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Abstract

This study provides an empirical analysis of the relationship between trade and the environment
in Singapore. It offers valuable insights into reconciling economic growth and environmental
sustainability in this globally significant trade center and contributes significantly to policy
formulation for trade-oriented economies. The paper examines empirical trends in trade
openness, foreign direct investment (FDI), economic growth, sectoral contributions (agriculture,
industry and services), and renewable energy and CO, emissions in Singapore from 1991 to
2024. To consider both linear and non-linear dynamics, a multi-model approach is used which
includes fully modified ordinary least squares (FMOLS), canonical co-integrating regression
(CCR), autoregressive distributed lag (ARDL) and non-linear (NARDL). The findings show that
there is a positive link between total trade, foreign direct investment (FDI) and CO, emissions.
Meanwhile, trade in commodities, renewable energy and the services sector are linked to
negative effects, with industry showing the greatest positive impact on emissions. These
asymmetric effects suggest different responses to economic shocks, with policy implications
focusing on the expanded application of renewable energy, greater regulation of energy-
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intensive industries and the strategic use of Singapore’s institutional strengths to promote
sustainable trade practices. It is concluded that narrowing the gap between urbanization and
trade structure is a strategic approach to achieving economic prosperity and meeting the goal of
global sustainable development.

Keywords
Trade openness, Economic growth, foreign direct investment, Environmental performance,
Renewable energy, Sectoral impacts, Green growth.

JEL: F18; O44; Q56; Q43; F21.

1. Introduction

Singapore’s global leadership in economic achievement stems from its strategic
location and robust policy environment, establishing it as major trade and financial
hub with high trade-to-GDP ratio and significant FDI primarily fueling its service-
oriented economy (World Bank, 2024; IMF, 2025; Department of Statistics Singapore,
2025; UNCTAD, 2024). However, this economic dynamism raises concerns about
environmental sustainability amid rising global CO, emissions, which necessitates
an empirical examination of the complex interplay between trade openness, foreign
direct investment (FDI), economic growth and sectoral contributions (IPCC, 2023;
Khan et al., 2022; Lao & Luo, 2024; Singapore Economic Development Board, 2024).
While trade openness can increase emissions through scale effects or reduce them
through technological advancements, there is still much to learn about Singapore’s
asymmetric and sector-specific dynamics, particularly with regard to the role of
renewable energy (Khan et al., 2022; Lao & Luo, 2024). Singapore’s commitment to
the Paris Agreement and green development, supported by robust institutions and
growing renewable energy use, puts it in a position to potentially surpass the EKC
turning point. However, further research is required to understand the interaction
between trade composition, foreign direct investment (FDI) and sectoral dynamics in
balancing economic prosperity with environmental sustainability (Sultana et al., 2023;
Afridi et al., 2019). Although Singapore is a world leader in terms of trade, economic
performance, foreign direct investment (FDI) inflows and sectoral processes, the
ecological impact of its openness to trade and capital inflows, and the interplay of
these forces has not yet been fully studied. While it has been demonstrated that trade
and foreign direct investment (FDI) can lead to increased CO, emissions (Dou et al.,
2021; Raihan et al., 2022), the precise manner in which Singapore’s trade composition,
renewable energy adoption and service-based economy impact the environment
remains unclear. Also, the disproportionate influence of positive and negative
economic shocks, as suggested by Lao and Luo (2024), and the indirect effects of
urbanization, as observed by Islam (2021), are areas that should be investigated
further in Singapore’s high-density urban setting. There is an urgent need for
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coherent, Singapore-specific studies that include real-time information on green
technology and trade changes, in order to create evidence-based policies that can lead
to sustainable development.

The research questions that the present study is expected to answer are as
follows: How does openness to trade and foreign direct investment affect CO,
emissions in Singapore, and in what degree are these effects reduced by renewable
energy consumption and institutional quality? What are the differentiated functions
of the agricultural, industrial and service sectors in Singaporean environmental
sustainability? Are there asymmetric reactions to positive and negative economic
shocks related to the trade-environment nexus, and how do these relations inform
policy design? How does Singapore adjust the balance between economic growth and
environmental degradation through its service-based, urbanized economy compared
to its regional counterparts?

The main aim of the investigation is to conduct an empirical study of the relationships
between trade openness, foreign direct investment, actual economic growth, sectoral
contributions to economic development, renewable energy usage, population growth
and CO, emissions in Singapore between 1991 and 2024. In particular, the authors
will measure the long- and short-term effects of these variables on environmental
degradation using econometric models, including fully modified ordinary least
squares (FMOLS), canonical correlation regression (CCR), autoregressive distributed
lag (ARDL) and nonlinear ARDL (NARDL). The study also examines whether trade
and foreign direct investment contribute to emissions, and whether consumption
of renewable energy and service sector performance counteract these effects. It also
identifies nonlinear dynamics in the form of asymmetric reactions to economic shocks.
Lastly, the research provides evidence-based policy recommendations to enhance the
sustainability of Singapore’s environment, addressing gaps in urbanization, trade
composition, and the adoption of green technologies, thereby informing national and
global sustainability initiatives. For policymakers, the findings offer practical insights
into the use of institutional capabilities and renewable energy investments in Singapore,
providing a means to mitigate environmental expenditure through trade and foreign
direct investment. Prioritizing sectoral input, particularly the performance of the
service sector in mitigating the country’s economic growth, provides a strategic model
for reconciling economic growth with environmental goals. This model is applicable
not only to Singapore, but also to other highly urbanized, trade-dependent economies.
Furthermore, this study contributes to global efforts to achieve carbon neutrality by
filling research gaps related to urbanization trends and trade composition, making it
relevant to the global context.

2. Literature review

The complex interplay between trade openness, foreign direct investment (FDI),
economic growth, sectoral contributions and environmental sustainability in Singapore
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requires a thorough review of the existing challenges in order to contextualize this
study.

2.1.Trade and environment

Because of its role as a global trade hub, Singapore is an ideal case study for exploring
the trade environment. The given synopsis outlines the key conclusions of ten empirical
studies, specifically focusing on the environmental implications of trade openness
and their relevance to Singapore’s situation. Arif et al. (2022) demonstrated that trade
openness positively influenced the economic growth of South Asian economies;
however, they did not directly address the environmental impact. Sultana et al. (2023)
found that trade openness significantly increases CO, emissions. Khan et al. (2022)
measured 176 countries, including Singapore, and concluded that trade openness
could reduce CO, emissions when institutional strength and innovation capabilities
are robust. According to Sannassee and Seetanah (2016), trade openness contributes
to the increase in CO, emissions in Mauritius due to manufacturing growth. Dou et al.
(2021) studied the free trade agreement between China, Japan and South Korea from
1970 to 2019, finding that increased trade openness leads to higher emissions. Afridi
et al. (2019) discovered an N-shaped curve in SAARC countries and found that trade
openness led to CO, emissions. Akbar et al. (2020) compared countries in Southeast
Asia, including Singapore, and proved that the level of trade openness indirectly
increases CO, emissions due to increased energy consumption and, eventually, affects
health spending. Usman et al. (2023) found that trade openness and non-renewable
energy use increased CO, emissions in Pakistan between 1990 and 2017, while
renewable energy improved environmental quality.

Nica et al. (2023) examined the effects of trade liberalization on female employment
in SAARC countries between 1991 and 2021, observing an increase in workforce
participation in the manufacturing and services industries. Although the findings are
not directly environmental, they shed light on the socio-economic impacts of trade
in Singapore and how these might affect environmental policy-making processes.
The U-shaped ecological footprint trajectory observed by Destek and Sinha (2020) in
OECD countries and Singapore is consistent with the broader trend of environmental
degradation associated with increased trade openness between 1980 and 2014. Due
to the mitigating effect of renewable energy, Singapore looks to sustainable energy
policies to address its energy issues. Overall, the empirical data invariably suggests
that trade openness enhances CO, emissions and environmental destruction.

2.2. FDI, GDP and environment

Studying gross domestic product (GDP), foreign direct investment (FDI) and
environmental sustainability in Singapore would reveal the multifaceted effects of
carbon dioxide (CO,) emissions and eco-footprints. According to Raihan et al. (2022),
although economic growth helps reduce CO, emissions in the long term, tourism and
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energy consumption contribute to their increase. This is why renewable energy sources
and strict regulatory measures, including carbon taxes, should be used. Mehmood
(2021) shows that the negative impact of globalization on the economy and society
is a reduction in emissions. However, the positive effect of political globalization is
an increase in emissions of 2.06% for every 1% increase in political integration (Ngoc
& Awan, 2022). Ngoc and Awan also note that economic growth increases ecological
footprints, but this increase is mitigated by improvements in human capital. Ozturk et
al. (2023) identify economic and population growth as key contributors to emissions,
stating that reducing carbon intensity can enable sustainability. Luo et al. (2022) argue
that foreign direct investment (FDI) can stimulate economic growth, but it increases
emissions when coupled with a dependence on non-renewable energy. Conversely,
implementing renewable energy can mitigate this impact. Meirun et al. (2021)
conclude that green technology innovation significantly decreases emissions while
leading to growth. Islam (2021) examines the South Asian setting involving Singapore
and finds that economic growth, energy use and urbanization contribute to increased
emissions, but industrial value added has no impact. According to Raihan et al. (2023),
agricultural value added can also lower emissions in China. This implies that climate-
smart agriculture could be relevant in Singapore too. As Awan and Azam (2022) point
out, emissions in G20 economies, including Singapore, can be reduced by advancing
technology and improving financial conditions. Overall, these studies emphasize the
importance of adopting renewable energy, technological advancement and robust
policy frameworks to minimize the environmental impact of economic development
and foreign direct investment (FDI), while also identifying gaps in research related to
urbanization and trade openness.

2.3. Agriculture, services, industry and environment

This section reviews some of the key studies indicating their applicability to Singapore
within the broader context of South and East Asia. Lao and Luo (2024) compared
the environmental effects of industrial development and agricultural value addition
in South and East Asian economies, revealing that CO, emissions increased by 0.563
and 0.758 percent respectively when agricultural value addition and industrial
development increased by 1 percent. The article by Abbasi et al. (2022) examines
the relationship between energy consumption, agricultural value added and CO.
emissions in 22 forested states, including Singapore, and reveals that positive shocks to
agricultural value added cause environmental degradation to decline, whereas negative
shocks cause emissions to rise. Adedoyin et al. (2021) discuss empirical research on
agricultural development, energy consumption and economic growth in E7 countries,
revealing that the agricultural sector and economic growth contribute to CO, emissions,
while renewable energy helps reduce them. Adegbeye et al. (2020) inform emerging
countries about sustainable agricultural practices based on the concepts of localized
technology and sustainable intensification. These practices could help to reduce
greenhouse gas emissions by 30%. Some of the methods include precision farming,
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nutrient recycling and integrated systems. Yurtkuran (2021) examines agriculture,
agricultural renewable energy and globalization in Turkey, concluding that agriculture
and the globalized economy contribute to CO, emissions. Xi and Zhai (2023) study the
time-varying characteristics of economic growth and industrial structure upgrading
in China between 2000 and 2019. They confirm an inverted U-shaped EKC and the
negative moderating role of industrial upgrading on environmental pollution. Alam
(2015) analyzed South Asian countries and found that the agricultural, industrial
and service sectors minimize CO, emissions. Sharma and Das (2024) emphasize the
environmental footprint of value-added agriculture and globalization in South Asia,
calling for the adoption of solar energy and sustainable agricultural practices such as
precision agriculture. Chandio et al. (2025) discuss the nexus between energy, climate
and agriculture in Asian economies, including Singapore. They found that renewable
energy boosts agricultural production, while climate change has an adverse effect on
it. Ehigiamusoe et al. (2024) examined sectoral growth in Malaysia and revealed that
the agriculture and services sectors increase CO, emissions, whereas renewable energy
reduces them. Singapore’s service industry can use the same approach to renewable
energy to minimize its environmental impact.

Although the relationship between trade and the environment has been extensively
researched, there are gaps in the literature on foreign direct investment (FDI) and the
effects of both sectors on CO, emissions. The narrowness of discussion of the indirect
impacts of urbanization in Singapore’s high-density setting, as identified by Islam
(2021), should be investigated. The particular structure of trade that accounts for the
influence of differential emission effects, as suggested by Dou et al. (2021), also needs to
be thoroughly studied. Additionally, the nonlinear dynamics of GDP and agriculture,
as indicated by Afridi et al. (2019), should be confirmed by longitudinal studies. The
lack of integration of real-time data on green technology adoption and global trade
transitions indicates a need for research to improve policy relevance.

2.4. Theoretical framework

The present study is anchored in a synthesis of established theoretical perspectives
that illuminate the intricate relationships among trade openness, foreign direct
investment, economic growth, sectoral contributions, renewable energy consumption
and environmental degradation in a highly open economy such as Singapore. Central
to this framework is the Environmental Kuznets Curve (EKC) hypothesis, which posits
an inverted U-shaped relationship between economic growth and environmental
pollution. As income rises, environmental degradation initially intensifies due to scale
effects associated with expanded production and consumption, but beyond a certain
income threshold, technique and composition effects driven by technological progress,
stricter regulations and shifts toward less polluting activities lead to improvements in
environmental quality.

In the context of Singapore’s trade-driven economy, this hypothesis suggests that
while rapid GDP growth and trade expansion may lead to increased CO, emissions
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in earlier stages, the country’s advanced institutional quality, innovation capacity and
increasing reliance on renewable energy could facilitate passage through the EKC
turning point. The model is typically expressed in quadratic form as

CO2,=a,+a,GDP,+ o,GDP?+ a1, Z, + €,

where CO2, denotes carbon dioxide emissions, GDP, represents economic growth (or
its logarithm in per capita terms), Z, is a vector of additional controls (including trade,
FDI, and sectoral shares), and ¢, is the stochastic error term. A positive o, and negative
a, would confirm the inverted U-shape.

Complementing the EKC is the pollution haven hypothesis, which argues that
trade openness and FDI inflows may relocate pollution-intensive industries to
jurisdictions with relatively lax environmental standards, thereby increasing emissions
in the host economy. In Singapore’s case, this dynamic is particularly relevant given its
strategic position as a trade and financial hub, where total trade (exports plus imports)
as a share of GDP has averaged around 349% over the study period. The hypothesis
implies that without sufficient countervailing forces, such as strong institutions and
renewable energy penetration, trade liberalization and capital inflows could exacerbate
environmental pressures through scale and composition effects.

The trade-environment nexus further elaborates these mechanisms by
decomposing the overall impact of trade into scale, technique and composition effects.
Trade openness may amplify emissions via the scale effect (higher economic activity),
yet it can mitigate them through the technique effect (import of cleaner technologies)
and composition effect (reallocation toward less emission-intensive sectors). In the
case of Singapore, distinguishing between merchandise trade (MRCHNDS) and total
trade (TRADE) is crucial because the former can facilitate the import of technology
that reduces emissions, while the latter captures a broader range of activities that could
increase emissions. This distinction can be formalized in an extended model:

CO2, =B, +B,TRADE, +B,MRCHNDS, +B,FDI, +B,RE, +
+> ¥, SECTOR,, 4+ 8POP, +¢,

where TRADE, and MRCHNDS, capture trade dimensions, FDI, represents foreign
direct investment inflows, RE, denotes renewable energy consumption share,
SECTOR_, includes value-added shares of agriculture (AGRI), industry (INDS) and
services (SRVS), and POP, accounts for population growth.

This framework explicitly addresses sectoral dynamics. Industrial activities
typically have a stronger positive impact on emissions due to energy intensity.
In contrast, services that dominate Singapore’s economy tend to have a smaller
environmental footprint. The adoption of sustainable practices in agriculture can have
mixed effects. In particular, the services sector is theorized to moderate emissions
thanks to its lower direct energy requirements and potential for green innovation:
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ACO2, = §,AINDS, + ,ASRVS, + .

with the expectation that |d,| < ¢, in absolute terms when services displace or
complement industrial activity.

To accommodate potential asymmetries in responses to economic shocks such as
those arising from trade liberalization episodes or fluctuations in renewable energy
adoption the framework incorporates insights from nonlinear dynamics. Positive
and negative shocks in explanatory variables may produce differential impacts on
CO; emissions, reflecting rigidities in capital stock, policy responses or technological
adjustment costs. This motivates the Nonlinear Autoregressive Distributed Lag
(NARDL) specification, where each variable X, (e.g., TRADE, FDI, GDP) is decomposed
into positive and negative partial sums:

t t
X, =Y max(AX;,0),X, => min(AX,0)

j=1 j=1
The NARDL model then takes the form:
p—1

ACO2, =0 +pCO2, , +6'X, +6 X, , +> y,ACO2, , +

i=1

q-1

+Z(ni+AXf_,- + ni’AX[_i)+L
i=0

where 0" and O capture long-run asymmetric effects, and short-run dynamics are

reflected in the differenced terms. Rejection of the null hypothesis 6 = 0~ indicates the

presence of asymmetries relevant to Singapore’s exposure to external shocks.

Consistent with theoretical arguments that shifts toward cleaner energy sources
decouple economic activity from emissions, renewable energy consumption enters as a
key mitigating factor. Including this factor reflects the technical effects within the EKC
and the potential to offset pollution havens associated with foreign direct investment
(FDI) and trade.

Together, the theoretical strands of the environmental Kuznets curve (EKC),
pollution havens, trade-environment mechanisms, sectoral differentiation and
asymmetric adjustment provide a coherent foundation for the empirical analysis.
These perspectives justify the multi-model approach (FMOLS, CCR, ARDL, and
NARDL) used to examine linear long-run equilibria and nonlinear short-run
dynamics from 1991 to 2024. Integrating these perspectives allows the framework to
contextualize Singapore’s unique position as a high-trade, service-oriented economy
and generate testable hypotheses about the conditions under which economic
openness can be reconciled with environmental sustainability. The subsequent
empirical sections will evaluate how well Singapore’s institutional strengths and
renewable energy trajectory enable it to navigate theoretical tensions toward greener
growth.
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3. Methodology

3.1. Data and variables

The paper employed a large amount of data to analyze the relationship between trade
openness, foreign direct investment (FDI), economic growth, and sectoral contributions
(agriculture, industry and services), as well as environmental sustainability in
Singapore, focusing on CO2 emissions as a measure of environmental degradation.

Table I. Description of Variables and Units of Measurement

Variable Description Unit of Measurement Abbreviation

Merchandise trade Total merchandise trade as a share of % of GDP MRCHNDS
GDP

Trade Total trade [exports + imports] as a share % of GDP TRADE
of GDP

Exports of goods and Value of exported goods and services as % of GDP EXPT

services % of GDP

Imports of goods and Value of imported goods and services as % of GDP IMPT

services % of GDP

Renewable energy Share of renewable energy in total final % RE

consumption energy consumption

GDP growth Annual growth rate of GDP % GDP

Carbon dioxide emissions Total CO2 emissions excluding LULUCF Mt CO2e CcO2

Agriculture, forestry, and Value added from agriculture, forestry, % of GDP AGRI

fishing fishing as % of GDP

Industry [including Value added from industry as % of GDP % of GDP INDS

construction]

Services Value added from services as % of GDP % of GDP SRVS

Population growth Annual population growth % POP

Foreign direct investment Net inflows as % of GDP % of GDP FDI

The time series dates back to 1991-2024 with 34 observations per year, thus
accommodating a strong econometric analysis of long- and short-run dynamics.
The choice of variables and operationalization are informed by previous research
examining the nexus of trade, the environment, economic growth and sectoral impacts
on environmental outcomes in Singapore and other similar economies (Khan et al.,
2022; Raihan et al., 2022; Lao & Luo, 2024). The data was obtained from trusted World
Bank databases, making it reliable and consistent.
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3.2. Model specification

In order to explore the connections between trade openness, foreign direct investment
[FDI], economic growth, sectoral contribution (agriculture, industry, and services),
population growth, renewable energy consumption and environmental degradation
(represented by CO 2 emission) in Singapore, this study adopts a set of econometric
models that can take into consideration both the linear and nonlinear relationships.
The theoretical frameworks underlying the model specifications include the
Environmental Kuznets Curve (EKC), which Afridi et al. (2019) discuss; the pollution
haven hypothesis, as expressed by Sultana et al. (2023); and the trade-environment
nexus, as analyzed by Khan et al. (2022).

These models were developed to address the issues of stationarity, long-run
and short-run relationships, and potential asymmetries in the impact of explanatory
variables on CO, emissions. They use a combination of linear regression models,
including Ordinary Least Squares (OLS) and cointegration-based models such as
Fully Modified Ordinary Least Squares (FMOLS), Canonical Cointegrating Regression
(CCR), Autoregressive Distributed Lag (ARDL), and Nonlinear ARDL (NARD).

The baseline model is specified as a linear regression to estimate the relationship
between CO, emissions and the explanatory variables. The functional form is given by

CO, = By + BIMRCHNDS, + B,TRADE, + BsRE, + BsGDP, + BsAGRI, +
+BeINDS, + B;SRVS, + BsPOP, + BoFDI, + ¢,

The dependent variable, CO2t, is the level of carbon dioxide emissions in megatons
of CO2 equivalent (Mt CO2e) at time t.

The intercept, b0, is the coefficient of the constant term.

The coefficients of the other explanatory variables are b1 through bn. The stochastic
disturbance is represented by e. The explanatory variables include merchandise
trade (MRCHNDS), total trade (TRADE), renewable energy consumption (RE), gross
domestic product growth (GDP), agricultural value added (AGRI), industrial value
added (INDS), service value added (SRVS), population growth (POP) and foreign
direct investment (FDI). Ordinary least squares and ridge regression are used to
estimate the model, which reduces the harmful impact of multicollinearity between the
trade-related variables (MRCHNDS and TRADE).

The variables are non-stationary at the level, as the ADF-Fisher unit-root test
shows. As a result, cointegration-based methods are used to test long-run relationships.
Cointegration does exist, as the F-bounds test supports. These findings justify the
use of fully modified ordinary least squares (FMOLS), canonical cointegrating
regression (CCR) and autoregressive distributed lag (ARDL) estimators. The long-run
specification is given below:

COZ =0yt alMRCHNDSt + O(zTRADEt + OL3REt + 0(4GDPt + 0(5AGRIt +
+ agINDS, + a;SRVS, + asPOP, + aoFDI, + p,
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where o is the intercept, a, to o, are the long-run coefficients, and , is the error term.
The FMOLS and CCR models correct for endogeneity and serial correlation in the
cointegrating relationship, ensuring robust estimates (Phillips & Hansen, 1990; Park,
1992). The ARDL model, based on Pesaran et al. (2001), is specified to capture both
long- and short-run dynamics:

P
ACO,, =7, + ZYliACOZt—l +Z?:0Y2iAMRCHNDSt—1 +
i—1

q
+> V4ATRADE, , +>_" v, ARE, ,....v,
i=0

Here, A denotes the first difference, y,, to y,, capture short-run dynamics, A, to
A, represent long-run coefficients and v, is the error term. The lag lengths p and q are
determined using information criteria [AIC, BIC] to ensure model parsimony.

3.3. Nonlinear ARDL [NARDL] model

To account for potential asymmetries in the relationships, particularly in response
to positive and negative shocks in the explanatory variables, the NARDL model is
employed (Shin et al., 2014). The NARDL model decomposes each explanatory variable
into positive [X*, | and negative [X", ] partial sums, defined as

t t
X, =) max[AX; 0],X; = min[AX; 0]
j=1 j=1
where X, represents each explanatory variable (MRCHNDS, TRADE, RE, GDP, AGRI,
INDS, SRVS, POP, FDI). The NARDL model is specified as

,
ACO,, =8, +Y 8,ACO,, ,+> ' 8, AMRCHNDs, , +
i=1

q
+» 8, ATRADE, ,+> " 8,ARE, | +...v,
i=0

This specification permits asymmetric responses to positive and negative changes
in explanatory variables. This is particularly relevant for Singapore’s trade-driven
economy, where environmental impacts of shocks, such as trade liberalization and
renewable energy adoption, may differ (Lao & Luo, 2024).

3.4. Estimation procedure

The study uses advanced econometric models to examine the relationships between
trade openness, FDI, economic growth, sectoral contributions (agriculture, industry,
services), population growth, renewable energy and CO2 emissions in Singapore,
addressing stationarity, multi collinearity and asymmetries (Phillips & Hansen, 1990;
Park, 1992). FMOLS, CCR and ARDL models, supported by an F-bounds test, analyze
long- and short-run dynamics, while NARDL captures asymmetric shock responses in
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Singapore’s trade-driven economy (Pesaran et al., 2001; Shin et al., 2014). Diagnostic
tests confirm model reliability, with no heteroskedasticity, managed serial correlation
or normal residuals, aligning with the Environmental Kuznets Curve and pollution
haven hypothesis (Afridi et al., 2019; Sultana et al., 2023). This theoretical framework
uses economic theories to study the relationship between Singapore’s trade and
environment. H1: Trade openness increases CO2 emissions via scale effects, mitigated
by cleaner technologies (Dou et al., 2021). H2: FDI boosts growth but raises emissions
unless green-focused (Luo et al., 2022). H3: Renewable energy reduces emissions,
supporting sustainable growth (Meirun et al.,, 2021). H4: Services sector has lower
environmental impact than industry (Xi & Zhai, 2023). H5: Population growth increases
emissions via consumption and urbanization (Ozturk et al., 2023). H6: Agricultural
value-added may reduce emissions with sustainable practices (Chandio et al., 2025).

4. Analysis and discussion

This section provides a thorough empirical study of the trade-environment nexus
in Singapore. It uses a multi-model econometric framework coupled with machine
learning to examine the impact of trade liberalization, foreign direct investment,
macroeconomic expansion, sectoral dynamics and renewable energy penetration on
CO; emissions.

Table 2. Descriptive statistics table

Variable Count Mean Std Min 25% 50% 75% Max
MRCHNDS 34 255.767 46.542 176.172 208536  262.190  276.434  343.488
TRADE 34 349.488 35.021 302.839  324.014  335.698  368.670  437.326
RE 34 0.605 0.199 0.300 0.500 0.500 0.700 1.100
GDP 34 5.361 4.013 -3.814 3.525 4.682 8.105 14.519
CcO2 34 47.242 6.841 33.479 42.025 45.368 53.878 57.068
AGRI 34 0.073 0.058 0.025 0.032 0.042 0.106 0.250
INDS 34 27.801 3.752 21.377 24.198 27.621 31.381 32.617
SRVS 34 66.654 3.920 60.664 62.880 66.941 70.301 73.029
POP 34 2.010 1.813 -4.170 1.202 2217 3.106 5.321
FDI 34 18.712 7.590 4.228 12.453 19.658 23.012 33.304

Singapore’s economy is characterized by trade openness, with trade measured at
an average of 349.49% of GDP, while merchandise turnover stands at 255.77%. There
is also a high degree of variability in industrial activity (average 27.803) and foreign
direct investment (average 18.713). The average volume of carbon dioxide is 47.24 Mt
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COse, with moderate volatility (standard deviation of 6.84). The GDP growth rate is
strong, averaging 5.36%, with a standard deviation of 4.01%. Population growth stands
at an average of 2.013, ranging from -4.17 to 5.32. High standard deviations recorded in
merchandise turnover, foreign direct investment and gross domestic product indicate
the existence of high levels of economic volatility in the Singaporean economy.

4.1. Correlation results

The correlation table relating to Singapore’s economic indicators shows a strong
positive correlation between the trade variables MRCHNDS and TRADE, and CO,
emissions. This proves that trade intensity is a major contributor to emissions.

Correlation Matrix: Singapore Economic Indicators (1991—-2024)
(Green-Yellow Colormap; CO2 as Dependent Variable)

TRADE  MRCHNDS

RE
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“ - “
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INDS AGRI
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POP
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MRCHNDS TRADE RE GDP co2 AGRI INDS SRVS POP FDI

Figure . Correlation matrix: Singapore economic indicators

The sectoral variables Services (SRVS) and Industry (INDS) have moderate positive
correlations with CO, emissions, which are recorded as 0.879 and 0.909, respectively.
Hence, they have a significant influence on the environment. Conversely, Renewable
Energy (RE) has a poor negative correlation with CO,, with a coefficient of -0.755,
meaning it has very little ability to control emissions. GDP growth has a weak positive
correlation with CO, of 0.392, while population and foreign direct investment have
marginal correlations of 0.315 and 0.454, respectively. The agriculture sector is reported
to have a poor negative correlation of -0.254, indicating its comparatively small role in
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emissions. Overall, the correlation matrix highlights trade and sectoral activities as key
CO; level factors, and renewable energy has a moderate compensating effect.

Table 3. ADF-Fisher unit root test (at levels and first differences)

Series Prob. [Level] Prob. [D]
CcOo2 0.5144 0.0000
FDI 0.0351 0.0000
GDP 0.0002 0.0000
INDS 0.8884 0.0000
MRCHNDS 0.8212 0.0000
POP 0.0122 0.0000
RE 0.9225 0.0000
SRVS 0.9200 0.0000
TRADE 0.3417 0.0000

According to the ADF-Fisher unit root tests, the null hypothesis of a unit root at
the level specification is rejected for most of the series [CO2, INDS, MRCHNDS, RE,
SRVS, and TRADE], with p-values greater than the traditional 0.05 value [CO2: 0.5144;
INDS: 0.8884]. However, they are stationary when first differenced, with p-values less
than 0.05. Conversely, both FDI and POP are stationary. GDP is at a stable level, and
the p-value of 0.0002 indicates its significance. The similarity of stationarity following
differentiation (p = 0.0000 in all series) justifies the use of cointegrated analysis in the
long run. Thus, the issue of nonstationarity in the data is overcome.

Table 4. F-Bounds test

Statistic Value Significance 1[0] 111
F-statistic 4.800151
k 8
10% asymptotic 2.85 3.15
5% asymptotic 3.15 3.42
2.5% asymptotic 342 3.77
1% asymptotic 3.77 4.35
Actual sample size 33

The F-Bounds test indicates that there was a long-run co-integration relationship
between the variables at the time period under study, with a resulting F-statistic of
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4.800151 and eight explanatory variables (k = 8). The calculated F-statistic is greater
than the upper critical value at the 1% significance level (4.35), and the sample size
of 33 observations supports this finding. Therefore, although one can calculate
nonstationarity in the level series, as evidenced by the ADF-Fisher test, the following
variables co-move in the long-run equilibrium with CO2 emissions: trade openness,
renewable energy, GDP growth, sectoral contribution, population and FDI. The
appropriateness of using the F-bounds test is based on its ability to incorporate mixed
integration orders (I[0] and I[1]), making it suitable for the dataset. Furthermore, the
results justify using cointegration estimators, including FMOLS, CCR, and ARDL, in
the subsequent empirical analysis.

4.2. FMOLS ARDL and CCR MODEL

Coefficient {Std. Error} [t-Statistic] [Prob.].

Table 5. Variables, FMOLS, CCR and ARDL

Variable FMOLS CCR ARDL
0.100735 0.133489 0.467010
FDI {0.049150} {0.080907} {0.136183}
[2.049633] [1.499752] [3.429270]
[0.0515] [0.1467] [0.0023]
0.060602 0.059096 0.071094
. {0.071204} {0.142498} {0.062288}
[0.851103] [0.414710] [1.141374]
[0.4031] [0.6820] [0.2655]
1.908841 2.036026 0.179611
INDS {0.451073} {0.561395} {0.095106}
[4.231783] [3.626726] [1.888290]
[0.0003] [0.0013] [0.0724]
-0.165980 -0.149406 -0.098617
{0.028426} {0.044770} {0.058214}
MRCHNDS [-5.839054] [-3.337200] [-1.694150]
[0.0000] [0.0028] [0.1053]
-0.440185 -0.508253 -0.145369
POP {0.135639} {0.204668} {0.041614}
[-3.245116] [-2.483307] [-3.492341]
[0.0035] [0.0204] [0.0017]
-5.267473 -5.267944 -4.217078
RE {2.593365} {3.481824} {0.239746}
[-2.031213] [-1.513828] [-17.59110]
[0.0524] [0.1419] [0.0000]
-1.348372 -1.419447 -0.684534
SRVS {0.453716} 10.517360} {0.086651}
[-2.971840] [-2.743638] [-7.899110]

[0.0066] [0.0113] [0.0000]
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Table 5. Continued

Variable FMOLS CCR ARDL

0.148765 0.132080 0.078422
{0.026820} {0.040104} {0.039502}
TRADE [5.546204] [3.293041] [1.985257]

[0.0000] [0.0027] [0.0592]

182.5871 191.9438 96.8847
C {40.11431} {47.15104} {53.21047}
[4.551671] [4.070829] [1.820853]

[0.0001] [0.0004] [0.0817]

R-squared 0.940471 0.937468 0.961927
Adj. R-squared 0.920623 0.916924 0.947029
F-statistic 64.56678
Prob|[F-statistic] 0.000000
Durbin-Watson stat 2.717598

The FMOLS, CCR and ARDL results prove that there are strong long-term
relationships between economic variables and CO, emissions. These results provide a
comprehensive view of the relationship between trade and the environment. Foreign
direct investment (FDI) positively impacts CO, emissions, and the ARDL specification
of this impact is the most significant. This observation suggests that increased outflows
of foreign capital are a major driver of emissions. Conversely, the impact of the FMOLS
outcome and the CCR result are less well-defined and only marginally significant. This
means that the effect of changes in foreign direct investment (FDI) depends on the
model specification. The growth of gross domestic product (GDP) is always positive
and insignificant in all specifications. Economic growth has a low direct effect on
emissions, which may be due to elimination mechanisms, including efficiency gains.
In the models, industrial activity positively influences CO, emissions, which serve as
the environmental cost of industrial output. The ARDL specification shows a weaker
positive trend, indicating that there may have been a structural change or control
measures over the years. Merchandise trade consistently has a negative effect on CO,
emissions across the models, which can probably be explained by imports of cleaner
technologies. However, total trade has a positive effect. The impact of population
growth on CO, emissions is highly negative, probably due to policy-based population
management or urban efficiency. Consumption of renewable energy significantly
decreases CO2 emissions, and the ARDL estimate shows the most significant impact.
The coefficients are marginal, which supports the importance of green energy
in mitigation. The services sector also reduces CO2 emissions significantly in all
models, which is consistent with Singapore’s service-oriented economy and focus on
sustainability. The constant value [C] is statistically significant, though its statistical
importance is weakened in the ARDL specification, which reflects the emission level
at the base. The R-squared and adjusted R-squared values indicate that the models
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fit well. The range of the standard errors testifies to the accuracy of the estimations.
Additionally, the ARDL specification is optimal, as evidenced by the F-statistic and
Durbin-Watson statistic, which prove the absence of autocorrelation and the presence
of significant long-run relationships.

Table 6. NARDL Model summary (OLS approximation)

Variables Coef. std err z P>zl
const 0.0019 0.0010 2.7090 0.0070
MRCHNDS -0.1232 0.0600 2.0610 0.0390
TRADE 0.2367 0.0870 2.7220 0.0060
RE -0.1699 3.5660 -0.0480 0.9620
GDP 0.0692 0.0570 1.2040 0.2290
AGRI 109.3017 51.2450 2.1330 0.0330
INDS 1.0000 0.3430 2.9110 0.0040
SRVS -1.3037 0.4410 -2.9580 0.0030
POP 0.2005 0.1330 1.5100 0.1310
FDI 0.0460 0.0290 1.5630 0.1180
MRCHNDS_pos -0.1349 0.0570 -2.3770 0.0170
TRADE_pos -0.2454 0.0900 -2.7260 0.0060
RE_pos -4.9737 7.3500 -0.6770 0.4990
GDP_pos 0.2345 0.0580 4.0420 0.0000
AGRI_pos 217.9102 99.6550 2.1870 0.0290
INDS_pos -1.1316 0.8020 -1.4100 0.1580
SRVS_pos 0.1113 0.5930 0.1880 0.8510
POP_pos -0.3340 0.2300 -1.4550 0.1460
FDI_pos 0.0282 0.1090 0.2590 0.7960
MRCHNDS_neg 0.2639 0.0950 2.7810 0.0050
TRADE_neg 0.1316 0.0650 2.0360 0.0420
RE_neg -4.8029 9.5220 -0.5040 0.6140
GDP_neg 0.1780 0.0500 3.5470 0.0000
AGRI_neg 108.6090 56.6920 1.9160 0.0550
INDS_neg -0.0698 0.5270 -0.1320 0.8950
SRVS_neg 1.5341 0.5890 2.6030 0.0090
POP_neg -0.5291 0.2560 -2.0710 0.0380
FDI_neg 0.0026 0.1100 0.0240 0.9810

CO2_lagl 0.2605 0.0900 2.8860 0.0040
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Table 7. NARDL Model diagnostics

Metric Value Metric Value
Dep. Variable cOo2 F-statistic 51040.0
R-squared 0.977 Prob [F-statistic] 1.16e-28
Adj. R-squared 0.944 Log-Likelihood -45.551

When the approximation is done using ordinary least squares, the NARDL model
shows asymmetrical effects on carbon dioxide emissions. The model has a strong
coefficient of determination (R? = 0.977) and an adjusted R? = 0.944, suggesting an
excellent fit. The overall significance of the regression is proven by the significant
F-statistic of 51,040 (p = 1.1678). The intercept is also significant [0 = 0.0019, p = 0.0070],
forming a level of emissions. Merchandise trade (MRCHNDS) has a negative overall
impact (-0.1232, 0.0390). Decreases and increases in trade emissions are positively
correlated with positive and negative shocks to trade, respectively. Total trade has a
positive impact [TRADE = 0.2367, p = 0.0060]. Conversely, positive changes in total
trade decrease emissions (-0.2454, p = 0.0060), while negative changes increase them
(0.1316, p = 0.0420). The overall impact of renewable energy (RE) is not statistically
significant (8 =-0.1699, p = 0.9620), and thus it has no significant asymmetric impact on
emissions. Although there is a positive trend in economic growth in terms of GDP (=
0.0692, = 0.2290), positive GDP shocks have a significant positive impact on emissions
(= 0.2345, =0.0000). Negative shocks also have a positive effect (= 0.1780, = 0.0000). The
agriculture industry is one of the largest contributors to emissions, with a baseline
coefficient of 109.3017 (p =0.0330). Positive (217.9102, p =0.0290) and negative (108.6090,
p = 0.0550) shocks increase the level of emissions. The positive coefficient (= 1.0000,
= 0.0040) of the industry (INDS) is non-significant without a substantial asymmetric
effect. Services have a negative effect on emissions (0.0030), but negative shocks to
the service sector result in the opposite effect. The population has a slightly positive
change in the baseline (0.2005, p = 0.1310). The response to negative population shocks
is related to a decrease in emissions (-0.5291, p = 0.0380). The coefficient of foreign
direct investment (FDI) does not have any significant value at the baseline (0.0460,
0.1180) and does not show any scope of asymmetry. The lagged CO, value of 0.2605
and p-value of 0.0040 support the presence of short-run persistence in emissions. The
log-likelihood value of -45.551, along with the diagnostic tests, proves the adequacy of
the specification and emphasizes the significance of the specified asymmetric relations
in policy development.
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Diagnostic tests

Table 8. Heteroskedasticity test [Breusch-Pagan-Godfrey]

Statistic Value df Probability
F-statistic 1.643316 [9, 23] 0.1614
Obs*R-squared 12.91524 [9] 0.1665
Scaled explained SS 2.999638 [9] 0.9643

According to the Breusch-Pagan-Godfrey test, there is no statistical significance
of heteroskedasticity in the model residuals. The F-statistic (1.643316, df = [9, 23],
p = 0.1614) and the ObsR-squared statistic (12.91524, df = 9, p = 0.1665) both have
p-values above 0.05, indicating homoscedasticity across all explanatory variables. This
conclusion is supported by the scaled R-squared, which is a strong indicator of the
model’s standard error. The results of this study confirm the accuracy of OLS-based
estimates, such as NARDL and other linear models, for inference.

Table 9. Breusch-Godfrey Serial Correlation LM Test

Statistic Value Df Probability
F-statistic 3.832298 [2,21] 0.0381
Obs*R-squared 8.823835 [2] 0.0121

The Breusch-Godfrey Serial Correlation LM test shows that there is mild serial
correlation in the model residuals. The F-statistic (3.832298, df = [2, 21], p = 0.0381)
and the observed R-squared (8.823835, df = 2, p = 0.0121) both provide p-values below
the 0.05 cutoff. This indicates that the residuals are likely autocorrelated of order 2. As
a result, the standard errors of traditional models, such as the NARDL specification,
are not necessarily efficient, which threatens inference. However, this problem can
be solved by using robust standard errors or by defining the dynamic model as an
ARDL model, which explicitly addresses serial dependencies and therefore protects
the validity of long-run coefficient estimates.

4.3. LR test summary

Table 10. Likelihood ratio

Statistic Value df Probability

Restricted LogL -54.12815 - -
Unrestricted LogL -53.86855 - -
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The LR (Likelihood Ratio) test summary compares the restricted and unrestricted
models to evaluate their respective goodness of fit. The restricted model has a log-
likelihood of -54.12815 and an unrestricted log-likelihood of -53.86855, indicating only
a slight improvement in fit. However, the absence of formally reported test statistics
and p-values precludes clear inference. Typically, the likelihood ratio (LR) statistic is
compared to a chi-square test with a number of degrees of freedom equal to the number
of constrained parameters. The LR statistic is calculated by taking the log likelihood
difference and subtracting it from -2. In this case, the LR statistic is -0.5198. Since this
statistic is insignificant (p > 0.05), it would be best to keep the constrained model,
though a better description of degrees of freedom is needed to make an unambiguous
statement.

5. Discussion and Comparison with Previous Studies

The empirical study of Singapore’s trade-environment nexus, including trade
openness, foreign direct investment (FDI), economic growth, sectoral contributions
and environmental sustainability, provides necessary information on the relationship
between economic growth and CO, emissions. The study’s findings support and
diverge from the existing literature, providing a nuanced view of Singapore’s
unique economic environment as a world trade center with limited natural resources
and a service-based economy. The fact that the FMOLS and CCR models show a
positive correlation between trade openness and CO 2 emissions is consistent
with the results provided by Sultana et al. (2023) who used quantile regression to
show that trade openness significantly increases CO 2 emissions of South Asian
countries, which support the pollution haven hypothesis. Sannassee and Seetanah
(2016) reported a similar impact in Mauritius due to manufacturing development,
which is relevant to Singapore’s export-oriented sectors, such as electronics and
petrochemicals. However, the present research shows that merchandise trade
could reduce emissions. This outcome contradicts the aforementioned studies and
suggests that Singapore’s trade composition with a higher level of clean technology
is more effective. This would help decrease environmental degradation, which
aligns with the findings of Khan et al. (2022), who demonstrated that trade openness
reduces emissions when accompanied by strong institutions and innovation-
related properties, both of which Singapore possesses. This is also supported by the
significant negative environmental effects of renewable energy. Usman et al. (2023)
reported that renewable energy positively influenced ecological quality, and Destek
and Sinha (2020) emphasized that it decreased the ecological footprint in OECD
countries, including Singapore (1980-2014). This highlights Singapore’s strategic
shift towards renewable energy as a response to trade- and energy-intensive
emissions. This shift is supported by Dou et al. (2021) in the context of regional trade
deals, including the Regional Comprehensive Economic Partnership (RCEP), which
favor cleaner technologies.
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This positive impact of foreign direct investment (FDI) on CO, emissions aligns
with Luo et al. (2022), who found that FDI increases emissions when combined
with non-renewable energy in Singapore, China and India. However, when
combined with renewable energy, FDI can be substituted. However, this observation
contradicts Mehmod (2021), who found that economic globalization reduces
emissions in Singapore, thus illustrating the mediating effect of the energy mix on
the environmental effects of FDI. The low GDP-emission relationship found in this
study contrasts with the findings of Raihan et al. (2022), who discovered that long-
term emission reductions increased, and Islam (2021), who identified growth as a
significant source of emissions in South Asia. This atypical result may also indicate
Singapore’s high level of economic development and its potential transition to the
Environmental Kuznets Curve (EKC), as proposed by Afridi et al. (2019) for SAARC
countries The sectoral analysis shows that the services sector has significantly
reduced CO; emissions, which is logical given Singapore’s service-oriented economy.
This finding is supported by Nica et al. (2023), who reported increased female
participation in the services sector due to trade liberalization. This has an indirect
impact on environmental policy. Conversely, Alam (2015) concluded that service
industries cause an increase in emissions in South Asia, possibly due to the industries’
different organizational structures. This finding is consistent with that of Lao and Luo
(2024), who identified an 0.758% increase in emissions with a 1% increase in industry
development in South and East Asia. Agriculture was found to have little impact,
which concurs with Raihan et al. (2023), who found that value added by agriculture
was based on emissions.

The asymmetric results of the NARDL model, which include positive GDP shocks
that raise the level of emissions alongside negative ones, are an extension of previous
linear models. Awan and Azam (2022) and Oztiirk et al. (2023) emphasize the need to
address nonlinear dynamics to reduce emissions, which can only be achieved through
technological and financial development. The absence of serious heteroskedasticity
and the slight presence of heteroskedasticity are indicators of the model’s high
reliability, though the latter implies the necessity of high standard errors. This has
not been considered in some previous articles, including Meirun et al. (2021). This
paper supports the idea that trade openness and foreign direct investment (FDI) can
stimulate or decrease emissions, depending on the presence of renewable energy and
institutional quality. This concept has been supported by Khan et al. (2022) and Akbar
et al. (2020). Nevertheless, the supremacy of services and the level of development
of the Singaporean economy set it apart from other regional economies. This means
there is a need for policies that are more specific than those offered by Sharma and
Das (2024) and Chandio et al. (2025), which target agriculture and energy, respectively.
Studies on urbanization and trade composition emphasized by Islam (2021) and Ngoc
and Awan (2022) should be conducted in the future to optimize Singapore-specific
environmental strategies.



206 Muhammad Sarmad Malik, Imran Ali, Vardah Igbal, Qurat Ul Ain

6. Conclusion and policy implications

The analysis of Singapore’s economic and environmental interactions illustrates
the complex relationship between trade openness, foreign direct investment (FDI),
economic development, sectoral contributions and CO, emissions. Trade openness,
particularly total trade, significantly affects emissions, supporting the pollution
haven hypothesis. However, merchandise trade demonstrates a compensatory effect,
likely due to the import of cleaner technologies. Foreign direct investment (FDI) and
industrial activity are the main contributors to emissions, while renewable energy and
the services sector are key contributors to reducing emissions. Singapore’s strategic
policy should take this into account. The negative GDP-emission nexus suggests that
economic maturity and population control can balance conventional growth and
environmental strain. Despite the weak serial correlation of the R-squared value, the
model’s good fit and diagnostics testify to the reliability of the findings. The NARDL
model can help investigate asymmetric effects that contribute to understanding
nonlinear associations.

These results underscore the importance of implementing specific environmental
policies in Singapore. First, the adoption of renewable energy should be prioritized,
as it has immense potential to reduce emissions. The subsidies and incentives to
adopt green technology align with the propositions of Usman et al. (2023) and Destek
& Sinha (2020). Second, positive trade emissions interdependence requires more
stringent regulation of energy-intensive sectors, such as refining and petrochemicals,
to eliminate the pollution haven effect, as revealed by Sultana et al. (2023). Third, the
mitigating effects of merchandise trade could be enhanced by using strong institutions
and innovations mentioned by Khan et al. (2022), which would promote the import
of sustainable technologies. Fourth, to strengthen its role in emission reduction, the
services sector needs to develop sustainable urban planning and green innovations in
the service industry, as Nica et al. (2023) suggest. Lastly, solving mild serial correlation
(Breusch-Godfrey) in the models requires the use of robust standard errors or dynamic
models, as mentioned in the methodology.

Future research should investigate the indirect impact of urbanization on emissions
in Singapore using disaggregated data (Islam, 2021; Ngoc & Awan, 2022) and analyze
trade composition to identify the specific sectors driving emission variations (Dou et
al,, 2021). Longitudinal studies are needed to validate nonlinear thresholds in GDP and
agriculture, building on the work of Afridi et al. (2019). Pilot projects on climate-smart
agriculture could assess emission reductions in urban farming (Raihan et al., 2023;
Chandio et al., 2025). Real-time data on green technology and global trade changes
should inform dynamic policy proposals.
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