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Abstract 

The widening gap between domestic soybean demand and local production has raised 

concerns over the economic sustainability of soybean farming in Indonesia. This study 

examines the determinants of production cost, cost efficiency, and cost inefficiency in soybean 

farming in Central Java Province, focusing on Grobogan and Blora Regencies. Using farm-

level data from 200 soybean farmers, the study applies a stochastic cost frontier model and a 

second-stage regression of predicted cost inefficiency. The results show that output and labor 

wage significantly increase total production cost, while fertilizer price is weakly significant 

and seed price is not statistically significant. The mean cost efficiency score is 0.8904, 

indicating that farmers could reduce production costs by approximately 10.96 percent while 

maintaining the same output and input-price conditions. The second-stage results show that 

planting frequency and irrigation access are significantly associated with lower cost 

inefficiency, while age, farming experience, and education are not statistically significant. 

These findings suggest that cost inefficiency in soybean farming is more closely related to 

production routines and water access than to general farmer characteristics. Policy support 

should therefore focus on improving input timing, labor management, irrigation access, and 

repeated production learning among smallholder soybean farmers. 
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1. INTRODUCTION 

The environmental issue that is currently of concern to the world is global warming. 

Increasing climate change is caused by an increase in greenhouse gas emissions In addition, 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:mahrus.kurniawan@uad.ac.id
https://doi.org/10.23917/jep.v27i1.9341


Available online at http://journals.ums.ac.id, Permalink/DOI: 10.23917/jep.v27i1.9341 
 

Jurnal Ekonomi Pembangunan: Kajian Masalah Ekonomi dan Pembangunan, 27(1), 2026, 67-83 

68 Jurnal Ekonomi Pembangunan, ISSN 1411-6081, E-ISSN 2460-9331 

 

economic growth factors are the cause of increasing total carbon emissions, giving rise to 

global warming (Acheampong, 2018). Since the industrial revolution, the world has 

experienced rapid development through technological advances that have encouraged 

economic and social development and growth where the massive use of energy has caused 

greenhouse gas emissions to increase, especially carbon dioxide (CO2) emissions. 

Environmental pollution and economic growth are related to each other, every time 

environmental pollution increases, economic productivity increases (Hussein et al., 2023). 

Using of conventional energy is an important component and engine of economic growth 

(Warsame, 2022). Additionally, anthropogenic greenhouse gas emissions, generated by 

economic practices and activities such as the use of fossil fuels and industrial waste disposal, 

are estimated to have caused a 1°C increase in global warming above pre-industrial levels 

(Koshta et al., 2021).  

Specifically, carbon dioxide emissions have increased drastically, especially after the 

industrial revolution as a result of globalization (Aslam et al., 2022). A number of countries 

agreed in 2015 to sign the Paris Climate Conference. The conference is a global action plan 

in which 196 participating countries contribute to reducing global warming by trying to 

pressure countries to prevent the earth's temperature from exceeding the threshold of 2 ֯C. 

Therefore, participating countries are asked to reduce national emission levels so that the 

environment can continue to be protected. Data shows that global energy demand has 

increased every year by 2.5% since the 1850s, but until now there has been no relevant 

evidence to suggest a decline in the next few years (Sorrell, 2015). Global carbon emissions 

have increased from 35.38 Gt in 2016, rising to 36.81 Gt in 2019. Although in 2020 there was 

a decline caused by the Covid-19 pandemic, resulting in a decline in economic activity. 

Responding to this issue, the G20 consists of 20 countries (1 is the European Union) 

where G20 member countries represent 80% of global investment, 60% of the world's 

population, 75% of global trade and 85% of the world economy. The G20 is also a global 

emitter responsible for more than 80% of greenhouse gas emissions. This is due to the 

massive use of energy in economic activities as an effort to increase economic growth. 

According to reportsBrown to Green stated that in 2018, there was an increase in carbon 

dioxide emissions by 1.8% according to energy utilization in G20 countries. Conventional 

energy sources are very limited in number, but their energy availability is very necessary to 

increase productivity and encourage economic growth, even though they have negative 

externalities on the environment (Zhao et al., 2022). The effect of energy on economic growth 

is still inconclusive. There is an energy-led economic growth hypothesis where high economic 

growth plays a role in energy consumption (Mohsin et al., 2021). According to Magazzino & 

Brady (2018) there is an inverse relationship when using renewable energy, where the use of 

renewable energy has a negative relationship to economic growth. So the two studies still 

have contradictions in the research results. 
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Figure 1. Carbon Dioxide Emissions from G20 Countries, 2010-2021 

Notes: The data contain from South Africa (ZAF), United States (USA), Saudi Arabia (SAU), 

Argentina (ARG), Australia (AUS), Brazil (BRA), China (CHN), England (GBR), India (IND), 

Indonesia (IDN), Italy (ITA), Japan (JPN), Germany (DEU), Canada (CAN), South Korea (KOR), 

Mexico (MEX), Franch (FRA), Russia (RUS), Turkye (TUR) and Uni Eropa. Source: World Indicator 

Development 2022. 

 

Figure 1 shows the movement of carbon dioxide emissions pollution in the G20 

countries in 2010-2021. An extreme increase in carbon dioxide emissions occurred in China 

at a level that exceeds the carbon dioxide emissions of the United States and European Union 

countries. In the graph above, it can be seen that carbon dioxide emissions have generally 

increased significantly in all countries except the United States and Europe, where the trend 

has tended to decrease in recent years. In order to carry out development and accelerate 

economic growth, this is often the reason why a country ignores environmental quality. 

Economic development by encouraging economic growth is closely related to the exploitation 

of natural resources and the environment (Zhu et al., 2019). Research from Dong et al., (2018) 

using the ARDL method and Granger causality shows thatGross Domestic Product has a 

positive effect on carbon dioxide emissions in the long term. Other research from Hasnisah 

et al., (2019) strengthens previous research and states that with different methods 

whereGross Domestic Product has a positive effect on carbon dioxide emissions. This shows 

that the environment is used as 1) provider of facilities 2) provider of raw materials 3) 

recipient of residue (waste). Therefore, the environment is capital and an important part of 

economic activities. However, the use of fossil energy resources is a major contributor to 

global climate change. According to Hossain & Rao (2014) climate change is not only caused 

by natural activities, but also caused by human activities such as urbanization, deforestation, 

transportation, industrialization and household activities, causing an increase in the 

greenhouse effect in the last few decades. 
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Figure 2. Renewable Energy (TWh) of G20 Countries, 2010-2021 

Notes: The data contain from South Africa (ZAF), United States (USA), Saudi Arabia (SAU), 

Argentina (ARG), Australia (AUS), Brazil (BRA), China (CHN), England (GBR), India (IND), 

Indonesia (IDN), Italy (ITA), Japan (JPN), Germany (DEU), Canada (CAN), South Korea (KOR), 

Mexico (MEX), Franch (FRA), Russia (RUS), Turkye (TUR) and Uni Eropa. Source: World Indicator 

Development 2022. 

 

Figure 2 shows the development of gross renewable energy generation sourced from 

wind, geothermal, solar, biomass and recycled waste (excluding hydroelectric power plants) 

calculated in Terawatt-Hour (TWh) units in G20 member countries. Based on this figure, it 

can be seen that the highest development of renewable energy generation is China, the 

United States and the European Union, which continues to experience significant increases 

from year to year. Meanwhile, other member countries have lower total renewable energy 

generation but still experience an increase every year, which is the impact of the Paris 

Climate Agreement to achieve targets. Net Zero Emission in this century (Obobisa, 2022). to 

achieve this target, most countries make the development of renewable energy one of the 

main routes. Countries that have a high total renewable energy generation value are 

countries with advanced economies. As written in the reportInternational Energy Agency 

(IEA) shows that China accounted for 40% of the global increase in renewable energy 

production, including the construction of wind turbines in 2015 and that by 2020 renewable 

power generation will be increased by almost 200 GW, accounting for approximately 90% of 

all installed capacity in world . The United States continues to contribute to developing 

renewable energy, thus showing an increasing trend (Gaies et al., 2022). In addition, 

countries in the European Union are starting to gradually abandon coal as an energy source 

and develop production with environmentally friendly and sustainable renewable energy . So 
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that European Union member countries focus on renewable energy in running a green 

economy (Grodzicki & Jankiewicz, 2022). 

Renewable energy is generally viewed as a crucial tool for reducing carbon dioxide 

emissions because it can replace fossil fuels in production and consumption. Most studies 

have found that increased renewable energy consumption is associated with reduced CO₂ 

emissions. However, this relationship is not always linear and consistent across countries. 

Some studies have found threshold effects (Koc & Bulus, 2020), non-linear relationships (Ben 

Jebli et al., 2016), and weaker long-term effects compared to short-term effects (Q. Wang et 

al., 2023). These differences may be due to variations in the energy mix structure (Mata et 

al., 2024), the level of technological development, green investment capacity, and a country's 

dependence on fossil fuels (Nguyen, 2026). On the other hand, the effect of trade openness on 

CO₂ emissions remains mixed. Trade openness can reduce emissions through the transfer of 

clean technology, increased production efficiency, and access to more environmentally 

friendly capital goods (Shahbaz et al., 2017). However, trade can also increase emissions 

through expanding production activities, increasing energy consumption, exploiting natural 

resources, and increasing cross-border transportation activities (Ahmed et al., 2016). 

Furthermore, Granger causality findings indicate that trade and renewable energy often 

influence CO₂ emissions, but inverse and reciprocal relationships are also found (S. Zhang et 

al., 2017). This suggests that the relationship between renewable energy, trade openness, 

and carbon emissions is dynamic and strongly influenced by the economic characteristics and 

environmental policies of each country. 

Studies on the relationship between renewable energy and CO₂ emissions are growing 

as global attention grows on the energy transition and efforts to mitigate the impacts of 

climate change. The primary transmission channel between renewable energy and CO₂ 

emissions occurs through the substitution effect in the energy mix (Koc & Bulus, 2020; Ben 

Jebli et al., 2016). Increasing the use of renewable energy, such as solar, wind, hydro, 

biomass, and geothermal, can reduce dependence on coal, oil, and natural gas. When 

renewable energy replaces fossil fuels in electricity production, industrial activities, 

transportation, and household consumption, the carbon intensity of economic activity 

decreases (Destek & Sinha, 2020). Therefore, shifting the composition of energy use to a more 

environmentally friendly one is the primary mechanism linking the increase in renewable 

energy to reduced CO₂ emissions. This mechanism also works through increased efficiency 

and modernization of production technology. Renewable energy development is generally 

accompanied by investments in low-carbon technologies, energy infrastructure upgrades, and 

improvements in energy efficiency. The use of cleaner technologies allows a country to 

produce economic output with lower emissions (Dogan & Seker, 2016). Therefore, renewable 

energy not only reduces the direct use of fossil fuels but also drives changes in technology 

and production processes toward a lower-carbon-intensive economic system. 

Various cross-country studies and panel data studies generally find that renewable 

energy consumption is negatively related to CO₂ emissions (Koc & Bulus, 2020; Wang et al., 

2023; Mata et al., 2024). These findings suggest that the greater the contribution of 

renewable energy to total energy consumption or production, the lower the resulting carbon 
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emissions. However, the magnitude of the emission reduction effect can vary across 

countries. In countries with a still-dominant proportion of fossil fuels, small increases in 

renewable energy may not be enough to significantly reduce emissions (Dogan & Seker, 

2016). Conversely, in countries with established clean energy infrastructure and robust 

energy transition policies, increases in renewable energy can result in larger emission 

reductions (Vo et al., 2020). Furthermore, the relationship between renewable energy and 

CO₂ emissions is not always linear or constant. The impact of renewable energy may depend 

on reaching a certain level or threshold before it can have a significant impact on emissions. 

In the early stages of the energy transition, infrastructure development, equipment 

production, and the integration of renewable energy technologies may still require fossil 

fuels, so the benefits of emission reductions may not be immediately visible (Q. Wang et al., 

2023). The effect may also be weaker when increased renewable energy merely increases 

energy supply without actually replacing fossil fuel consumption. Therefore, the effectiveness 

of renewable energy transmission channels on CO₂ emissions is strongly influenced by the 

structure of the energy mix, income levels, technological capacity, institutional quality, 

environmental policies, and dependence on fossil fuels (Nguyen, 2026). Renewable energy 

will have a stronger emission reduction impact if its increase is truly accompanied by a 

cessation or reduction in fossil fuel use. Conversely, if renewable energy only serves as a 

supplement to growing energy needs, its impact on emission reductions may be limited. 

In addition to changes in the energy mix, CO₂ emissions are also influenced by trade 

openness, which alters a country's scale of production, specialization patterns, technology 

use, and economic structure. Unlike renewable energy, which generally has a negative 

impact on emissions, the transmission of trade openness to environmental quality tends to 

be more complex. Its impact can increase or decrease emissions, depending on the relative 

strength of scale effects, composition effects, and technical effects arising from international 

trade activities (Dou et al., 2020). Initially, increased trade openness can drive emissions up 

through scale effects. Access to international markets expands demand, increases production, 

expands industrial activity, and increases energy use. If additional energy needs are still met 

by coal, oil, and gas, trade expansion will increase fossil fuel consumption and CO₂ emissions 

(Ho & Iyke, 2019). Furthermore, trade can create composition effects when a country shifts 

its resources to sectors where it has a comparative advantage. If such specialization occurs 

in heavy manufacturing, mining, or energy-intensive sectors, trade openness will worsen 

environmental quality (Bakri et al., 2025).  

Trade openness also indirectly affects emissions through changes in energy intensity, 

energy consumption structure, and economic transformation. Increased imports of capital 

goods and clean technologies can reduce the energy required to produce each unit of output. 

Conversely, growing exports of raw commodities or energy-intensive manufactured products 

can increase dependence on fossil fuels. Therefore, the direction and magnitude of the effect 

of trade openness on CO₂ emissions are not uniform, but are determined by the production 

structure, trade composition, energy mix, income level, technological capacity, and the 

strength of environmental policies in each country (Dou et al., 2023). Based on these findings, 

the relationship between renewable energy, trade openness, and CO₂ emissions shows a 
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complex pattern and has not yet yielded a unified conclusion. Renewable energy generally 

contributes to emission reductions through fossil fuel substitution and improvements in 

technological efficiency, while trade openness can increase or decrease emissions through 

scale, composition, and technical effects. Differences in previous research indicate that the 

influence of these two variables is highly dependent on each country's structural 

characteristics, level of development, energy mix, technological capacity, and the quality of 

environmental policies. Therefore, this study analyzes the impact of renewable energy and 

trade openness on CO₂ emissions, taking into account the heterogeneity between EU and 

non-EU countries within the G20. This approach is expected to provide a more comprehensive 

understanding of the differences in transmission channels and the effectiveness of energy 

and trade policies in supporting carbon emission reductions. 

However, after reaching a certain level of openness and development, trade can reduce 

emissions through technical effects and technological spillovers. Integration into global 

markets allows countries to gain access to more efficient machinery, clean energy 

technologies, production know-how, and higher environmental standards (Q. Wang et al., 

2024). International competition can also encourage companies to improve energy efficiency 

and adopt low-carbon production methods. Under these conditions, the benefits of technology 

and productivity gains can offset or even exceed the increase in emissions resulting from 

expanding production scales. The emission-reducing effects tend to be stronger in developed 

or high-income countries because these countries have better technological capacity, 

environmental regulations, institutional quality, and financing capabilities. Conversely, in 

some developing countries, trade openness can increase emissions through the mechanism 

ofpollution haven (Khan & Safdar, 2023). Relatively weak environmental regulations and 

lower compliance costs can attract the migration of pollution-intensive industries from 

countries with stricter environmental regulations. As a result, trade actually reinforces 

specialization in carbon-intensive sectors and increases domestic emissions (Sulaiman et al., 

2023). Based on these inconsistencies, there remains a research gap regarding how renewable 

energy and trade openness simultaneously affect CO₂ emissions in groups of countries with 

different economic characteristics and energy systems. Most previous studies analyze this 

relationship in aggregate, thus failing to fully capture cross-country heterogeneity. 

Therefore, the novelty of this study lies in the use of a dynamic panel model to compare the 

effects of renewable energy and trade openness on CO₂ emissions between EU and non-EU 

countries within the G20 group. This separation allows the study to identify whether the 

effectiveness of renewable energy and the environmental consequences of trade openness 

differ between countries relatively advanced in the energy transition and those still 

dependent on fossil fuels. 

 

2. RESEARCH METHOD 

This study uses a panel data approach because the data analyzed encompasses both 

inter-country and inter-temporal dimensions. The use of panel data allows the study to 

observe changes in CO₂ emissions, renewable energy consumption, and trade openness in 

each country over the observation period while simultaneously comparing differences in 
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characteristics between countries. This approach is relevant because the relationship 

between renewable energy, trade openness, and CO₂ emissions is not always uniform but can 

vary based on each country's income level, economic structure, energy mix, technological 

capacity, and environmental policies. To explore the relationship between renewable energy, 

trade openness, and CO₂ emissions, this study combines time-series and cross-section data. 

The time-series data covers the period 2010–2021, and the cross-section covers 46 countries, 

members of the G-20. The study presents panel data results from the CEM, FEM, and REM 

models. The study also applies the GMM method due to its large period and cross-section. 

Furthermore, the application of GMM is used to eliminate endogeneity problems in the 

variables renewable energy, GDP, urbanization, energy consumption, trade openness, and 

FDI. According to Szetela et al., (2022) panel GMM estimation is more beneficial in dealing 

with bias problems in the model. The equation for the model as follows: 

 

lnco2it = β0 + β1lnco2it−1 + β2lngdpit + β3lnreit + β4lnceit + β5lnupit + β6lntrdit + β7FDIit + εit 

 

Where the notations i and t are for the time-series and cross section of the model.β0 is a 

constant; β1-b7 is the coefficient value of the independent variable in the model. Lnco2 is CO2 

emissions, lngdp is gross domestic product, lnre is renewable energy, lnce is conventional 

energy consumption, lnup is the number of urban residents, lntrd is trade openness, and fdi 

is foreign direct investment. The ln notation indicates that the data is in logarithmic form. e 

is the disturbance error value. Data sourced from the World Bank and British Proteleum. 

The research developed three models: the full model for all 46 countries as members of the 

G-20, model 2 for non-EU countries, and model 3 for the EU countries as members of the G-

20. The main advantage of using panel data is its ability to control for individual 

heterogeneity that cannot be observed directly but remains relatively constant over time. 

Panel data also provides a larger number of observations, increases data variation, reduces 

collinearity problems between variables, and produces more efficient estimates than using 

time series data or cross-regional data separately. This approach also allows research to 

capture possible differences in the effects of renewable energy and trade openness on CO₂ 

emissions across country groups, including effects that are non-linear, dependent on certain 

thresholds, or differ according to economic development characteristics (Koc & Bulus, 2020). 

Next, the study applied the Generalized Method of Moments (GMM) to dynamic panel data. 

The use of GMM is necessary because CO₂ emissions tend to be persistent, so that emission 

levels in previous periods can influence emissions in the current period. Furthermore, there 

is a potential for a two-way causal relationship between CO₂ emissions, renewable energy, 

trade openness, economic growth, and energy consumption. For example, increasing 

renewable energy can reduce emissions, but pressure to reduce emissions can also encourage 

renewable energy development. This condition can give rise to endogeneity problems, causing 

conventional panel estimators to be biased and inconsistent (Zafar et al., 2019). The panel 

GMM method can overcome endogeneity by using lagged values of variables as internal 

instruments, while controlling for unobserved individual country effects. This approach is 

also suitable for analyzing dynamic relationships and estimating the short- and long-term 



Available online at http://journals.ums.ac.id, Permalink/DOI: 10.23917/jep.v27i1.9341 
 

Jurnal Ekonomi Pembangunan: Kajian Masalah Ekonomi dan Pembangunan, 27(1), 2026, 67-83 

Jurnal Ekonomi Pembangunan, ISSN 1411-6081, E-ISSN 2460-9331 75 

 

impacts of renewable energy and trade openness on CO₂ emissions. Thus, the use of panel 

GMM is expected to produce more consistent estimates and be able to describe the 

heterogeneity and dynamics of the relationships between variables more comprehensively 

(Baltagi, 2005). 

 

3. RESULTS AND DISCUSSIONS 

The estimation results show differences in the direction and significance level of the 

coefficients between the Common Effect Model (CEM), Fixed Effect Model (FEM), Random 

Effect Model (REM), and Generalized Method of Moments (GMM). These differences are 

particularly evident in the variables GDP, urban population, and trade openness. This 

indicates that ignoring cross-country heterogeneity, emission dynamics, and potential 

endogeneity can produce different estimates. Because the GMM model incorporates lagged 

CO₂ emissions and uses internal instruments to address endogeneity, the primary 

interpretation of the study should focus on the GMM results, as long as all model specification 

tests have been met. According to Arellano and Bond (1991) dynamic panel data requires 

specification tests on model consistency using the Arellano-Bond test approach and testing 

model validity using the Sargan test approach. The probability value in the Arellano-Bond 

and Sargan tests shows a probability value above 5 percent, thus rejecting H1.0 which means 

that the model is consistent and valid on GMM dynamic panel data. Koefisien lag emisi CO₂ 

atau (lnCO2i,t-1) is 0.379 and is significant at the 1 percent level. These results indicate that 

CO₂ emissions are persistent or dynamic. A 1 percent increase in CO₂ emissions in the 

previous period is associated with a 0.379 percent increase in current period emissions, 

assuming other variables remain constant. Although emissions show persistence, a 

coefficient value below one indicates that the effect of emission shocks will gradually diminish 

and the model does not exhibit an explosive process. The value (1 - 0.379 = 0.621) can also be 

interpreted to mean that approximately 62.1 percent of the adjustment to equilibrium occurs 

in one period (Koc & Bulus, 2020; Wang et al., 2023). 

Table 1 shows that GDP has a coefficient of -0.120 and is significant at the 1 percent 

level in the GMM model. A 1 percent increase in GDP is estimated to reduce CO₂ emissions 

by 0.120 percent in the short run, all other things being equal. This result may indicate a 

decoupling process or decoupling between economic growth and carbon emissions. Countries 

in the sample may have experienced increased energy efficiency, a shift in economic structure 

toward lower-carbon sectors, the implementation of environmental regulations, or the 

adoption of cleaner production technologies (Wang et al., 2023; Zafar et al., 2019; Lestari et 

al., 2024). Renewable energy has a coefficient of -0.019 and is significant at the 5 percent 

level. This means that a 1 percent increase in renewable energy use is associated with a 0.019 

percent reduction in CO₂ emissions in the short term. The direction of this coefficient is 

consistent across all models, although it is not significant in the CEM. These results support 

the energy substitution mechanism, namely that renewable energy can reduce emissions 

when replacing coal, oil, and natural gas in the energy mix. However, the coefficient is 

relatively small, which may indicate that the share of renewable energy is not yet large 
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enough to completely replace fossil fuel use or that renewable energy still functions as a 

supplementary energy supply (Dogan & Seker, 2016; Vo et al., 2020). 

 

Table 1. Estimation Result of Panel Data 

Variabel CEM FEM REM GMM 

lnco2(-1)    0.379 

(21.82)*** 

lngdp 0.124 

(4.53)*** 

-0.100 

(-2.36)** 

-0.124 

(-3.02)*** 

-0.120 

(-9.19)*** 

lnre -0.012 

(-0.69) 

-0.022 

(-4.05)*** 

-0.028 

(-5.35)*** 

-0.019 

(-2.51)** 

lnce  0.283 

(07.81)*** 

0.928 

(16.89)*** 

0.890 

(18.33)*** 

0.968 

(33.87)*** 

lnup 0.599 

(14.52)*** 

-0.139 

(-1.35) 

0.175 

(2.70)*** 

-0.019 

(-0.15) 

lntrd 0.280 

(3.80) 

-0.213 

(-5.92)*** 

-0.206 

(-5.54)*** 

0.042 

(3.86)*** 

fdi 0.002 

(1.48) 

-0.0002 

(-1.17) 

-0.0001 

(-0.83) 

0.00003 

(0.60) 

Cons -12.162 

(-10.33)*** 

9.931 

(6.54)*** 

5.379 

(4.73)*** 

5.429 

(2.85)*** 

Diagnostic Tools 

Sargan Test    0.9495 

Abond Test    0.9925 

Source: data processed 

 

In contrast, conventional energy consumption has a positive coefficient of 0.968 and is 

significant at the 1 percent level. A 1 percent increase in conventional energy consumption is 

estimated to increase CO₂ emissions by 0.968 percent in the short term. This variable 

produces a positive and significant coefficient across all models, thus representing the most 

consistent finding. The coefficient's magnitude, close to one, indicates that dependence on 

fossil fuels is a major factor driving carbon emissions. This finding also suggests that 

renewable energy development needs to be accompanied by a reduction in conventional 

energy use for the energy transition to truly result in emission reductions (Horobet et al., 

2024). Urban population has a coefficient of -0.019, but it is not statistically significant. These 

results indicate that changes in urban population have not been proven to have a direct effect 

on CO₂ emissions after economic factors, energy use, trade, and emission dynamics are 

controlled. The direction and significance of this variable are also unstable in the static 

model. CEM produces a positive and significant effect, FEM produces a negative but 

insignificant effect, and REM produces a positive and significant effect. This instability 

suggests that the impact of urbanization likely depends on country characteristics, such as 

urban density, transportation systems, infrastructure quality, energy use, and spatial 

planning policies (N. Zhang et al., 2017; Xu et al., 2020; A’yun et al., 2026). 
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Trade openness has a coefficient of 0.042 and is significant at the 1 percent level in the 

GMM model. A 1 percent increase in trade openness is estimated to increase CO₂ emissions 

by 0.042 percent in the short run. This result suggests that scale effects and trade 

composition effects likely outweigh technical effects. Trade expansion can increase 

production activity, international transportation, energy consumption, and specialization in 

carbon-intensive sectors. However, the results for trade openness are highly sensitive to the 

estimation method (Dou et al., 2020). FEM and REM yield negative coefficients, while CEM 

and GMM yield positive coefficients. This difference reinforces the suspicion of heterogeneity 

and a simultaneous relationship between trade and emissions. FDI has a coefficient of 

0.00003 and is not statistically significant. This result indicates that there is no empirical 

evidence that foreign investment flows directly affect CO₂ emissions. This insignificance is 

consistent across CEM, FEM, REM, and GMM. The environmental impact of FDI may 

depend on the type of investment. Investment in energy-intensive industries can increase 

emissions through a number of mechanisms. pollution haven, while investment in green 

technology and more efficient production can reduce emissions through pollution halo effect 

(Ling et al., 2015). 

 

Table 2. Estimation Result of Dynamic Panel Data 

Variabel Full Model 
Non-Uni 

Europe 
Uni Europe 

lnco2(-1) 0.379 

(21.82)*** 

0.343 

(2.45)** 

0.149 

(9.97)*** 

lngdp -0.120 

(-9.19)*** 

0.737 

(2.68)*** 

0.071 

(0.83) 

lnre -0.019 

(-2.51)** 

-0.002 

(-0.87) 

-0.133 

(-17.85)*** 

lnce  0.968 

(33.87)*** 

0.398 

(2.25)** 

0.960 

(19.80)*** 

lnup -0.019 

(-0.15) 

-1.494 

(-3.29)*** 

-0.457 

(-0.96) 

lntrd 0.042 

(3.86)*** 

0.041 

(1.13) 

0.209 

(7.17)*** 

fdi 0.00003 

(0.60) 

0.002 

(0.44) 

5.486 

(0.13) 

Cons 5.429 

(2.85)*** 

9.673 

(3.39)*** 

7.138 

(1.28) 

Source: data processed 

 

Table 2 shows the estimation results indicating that the lag coefficient of CO₂ 

emissions, namely (lnCO2i,t-1), is positive and significant across all models. The coefficient is 

0.379 in the overall model, 0.343 in the non-EU group, and 0.149 in the EU group. These 

results indicate that CO₂ emissions are persistent, meaning that the level of emissions in the 

previous period influences the level of emissions in the current period. Emission persistence 

appears stronger in non-EU countries than in EU countries. The lower lag coefficient in the 
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EU group also indicates that emission shocks tend to dissipate more quickly, possibly related 

to stronger environmental regulations, energy transitions, and technological capacity (Wang 

et al., 2023; Shahbaz et al., 2017). All lag coefficients are below one, so the model does not 

indicate an explosive emission process. Different results were found in the non-EU group. 

The GDP coefficient is 0.737 and is significant at the 1 percent level, indicating that a 1 

percent increase in GDP increases CO₂ emissions by approximately 0.737 percent. This 

indicates that economic growth in the non-EU group is still largely supported by production 

activities, industrialization, and fossil fuel consumption. In the long term, the impact is 

estimated to reach around 1.122 percent, obtained from (0.737 / (1 - 0.343)). In the EU group, 

GDP has a positive coefficient of 0.071, but it is not significant. This means that changes in 

GDP have not been statistically proven to affect CO₂ emissions. These results may reflect 

that economic growth and emissions in the EU have become relatively decoupled due to 

increased efficiency, a shift towards the service and technology sectors, the implementation 

of carbon pricing, and the increased use of low-carbon energy (Zafar et al., 2019). This 

heterogeneity is quite relevant to actual developments. IEA data shows that by 2024, energy 

emissions in developed countries will decline, while emissions in developing and emerging 

economies will increase due to growing energy demand, industrialization, and dependence 

on fossil fuels. 

Renewable energy has a negative coefficient of -0.019 and is significant at the 5 percent 

level in the overall model. This result means that a 1 percent increase in renewable energy 

reduces CO₂ emissions by approximately 0.019 percent in the short term. The long-term 

impact is estimated at -0.019 / (1 - 0.379) = 0.031. A 1 percent increase in renewable energy 

is estimated to reduce emissions by approximately 0.031 percent in the long term. This 

negative trend supports the substitution mechanism, namely that renewable energy reduces 

emissions when its use replaces coal, oil, and natural gas (Dogan & Seker, 2016). In the non-

EU group, renewable energy has a coefficient of -0.002 and is not significant. This result 

indicates that the increase in renewable energy is not strong enough to significantly reduce 

emissions. This condition can occur if the addition of renewable energy only meets the growth 

in energy demand without being accompanied by a reduction in fossil fuel use. In other words, 

renewable energy still plays a role as a supplementary energy source, not as a substitute for 

conventional energy (Destek & Sinha, 2020). Conversely, renewable energy in the European 

Union has a coefficient of -0.133 and is significant at the 1 percent level. A 1 percent increase 

in renewable energy reduces CO₂ emissions by approximately 0.133 percent in the short term 

and by approximately 0.156 percent in the long term. This significant effect indicates that 

the energy substitution channel is more effective in the European Union because renewable 

energy development has been accompanied by a reduction in coal use, strengthening of 

energy networks, storage technologies, environmental regulations, and carbon pricing 

policies (Vo et al., 2020; Lestari et al., 2024). 

Conventional energy consumption has a positive and significant impact across all 

models. The coefficient is 0.968 in the overall model, 0.398 in the non-EU group, and 0.960 

in the EU group. These results indicate that the use of coal, oil, and gas is the main factor 

increasing CO₂ emissions. In the overall model, a 1 percent increase in conventional energy 
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consumption increases emissions by approximately 0.968 percent in the short term. The long-

term impact is approximately 1.559 percent. In the non-EU group, the long-term impact is 

approximately 0.606 percent, while in the EU it is approximately 1.128 percent. The large 

conventional energy coefficient in the EU does not necessarily imply that the EU is more 

dependent on fossil fuels than the non-EU group. The coefficient indicates that each marginal 

change in fossil fuel use results in a large emission response after other factors are controlled. 

These results also confirm that increasing renewable energy is insufficient if fossil fuel use 

is not reduced (Q. Wang et al., 2023). 

Trade openness has a positive coefficient of 0.042 and is significant in the overall 

model. This means that a 1 percent increase in trade openness increases emissions by 

approximately 0.042 percent in the short run and 0.068 percent in the long run. These results 

indicate that the scale and composition effects of trade are more dominant than the technical 

effects. Increased trade increases production, transportation, and energy use and can 

encourage specialization in carbon-intensive sectors. In the non-EU group, the coefficient of 

trade openness is 0.041, but it is not significant. Therefore, there is no evidence that increased 

trade directly affects emissions in that group. The impact of trade may differ across countries 

due to differences in export composition, industrial structure, energy use, and the quality of 

environmental regulations. In the EU group, the coefficient of trade openness is 0.209 and is 

significant at the 1 percent level. A 1 percent increase in trade openness increases emissions 

by approximately 0.209 percent in the short run and 0.246 percent in the long run. These 

findings suggest that increased production, movement of goods, involvement in global value 

chains, and the possible displacement of carbon-intensive activities may still offset the 

benefits of clean technology transfer (Koc & Bulus, 2020; Mu’min et al., 2023). 

FDI has no significant effect on emissions in any of the three models. The statistical 

values are only 0.600 in the overall model, 0.440 in the non-EU group, and 0.130 in the EU 

group, respectively. Therefore, there is insufficient evidence to conclude that FDI increases 

or decreases CO₂ emissions. This insignificance may occur because FDI has two opposing 

effects. FDI in the mining, fossil fuel, and heavy industry sectors can increase emissions 

through pollution haven effect. Conversely, foreign investment that brings clean technology, 

production efficiency, and higher environmental standards can reduce emissions through 

pollution halo effect When both types of investment are combined, the net effect of FDI may 

be insignificant. Overall, research shows that renewable energy tends to reduce emissions, 

but the strength of the effect varies across countries. Dependence on conventional energy 

remains the main driver of emissions (W.-Z. Wang et al., 2021) and the impact of economic 

growth, urbanization, trade, and FDI depends heavily on economic structure, energy mix, 

technology, income levels, and institutional quality (Poumanyvong & Kaneko, 2010). 

 

4. CONCLUSIONS 

This study investigates the effects of renewable energy, trade openness, and other 

economic and energy-related factors on CO₂ emissions using a dynamic panel GMM 

approach. The positive and significant coefficient of lagged CO₂ emissions across all 

specifications demonstrates that emissions are persistent and that current environmental 
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conditions are partly determined by past emission levels. The findings also confirm that the 

relationship between economic activity, energy consumption, international trade, and 

environmental degradation is heterogeneous across European Union and non-European 

Union economies. Renewable energy is found to reduce CO₂ emissions in the full sample and 

the European Union group, while its effect is statistically insignificant in non-European 

Union economies. This difference suggests that renewable energy produces a stronger 

environmental benefit when it effectively substitutes fossil-based energy rather than merely 

supplementing growing energy demand. The stronger effect in European Union economies 

may reflect more advanced renewable-energy infrastructure, stricter environmental 

regulations, greater technological capacity, and stronger policy support for the energy 

transition. Conventional energy consumption, however, consistently increases emissions in 

all models, indicating that fossil-fuel dependence remains the principal driver of carbon 

emissions. 

Trade openness increases CO₂ emissions in the full sample and the European Union 

group but has no significant effect in non-European Union economies. These results suggest 

that the scale and composition effects of trade, including expanded production, 

transportation, and specialization in energy-intensive activities, may outweigh the benefits 

of cleaner-technology transfer. Economic growth also produces different environmental 

consequences across groups: it increases emissions in non-European Union economies, has 

no significant effect in European Union economies, and reduces emissions in the full model. 

Meanwhile, foreign direct investment does not significantly affect emissions, possibly 

because pollution-intensive and environmentally friendly investments generate opposing 

effects. The policy implications are that renewable-energy development should be 

accompanied by a measurable reduction in fossil-energy consumption. Governments should 

strengthen investment in clean-energy infrastructure, energy storage, grid integration, and 

low-carbon technologies while gradually limiting carbon-intensive production. Trade policies 

should also incorporate environmental standards, carbon-efficiency requirements, and 

incentives for environmentally friendly goods and technologies. Future research should test 

non-linear and threshold effects, distinguish trade and FDI by sector, account for cross-

sectional dependence, and formally examine whether the estimated coefficients differ 

between European Union and non-European Union economies. 
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