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Abstract 
 
Achieving sustainable environmental quality has become a critical global issue, 
necessitating the reduction of carbon dioxide (CO2) emissions and greenhouse gas (GHG) 
emissions to mitigate environmental pollution. Hydropower energy has the potential to 
play a significant role in this effort by providing a clean, renewable energy source that can 
help reduce reliance on fossil fuels and decrease CO2 emissions. This study examines the 
dynamic impact of hydropower energy consumption, economic growth, capital, and labor 
on Indonesia's CO2 emissions from 1990 to 2020. Applying the Autoregressive Distributed 
Lag (ARDL) method, the findings demonstrate that hydropower energy consumption has 
a negative effect on CO2 emissions in both the short and long term, indicating that 
increasing hydropower energy consumption leads to a reduction in CO2 emissions. 
Conversely, labor exhibits a positive influence on CO2 emissions in both the short and 
long term, suggesting that a rise in labor contributes to higher levels of CO2 emissions in 
Indonesia. Furthermore, the Granger causality analysis reveals a bidirectional relationship 
between CO2 emissions and hydropower energy consumption. The robustness of ARDL 
results is confirmed through additional tests using Fully-Modified Ordinary Least Squares 
(FMOLS), Dynamic Ordinary Least Squares (DOLS), and Canonical Cointegrating 
Regressions (CCR) methods. The findings underscore the importance of promoting 
sustainable hydropower energy for effective environmental management in Indonesia. 
Policymakers should prioritize investments in sustainable hydropower infrastructure, 
encourage the adoption of energy-efficient technologies, and develop a skilled workforce 
to mitigate the environmental impact of increased labor force participation. 
 

 

Copyright: © 2024 by the authors. This is an open-access article distributed under the 
terms of the Creative Commons Attribution-NonCommercial 4.0 International License. 
(https://creativecommons.org/licenses/by-nc/4.0/) 

1. Introduction 

In the last few decades, maintaining sustainable 
environmental quality has become a critical issue 
worldwide. To preserve biodiversity, it is crucial to reduce 

carbon dioxide (CO2) and greenhouse gas (GHG) 
emissions, which are major contributors to the increasing 
ecological footprint and global environmental pollution 
[1–5]. Global efforts to limit temperature rise and 
mitigate the worst impacts of climate change require 
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ambitious targets [6, 7]. Humanity faces the challenge of 
achieving the new Sustainable Development Goals 
(SDGs), which aim to ensure access to affordable, reliable, 
sustainable, and modern energy for all [8, 9]. These goals 
focus on universal energy access, increasing the share of 
renewable energy, improving energy efficiency, and 
expanding and upgrading infrastructure for sustainable 
energy supply [10]. Continued collaboration and 
investment in renewable energy infrastructure are crucial 
for addressing climate change, promoting economic 
growth, and enhancing global prosperity [11]. 

However, the impacts of atmospheric warming resulting 
from global GHG emissions vary among nations, 
influenced by their natural features and socioeconomic 
characteristics [12]. Countries like Malaysia, the 
Philippines, Indonesia, Singapore, and Thailand face 
heightened environmental challenges due to economic 
advancement [13–15]. Economic growth increases 
energy consumption as industries expand, leading to 
higher demand [16–19]. Historically, fossil fuels have 
been the primary energy source driving economic 
development. Thus, economic growth and energy 
consumption are often associated with the rising global 
CO2 emissions, largely stemming from fossil fuel 
combustion, which significantly contributes to the 
increasing GHG emissions in the atmosphere [20]. 

Recognizing the urgent need to address environmental 
degradation and energy insecurity, transitioning to a low-
carbon economy has been emphasized as a crucial step 
in supporting sustainable development goals [13, 20, 21]. 
Renewable energy sources, such as solar, wind, 
geothermal, and hydropower, offer environmentally 
friendly alternatives by emitting fewer GHG and CO2 
emissions, and causing minimal environmental harm 
[22–25]. Promoting renewable energy helps nations 
mitigate the adverse effects of CO2 emissions on 
economic growth, combat climate change, and secure a 
sustainable long-term energy supply [24]. 

Hydropower energy stands out among renewable energy 
sources due to its substantial energy generation capacity, 
storage capabilities, and economic benefits [26]. Its 
flexibility makes it particularly conducive to ensuring grid 
stability, providing a reliable alternative to volatile 
renewable energy sources [13, 20]. Additionally, 
hydropower offers accessibility and sustainability 
advantages over fossil fuels [11, 22, 27], leading to its 
remarkable growth and significant contribution to global 
electricity generation [6, 10, 21]. 

However, despite the vast untapped potential of 
hydropower resources worldwide, which could offer 
substantial energy and economic benefits, their 

deployment often faces obstacles due to negative 
impacts on riverine ecosystems [28]. While the global 
installed hydropower capacity reached 1360 GW in 2021, 
generating a total of 4250 terawatt-hours (TWh) of 
electricity [29], its deployment rate lags significantly 
behind that of solar PV, being ten times slower [30]. This 
slower rate can be attributed primarily to the limited 
availability of suitable rivers for damming and frequent 
opposition based on social and environmental concerns. 

Hydropower is the most preferred renewable energy 
technology in Indonesia due to its cost-effectiveness and 
reliability [31, 32]. The country's assessed potential for 
large hydropower stands at 75 gigawatts (GW) [30, 33]. As 
of 2020, non-fossil fuel renewable energy sources, such 
as hydro, wind, and solar power, accounted for only 
11.5% of Indonesia's total electricity production. Among 
these sources, hydropower was the largest contributor, 
comprising 8% of the total [34]. According to the 
International Energy Agency [35], hydropower accounted 
for 60% of the total renewable electricity generation in 
Indonesia in 2021, making it the most significant non-
combustible renewable energy source. Indonesia's 
geographic location, with its numerous rivers and 
abundant rainfall, makes it particularly well-suited for the 
development of hydropower technology [36]. As an 
agrarian country situated on the equator, local 
communities frequently utilize hydropower technology 
to address sustainable energy supply in remote areas 
[37]. From an environmental perspective, hydropower 
energy has demonstrated its ability to reduce emissions 
with negative abatement costs and significant potential 
for further emission reductions [13, 38]. The utilization of 
hydropower not only enhances Indonesia's energy 
security but also fosters economic growth by providing 
affordable and clean electricity to industries and 
households [39, 40]. 

Numerous researchers globally have explored the 
relationship between hydropower, economic growth, and 
CO2 emissions. Umalla et al. [11] focused on BRICS 
countries from 1990 to 2016, employing panel 
autoregressive distributed lag (ARDL) modeling and panel 
quantile regression (PQR). They found that hydropower 
energy consumption positively influences both long-term 
and short-term economic growth while negatively 
impacting CO2 emissions in the long term. Alsaleh & 
Abdul-Rahim [26] investigated the impact of hydropower 
industry growth on CO2 emissions in 28 European Union 
(EU) countries from 1990 to 2018, utilizing panel fully 
modified ordinary least squares (FMOLS), dynamic 
ordinary least squares (DOLS), and pooled ordinary least 
squares (pooled OLS). The findings suggested that 
increasing hydropower energy can effectively reduce CO2  
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Table 1. The summary of variables. 

Variable Symbol Unit Description Source 
CO2 Emissions CO2 Kilotonnes (kt) CO2 emissions reflect environmental impact, 

primarily from burning fossil fuels. 
WDI [41] 

Hydropower Energy 
Consumption 

HYDRO Electricity generation in 
gigawatt-hour (GWh) 

Hydropower energy measures electricity generated 
from water flow, offering a renewable and cleaner 
energy option. 

IEA [35] 

Economic Growth GDP Constant (2015 US$) Economic growth indicates a nation's rising 
production and GDP, leading to improved living 
standards and prosperity. 

WDI [41] 

Capital GFCF Constant (2015 US$) Gross fixed capital formation represents 
investments in a nation's physical assets like 
buildings and infrastructure over a period. 

WDI [41] 

Labor LF Total (person) The labor force is the sum of all employed and job-
seeking individuals in a region, key to evaluating 
workforce engagement and productivity. 

WDI [41] 

 
emissions in EU28 nations. Similarly, Sinaga et al. [42] 
examined hydropower's role in mitigating environmental 
degradation in Malaysia from 1978 to 2016 using the 
ARDL model. Bello et al. [43] discovered that 
hydroelectricity plays a significant role in mitigating 
environmental degradation. Bildirici & Gökmenoğlu [22] 
investigated the relationship between environmental 
pollution, economic growth, and hydropower energy 
consumption in G7 countries, revealing bidirectional 
causality between hydropower consumption and CO2 
emissions. Solarin et al. [44] provided empirical evidence 
supporting hydropower as a substitute for fossil fuels in 
Italy. In contrast to previous studies, Pata [45] found no 
significant reduction in CO2 emissions in Turkey from 
1974 to 2014 despite the presence of hydropower, using 
both ARDL and FMOLS models within the Environmental 
Kuznets Curve (EKC) framework, which was attributed to 
insufficient adoption of renewable energy. Similarly, Zou 
[46] did not find evidence supporting the substitution of 
coal with hydropower. 

A recent study by Ridzuan et al. [47] investigated the 
impact of hydroelectricity on CO2 emissions in the ASEAN-
3 countries (Malaysia, Indonesia, and Thailand) using the 
ARDL method. The results showed that hydroelectricity 
had a significant long-term effect on reducing CO2 
emissions only in Malaysia, while the findings for 
Indonesia and Thailand were insignificant. In a similar 
study, Danmaraya & Danlami [13] examined the ASEAN-
4 countries (Malaysia, Indonesia, the Philippines, and 
Thailand) using the ARDL approach. They found that 
hydropower energy consumption negatively impacted 
CO2 emissions in Malaysia but had no significant impact 
in Indonesia, the Philippines, and Thailand. 

Despite these studies, there remains a significant 
research gap, particularly in the case of Indonesia. The 
limited availability of research in this context underscores 
the need for further investigation. To address this gap, 

this study aims to employ a more comprehensive and up-
to-date dataset, a robust model, and suitable modeling 
techniques such as ARDL, Granger causality, as well as 
methods for robustness like FMOLS, DOLS, and CCR, to 
analyze the dynamic impact of hydropower energy 
consumption, economic growth, capital, and labor on CO2 
emissions in Indonesia. Given the pressing need to 
promote sustainable development and mitigate potential 
environmental damage, it is crucial to empirically 
examine the correlation between these factors. By testing 
hypotheses related to hydropower, economic growth, 
capital, labor and CO2 emissions, this study seeks to 
provide policymakers with the necessary insights to make 
informed decisions. The findings of this research will 
contribute to the development of effective strategies that 
balance economic growth with environmental 
sustainability, ultimately fostering a more sustainable 
future for Indonesia. 

2. Materials and Methods 

2.1. Variable Description and Data Sources 

This study utilizes annual data from Indonesia covering 
the period from 1990 to 2020. It is worth noting that in 
this study, we use the concept of a 'proxy' for several 
variables. CO2 emissions are used as a proxy for 
environmental degradation, while hydropower electrical 
generation serves as a proxy for hydropower energy 
consumption. Additionally, to simplify the terminology, 
we use the abbreviation 'capital' to refer to gross fixed 
capital formation and 'labor' to refer to the labor force. 
The World Development Indicators (WDI) database, 
published by the World Bank, provided the data for CO2 
emissions, economic growth, capital, and labor [41]. 
Meanwhile, the International Energy Agency (IEA) 
platform was the source for data on hydropower energy 
consumption [35]. Table 1 presents a detailed description 
of the variables used in this study. To mitigate the  
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Figure 1. Trends of the study variables: (a) CO2 emissions, (b) hydropower energy, (c) economic growth, (d) capital, and (e) labor. 
 
potential impact of heteroscedasticity, all data were 
transformed into natural logarithms prior to analysis. 

Furthermore, Figure 1 illustrates the trends of the 
variables used in this study. Figure 1a presents the data 
trend for CO2 emissions, while Figure 1b displays the 
trend for hydropower energy consumption. Figure 1c 
depicts the trend for economic growth, and Figure 1d 
showcases the trend for capital. Lastly, Figure 1e exhibits 
the trend for labor. Upon examining the overall trends, it 
is evident that each variable demonstrates a consistent 
upward trajectory over the years, indicating a steady 
increase in their respective values. 

2.2. Theoretical Framework and Empirical Model 

The theoretical framework emphasizes the importance of 
integrating renewable energy to reduce CO2 emissions. 

Transitioning to renewables promotes mitigating 
environmental degradation [7, 48]. The Green Solow 
Model (GSM) by Brock & Taylor [49] extends Solow's 
growth theory [50] by incorporating environmental 
factors. It assumes production creates negative 
externalities through environmental degradation. Our 
study employs a Cobb-Douglas [51] production function, 
which includes capital and labor in the model, enhanced 
with hydropower consumption and economic growth 
variables. To achieve the stated objective, we express the 
initial function as Equation 1. 

𝐶𝑂2 =  𝑓 (𝐻𝑌𝐷𝑅𝑂, 𝐺𝐷𝑃, 𝐺𝐹𝐶𝐹, 𝐿𝐹) (1) 

Before analyzing the data, we convert all variables to their 
logarithmic forms. This simplifies the analysis and makes 
the results easier to interpret. As a result, Equation 1 
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becomes a log-linear econometric model, as shown in 
Equation 2. 

𝑙𝑛𝐶𝑂2𝑡  =  𝛽0 + 𝛽1𝑙𝑛𝐻𝑌𝐷𝑅𝑂𝑡 + 𝛽2𝑙𝑛𝐺𝐷𝑃𝑡 +

𝛽3𝑙𝑛𝐺𝐹𝐶𝐹𝑡 + 𝛽4𝑙𝑛𝐿𝐹𝑡 + 𝜀𝑡  
(2) 

In this Equation 2, 𝛽0 is a constant term, and 𝜀𝑖𝑡 
represents the error term. The parameters from 𝛽1-𝛽4 are 
the estimated coefficients. Drawing upon the principles 
of the Environmental Kuznets Curve (EKC), there is an 
expectation that the values of 𝛽1-𝛽4 will alternately 
display positive and negative associations. 

2.3. Estimation Techniques 

2.3.1. Autoregressive Distributed Lag (ARDL) 

The Autoregressive Distributed Lag (ARDL) model has 
emerged as a powerful econometric tool for analyzing the 
dynamic impact and interrelationships among economic 
variables. This approach has gained significant attention 
from researchers due to its ability to assess the long-term 
influence of certain factors on other variables. In recent 
studies, the ARDL model has been applied to investigate 
the impact of various variables on  

𝛥𝑙𝑛𝐶𝑂2𝑡 = 𝛽0 + ∑ 𝛽1𝛥𝑙𝑛𝐶𝑂2𝑡−𝑖 + ∑ 𝛽2𝛥𝑙𝑛𝐻𝑌𝐷𝑅𝑂𝑡−𝑖 + ∑ 𝛽3𝛥𝑙𝑛𝐺𝐷𝑃𝑡−𝑖 + 
𝑝
𝑖=0  

𝑝
𝑖=0 ∑ 𝛽4𝛥𝑙𝑛𝐺𝐹𝐶𝐹𝑡−𝑖 +

𝑝
𝑖=0

𝑞
𝑖=1

 ∑ 𝛽5𝛥𝑙𝑛𝐿𝐹𝑡−𝑖 +
𝑝
𝑖=0 𝜋𝐸𝐶𝑇𝑡−1 + 𝜓1𝑙𝑛𝐶𝑂2𝑡−1 + 𝜓2𝑙𝑛𝐻𝑌𝐷𝑅𝑂𝑡−1 + 𝜓3𝑙𝑛𝐺𝐷𝑃𝑡−1 + 𝜓4𝑙𝑛𝐺𝐹𝐶𝐹𝑡−1 +  𝜓5𝑙𝑛𝐿𝐹𝑡−1 + 𝜀𝑡  

(3) 

 
environmental indicators, particularly focusing on CO2 
emissions [3, 48, 52, 53]. 

The ARDL model offers several advantages over other 
econometric techniques, as highlighted by Idroes et al. 
[3], Maulidar et al. [54], and Adebayo et al. [55]. One of its 
key strengths lies in its ability to capture both short-term 
and long-term effects, providing a comprehensive 
understanding of the dynamic relationships between 
variables. This feature is particularly valuable for 
policymakers and researchers seeking to develop 
effective strategies for addressing environmental 
challenges. Another advantage of the ARDL model is its 
robustness in handling datasets with limited sample 
sizes. This characteristic is especially beneficial when 
dealing with restricted data availability, a common issue 
in many empirical studies. Furthermore, the ARDL 
approach effectively addresses the problem of 
autocorrelation, ensuring the reliability and accuracy of 
the estimated coefficients. By accounting for the serial 
correlation in the error terms, the ARDL model yields 
more precise and unbiased estimates of the relationships 
between variables. 

By estimating the ARDL model, we can gain insights into 
the short-term and long-term dynamics, as well as the 
speed of adjustment toward the long-term equilibrium. 
The mathematical representation of the ARDL model is 
given in Equation 3. 

Equation 3 reveals the dynamic impact of the dependent 
variable on the independent variables, capturing both 
immediate and lagged effects for a specific country (𝑖). 
The first difference operator (𝛥) measures changes in 
variables over time, while coefficients 𝜓1 to 𝜓5 and 𝛽1 to 
𝛽5 represent long-term and short-term impacts, 
respectively. The error correction term (𝐸𝐶𝑇) indicates 
the speed of adjustment towards long-term equilibrium. 
Lagged changes of the dependent variable (𝑞) and past 

values of each independent variable (𝑝) are considered 
for current predictions. 

Before conducting the regression analysis, it is crucial to 
undertake a series of preliminary tests to ensure the 
robustness and accuracy of the model. Firstly, we must 
assess the stationarity of the data using unit root tests, 
such as the Augmented-Dickey Fuller (ADF) test 
developed by Dickey and Fuller [56] and the Phillips–
Perron (P-P) test proposed by Phillips and Perron [57]. 
These tests help us determine whether the statistical 
properties of the variables remain constant over time, 
which is a fundamental assumption for reliable 
regression analysis. Secondly, we should evaluate the 
presence of long-term relationships among the variables 
using cointegration tests, such as the ARDL bounds test. 
This test allows us to examine whether the variables are 
linked by a stable, long-term equilibrium despite 
potential short-term deviations. Lastly, we must perform 
diagnostic tests to validate the model assumptions, such 
as normality, homoscedasticity, and absence of 
autocorrelation in the residuals. These tests ensure that 
our regression model is well-specified and that the 
estimates are unbiased and efficient. 

2.3.2. Robustness Test 

To further validate the robustness of our ARDL model and 
ensure the consistency of the results, we employed three 
well-established econometric techniques: Fully Modified 
Ordinary Least Squares (FMOLS), developed by Phillips 
and Hansen [58], which corrects for endogeneity and 
serial correlation in the regressors; Dynamic Ordinary 
Least Squares (DOLS), proposed by Stock and Watson 
[59], which includes leads and lags of the differenced 
regressors to eliminate the long-term correlation 
between the cointegrating equation and the innovations 
of the regressors; and Canonical Cointegrating 
Regression (CCR), introduced by Park [60], which 
addresses the endogeneity problem by  
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Figure 2. The flowchart of the analysis. 
 
transforming the variables to remove the long-term 
dependence between the cointegrating equation and the 
stochastic regressors. By applying these three methods 
alongside our ARDL model, we aim to provide a 
comprehensive and robust analysis of the long-term 
relationships among the variables, strengthening the 
validity of our findings and allowing for more reliable 
policy implications and recommendations. This 
robustness test approach has also been applied by 
several researchers who tested their main models using 
FMOLS, DOLS, and CCR [3, 7, 61]. 

2.3.3. Paiwise Granger Causality 

In pairwise Granger causality analysis, we assess the 
causal relationships between each pair of variables in our 
dataset. By examining the ability of one variable to 
predict another while controlling for the reverse 
relationship, this method helps us identify specific 

directional influences among variables. By systematically 
evaluating these pairwise interactions, we can construct 
a comprehensive understanding of the causal structure 
within the dataset, providing valuable insights into the 
interdependencies among the variables under 
investigation [62]. 

2.4. The Summary of the Analysis Process Stages 

This study encompasses a multi-phase research process, 
starting with data summary and essential model tests, 
including unit root tests (ADF and P-P) and cointegration 
tests (ARDL bounds test). The analysis progresses to 
regression analysis, surpassing diagnostic tests, then 
examining the dynamic impact using ARDL and 
robustness checks with FMOLS, DOLS, and CCR. Finally, 
the study explores causal relationships among variables 
using the pairwise Granger causality test. Figure 2  
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Table 2. Descriptive statistics. 

 Variable  lnCO2  lnHYDRO  lnGDP  lnGFCF  lnLF 
 Mean  12.71558  9.316763  27.00337  25.82466  18.47906 
 Median  12.74300  9.280333  26.93313  25.73803  18.46961 
 Max.  13.31346  10.09926  27.67917  26.57848  18.72965 
 Min.  11.90728  8.538172  26.32265  25.15961  18.16796 
 Std. Dev.  0.395544  0.400561  0.408464  0.456156  0.167298 
 Obs.  31  31  31  31  31 

Table 3. Unit root test results. 

Variable 
 ADF  P-P 
 Level   1st Diff.   Level   1st Diff.  
 t-stat. Prob.  t-stat. Prob.  t-stat. Prob.  t-stat. Prob. 

lnCO2 -2.3944 0.1517 -3.9981* 0.0047 -7.0877* 0.0000 -5.0186* 0.0003 
lnHYDRO  0.6598 0.9889 -8.0741* 0.0000 -1.0456 0.7236 -10.414* 0.0000 
lnGDP -0.4728 0.8832 -3.7886* 0.0077 -0.4728 0.8832 -3.6966* 0.0096 
lnGFCF -0.5354 0.8705 -4.4969* 0.0014 -0.5515 0.8670 -3.5449** 0.0138 
lnLF -2.0656 0.2591 -3.7987* 0.0077 -2.6456 0.0954 -4.4231* 0.0016 

Note: * indicates the significance level at the 1% level. 
 

Table 4. ARDL bounds test results. 

F-bounds test   Null Hypothesis: 
No levels relationship 

Test Statistic Value  Sig. I(0) I(1) 
F-stat. 13.6340  At 10% 2.2 3.09 
K 4  At 5% 2.56 3.49 
   At 2.5% 2.88 3.87 
   At 1% 3.29 4.37 

illustrates the comprehensive journey of the research 
process. 

3. Results and Discussion 

3.1. Descriptive Statistics 

The descriptive statistics presented in Table 2 for a set of 
logged economic and environmental variables span a 
period of 31 observations. The proximity of mean and 
median values across all variables suggests relatively 
symmetrical distributions. CO2 emissions and 
hydropower energy consumption exhibit similar 
variability, with standard deviations of approximately 
0.40, indicating a consistent data spread. In comparison, 
economic growth and capital show slightly higher 
standard deviations, around 0.41 and 0.46, suggesting a 
bit more fluctuation in these economic indicators. 
Furthermore, labor has the lowest standard deviation, at 
0.17, demonstrating the least variability among the 
variables studied. Examining the maximum and 
minimum values for each variable reveals a range of data 
without extreme outliers, further supporting the overall 
consistency and reliability of the dataset.  

3.2. Unit Root Test 

As shown in Table 3, unit root and stationarity tests were 
performed for each series using Augmented Dickey-

Fuller (ADF) and Phillips-Perron (P-P) tests. Initially, the 
tests were conducted at levels I(0), followed by the first 
difference I(1). The outcomes of the ADF test indicate that 
all variables are stationary at first difference I(1). 
Specifically, CO2, HYDRO, GDP, GFCF, and LF variables 
exhibit stationarity at a confidence level of 99%. 
Conversely, the results of the P-P test suggest that the 
CO2 variable is stationary both at levels and at the first 
difference I(1). In contrast, all other variables also achieve 
stationarity at the first difference I(1) with a confidence 
level of 99%, except for GFCF. The GFCF variable attains 
stationarity at the first difference I(1) with a confidence 
level of 95%. These findings suggest that the data exhibit 
stationarity in the first difference. Consequently, we can 
confidently employ the ARDL approach to examine the 
short-term and long-term impacts. 

3.3. Cointegration Test 

The cointegration test results, as detailed in Table 4, 
provide strong evidence of cointegration through the 
ARDL bounds test. This test assesses the long-term 
equilibrium relationship among variables within an ARDL 
model. The null hypothesis, which posits the absence of 
cointegration, is strongly challenged by an F-statistic of 
13.63, exceeding the I(1) critical values across all specified 
significance levels. Considering four independent 
variables in the model, the findings robustly reject the 
null hypothesis, confirming the presence of a 
cointegration relationship within the dataset. 

3.4. Diagnostic Test 

Table 5 presents the outcomes of diagnostic tests for a 
statistical regression model, indicating a robust and well-
specified model. The Adjusted R-squared value surpasses 
0.9903, indicating that a significant proportion of the  
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Figure 3. The parameters stability test with CUSUM (a) and CUSUMQ (b). 

Table 5. The results of the diagnostic test. 

Diagnostic tests Coeff. Prob. Decision 
R2 > 0.9917 - The model is well-fitted 
R2 Adjusted > 0.9903 - The model is well-fitted 
Jarque-Bera 1.0164 0.6016 Residuals are normally distributed 
CUSUM & CUSUMQ - < 0.05 The model is stable 
Breusch-Godfrey LM test 1.2008 0.3199 No serial correlation exists 
Breusch-Pagan-Godfrey test 0.8174 0.5492 No heteroscedasticity exists 
Harvey test 0.2665 0.9269 No heteroscedasticity exists 
Glejser test 0.6309 0.6780 No heteroscedasticity exists 
ARCH test 2.7615 0.1081 No heteroscedasticity exists 
Ramsey test 1.1368 0.2673 The model is properly specified 

 
variance in the dependent variable is accounted for by 
the model, signifying an exceptional fit. The CUSUM and 
CUSUMQ assessments yield probabilities below 0.05, 
affirming the stability of the model's coefficients over 
time. The Jarque-Bera test outcome, with a value of 
1.0164 and a probability of 0.6016, suggests that the 
residuals follow a normal distribution, as the p-value 
exceeds the conventional significance threshold. 
Additionally, the Breusch-Godfrey LM test exhibits a high 
p-value of 0.3199, indicating the absence of serial 
correlation in the residuals. The Ramsey test produces a 
p-value of 0.2673, indicating that the model is 
appropriately specified without any bias in linear 
predictions. Finally, the Breusch-Pagan-Godfrey, Harvey, 
Glejser, and ARCH tests yield p-values of 0.5492, 0.9269, 
0.6780, and 0.1081, respectively, indicating that the 
residuals exhibit constant variance, thus revealing no 
heteroscedasticity. These results suggest that the model 
is statistically sound, with well-fitted parameters and 
assumptions that hold true, which is conducive to 
predictive accuracy and analytical reliability. 

Furthermore, the cumulative sum (CUSUM) and 
cumulative sum of squares (CUSUMSQ) stability 
diagnostic tests are utilized to assess the long-term 
stability of the ARDL model. The plots in Figure 3 
demonstrate that CO2 emissions in Indonesia remained 
consistently within the 95% threshold limit from 1990 to 
2020, fluctuating by no more than 5% during this period. 
Moreover, the CO2 emissions function showcases the 
effectiveness and coherence of the parameters 
employed in both the short and long term, a validation 
supported by CUSUM and CUSUMSQ. 

3.5. Short-Term and Long-Term Analysis of the ARDL Test 

The ARDL estimation results, as shown in Table 6, reveal 
that only the HYDRO and LF have a significant impact on 
CO2 emissions in the long term. Both are statistically 
strong and significant at the 1% level. HYDRO has a 
significant negative impact on CO2 emissions, indicating 
that a 1% increase in HYDRO will result in a 0.18% 
reduction in CO2 emissions. In contrast, LF has a 
significant positive impact on CO2 emissions, suggesting 
that a 1% increase in LF will lead to a 2.61% increase in 
CO2 emissions. This suggests that hydropower energy 
enhances the environment in the future by reducing the 
level of emissions. At the same time, labor plays a 
significant role in promoting CO2 emissions, possibly due 
to increased labor leading to higher consumption levels. 
This can drive up demand for goods and services, 
producing more CO2 emissions from production and 
consumption. 

Additionally, the Error Correction Term (ECT) exhibits a 
noteworthy and negative coefficient in the short term, 
suggesting a long-term equilibrium within this model. 
Moreover, the short-term analysis aligns with the long-
term results, with only the HYDRO and LF displaying 
statistical significance. Specifically, a 1% increase in 
HYDRO corresponds to a 0.13% reduction in CO2 
emissions, while a similar increase in LF results in a 1.96% 
rise in CO2 emissions in the short-term. 

3.6. Robustness Test 

As indicated in Table 7, only the HYDRO and LF variables 
demonstrate a considerable influence on CO2 emissions 
over the long term. We utilize FMOLS, DOLS, and CCR  
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Table 6. The results of ARDL estimation. 

Variable  Coeff.  t-stat. Prob.  
Long-term    
lnHYDRO -0.1788* -2.8878 0.0081 
lnGDP  0.0887  0.2137 0.8326 
lnGFCF -0.0580 -0.2923 0.7725 
lnLF  2.6053*  5.3508 0.0000 
Short-term    
ECT(-1) -0.7516* -9.9422 0.0000 
∆lnHYDRO -0.1344* -2.9922 0.0063 
∆lnGDP  0.0667  0.2161 0.8308 
∆lnGFCF -0.0436 -0.2952 0.7703 
∆lnLF  1.9582*  3.0594 0.0054 
C -34.6435 -10.6161 0.0000 

Note: ***, **, and * indicate significance at the 10%, 5%, and 1% levels, respectively. 

Table 7. The results of robustness test estimations. 

Variable 
 FMOLS   DOLS   CCR  
 Coeff.  t-stat.  Coeff.  t-stat.  Coeff.  t-stat. 

lnHYDRO -0.1546* -3.5377 -0.1515* -3.1817 -0.1604** -2.3100 
lnGDP -0.0452 -0.1483 -0.0767 -0.2315 -0.0166 -0.0405 
lnGFCF -0.0415 -0.2800 -0.0045 -0.0276 -0.0545 -0.2778 
lnLF  2.8833*  8.1642  2.8740*  7.5405  2.8617*  6.7568 
C -36.8318 -15.5609 -36.7972 -14.5785 -36.8154 -14.4447 
R2  0.9917   0.9919   0.9916  
R2 adjusted  0.9903   0.9906   0.9903  

Note: ***, **, and * indicate significance at the 10%, 5%, and 1% levels, respectively. 
 

Table 8. The results of pairwise Granger causality test. 

Null Hypothesis F-stat. Prob.  Direction 
lnHYDRO ≠ lnCO2 5.8108** 0.0230 

HYDRO ↔ CO2 
lnCO2 ≠ lnHYDRO 12.5132* 0.0015 
lnGDP ≠ lnCO2 2.1355 0.1555 

- 
lnCO2 ≠ lnGDP 0.0692 0.7944 
lnGFCF ≠ lnCO2 1.1476 0.2935 

- 
lnCO2 ≠ lnGFCF 0.7853 0.3833 
lnLF ≠ lnCO2 5.1246** 0.0318 

LF → CO2 
lnCO2 ≠ lnLF 1.0617 0.3120 
lnGDP ≠ lnHYDRO 17.3801* 0.0003 

GDP ↔ HYDRO 
lnHYDRO ≠ lnGDP 6.7697** 0.0149 
lnGFCF ≠ lnHYDRO 9.2861* 0.0051 

GFCF ↔ HYDRO 
lnHYDRO ≠ lnGFCF 5.0209** 0.0335 
lnLF ≠ lnHYDRO 18.0348* 0.0002 

LF → HYDRO 
lnHYDRO ≠ lnLF 0.1995 0.6587 
lnGFCF ≠ lnGDP 2.1663 0.1526 

GDP → GFCF 
lnGDP ≠ lnGFCF 3.6797*** 0.0657 
lnLF ≠ lnGDP 0.3015 0.5875 

- 
lnGDP ≠ lnLF 2.5562 0.1215 
lnLF ≠ lnGFCF 1.6845 0.2053 

- 
lnGFCF ≠ lnLF 1.2023 0.2825 

Note: ***, **, and * indicate significance at the 10%, 5%, and 
1% levels, respectively. 

estimation as robustness tests to confirm the ARDL 
findings. LF exhibits notable significance, reaching a 1% 
probability level in both FMOLS and DOLS estimations 
and in the CCR results. Similarly, HYDRO shows a 1% 
significance level in both FMOLS and DOLS analyses, 
while the CCR test indicates a 5% significance level for its 

impact on CO2 emissions. Therefore, we can infer that LF 
and HYDRO exert a strong and significant influence on 
CO2 emissions over the long term. 

The estimation results of the CO2 emissions model 
demonstrate that the LF variable exhibits a positive long-
term impact, while the HYDRO variable exhibits a 
negative long-term impact on CO2 emissions. Specifically, 
a 1% increase in LF is associated with an increase in CO2 
emissions of 2.88% according to the FMOLS method, 
2.87% based on DOLS, and 2.86% according to the CCR 
method. Furthermore, a 1% increase in HYDRO 
demonstrates a negative impact on CO2 emissions, 
resulting in a reduction of 0.15% according to FMOLS and 
DOLS, and 0.16% according to CCR. 

3.7. Pairwise Granger Causality Test 

To broaden the scope of the empirical findings, this study 
additionally employed pairwise Granger causality 
analysis to determine the causal relationships among the 
variables, as illustrated in Table 8. In summary, the 
research identified three unidirectional and three 
bidirectional causalities. Specifically, unidirectional 
causality was detected from LF to CO2, LF to HYDRO, and 
GDP to GFCF, while CO2, GDP, and GFCF variables all 
exhibited bidirectional causality with HYDRO. Figure 4 
illustrates both unidirectional and bidirectional causality 
in this study, aiding understanding of variable 
relationships.
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Figure 4. Overview of Granger causality 

3.8. Discussion 

The empirical findings of this study reveal that, among 
the variables considered, only hydropower energy 
consumption and labor have a significant dynamic impact 
on CO2 emissions in Indonesia. The long-term effects of 
hydropower energy consumption, economic growth, 
capital, and labor on CO2 emissions are summarized and 
visually represented in Figure 5, which provides a 
graphical representation of the results. 

Hydropower has a negative impact on CO2 emissions, 
which means it reduces CO2 emissions both in the short 
term and long term. This finding is similar to studies 
conducted by Alsaleh & Abdul-Rahim [26], Xia & Wang 
[21], Ummalla et al. [11], Wolde-Rufael & Weldemeskel 
[63], Bilgili et al. [64], Khanna [65], and Ope Olabiwonnu 
et al. [20], which explain the widespread consumption of 
renewable energy sources, particularly hydropower, 
providing energy without increasing CO2 emissions. 

Hydropower emerges as a sustainable energy solution, 
harnessing the natural water cycle to generate electricity 
without reliance on fossil fuels or GHG emissions. Its 
environmental compatibility underscores its pivotal role 
in fostering a greener energy landscape. The causality 
between hydropower energy consumption and CO2 
emissions suggests that transitioning to renewable 
sources like hydropower is crucial to achieving the 
necessary reduction in CO2 emissions. Hydropower is a 
clean source of renewable energy; unlike fossil fuels, it 

does not produce CO2 emissions when generating 
electricity [13]. 

Furthermore, labor in this study shows a positive impact, 
increasing the CO2 emissions both in the short and long 
term. These results align with Idroes et al. [3]. One might 
interpret this finding within the framework of economic 
development and environmental policies. In developing 
nations, where industrialization and economic growth 
may be priorities, the positive relationship suggests that 
efforts to boost labor productivity or economic activities 
might come with an environmental cost. Similarly, 
Maulidar et al. [54] show that increased labor leads to 
increased CO2 emissions in Indonesia. 

The pairwise Granger causality analysis revealed 
relationships among key variables. There was a 
bidirectional causal relationship between hydropower 
energy consumption and economic growth, suggesting 
that increased hydropower usage contributes to 
economic growth, while economic growth drives further 
investment in hydropower infrastructure. A bidirectional 
causal relationship also existed between hydropower 
energy consumption and capital, implying a symbiotic 
relationship where investment in hydropower 
infrastructure leads to capital accumulation, and 
increased capital allows for the development and 
expansion of hydropower projects. Economic growth had 
a unidirectional causal effect on capital, highlighting that 
economic expansion facilitates capital, which is essential 
for sustained growth and development. Additionally, 
labor had a unidirectional causal effect on hydropower 
energy consumption and CO2 emissions. This suggests 
that policies to enhance labor participation and 
employment levels may inadvertently impact energy 
consumption patterns and CO2 emissions. 

 

Figure 5. Graphical representation of the results. 
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4. Conclusions and Policy Recommendations 

This study investigates the dynamic impact of 
hydropower energy consumption, economic growth, 
capital, and labor on CO2 emissions in Indonesia from 
1990 to 2022 using the ARDL approach. The findings 
reveal that hydropower energy consumption reduces 
CO2 emissions in Indonesia in both the short and long 
term. At the same time, an increase in labor leads to a 
rise in CO2 emissions in both the short and long term. 
These ARDL results are further validated by FMOLS, 
DOLS, and CCR approaches, confirming the robustness of 
the findings. Moreover, the pairwise Granger causality 
test highlights the presence of a bidirectional causal 
relationship between hydropower energy consumption 
and CO2 emissions in Indonesia. This implies that not only 
does hydropower energy consumption influence CO2 
emissions, but CO2 emissions also affect the 
consumption of hydropower energy in Indonesia. 

Based on the findings of this study, which revealed that 
hydropower energy consumption reduces CO2 emissions. 
At the same time, labor increases CO2 emissions in 
Indonesia, policymakers should adopt a two-pronged 
approach to address environmental concerns and 
promote sustainable economic growth. Firstly, the 
government should prioritize investment in sustainable 
hydropower infrastructure, as it has been shown to have 
a consistent negative impact on CO2 emissions. This 
involves constructing new hydropower plants and 
refurbishing existing ones to optimize efficiency. 
Secondly, to counter the positive correlation between 
labor force participation and CO2 emissions, 
policymakers must focus on skill development and 
educational initiatives to equate the workforce with 
sustainable practices and green technologies. This may 
involve collaborating with industries to provide training 
programs that promote eco-friendly practices and 
encourage the adoption of cleaner production methods. 
Additionally, implementing policies that incentivize 
companies to invest in energy-efficient technologies and 
adopt sustainable labor practices can further reduce the 
environmental impact of economic activities. Despite the 
study's limitations, such as data constraints and 
methodological considerations, future research could 
employ longitudinal analyses, cross-country 
comparisons, and comprehensive policy evaluations to 
deepen our understanding of the relationships between 
hydropower energy consumption, economic growth, 
capital, labor, and CO2 emissions, ultimately guiding 
policymakers in developing effective strategies for a 
more sustainable future. 
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