝐿𝐺𝐷𝑃1𝑡 + 𝛽2𝐿FFE2𝑡 + 𝛽3𝐿𝑃𝑈3𝑡 + 𝛽4𝐿𝐹𝐴4𝑡 + 𝜀𝑡                     (2) 
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Where 𝛽0 and 𝜀𝑡 stand for intercept and error term, respec-

tively. In addition, 𝛽1, 𝛽2, 𝛽3, and  𝛽4 represent the coeffi-

cients. To evaluate Model 2, the current study uses DOLS, an 

extended equation of ordinary least squares estimation. The 

DOLS includes explanatory factors together with leads and 

lags of their initial difference terms to control endogeneity and 

compute standard deviations using a covariance matrix of er-

rors that is resistant to serial correlation. The inclusion of the 

leads and lags of the different terms indicates that the error 

term is orthogonalized. The DOLS estimator's standard devi-

ations offer a trustworthy test for the variables' statistical sig-

nificance since they have a normal asymptotic distribution [5]. 

Using the DOLS method, and if it remains a combined order 

of integration, it is possible to forecast the dependent variable 

using explanatory factors—level, lags, and leads. Adding up 

these explanatory factors, the DOLS evaluation may avoid 

tiny sample bias as well as endogeneity. The DOLS estima-

tion’s main advantage is the presence of mixed-order integra-

tion of individual variables in the cointegrated space. The pri-

mary benefit of the DOLS estimation is the cointegrated out-

line's mixed order integration of individual variables [13]. Af-

ter ensuring the parameters are cointegrated, the study pro-

ceeds with equation (3) to estimate the long-run coefficient 

utilizing the DOLS method. 

𝛥𝐿𝐶𝑂2𝑡 = 𝛽0 + 𝛽1𝐿𝐶𝑂2𝑡 + 𝛽2𝐿𝐺𝐷𝑃1𝑡 + 𝛽3𝐿FFE2𝑡 + 𝛽4𝐿𝑃𝑈3𝑡 + 𝛽5𝐿𝐹𝐴4𝑡 + ∑ 𝑦1
𝑝
𝑗=1 𝛥𝐿𝐶𝑂21𝑡 + ∑ 𝑦2

𝑝
𝑗=1 𝛥𝐿𝐺𝐷𝑃2𝑡 +

∑ 𝑦3
𝑝
𝑗=1 𝛥𝐿FFE3𝑡 + ∑ 𝑦4

𝑝
𝑗=1 𝛥𝐿𝑃𝑈4𝑡 + ∑ 𝑦5

𝑝
𝑗=1 𝛥𝐿𝐹𝐴5𝑡+𝜀𝑡                             (3) 

where Δ and p are the first difference and the optimum lag 

length, respectively, in the above equation (3). 

3.2.1. Data Stationarity Technique 

To avoid erroneous regression, a unit root test is required. 

It tests the stationarity of the selected variables in regression 

by differentiating them and estimates the equation of interest 

using stationary processes [5]. The empirical literature recog-

nizes that before examining cointegration among variables, 

the sequence of integration must be identified. Several studies 

advise performing multiple unit root tests to assess the series 

integration order because the sample size affects how effective 

unit root tests are [13]. To look for the autoregressive unit root, 

the current research employed the Augmented Dickey-Fuller 

(ADF) test [45], the Dickey-Fuller generalized least squares 

(DF-GLS) test [46], along with the Phillips-Perron (P-P) test 

[47]. In this study, the unit root test justifies the adoption of 

the DOLS technique over conventional cointegration methods 

and verifies that no variable exceeded the order of integration. 

3.2.2. ARDL Bounds Test for Cointegration 

The Autoregressive Distributed Lag (ARDL) model is re-

quired to capture the cointegration among the series data [42]. 

When evaluating cointegration, the ARDL bounds test offers 

numerous advantages over alternative one-time integer meth-

ods. The ARDL bounds test can be applied to series with a 

non-uniform order of integration because it does not require 

that variables be integrated in a specific order, and ARDL also 

offers a reliable long-term model projection. Regardless of 

whether the cointegration order occurs at I (0) or I(1) and the 

basic returning system is in sequence to a portion in the I(2), 

the ARDL limits testing approach can be applied. Thus, the 

ARDL bounds test can be depicted through the equation (3) 

with the optimal lag length. Pesaran and Timmermann pre-

sented the critical values for the ARDL bounds test, which fol-

lows the F-distribution [48]. The estimating method begins 

with Eq. (3) and uses OLS to assess the combined significance 

of the coefficients of the lagged variables. This technique 

looks for any possibility of a long-term relationship between 

the variables. If the F-statistics are found within the lower and 

upper critical values, the test is considered inconclusive. 

3.2.3. Pairwise Granger Causality Test 

This study aims to find the relationships between the varia-

bles that lead to the observed effects. Thus, to determine 

whether there is a causative relationship between the variables, 

this study employed the pairwise Granger causality test, which 

was proposed by Granger [49]. The statistical notion of 

Granger causality, which is based on prediction, is used in this 

work because it offers several benefits over alternative time-

series evaluation techniques. The primary benefit of this test 

is its capacity to analyze many lags while discounting higher-

order lags. It is said that one time series Y "Granger-causes" 

another time series X if it aids in forecasting the future of the 

latter. The time series of these two variables has a data length 

T, where Xt and Yt (t = 1, 2…, T) represent their respective 

values at time t. Models Xt and Yt can be subjected to a biva-

riate autoregressive model by applying the following equa-

tions (4) and (5), respectively. 

𝑋𝑡 = ∑ (𝑎11,1
𝑝
𝑖=1 𝑥𝑡−1 + 𝑎12,1𝑦𝑡−1) + 𝜇𝑡       (4) 

𝑦𝑡 = ∑ (𝑎21,1
𝑝
𝑖=1 𝑥𝑡−1 + 𝑎22,1𝑦𝑡−1) + 𝜀𝑡       (5) 

In this case, μt and εt stand for residuals, aij,1 (i,j=1, 2) are 

the model's coefficients, and p is the model order. Granger 

causality between X and Y can be detected using F tests, and 

the coefficients can be computed using simple least squares. 

4. Results of the Study 

4.1. Summary Statistics 

The summary statistics of the chosen variables, including 
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carbon dioxide emissions (LCO2), energy consumption from 

fossil fuels (LFFE), gross domestic product (LGDP), forest 

area (LFA), and population (PU), are shown in Table 1. Each 

variable was selected from 33 annual observations from Bang-

ladesh. The statistical indicators- measures of central tendency 

(mean and median), dispersion (standard deviation), and dis-

tributional characteristics (skewness, kurtosis, and Jarque-

Bera test with probability values [50]) were calculated. All 

variables have skewness values near zero; the distributions are 

approximately symmetric and show no significant departures 

from normality. All variable values for kurtosis are less than 

3, indicating that the series are platykurtic. Additionally, all 

variables have Jarque-Bera test statistics and related p-values 

above the 0.05 cutoff, confirming the normality null hypothe-

sis. The variables' applicability for additional correlation and 

econometric modeling is confirmed by these empirical find-

ings to examine the variables' dynamic relationships. Efficient 

Tests for Normality, Homoscedasticity and Serial Independ-

ence of Regression Residuals. 

Table 2. Summary Statistics of the Model Variables (1990–2022). 

Statistic LCO2 LFFE LGDP LFA PU 

Mean 10.68706 4.16850 30.10022 9.85314 18.77526 

Median 10.68011 4.18875 30.05582 9.85279 18.80189 

Maximum 11.72866 4.42041 31.04546 9.86284 18.94768 

Minimum 9.55164 3.80042 29.28925 9.84342 18.53073 

Std_Dev 0.67996 0.18532 0.53619 0.00850 0.12484 

Skewness -0.08166 -0.41966 0.17728 0.03018 -0.45109 

Kurtosis 1.74843 2.11265 1.79736 1.23215 1.99899 

Jarque_Bera 2.19052 2.05130 2.16156 4.30227 2.49691 

Probability 0.33445 0.35856 0.33933 0.11635 0.28695 

Observations 33 33 33 33 33 

Note. LCO2 = Log of CO2 emissions; LFFE = Log of fossil fuel energy consumption; LGDP = Log of gross domestic product; LFA = Log of 

forest area; LPU = Log of total population. 

4.2. Correlation Between the Variables 

To determine whether there are linear correlations between 

the variables, Table 2 presents a correlation analysis. The re-

sults reveal that all the variables are correlated with one an-

other. There is a substantial and positive link between CO2, 

FFE, GDP, and PU, meaning that as FFE, GDP, and PU rise, 

CO2 tends to rise as well, and vice versa. However, there is a 

negative link between CO2 and FA, and between GDP and PU, 

meaning that as CO2 and PU values increase, FA and PU val-

ues tend to decrease, and vice versa. Following the correlation 

analysis, we proceeded with the unit root tests to see whether 

the variables were stationary. 

Table 3. Summary statistics of the Correlation diagnostic. 

Correlation diagnostic 

 LCO2 LFFE LGDP LFA PU 

CO2 1.0000000 0.9907300 0.9932562 -0.9582640 0.9873026 

FFE 0.9907300 1.0000000 0.9741927 -0.9319079 0.9942349 

GDP 0.9932562 0.9741927 1.0000000 -0.9534144 0.9716338 

FA -0.9582640 -0.9319079 -0.9534144 1.0000000 -0.9331121 
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Correlation diagnostic 

 LCO2 LFFE LGDP LFA PU 

PU 0.9873026 0.9942349 0.9716338 -0.9331121 1.0000000 

4.3. Results of Unit Root Tests 

By verifying that no variable exceeded the order of integration, we used the unit root test to support the feasibility of using the 

DOLS estimator rather than cointegration. The results of unit root testing with ADF, DF-GLS, and P-P tests are shown in Table 4. 

Table 4. The results of unit root tests. 

Variables (Logarithmic form) LCO2 LFFE LGDP LFA PU 

ADF 
Log_Level -1.3393 -3.6979*** 3.4099 -1.641 -0.8704 

First_Diff -4.3223*** -4.1801*** -4.6011*** -1.3628 -0.2645** 

DFGLS 
Log Level -2.2036 -1.1306 -1.2926 -3.2665** -2.4895 

First Diff -2.7875 -4.0316*** -2.7518 -1.4459*** -0.912 

PP 

Log_Level -0.5025 -2.3131 5.3754 -0.4503 -9.2056 

First_Diff -7.6195*** -5.706*** -3.8643*** -1.471 -1.2649*** 

 

All three tests show that the variable LCO2 is non-stationary 

at the level. The ADF and PP confirm the variable is stationary 

at first, I(1). ADF and DFGLS tests confirm the LFFE variable 

is stationary at the level, and three of the unit root tests con-

firm its stationarity at the first difference. ADF and PP tests 

confirm LGDP is stationary at the first difference. This 

strongly supports the conclusion that LGDP is I(1). LFA re-

vealed stationarity at the level and first difference by the 

DFGLS test. Again, in the case of PU, ADF, and PP tests con-

firmed that it was not stationary at the level, but after the first 

difference, it was revealed to be stationary. This result means 

that the selected variables were mixed stationary or may be 

stationary with a stationarity break, which will confirm the Zi-

vot and Andrews (Z&A) unit root test. 

4.4. Zivot and Andrews (Z&A) Unit Root Test 

Table 5 below presents the unit root test with 1%, 5%, and 

10% significance levels, where we use both the level and first 

difference for this test. It is confirmed that 3 (LCO2, LFFE, 

PU) out of 5 variables were stationary at a level with a station-

ary break, but different variables showed different break 

points. LCO2 and LFFE were stationary at a 5% significance 

level, whereas PU was at a 1% significance level. All the var-

iables showed first-difference stationarity at a 1% level of sig-

nificance. These results support the traditional DOLS model, 

but after confirming that these variables have a long run coin-

tegrated relationship. 

Table 5. The results of the Zivot and Andrews (Z&A) unit root test. 

Variable t-Statistic (Level) Break Year (Level) t-Statistic (1st Diff) Break Year (1st Diff) 

LCO2 -5.5544 ** 2019 -8.7974 *** 2018 

LFFE -5.2219 ** 1994 -8.8583 *** 1995 

LGDP -4.2111 2001 -7.1409 *** 2018 

LFA -2.5894 2015 -7.2120 *** 1999 

PU -14.4573 *** 1999 -1.5777 *** 2010 

Note: *** p < 0.01, ** p < 0.05, * p < 0.10 
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4.5. Cointegration Test Results 

The traditional unit root test and the Zivot and Andrews test 

confirm that the variables used in this study were mixed station-

arity at I (0) and I (1). Thus, we have used the ARDL bound test 

for the confirmation of cointegration among the variables. After 

verifying the stationarity properties of the series, we performed 

the ARDL bounds test for cointegration assessment. The F-sta-

tistic was computed with an appropriate lag period. Table 6 dis-

plays the results of the ARDL bounds test, which examined the 

cointegration between the variables. For this test, the probable 

p-value is calculated and compared with the F-statistic value 

[42], approximate critical values for k = 4. 

Table 6. Findings from cointegration with bounds testing. 

F-bounds test 

Test statistic 
Value 

Null hypothesis: No level relationship 

Significance I (0) Bound I (1) Bound 

Value of F-statistic 9.4667 10% 2.45 3.52 

K 4 5% 2.86 4.01 

p-value 0.00001*** 1% 3.74 5.06 

 

The results demonstrate the approximate F-statistic value 

(9.4667) and P-value (0.00001), so we reject the null hypoth-

esis and confirm a long-run connection between the variables. 

Again, comparing the F-statistic value with the critical bound 

value, we found that the F-statistic value is greater than 10%, 

5%, 2.5%, and 1% of the critical upper limit in order one. That 

confirms the P-value result and concludes a long-run relation-

ship among the variables. 

4.6. The Outcome of DOLS Estimation 

The result of DOLS in Table 7 indicates a very high explan-

atory power of the model. The Multiple R-squared value of 

0.9981 indicates that the set of independent variables accounts 

for about 99.81% of the variation in the dependent variable. 

The Adjusted R-squared score (0.9978) confirms this result by 

adjusting for the number of predictors in the model. Addition-

ally, the F-statistic is 3705 with a p-value < 0.0001, indicating 

that the model is statistically significant overall. This demon-

strates that at least one predictor has a non-zero coefficient and 

contributes considerably to explaining the dependent variable. 

The intercept (70.29943) is statistically significant (p = 

0.0074), implying that when all explanatory factors are set to 

zero, the predicted value of the LCO2 is 70.30. LFFE has a 

significant positive influence (β = 1.584, p < 0.001), resulting 

in a 1.58 unit increase in the dependent variable when other 

factors are held constant. LGDP significantly contributes to 

the model (β = 0.576, p < 0.001). LFA has a substantial nega-

tive effect (β = -8.647, p < 0.001), indicating that increasing 

LFA results in a drop in LCO2. This means that as forested 

area increases, CO2 emissions are decreasing through the car-

bon sequestration role of forests [44]. PU is, however, not sta-

tistically significant (p = 0.837), implying that it has no major 

influence in the current model setting. The residual standard 

error is 0.0316, showing that the model has a low level of un-

accounted variance. The median residual near 0 indicates that 

the residuals are symmetrically distributed around the mean, 

and there is no strong evidence of bias. 

Table 7. Long-Run Coefficients from Dynamic Ordinary Least Squares (DOLS) Estimation. 

Variable Coefficient Std. Error t-value p-value 

Intercept 70.29943 24.32067 2.891 .0074** 

LFFE 1.58441 0.29773 5.322 .0000*** 

LGDP 0.57553 0.05553 10.363 .0000*** 

LFA -8.64658 2.19522 -3.939 .0005*** 

LPU 0.08817 0.42331 0.208 .8365 
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Variable Coefficient Std. Error t-value p-value 

R-squared: 0.9981; Adjusted R-squared: 0.9978; F-statistic: 3705, (p < .0001) 

Note. Dependent variable is LCO2. 

**p < .01. ***p < .001 

4.7. Robustness Check of DOLS 

The above two tables show the FMOLS and CCR models' 

results. This investigation employed the FMOLS and CCR 

techniques to verify the robustness of DOLS long-term rela-

tionships. The FMOLS and CCR models support DOLS find-

ings, with Fossil fuel energy consumption and Gross domestic 

product statistically significant (p < 0.01), and Forest area 

continuously negative and significant (p < 0.01). FMOLS 

found the intercept slightly lower than DOLS, whereas CCR 

is the same as DOLS. 

Table 8. Robustness Checks: FMOLS and CCR Estimation Results. 

Variables 

FMOLS Model CCR Model 

Coefficient p-value Coefficient p-value 

Intercept 59.73177 .0335* 66.26620 0171* 

LFFE 1.59289 .0000*** 1.39273 .0003*** 

LGDP 0.58334 .0000*** 0.58380 .0000*** 

LFA -7.64541 .0034** -8.61437 .0010** 

LPU 0.11118 .8102 0.31593 .4901 

Note. Dependent variable is LCO2. 

*p < .05. **p < .01. ***p < .001. 

The FMOLS estimates for Fossil fuel energy consumption 

(1.59%) and Gross domestic product (0.58%) are nearly iden-

tical to the DOLS results, indicating their dependability. Sim-

ilarly, the CCR model estimates (Fossil fuel energy consump-

tion = 1.39%, Gross domestic product = 0.58%, and Forest 

area = -8.61%) support the directional consistency amongst 

techniques. Population is statistically insignificant in all mod-

els (p > 0.1), supporting its minor role. These findings high-

light the major roles of Fossil fuel energy consumption and 

Gross domestic product in increasing the dependent variable, 

CO2 emission, with Forest area emerging as an important mit-

igating factor. According to the model's goodness of fit, the 

independent variables can explain 99% of the variation in the 

change of the dependent variable, as shown by the R-squared 

and adjusted R-squared values obtained by FMOLS and CCR 

estimates. 

Table 9. DOLS Diagnostic. 

Test Statistic p_value Decision 

X-squared Jarque-Bera 0.06867 0.96625 Do not reject H0 (Normal) 

LM test Breusch-Godfrey 4.66328 0.09714 Do not reject H0 (No Autocorrelation) 

BP Breusch-Pagan 3.46455 0.48329 Do not reject H0 (Homoskedasticity) 
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The DOLS model's robustness and reliability were as-

sessed using multiple post-estimation diagnostic tests. The 

Jarque-Bera test for normality returned a statistic of 0.0687 

with a p-value of 0.9662, showing that the residuals are nor-

mally distributed at the 5% level of significance. Addition-

ally, the results of the Breusch-Godfrey LM test for serial 

correlation showed no autocorrelation in the residuals, with 

a p-value of 0.0971 and a test statistic of 4.6633. The 

Breusch-Pagan test, which was used to evaluate homoske-

dasticity, produced a test statistic of 3.4645 and a p-value of 

0.4833, suggesting that the variance of the residuals is con-

stant. Overall, these diagnostic findings support the assump-

tions of the model and validate the reliability and statistical 

adequacy of the DOLS specification in comprehending the 

underlying economic associations. The model's dependabil-

ity for policy inferences is further supported by the absence 

of autocorrelation and heteroscedasticity. As a result, the re-

sults can be used with confidence for environmental and eco-

nomic research. 

4.8. Results of Pairwise Granger Causality Test 

The current study aims to document the causal relationships 

among the variables. The F-statistic provides evidence that 

Granger causality exists in the relationship between the varia-

bles. The result has been presented in Table 8, which shows 

the pairwise Granger causality and includes the causality di-

rection between the variables using the right arrow (→) with 

1%, 5%, and 10% significance levels. Due to the statistical 

significance of their F-values, the paired Granger causality 

test results show that Carbon dioxide emissions and Fossil fuel 

energy consumption, and Carbon dioxide emissions and Pop-

ulation demonstrate unidirectional causality, hence rejecting 

the null hypothesis. Carbon dioxide emissions Granger-cause 

both Gross Domestic Product and Population, suggesting that 

historical Carbon dioxide emissions values provide predictive 

information about both variables. Additionally, there is a bi-

directional causal relationship between Carbon dioxide emis-

sions and Gross Domestic Product, as Gross Domestic Prod-

uct Granger-causes Carbon dioxide emissions as well. 

Table 10. Pairwise Granger Causality Test Results. 

Null Hypothesis F-Statistic P-Value Direction 

LCO2 does not Granger Cause LFFE 0.24856 0.78175 LCO2 → LFFE 

LCO2 does not Granger Cause LGDP 3.67955 0.03916 ** LCO2 → LGDP 

LCO2 does not Granger Cause LFA 0.67939 0.5157 LCO2 → LFA 

LCO2 does not Granger Cause PU 10.93963 0.00036 *** LCO2 → PU 

LFFE does not Granger Cause LCO2 0.73399 0.48967 LFFE → LCO2 

LFFE does not Granger-cause LGDP 0.23288 0.79388 LFFE → LGDP 

LFFE does not Granger Cause LFA 2.05783 0.14803 LFFE → LFA 

LFFE does not Granger Cause PU 7.19757 0.00325 *** LFFE → PU 

LGDP does not Granger Cause LCO2 13.7784 8e-05 *** LGDP → LCO2 

LGDP does not Granger Cause LFFE 0.30836 0.7373 LGDP → LFFE 

LGDP does not Granger Cause LFA 0.52128 0.59984 LGDP → LFA 

LGDP does not Granger Cause PU 8.75454 0.00124 *** LGDP → PU 

LFA does not Granger Cause LCO2 1.02638 0.37237 LFA → LCO2 

LFA does not Granger Cause LFFE 2.19306 0.13179 LFA → LFFE 

LFA does not Granger Cause LGDP 0.44977 0.64264 LFA → LGDP 

LFA does not Granger Cause PU 7.75965 0.00228 *** LFA → PU 

PU does not Granger Cause LCO2 0.89752 0.41983 PU → LCO2 

PU does not Granger Cause LFFE 1.95988 0.16114 PU → LFFE 

PU does not Granger-cause LGDP 0.38967 0.68117 PU → LGDP 

PU does not Granger Cause LFA 3.37562 0.04974 ** PU → LFA 

Signif. codes: 0.01 '***' 0.05 '**' 0.10 '*' 
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The findings also show that there are further unidirectional 

and bidirectional relations between the explanatory variables, 

with Fossil fuel energy consumption, Gross domestic product, 

and Forest area causing Population growth, and Population 

causes Forest area. These causal relationships draw attention 

to how the regressors are interdependent and how Population 

is a dynamically impacted variable. The results also suggested 

that the other variables showed no Granger causality, which 

means the null hypothesis of no causality cannot be rejected 

in those situations. 

 
Figure 1. Directions of Granger causality among the variables. 

5. Discussion 

The current study investigates how Bangladesh's CO2 emis-

sions are impacted by growing population, economic expan-

sion, fossil fuel energy consumption, and forest area. The find-

ings highlight the major roles of fossil fuel energy consump-

tion and economic expansion in increasing the dependent var-

iable of CO2 emissions, with forest area emerging as an im-

portant mitigating factor. The result is supported by [51] and 

[52], who found a positive connection between GDP and CO2 

emissions in Peru. Our findings are also supported by several 

studies that have been conducted to ascertain the relationship 

between CO2 emissions and economic growth for different na-

tions [5, 29-32, 53, 54]. 

Environmental contamination is assumed to increase in tan-

dem with economic growth. More pollution, waste, and envi-

ronmental degradation occur from increased consumption and 

development activities, but those development activities are 

necessary for social improvement [55]. As a result, economic 

activity seems to be appropriate for environmental develop-

ment and protection rather than endangering the long-term 

quality of the environment [31]. An increasingly energy-in-

tensive manufacturing sector has been taking over Bangla-

desh's economy for a long time, and rising economic growth 

is related to increased environmental pollution. Thus, the chal-

lenging task that Bangladesh is facing is to promote economic 

development while reducing CO2 emissions to a certain extent. 

Unless it uses low-carbon technology and renewable energy 

in industrial manufacturing sectors, it would be difficult for 

Bangladesh to reduce emissions intensity. Solid policies, 

methods, and implementation strategies are required in this re-

gard. 

In the current study, the potential of fossil fuel energy con-

sumption and emissions nexus has also been explored. Ac-

cording to the study, fossil fuel energy consumption appears 

to have a negative impact on lowering CO2 emissions in Bang-

ladesh. This finding demonstrates that if there is an increased 

use of renewable energy, then there is a reduction in CO2 

emissions. This finding is consistent with the other studies, i.e., 

[13], and [56] in different country cases, which suggests re-

newable energy leads to environmental sustainability. Lower 

levels of fossil fuel energy utilization, however, were unable 

to support both economic expansion and the decrease in emis-

sions in Bangladesh. As a recently developed nation, the en-

ergy demand is increasing in Bangladesh with the pace of pop-

ulation growth and industrialization, and it still depends on 

fossil fuels like coal, oil, and natural gas to produce power and 

meet the energy demand. Thus, the use of fossil fuels to gen-

erate energy in Bangladesh does not advance environmental 

sustainability, which has been addressed in different studies 

[57-59] where everyone has pointed out that various countries 

rely on non-renewable energy sources, i.e., coal, natural gas, 

and oil. Thus, enhancing renewable energy production could 

be the best option for Bangladesh to reduce energy emissions 

generated by industrialization and population growth and im-

prove environmental quality in the long run. 

Population expansion has undoubtedly had a significant im-

pact on CO2 emissions worldwide, and this is also true in 

Bangladesh, which is the world's most densely populated 

country. Population growth is intimately correlated with CO2 

emissions and other GHGs caused by human activity. In this 

study, we have found that population growth has a positive 

impact on CO2 emissions at an exponential growth rate. Our 

findings have been aligned with another paper, where envi-

ronmental degradation is said to result from several factors 

brought on by population expansion [60]. In several other 

studies in Pakistan, Nepal, and China, it has also been found 

that the expanding population and CO2 emissions have a 

strong and positive correlation [61, 62]. Thus, the findings of 

the current study are consistent with other studies conducted 

in different regions. 

With the expansion of the population, the possibility of de-

forestation is on the rise due to new settlements for the grow-

ing population. This is because deforestation causes a rise in 

CO2 emissions and deteriorates the global climate. In our 

study, we have found that intensifying forest areas is one of 

the most effective ways to reduce GHG emissions and main-

tain ecological balance. It demonstrates that deforestation, 

which reduces the amount of forest area, raises CO2 emissions 

and causes climate change. However, several other studies 

conducted by [31, 56, 63], and [13] looked at a negative cor-

relation between CO2 emissions and wooded areas in several 

nations, which supports our finding. Therefore, limiting defor-

estation might be the straightforward strategy to lower CO2. 

Moreover, a key goal of climate change mitigation is to re-
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verse forest losses through conservation, restoration, and im-

provement. 

By using GHG emissions as a stand-in for environmental 

quality, the current study's findings add to the body of liter-

ature by demonstrating the real environmental effects of en-

ergy consumption, economic growth, population size, and 

forest areas in a developing nation like Bangladesh. The 

study's findings indicate that economic growth should be 

sustainable and that, to mitigate the effects of burning fossil 

fuels and consider the industrial operations that harm the en-

vironment, we must move toward more renewable energy to 

meet the growing energy demand in Bangladesh. Further-

more, forest areas should be extended through afforestation 

and natural regeneration that would help reduce carbon 

emissions, conserve biodiversity, revitalize ecosystems, and 

improve environmental quality. 

6. Conclusion and Policy Directions 

6.1. Conclusion 

This study examines the potential effects of population size, 

energy consumption, economic development, and forest areas 

on CO2 emissions in Bangladesh. Time series data over the 

period 1990 to 2022 obtained from the World Development 

Indicator (WDI) have been used to examine the dynamic im-

pacts of the variables. The study uses kilotons (kt) to measure 

CO2 emissions, GDP (constant local currency unit) to measure 

economic growth, population growth per year, the percentage 

of energy usage that comes from renewable energy, and 

square kilometers (sq. km) to measure forested area. In this 

research, the integration order of the dataset was established 

using the Zivot and Andrews (Z&A) unit root test. There was 

also long-term cointegration evidenced by the ARDL bound 

test. Moreover, the DOLS model was used to analyze the con-

sequences of environmental factors over time. The empirical 

findings indicate that an increase in economic activity within 

Bangladesh contributes to a rise in CO2 emissions, thereby in-

tensifying environmental degradation within the nation. The 

findings reveal that Bangladesh's CO2 emissions are projected 

to rise by 0.58% for each 1% increase in GDP. There is a 1.58% 

increase in CO2 emissions for every 1% increase in energy use 

from fossil fuels. This is to be expected, as fossil fuels are the 

primary source for the transportation sector, which is increas-

ing gradually, and a significant part (21%) of electricity gen-

eration. Moreover, a 1% increase in forest area cover results 

in an 8.65% decrease in emissions. Additionally, the intercept 

(70.29943) indicates that the expected value of the CO2 is 

70.30 units when all explanatory factors are set to zero. This 

suggests that this emission may occur due to additional causes, 

such as land use changes, CO2 emissions from waste, or others 

that were not considered in this study. Based on the FMOLS 

and CCR models, the expected results are reliable. Further-

more, while population size has not demonstrated a significant 

direct association, it is indirectly related to CO2 emissions as 

per our paired Granger causality analysis. In conclusion, by 

lowering Bangladesh's CO2 emissions, forest area helps to im-

prove the quality of the environment. Our research suggests 

that limiting carbon emissions by using less energy from fossil 

fuels and increasing or at least sustainably managing forest 

cover could help to mitigate the effects of climate change. To 

reduce environmental degradation and achieve sustainable de-

velopment in Bangladesh, this article offers guidance for sig-

nificant regulatory policy frameworks. 

6.2. Policy Implications 

The study's empirical results have several significant policy 

ramifications for Bangladesh's plan for sustainable develop-

ment and climate mitigation. First, the importance of quicken-

ing the nation's energy transition is highlighted by the consid-

erable positive elasticity of CO2 emissions with respect to fos-

sil fuel energy use. Targeted incentives for renewable energy 

investment, grid modernization, and energy efficiency im-

provements should be prioritized to reduce dependency on 

coal, oil, and natural gas, especially in the industrial and power 

production sectors. 

Second, the findings show that expanding and conserving 

forests is a very efficient and reasonably priced mitigation 

strategy. Policies that avoid deforestation, encourage affor-

estation, and restore degraded forest land can result in signif-

icant emissions reductions because of the huge negative elas-

ticity associated with forest acreage. Therefore, it is crucial to 

improve institutional coordination between local governments, 

environmental authorities, and community-based forest man-

agement programs. 

Third, the necessity to separate growth from carbon inten-

sity is highlighted by the positive correlation between emis-

sions and economic growth. Encouraging greener manufactur-

ing technology, establishing emissions guidelines for energy-

intensive industries, and progressively incorporating market-

based tools like carbon pricing or emissions trading mecha-

nisms are some ways to do this. By taking these steps, Bang-

ladesh will be able to maintain economic growth while reduc-

ing environmental deterioration. 

Fourth, although population expansion has no statistically 

significant direct impact on emissions, its indirect effects 

through economic activity and energy demand indicate the im-

portance of energy-efficient housing regulations, public trans-

portation development, and urban design. Future emissions 

rise can be moderated by managing population pressures 

through better infrastructure and service delivery. 

Finally, the findings encourage the creation of a compre-

hensive framework for climate policy that integrates eco-

nomic planning, forest management, and energy transition. In 

addition to improving long-term environmental sustainability 

and economic resilience, such a coordinated approach will in-

crease Bangladesh's capacity to fulfill its nationally defined 

responsibilities under the Paris Agreement. 
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7. Limitations and Future Research 

Opportunities 

Even if the current study provides insightful empirical infor-

mation on Bangladesh, it has certain limitations that could be 

addressed in future research. The efficacy of the econometric 

methodologies employed in our analysis is limited by the ab-

sence of data on the use of renewable energy sources. The pre-

sent study used CO2 emissions total excluding LULUCF as a 

dependent variable, which is basically the total of CO2 emis-

sions from Agriculture, Building (Energy), Fugitive Emissions 

(Energy), Industrial Combustion (Energy), Industrial Processes, 

Power Industry (Energy), Transport (Energy), and Waste. How-

ever, in the case of Bangladesh, no data were available on CO2 

emissions from waste. Again, further research is needed to an-

alyze each category separately and determine the significance 

of each category's relationship with economic development. 

Additionally, because it is an overpopulated country, Bangla-

desh has a declining amount of arable land. Changes in land use 

may influence environmental quality and the carbon intensity 

of GDP. According to the most recent World Trade Organiza-

tion (WTO) data, Bangladesh is currently the world's second-

largest exporter of ready-made garments (RMG) [64]. So, there 

was an opportunity for further research on water pollution, as 

well as soil pollution. To improve Bangladesh’s overall envi-

ronmental quality, more research could be done using other in-

dicators of environmental emissions. 
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