Haseeb et al. Discover Sustainability (2026) 7:300 Discover Sustaina b|||ty
https://doi.org/10.1007/s43621-025-02476-z

RESEARCH Open Access

®

Check for
updates

The impact of eco-innovations, FDI,
and financial development on environmental
sustainability

Mohammad Haseeb'?, Mohd Shuaib', Md. Emran Hossain®*, Mesut Dogan®, Samariddin Makhmudov®’# and
Mohammed Alnour®'”"

*Correspondence:

Mohammed Alnour Abstract

mohamedmershing88@gmail.com While extensive research has explored the nexus between eco-innovations, financial
Full list of author information is development, foreign direct investment (FDI), and the ecological footprint (EFP),
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Pollution Halo or Heaven effects are particularly relevant—remain limited. This study
investigates the impact of eco-innovations, financial development, FDI, and clean
energy on environmental quality (measured by EFP) in Saudi Arabia over the period
1995-2022, employing the autoregressive distributed lag (ARDL) model. The results
indicate that eco-innovations and clean energy contribute to reducing environmental
degradation, whereas financial development exacerbates it. Moreover, FDI improves
environmental conditions by lowering EFP, providing evidence of the Pollution Halo
effect in the Saudi context. Robustness checks, including alternative estimators,
confirm the stability of these findings. Furthermore, the Granger causality analysis
reveals a unidirectional causal flow from all explanatory variables to EFP, except

for renewable energy. Based on these results, the study proposes several policy
implications to help mitigate and manage environmental challenges in Saudi Arabia.

Keywords Eco-innovation, Financial development, Ecological footprint, Clean energy,
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1 Introduction

Environmental degradation has become a pressing global concern in recent decades,
contributing to biodiversity loss, resource depletion, climate change, and air pollution
[1]. Since 1933, Saudi Arabia’s economy has relied heavily on hydrocarbon exploration,
generating significant export revenues but with limited attention to the resulting envi-
ronmental consequences. Despite its economic dominance in the Arabian Peninsula,
the country lacks sufficient biocapacity to meet the demands of human activities, which
surpass its natural resource availability (Global Footprint Network, 2023). This imbal-
ance underscores the need to explore the nexus between environmental quality and key
economic drivers. Within this context, international platforms such as COP28 highlight
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the urgency of addressing environmental challenges to achieve the Sustainable Develop-
ment Goals (SDGs). Saudi Arabia is increasingly promoting eco-innovation and techno-
logical advancements to support sustainable sectors and reduce its carbon footprint. By
encouraging innovation and environmentally responsible practices, the nation aims to
position itself as a regional leader in the transition toward a low-carbon economy, mak-
ing it critical to examine its environmental challenges and policy responses.

Theoretically, eco-innovations and the use of clean energy can promote environmen-
tal sustainability in several ways. First, the advancement of environmentally sound tech-
nologies and the adoption of carbon—neutral energy sources can significantly reduce
the ecological footprint by decreasing reliance on carbon-intensive fuels [2, 3]. Second,
government investment in eco-innovation and energy R&D projects, particularly in the
public sector, can create initial market conditions that stimulate private sector participa-
tion in eco-innovation and energy technology development. This, in turn, accelerates the
deployment of renewable energy while reducing dependence on more polluting energy
sources [4].

In recent years, Saudi Arabia has significantly advanced eco-innovation as it seeks to
balance economic growth with environmental protection. This shift is driven by con-
cerns over resource depletion, climate change, and the need to diversify beyond oil
dependence. While some studies suggest that environmental challenges hinder inno-
vation [5, 6], others argue that innovation mitigates the negative environmental effects
of human activities [7, 8]. Most existing research, however, focuses on overall innova-
tion rather than specifically on eco-innovation [9, 10]. As Hussain et al. [11] emphasize,
environmental sustainability is best supported through green technologies. Such tech-
nologies enhance the efficiency of current energy sources while fostering the adoption
of cleaner alternatives. These advancements not only reduce the ecological footprint but
also improve air and water quality, support biodiversity, and strengthen environmental
resilience for present and future generations [12].

There are several justifications for selecting Saudi Arabia as an appropriate setting
for examining the impact of eco-innovation on environmental sustainability. Firstly,
in recent decades, Saudi Arabia has experienced a significant decline in environmen-
tal quality, surpassing other nations in terms of the speed of degradation. According
to Global Footprint Network (2023), Saudi Arabia’s EFP has more than doubled in the
last three decades, shifting from 2.40 gha per person in 1990 to 5.51 gha per person in
2020 (Fig. 1). Moreover, “Global Carbon Project Statistics” show that CO, emissions per
capita annually increased from 11.55 tons in 1995 to 16.56 tons in 2020 in Saudi Arabia.
These facts show a continuous decline in the quality of the environment over the last few
decades in Saudi Arabia.

Second, the Vision 2030 of Saudi Arabia frames a comprehensive roadmap to expand
the economy and lessen its reliance on oil exports. As an aspect of this vision, Saudi
Arabia is capitalizing heavily on sectors which as renewable energy, eco-tourism, and
sustainable agriculture. This assurance of economic transformation creates a favor-
able environment for eco-innovation, expertise, attracting investments, and collabora-
tion in research aimed at addressing ecological challenges and making new sustainable
industries.

Third, Saudi Arabia’s unique geographical characteristics, including arid landscapes

and water scarcity, present both opportunities and challenges for eco-innovation. Saudi
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Fig. 1 Saudi Arabia’s EFP. Sources: GFN, 2022. Note In the figure, the Y-axis denotes the global per hectare per per-
son, and the X-axis refers to the year

Arabia’s focus on water management, sustainable agriculture technologies, and efficient
irrigation can lead to inventive solutions applicable in related regions globally. In addi-
tion, Saudi Arabia’s commitment to addressing these issues can drive improvements in
wastewater treatment, desalination, and water conservation technologies, participat-
ing in the global pursuit of water security. Certainly, Saudi Arabia introduced numer-
ous eco-friendly projects recently, including the formation of the “Logistics Program and
National Industrial Development’, which proposes to increase the demand for sources
of renewable energy through eco-friendly technologies. Therefore, eco-innovation can
enhance the quality of the environment when used with green technologies for ecologi-
cally friendly projects. While this structural shift is regarded as a key pathway to achiev-
ing environmental sustainability, Saudi Arabia’s heavy dependence on fossil fuels has
been the subject of considerable debate. Fossil fuel-based products remain central to
the Saudi economy, underpinning critical industries such as manufacturing, transporta-
tion, and power generation. Consequently, it is a challenging task for the government
to maintain steady economic growth under Vision 2030 while simultaneously meeting
its environmental commitments. Moreover, excessive allocation of resources to energy
R&D and eco-innovation could produce unintended outcomes, as increased reliance on
carbon—neutral technologies may stimulate higher overall consumption. This rebound
effect underscores the need for strong environmental regulations and well-designed
innovative policies to ensure a smooth transition toward a sustainable economy.

The growing evidence on environmental challenges has stimulated extensive research
on sustainability. Prior studies highlight renewable and non-renewable energy, trade
openness, financial inclusion, urbanization, economic growth, population, FDI, and
innovation as major drivers of environmental outcomes [13—16]. However, limited atten-
tion has been given to the specific role of eco-innovation in ecological sustainability. This
study addresses this gap by examining the impact of eco-innovation on environmental
quality in Saudi Arabia. In addition, financial development and FDI are considered, as
they can improve ecological quality by financing clean technologies, renewable energy,
and pollution control projects [17], though they may also worsen conditions if directed
toward polluting industries. Finally, renewable energy, widely acknowledged as a key
contributor to ecological improvement [18, 19], is also analyzed. Together, these factors
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provide a comprehensive framework for assessing environmental sustainability in Saudi
Arabia. This study addresses the following research questions pertaining to Saudi Ara-
bia, considering the background information provided above.

(i) Do eco-innovations improve ecological quality in Saudi Arabia?

(ii) Does the financial expansion and influx of FDI have an impact on the environment
in Saudi Arabia?

(iii) What is the likely effect of renewable energy on the EFP in Saudi Arabia?

This study contributes to the current corpus of knowledge in the following ways:
Firstly, in the current era of technical advancements, the implementation of eco-inno-
vation has emerged as a crucial factor in enhancing both industrial efficiency and envi-
ronmental sustainability. While the literature has extensively investigated this topic, the
nexus between eco-innovation and the environment in the context of Saudi Arabia has
not been sufficiently explored. This is particularly pertinent in the context of Saudi Ara-
bia, where significant emphasis has been placed on technological advancements and
ecological efficiency in recent times within the 2030 vision. Thus, this study offers signif-
icant insights into the eco-innovation-environmental performance nexus in the context
of Saudi Arabia for policymakers.

Secondly, despite the overwhelming investigation, previous studies exploring the link
between eco-innovation, renewable energy, and environmental quality have largely uti-
lized a partial indicator as a proxy for environmental quality, such as CO, emissions.
However, CO, emissions capture only a single dimension of air pollution. To provide a
more comprehensive evaluation, this study employs the ecological footprint as a broader
measure of environmental quality, encompassing carbon emissions, land use, forest
resources, grazing land, and fishing grounds.

Thirdly, in the present time, Saudi Arabia has been dealing with the intricate relation-
ship of some key factors, such as financial development, FDI, and renewable energy
transition, and their simultaneous effect on the country’s ecological sustainability. The
nation has initiated several eco-innovations and policy adjustments to increase its
economy and reduce its reliance on fossil fuel usage. These revolutions’ purpose is to
endorse sustainable practices, lessen carbon emissions, and improve resource productiv-
ity. However, whereas these creativities hold potential, Saudi Arabia has faced obstacles
in entirely appreciating their promise due to several environmental and economic lim-
itations. To delve into the complex dynamics between these factors, this study would
offer an appreciated vision for sustainable development policies in the country. Finally,
to discover the short- and long-term relationship between the aforementioned factors
and environmental quality, this study applied the ARDL approach. Although assembling
this method is common in empirical and econometric research across various economic
fields, it also provides robust estimations for analyzing time series data.

2 Summary of literature

2.1 Eco-innovation and environmental degradation

Theoretically, ecological modernization theory has consistently guided research on the
dynamic relationship between eco-innovation and the environment. This theory posits
that environmental impacts resulting from human activities can be mitigated by enhanc-
ing resource efficiency through the development of green technologies [3]. Meanwhile,
an important strand of research argues that the deployment of eco-innovation alone may
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lead to further environmental deterioration in the absence of stringent environmental
regulations. This is particularly true in developing countries that pursue growth-centric
policies without fully considering environmental consequences, a phenomenon com-
monly referred to as the “green paradox” [20]. Empirical research, reflecting theoreti-
cal divergence, has not reached a consensus on the actual impact of eco-innovation on
environmental sustainability. However, substantial evidence from the existing literature
supports the ecological modernization theory, suggesting that eco-innovation (EI) plays
a significant role in reducing environmental degradation [21, 22].

Similarly, Ali et al. [23] found that climate-focused patents significantly promote envi-
ronmental sustainability in France during the period 2008—2019. Gormus and Aydin [24]
estimated the relation among economic growth, eco-innovation, renewal energy con-
sumption, and the EFP by using the “environmental Kuznets curve (EKC)” hypothesis
for the ten most innovative countries and found that the induced innovations reduce the
ecological destruction. Furthermore, Fethi and Rahuma [25] examined under the EKC
hypothesis that EI played a vital role in mitigating environmental pollution. Similarly,
Sun et al. [26] applied the QARDL model to find the impact of innovations in the case
of Turkey and found negative results across most quantiles. Moreover, Olanrewaju et al.
[27] studied various factors and revealed that trade openness and non-renewable energy
contribute to environmental damage, while eco-innovation, renewable energy, and eco-
nomic expansion improve the environmental quality. Similar findings are also assessed
by previous studies [28, 29]. Conversely, Yunzhao [30] discovered that eco-innovations,
renewable energy, and environmental taxes showed a positive impact on environmental
degradation. Likewise, Hossain et al. [31] validated the presence of a positive connection
between EI and environmental fineness in the US economy.

2.2 Financial development (FD) and environmental degradation

Recently, financial development has emerged as a key determinant of environmental sus-
tainability. Finance-led Green Growth theories have frequently served as the theoreti-
cal foundation in related empirical studies, highlighting the critical role of a developed
financial sector in supporting long-term economic growth and financing environmen-
tally friendly technologies and sustainable practices [32]. Empirical research has further
emphasized this role, noting that the relationship between financial development and
a sustainable environment is among the most pressing issues in current discourse [33].
Several studies have investigated this topic, reporting a negative long-term relationship
between financial innovations, patent innovations, and transport-induced pollution in
China [23, 34].

Practically, it is argued that economies with well-developed and well-equipped finan-
cial markets have healthier environments than countries with less effective financial
structures [35]. Yet, some contradicting outcomes are quite notable. For instance, Gill
et al. [36] employed the NARDL approach,their findings unveiled that financial develop-
ment upsurges environmental pollution in Pakistan. Similarly, Ozturk et al. [37] exam-
ined the dynamic relationship between EFP, economic development, FDI, financial
development, and energy consumption. The authors reported that financial development
declines the environmental quality in the region of South Asia. Moreover, Ju et al. [38]
performed NARDL for the Arab countries and found that FD pollutes the environment.

Similarly, other studies support the above-mentioned research [39]. In contrast, many
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researchers have discovered that FD also protects the environment by reducing ecologi-
cal emissions. For example, Majeed et al. [40] examined a panel of 131 economies, Acar
et al. [41] studied Azerbaijan, and Wu et al. [42] for the Nordic nations.

2.3 Foreign direct investment (FDI) and environmental degradation

Empirically, two contrasting theories underpin the scientific discourse on the relation-
ship between FDI and environmental quality: the Pollution Haven Hypothesis and the
Pollution Halo Hypothesis. On one hand, substantial evidence suggests that FDI can
contribute to environmental degradation, as firms in pollution-intensive industries may
relocate production to countries with weaker environmental regulations. On the other
hand, the Pollution Halo Hypothesis emphasizes that FDI can improve environmental
quality in host countries by promoting the transfer of cleaner technologies, advanced
management practices, and stricter environmental standards to local firms and business
models [43].

In support of the Pollution Hal Hypothesis, Wang et al. [44] claim that FDI plays a
vital role in terms of sustainable development by reducing environmental degradation.
Moreover, Kindo et al. [45] analyzed the effect of FDI in thirteen West African econo-
mies on environmental quality and found that FDI improves environmental quality. Fur-
thermore, the FDI boosts the quality of the environment in the top ten solar-consuming
economies [46]. These discoveries are also coherent with earlier findings by Roy [47] for
India and [48] for Pakistan.

On the other hand, many researchers have found evidence supporting the argument
put forward by the Pollution Haven Hypothesis, as a positive association between FDI
and environmental footprint was emphasized. For instance, Nyeadi [49] found for 44
nations in sub-Saharan Africa, and Shabir et al. [50] studied a panel of 24 developed and
emerging countries from 2001 to 2019. The comparative importance of FDI is deter-
mined by its dual influence on developed and developing nations. Because advanced
nations have rigorous environmental regulations, FDI has a beneficial environmental
impact,in emerging nations, however, FDI has a negative environmental impact due to
lax regulations.

2.4 Renewable energy (RE) and environmental degradation
Empirical, numerous research emphasizes that the deployment of RE improves the
environment. This prospect is supported by many empirical researchers. For illustra-
tion, Kartal et al. [51] used the Quantile approach during the period 1965/Q1 to 2018/
Q4 and found that RE lessens environmental deterioration in the USA. Adebayo et al.
[52] studied the impact of hydroelectricity consumption on CO, emissions. The study
reveals a strong negative relationship between hydroenergy consumption and CO, emis-
sions, particularly on long-term frequencies, in the USA. Jiang et al. [53] conducted the
NARDL and found that RE has an asymmetric effect on China’s environment,Murshed
et al. [54] performed CCEMG and AMG and concluded that RE enhances the ecosys-
tem. Furthermore, the aforementioned studies are supported by Javed et al. [55] for Italy,
Sharif et al. [56] for Turkey, Wang and Dong [57] for 14 Sub-Saharan African economies,
and Adebayo et al. [58] for BRICS.

Recently, Kirikkaleli et al. [59] uncovered that the use of green electricity significantly

reduces environmental deterioration and fosters sustainable environmental practices in
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the United States. In contrast, despite most studies endorsing the negative effect of RE
and alternatives of other energy origins on the environment in the present literature, a
few studies offered conflicting outcomes as compared to the aforementioned literature.
Such as some researchers have investigated that environmental pollution is significantly
boosted using renewable energy [60, 61].

2.5 Literature gap

In summary, past research has extensively examined the “correlation between clean
energy, eco-innovation, FDI, financial development, and environmental indicators”
across different nations and groups of countries, employing a range of approaches.
Based on the findings of the reviewers’ investigations, a range of outcomes were seen
regarding the influence of the aforementioned variable on both CO, and EFP. However,
within the specific context of Saudi Arabia, there is a limited number of researchers who
have explored the relationship between eco-innovation and EFP. It is worth noting that
certain investigations have previously examined the effect of many other variables. Nev-
ertheless, the influence of financial expansion on the EFP in Saudi Arabia remains con-
fined. Thus, this study was undertaken within the setting of Saudi Arabia, in response to
a lack of existing research on the topic. Furthermore, prior studies have extensively used
carbon emissions as a proxy for environmental sustainability, which primarily captures
air pollution. Finally, existing studies have utilized relatively conventional econometric
approaches. To address these shortcomings, this study uses the ecological footprint and
employs the ARDL technique to estimate relationships in both the short and long term
simultaneously.

3 Data and methodological approach

3.1 Data and variables description

The key motive of this study is to determine the impact of eco-innovation, financial
development, FDI, and renewable energy on the EFP during 1995-2022 in Saudi Arabia.
The annual time series data of the variables, which is used in this study, is taken from
various platforms; likewise, “Global Footprint Network [62]” for EFP, eco-innovation is
taken from “Organization for Economic Co-operation and Development, the “Interna-
tional Monetary Fund for financial development and the source of FDI and renewable
energy is “World Development Indicator [63]” The “EFP is measured by global hectares
per person, the number of patents related to the environment with country fractional
value is a proxy of EI, the financial market index is taken as FD, and FDI and RE are mea-
sured by net inflows (% of GDP and the % of total final energy use, respectively” Descrip-
tion and source of the data are explored in Table 1.

Table 1 Description and data sources of selected variables

Abbreviation Variable Description Source

EFP Ecological footprint Gha per person [62]

El Eco innovations Number of patents for environmental
technology, with country fractional
value

FD Financial development Financial market index

FDI Foreign direct investment Net inflows (% of GDP) [63]

RE Renewable energy % of total final energy use [63]

Data sources: GFN (https://data.footprintnetwork.org/); OECD (https://data.oecd.org/); IMF (https://www.imf.org/en/Data);
WDI (https://databank.worldbank.org/source/world-development-indicators)
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3.2 Theoretical framework and model building
According to the empirical background, eco-innovations, financial development, FDI,
and renewable energy play crucial roles in determining the EFP level [64]. Eco-inno-
vations, considered by the advancement as well as employment of eco-friendly tech-
nologies and practices, are expected to lessen the degradation of the environment by
endorsing resource efficiency and pollution reduction [27, 29]. However, the compre-
hensive and well-launched financial sector significantly affects the growth outline of
an economy [36]. An efficient and well-structured financial sector enhances the overall
functioning of the financial system by promoting technological advancement, reducing
information costs, managing complex business transactions, and fostering transparency
between borrowers and lenders. These improvements increase investment efficiency
and productivity [38, 65]. However, the resulting rise in productivity also drives higher
energy consumption, which directly influences environmental performance [66].
Scholars have conducted numerous assessments to determine the influence of invest-
ment flows on the environment. These assessments have revealed that the impact can
be either detrimental or beneficial, resulting in what is known as a “Pollution Haven or
a Pollution Halo” effect, respectively [67, 68]. Theoretically, the "Pollution Haven Effect"
is a concept that arises from the presence of lax environmental rules (as stated by [69])
and a low degree of technical advancement (as mentioned by [70]) in the countries and
regions where it occurs. Alternatively, the "Pollution Halo Effect” may occur when new
investments provide more environmentally friendly and energy-efficient manufacturing
practices [71] and sophisticated environmental management techniques [72]. The domi-
nance of either the "Pollution Haven or Halo” effect is contingent upon the unique con-
text, as well as the subject and design of the research. Therefore, we examined the inflow
of FDI in Saudi Arabia to investigate its potential halo or heaven effect. The functional
form of the model for the impact of eco-innovation, financial development, FDI, and
renewable energy on Saudi Arabia’s EFP is measured as the following function:

EFP = f (EI, FD, FDI, RE) (1)

To tackle the problems of data sharpness, scale equivalence, heteroscedasticity, and
autocorrelation, we transformed the model into a logarithmic form in this study. Hence,
this transformation is intended to address these concerns properly. The empirical equa-
tional form can be derived as follows:

Ln (EFP,) =x + x1 Ln (E1) + xo Ln (FDy)

+ x3 Ln (FDI)+ x4 Ln (RE}) + & 2)

Equation (2) describes the econometric equation of selected variables. “Where Ln rep-
resents natural logarithm, EFP signifies the ecological footprint, EI is eco-innovation,
FD represents financial development, FDI explains foreign direct investment, and RE
denotes renewable energy. Likewise, the subscript of each variable “t” expresses the time
dimension of the associated variable. Furthermore, , illustrates the intercept term, &;

denotes a stochastic error term, and «; to 4, represent the elasticity of the regressors”
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3.3 Methodology

A complete econometric procedure consists of three crucial steps as follows: (a) con-
ducting unit root analysis of variables, (b) analysis of cointegration between intended
variables, and (c) estimation of short- and long-run coefficients/elasticities.

The first segment in the data analysis of the time series is a test for stationarity because
the results from regression analysis present inconsistent or misleading information if the
opted variables represent a random trend [73]. Hence, the Phillips-Perron (PP) test pro-
posed by Phillips and Perron [74] and the Augmented Dickey—Fuller (ADF) test devel-
oped by Dickey and Fuller [75] are used to solve this issue. Moreover, this study also used
the Kwiatkowski—Phillips—Schmidt—Shin (KPSS) stationarity test. The KPSS stationarity
test is recognized by Kwiatkowski et al. [76] to determine the stationarity and integration
order of the observed variables for small samples of the time series. The stationarity of
time series data can be measured by using the mathematical methods of the PP and ADF
tests. These approaches can be used for the autoregressive (AR) model, including the
first-order AR model, the AR model with an intercept but no trend, and the AR model
with both an intercept and a trend.

The second phase of this research is to discover the long-run connection between the
selected variables. In this sense, the two-time series are viewed as long-run cointegrated
if they move together over time while keeping a constant gap between them. Thus, to
find out the steady-state equilibrium and long-period constancy among the opted vari-
ables, Johansen’s [77] long-run cointegration method is applied in this study through the
following mathematical equation or expression:

p—1
AXy = A—1 + Z 0i1AX 1 + 1t (3)
i=1
p P
A=Y M;—Iand0;= > M, @)
i=1 i=t+1

In the above Egs. (3) and (4), the parameter matrix term A denotes the adjusted disequi-
librium. The term 8 shows dynamic short-term adjustment, and the stacking of the coef-
ficient M enhanced the rate of adjustment of the unobserved factors to the restoration of
equilibrium association.

The ARDL bounds test is also used to explore the long-term interrelation among the
series and is broadly employed due to its numerous advantages. Likewise, this process
tackles many issues, such as endogeneity issues and the inability to evaluate hypotheses
regarding the estimated parameters in the long term. The ARDL method is capable of
examining long-period association amongst the analyzed time series, even if the core
independent variables are purely cointegrated at level (I(0)), entirely different (I(1)), or
mutually (I(0,1)). Furthermore, the ARDL technique can estimate both short- and long-
term elasticities of the models. Additionally, as compared to multivariate approaches,
the bound testing approach has extra advanced properties for small samples [78]. More-
over, it can be additionally employed to establish the long-run relationship, as indicated
in Egs. (5) and (6) below:

AY =g + Y o6 AV i+ Y X1+ > @pAXas  +vECT, (5)
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(6)
+00Yi1+ 61X -1+ 02 X241 + &t

Before employing the ARDL bounds cointegration test to measure the long-term asso-
ciation, Eq. (7) represents the unrestricted error correction model as follows:

k k k
ACE; =0+ ZﬂoACEtﬂ' + ZﬁlAXl,tfi + Z B2AX5 44

i=1 =1 i1
k k
+ Z B3AX3z i+ Z BaAXyi—i + N LACE;_; (7)
i1 i1

+ MLAX i + M LAXs i + A3LAX3
+ MLAXy i + BT + Bs B + 1y

where i represents the cross-section, A stands for the first difference operator, and ¢
denotes the time span. The null hypothesis, indicating the nonappearance of long-term
interrelation among the indicators of time series, can be described in Eq. (8):

M=M= Aa =g = A= 0 ®)
k k k
ACE; =0+ ZﬂOACEtﬂ' + Zﬂlﬁxl,tﬂ' + Z BoAXo
i—1 i=1 i—1
k k
+ Z B3AXz i+ Z BaAXy—i + M LACE,_; ©)
i=1 i=1

+ MLAX - + M LAXo i+ A3LAX3 4
+ MLAX i+ B5T + B6 B + BrECT;—1 + wy

The ARDL bounds technique employs non-standard asymptotic dispersal and employs
the consolidated F-statistic to investigate the absence of a long-term association as
described in Egs. (10) and (11). This technique requires the computation of two separate
categories of critical values (CV): a lower critical bound and an upper critical bound.
If the assessed combined F-statistic surpasses the upper critical bound, we accept the
alternative hypothesis (H;) and reject the null hypothesis (H;). On the other hand, if the
estimated combined F-statistic falls under the lower critical bound, then we accept the
H, and reject the H,.

Following the variation of variables, the ARDL-based error correction model assesses
the elasticity of the aforementioned variables in the short-term, as follows in Eq. (10):

i=1 q q
LY; =mno + Z i LY; s + Z N2 LX1 i + Z N3 LX2 1
i1 i=0 i=0

g q (10)
+> il Xy i+ Y nsilXai+ AECM, 1 +&
=0 =0

In Eq. (10), ECM,, denotes the error correction term that is obtained through the fol-
lowing equation:

Page 10 of 23
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q q
ECM; =LY, —m— > milYi i = BulXy

i=1 i=0

q q q
- Z B3ilXo t—i — Z BailXs —i — Z B5ilX4 t—i

i=0 i=0 i=0

(11)

where \ represents the rate of adjustment for stable equilibrium from short-term to
long-term, and from n; to n illustrates all coefficients of the parameters.

When predictors’ elasticities are confirmed in the short- and long-term, it is crucial to
check the causal connection among the selected time series variables. In pursuit of this,
the Granger Causality method was employed to examine causal relations. The Granger
causality approach supports the vector autoregressive method estimation of the causal
connection among the variables, which was developed by Granger [79]. Concerning this,
the current research follows the procedure of revealing causal association among vari-
ables in the following Eqs. (12) and (13) as follows:

Yy =do + Zizldth—i + Zizl%'Xt—i + (12)

k k
Xy =0+ ijlajy'tfj + Zj:l¢th—j + e (13)

Furthermore, this research also utilized the Fully Modified Ordinary Least Squares
(FMOLS), Dynamic Ordinary Least Squares (DOLS), and Canonical Cointegrating
Regression (CCR) methods to assess the robustness of the ARDL model’s findings. The
research roadmap is depicted in Fig. 2.

Unit Root Test

Stationa«

: all S

% Robustness analysis

Fig. 2 Roadmap of methodological strategy.
Source: Authors'own creation

-

Regression Analysis
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Table 2 Descriptive statistics

Stats EFP El FD FDI RE

Mean 4.813 211.085 0.490 1.150 0014
Median 5.030 65.980 0.504 1.750 0.010
Maximum 6.853 877.290 0.673 3.200 0.060
Minimum 2.358 4.080 0.224 —1.300 0.010
Std. dev 1.233 262.965 0.144 1.020 0011
Skewness -0315 1.278 —-0.267 1.575 3.399
Kurtosis 2.190 3374 1.818 4551 14.101
Jarque-Bera 1.141 2234 1.823 3354 183.559
Probability 0.565 0.2269 0.402 0.101 0.000
Sum 125.141 5488.210 12.731 2.980 0.350
Sum Sqg. dev 38.027 17.288 0.515 2.590 0.003

Table 3 Correlation matrix

Variable LEFP LEI LFD LFDI LRE
LEFP 1.000
LEI 0.726 1.000
(0.000) -
LFD 0.803 0.702 1.000
(0.000) (0.000) -
LFDI 0.179 0.081 0.342 1.000
(0.382) (0.690) (0.087) -
LRE 0.056 0.245 —-0.085 —0.054 1.000
(0.785) (0.227) (0.677) (0.791) -

() denotes the p-value.

4 Results and discussion

4.1 Basic data properties

The very first step of empirical analysis is to report the descriptive statistics for the
selected variables (EFP, EI, FD, FDI, and RE), which are shown in Table 2. The out-
comes of the statistics show that EI has the highest mean and median values of 211.08
and 65.98, respectively. Whereas, RE has the lowest mean and median values at 0.01 and
0.01, respectively. Moreover, the results of skewness show that EFP and FD are nega-
tively skewed, while EI, FDI, and RE are positively skewed. Besides, the outcomes of kur-
tosis show that the kurtosis values of EFP and FD are more than three, which means the
curves of both variables are platykurtic, while the kurtosis values of the remaining vari-
ables are less than three, which shows that the curves are leptokurtic. The Jarque—Bera
test indicates that the RE data are not normally distributed, while other variables are
normally distributed. However, this does not undermine the validity of our analysis for
several reasons. The outcomes of descriptive statistics suggest that this dataset is suit-
able for the intended empirical study.

This study also checks the association among the variables through a correla-
tion matrix, which is shown in Table 3. The correlation matrix reveals a significant
positive relationship between EI, FD, and the ecological footprint, while FDI and RE
exhibit an insignificant positive relationship. Correlation coefficients are small for FDI
and RE but high for EI and FD. The Variance Inflation Factor (VIF)! test confirms no

LVIF values of EI, FD, FDI, and RE were 3.71, 4.24, 1.015, and 0.531.
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multicollinearity issues, with all values below the threshold of 10, indicating reliable

results for the selected series.

4.2 Unit root tests outcomes

Table 4 shows the outcomes of the ADF and PP stationarity approaches with intercept
and intercept and trends. The empirical outcomes of the ADF and PP test expose that all
the opted variables are insignificant at their level (I (0)) with intercept, except FDI, and
also insignificant at their level (I (0)) with trend and intercept, except EI and FDI. But all
the opted variables are significant in their first order (I (1)) with both intercept and trend
and intercept. Furthermore, this study also used the KPSS unit root approach to find the
integration order of the selected series (Table 4). KPSS test statistics show that FDI and
RE are not significant at their level, I(0); however, all the other variables are significant at
their level, I(0). The outcomes of KPSS also report that all the variables are significant at
their first difference I (1), so for further econometric analysis, the ARDL method is suit-

able to discover the long- and short-run association for the selected time series.

4.3 ARDL bounds and Johansen cointegration approaches results
ARDL bounds test outcomes are summarized in Table 5. This study selected the opti-
mum lag order of the model derived from the “Akaike Information Criteria (AIC)” The
Empirical analysis reveals that the value of the F-test statistic is 4.566, which is more
than the value of the 5% significance level region, which means the cointegration rela-
tionship exists at the 5% level of significance. Moreover, the results of the long-term
cointegration analysis of the Johansen approach are shown in Table 6.

The Johansen long-run co-integration analysis utilizes two types of test statistics, the
first one is the trace test, and another is the maximum eigenvalue test. To establish the

Table 4 Stationarity analysis of selected series

Series Intercept Trend and intercept
Level First difference Level First difference

ADF test

LEFP -1.181 —2.202 —3.557%* —5.536%%*

LEIl -0374 —5.101*** —5.378*** —5.210%**

LFD —-1512 -1476 —5.106%** —4.136%

LFDI —3.823%* —3.784%% —5.571%* —5.396%**

LRE —-0.981 -1.159 —4.353%** —4.755%%*

PP test

LEFP —-1.371 —2450 —5.619%%* —5.538***

LEI 0.265 —5.096*** —14.265%** —14.1712%*

LFD —1438 -1.524 —5.106%%* —7.223%%%

LFDI —3.808*** —3.769%* —18.205%** —18.072%**

LRE -1.694 —1.656 —4.300%%* — 4,687

KPSS test

LEFP 0.444* 0.125* 0.376* 0.410%**

LEI 0.502** 0.088 0467** 0.462%**

LFD 0.376% 0.148** 0.230 0.232%**

LFDI 0.126 0.105 0.188 0.199**

LRE 0.253 0.174%* 0.493** 0.131*

Critical values 1% 5% 10% 1% 5% 10%
0.739 0463 0.347 0.216 0.146 0.119

*** denotes 1%, ** stands for 5%, and * represents a 10% significance level. H, for the KPSS approach is the existence of
stationarity
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Table 5 ARDL bounds test results

Test statistics F-stats K Decision
EFP function 4.586* 4 Cointegrated
Significance level Lower bound Upper bound
cv

10% 3.030 4.060

5% 3470 4570

2.5% 3.890 5.07

1% 4.400 5.720

** represents 5% significance level

Table 6 Johansen cointegration test
Trace test analysis

Hypothesized no. of CE(s) Eigenvalue Trace stat 5% CV Prob
None* 0.995*** 283519 88.804 0.000
M1* 0.917%** 139.612 63.876 0.000
M2* 0.796%** 72.3681 42915 0.000
M3* 0.573** 29411 25.872 0.017
M4 0212 6428 12518 0.408
Maximum eigenvalue test analysis

Hypothesized no. of CE(s) Eigenvalue Max-eigen stat 5% CV Prob
None* 0.995*** 143.908 38331 0.000
M1* 0.917%** 67.243 32.118 0.000
M2* 0.796%** 42958 25.823 0.000
M3* 0.573** 22981 19.387 0.014
M4 0212 6.429 12518 0408

M denotes at most

*** denotes 1%, ** stands for 5%, and * represents a 10% significance level

occurrence of long-term cointegration among selected variables, the null hypothesis
should be rejected to confirm the long-run association between variables at a 5% level
of significance. Consistent with both tests’ figures (trace and maximum eigenvalue) that
there are four out of five cointegrated equations that occur at the 5% significance level.
Meanwhile, the statistically significant test results show the existence of a significant

long-term relationship among the variables”

4.4 Long- and short-run elasticity estimates

After confirming the presence of long-run association among the variables, this study
analyzed the dynamic impacts of explanatory variables (EI, FD, FDI, and RE) on Saudi
Arabia’s EFP through the ARDL model. Table 7 presents the outcomes of the long and
short-term ARDL model (1, 0, 1, 1, 0), designated based on the AIC. The outcomes show
that eco-innovation has a negative impact on the EFP, which indicates that the ecologi-
cal footprint will decrease when eco-innovation increases. More evidently, a 1% positive
change in eco-innovation decreases the EFP by 0.219 and 0.753% in the long and short
term, respectively. Thus, these findings confirm the positive environmental outcomes
derived from eco-innovation in Saudi Arabia. Eco-innovation, also known as environ-
mental technology, facilitates the optimization of resource utilization, including energy,
water, and raw materials, hence mitigating waste production and resource exhaustion. In
Saudi Arabia, where there is a shortage of water and high energy consumption, imple-

menting eco-innovative solutions like water-saving technologies and renewable energy
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Table 7 Results of the ARDL model for EFP (1,0, 1, 1, 0)

Variables Coeff S.E T-stat Prob
Long-run estimates

LEI -0219** 0.080 —2.744 0014
LFD 0.530%** 0.012 45377 0.000
LFDI —0.037%** 0.006 —6.163 0.000
LRE —0.031** 0.014 -2221 0.040
Short-run estimates

C 1.910%* 0.852 2.243 0.039
@TREND 0.046** 0.020 2.258 0.037
LEFP(-1) —0.753%%* 0.201 —3.751 0.002
LEI —0.165*% 0.095 —1.740 0.010
LFD(-1) 0.399** 0.158 2528 0.022
LFDI(-1) —-0.028 0.024 —1.144 0.268
LRE —-0.024 0.059 —-0.340 0.694
D(LFD) 0.139 0.156 0.893 0.384
D(LFDI) —0.008 0.017 -0443 0.664
CointEq(-1) —0.753%** 0.148 —-5.101 0.000

S.E. stands for standard error

*** %% and * denote 1%, 5%, and 10% levels of significance, respectively

systems can effectively save resources and alleviate environmental stress. A multitude of
studies have supported this finding. For instance, Usman et al. [80] for Mercosur econo-
mies and Wang et al. [81] for India studied that technological progress plays a crucial
role in promoting environmentally sustainable approaches. Furthermore, Saqib et al.
[82] and Wen et al. [83] studied that technological advancement leads to improved envi-
ronmental outcomes in developing and African countries, respectively.

Moreover, the impact of financial development on EFP is significantly positive. To be
precise, a 1% positive change in financial development would increase EFP by 0.530%
and 0.399% in both the long and short term, respectively. These findings reveal that
the impact of financial development on EFP is diminishing the scale effect. The rise of
energy-intensive businesses in Saudi Arabia, such as petrochemicals, manufacturing,
and large infrastructure projects, can be propelled by financial development. These sec-
tors utilize substantial quantities of energy and resources, releasing GHG and other con-
taminants that contribute to climate change and environmental deterioration. Moreover,
this positive effect of financial development on the ecological footprint aligns with Saudi
Arabia’s longstanding dependence on oil revenues, as financial deepening typically bol-
sters fossil fuel ventures over eco-friendly alternatives. To counteract this, Saudi Vision
2030’s emphasis on economic diversification and renewable energy adoption may chan-
nel financial resources into sustainable efforts, possibly inverting the pattern. This find-
ing is consistent with previous studies discovered by Makhdum et al. [84] for China,
Balsalobre-Lorente et al. [85] for APEC countries, and Wang et al. [86] for emerging
European countries. Therefore, financial institutions, along with their allied markets and
firms, tend to prioritize financial expansion over environmental regulations.

Furthermore, the FDI has a significantly negative effect on the EFP. Therefore, these
findings confirm that foreign direct investment has a negative impact on the environ-
ment in Saudi Arabia, which further proves the Pollution Halo effect of FDI. In Saudi
Arabia, the negative impact of FDI on the ecological footprint underscores the king-
dom’s strategic shift under Vision 2030 to attract foreign investments in diversified, non-

oil sectors like renewable energy and technology, which promote cleaner production and



Haseeb et al. Discover Sustainability (2026) 7:300 Page 16 of 23

resource efficiency. This results in a 0.037% long-term and 0.008% short-term reduc-
tion in EFP per 1% FDI increase, reflecting how targeted inflows can mitigate environ-
mental strain from traditional hydrocarbon reliance. Hence, FDI has the potential to
enhance competitiveness and foster innovation within the economy of Saudi Arabia.
This can lead to increased efficiency and breakthroughs in technology, which in turn can
have positive impacts on the environment. However, sustained policy focus is needed
to ensure FDI prioritizes sustainable projects over polluting industries. The finding of
FDI in this study is consistent with Roy [47] for India and Dhrifi et al. [87] for develop-
ing economies. Contrarily, Usman et al. [88] observed that FDI has a positive impact on
environmental degradation in G-7 countries.

Finally, the impact of RE on EFP is significantly negative, which indicates the inverse
relationship between RE and EFP. In Saudi Arabia, this negative impact reflects the
kingdom’s transition from oil dominance toward sustainable energy under Vision 2030,
where RE investments in solar and wind projects reduce carbon-intensive activities
and enhance environmental resilience. This inverse relationship demonstrates that a
1% increase in RE leads to a 0.031% long-term and 0.024% short-term decrease in EFP,
aligning with efforts to diversify the economy and meet global climate goals. Accelerat-
ing RE adoption could further amplify these benefits, though challenges like infrastruc-
ture development remain. Saudi Arabia’s reliance on oil and gas for generating electricity
makes it vulnerable to fluctuations in global energy markets. Saudi Arabia can increase
energy security, decrease susceptibility to supply disruptions, and develop a more robust
and sustainable energy infrastructure by incorporating renewable sources like solar and
wind power. This, in turn, would enhance environmental performance. The results of
renewable energy are consistent with Xue et al. [89], who revealed that renewable energy
decreases the EFP in E-7 and G-7 countries and South Asian countries, respectively.
Hence, the findings recommend that the government and policymakers in Saudi Arabia
make beneficial policies to boost investment in the sector of renewable energy.

Table 7 shows the estimated “error correction model (ECM)” outcomes by using the
ARDL model. The outcomes show that the value of ECM is significant with a negative
sign, showing the 75.31% rate of adjustment to long-term equilibrium from short-term
disequilibrium in the model.

4.5 Robustness analysis

This study measures the accuracy and effectiveness of the primary findings by using some
other tests. The results of FMOLS, DOLS, and CCR models are presented in Table 8. The
findings of these models are much the same as the empirical results obtained from the
ARDL model, confirming the robustness of the model. Hence, it is confirmed that the

Table 8 Robustness analysis of FMOLS, DOLS, and CCR

Variables FMOLS DOLS CCR

EFP function
LEl —0.142%** —0.1471%% —0.149**
LFD 0.304%** 0.307%** 0.308***
LFDI —0.008** —0.008 —0.005
LRE —0.053*** —0.048** —0.066*%
C 1.405%** 1.443%%* 1.314%%
@TREND 0.053%** 0.052%** 0.054%**

*** denotes 1%, ** stands for 5%, and * represents a 10% significance level
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Fig. 3 CUSUM and CUSUM of squares plots

Table 9 Results of the pairwise Granger causality test

Null hypothesis F-stat Prob Interpretation

LEI~LEFP 1.976 0.166 Unidirectional causality occurs
LEFP ~LEI 3472 0.052

LFD~LEFP 6.724 0.006 Unidirectional causality occurs
LEFP~LFD 0.0978 0.907

LFDI~LEFP 0.232 0.795 Unidirectional causality occurs
LEFP~LFDI 9.149 0.002

LRE~LEFP 1.604 0227 No causality occurs
LEFP~LRE 0.872 0434

~represents “does not granger cause”

estimated long-term elasticity of this series is consistent, reliable, and robust. The indi-
cators of the robustness estimator align with the ARDL coefficient, indicating that the
findings remained consistent without any large diversion. Moreover, the outcomes of all
the selected variables are significant in all models, and the signs are also consistent with
predictions. The findings of all four models indicate that EI, FDI, and RE can defend the
atmosphere, whereas FD declines the environmental quality in Saudi Arabia.
Additionally, this study applied the cumulative sum test (CUSUM) and the cumulative
sum of squares test (CUSUM of squares) recursive estimation tests to diagnose the sta-
bility of the estimated model. Figure 3 represents the recursive residual plots of CUSUM
and CUSUM of squares. In these figures, the red dotted lines represent the acceptance
region of a 5% level of significance, while the blue line represents recursive residual plots.
For a stable model, this blue line should lie between both red dotted lines. Hence, the
blue line of the model is within the 5% significance level, which shows that the model is
properly stated. Finally, this study confirms that all the parameters are stable and reliable.

4.6 Granger causality analysis

The causal relationship plays a key role as it establishes long-run connections between
variables; therefore, if the unit root exists in the series, the Granger causality test is
employed to assess this relationship. For this reason, a test will be conducted for the uni-
directional or bidirectional causality between the selected variables. If the existing value
of x could be predicted by using the lagged value of y, then the Granger causality should
exist between the two series (x and y). Table 9 shows the outcomes of Granger causality,
which confirms the presence of unidirectional causality from EFP to eco-innovation, FD,
and FDI. The association among the aforementioned variables contributes to enhancing
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the stability and effectiveness of environmental policy, which ultimately supports the
achievement of the SDGs.

5 Conclusion and policy implications

This study investigates how Saudi Arabia’s ecological footprint has been influenced by
eco-innovations, financial development, FDI, and renewable energy over the period
1995-2022. The ARDL model serves as the primary analytical framework, comple-
mented by Granger causality tests to assess the direction of the relationships. The
findings indicate that eco-innovation contributes to reducing the ecological footprint,
whereas financial development—by expanding resource- and energy-intensive activi-
ties—exerts additional environmental pressure. In contrast, both FDI and renewable
energy show long-run environmental benefits. The causality analysis reveals primarily
one-way relationships among the variables, with renewable energy being the notable
exception.

These findings add nuance to the sustainability debate in resource-dependent econo-
mies. They show that factors like eco-innovation, financial development, and FDI are not
inherently beneficial or harmful; their environmental impact depends on the surround-
ing institutional and policy context. In Saudi Arabia, financial development appears
to intensify ecological pressure by channeling capital into heavy industries, whereas
FDI—often associated with pollution havens—may instead produce a “halo effect” by
introducing cleaner technologies. Eco-innovation, measured through indicators such
as patents or R&D activity, also proves effective in improving environmental outcomes
when supported by appropriate policies.

The results carry several policy implications. First, expanding eco-innovation should
be a priority, with investment directed to water-saving systems, renewable energy tech-
nologies, and carbon capture solutions. Allocating part of oil revenues to R&D in these
areas would help Saudi Arabia reconcile economic growth with ecological sustainabil-
ity. This requires not only funding but also stronger regulatory frameworks and greater
cooperation between government, academia, and industry. Second, financial devel-
opment needs to be steered toward green outcomes. Without clear oversight, it risks
worsening environmental degradation. Green finance instruments such as sustainabil-
ity-linked bonds, concessional credit for clean projects, and tax incentives for envi-
ronmentally responsible investment could help redirect financial flows. Tying credit
allocation more explicitly to environmental performance standards would also ensure
that the growth of the financial sector contributes to ecological balance. Third, FDI can
act as a constructive force for environmental sustainability when managed strategically.
For instance, in 2024, Saudi Arabia attracted approximately $20.25 billion in FDI net
inflows, representing about 1.6% of its GDP [90],by imposing stringent environmen-
tal stipulations on these investments, the kingdom could compel foreign companies to
introduce not just financial capital but also cutting-edge green technologies, efficient
resource management systems, and eco-friendly operational standards. This approach,
aligned with Saudi Vision 2030’s goals for economic diversification, would heighten mar-
ket competition, encourage domestic firms to adopt sustainable innovations, and ulti-
mately diminish the overall ecological footprint through reduced emissions and waste.

Finally, renewable energy remains essential for Saudi Arabia’s long-term strategy.
Greater reliance on solar and wind power would reduce dependence on fossil fuels,
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enhance energy security, and lower ecological vulnerability. Integrating renewables into
industrial clusters and promoting decentralized energy systems would reinforce national
infrastructure and align with Vision 2030 and the SDGs, particularly SDG 7 (affordable
and clean energy) and SDG 13 (climate action).

Despite its contributions, this study is not without limitations. The dataset spans
a relatively short time period, which constrains the ability to fully capture long-term
structural transformations in Saudi Arabia’s economy and environment. Future research
would benefit from extending the time horizon and incorporating sector-specific data
to better reflect the varying environmental impacts across industries such as energy,
manufacturing, and services. Moreover, the current analysis relies on a linear ARDL
framework, which may not adequately capture heterogeneous or non-linear dynamics.
Employing asymmetric, nonlinear ARDL, Fourier, or quantile-based approaches could
provide deeper insights into how eco-innovation, financial development, and renew-
able energy affect the ecological footprint under different economic and policy regimes.
Another fruitful direction would be to assess Saudi Arabia’s progress toward the SDGs
during distinct phases of economic expansion and downturn. Comparative studies
with other oil-rich Gulf economies could also illuminate how variations in institutional
frameworks, governance quality, and resource dependency influence environmental out-
comes. Such extensions would enrich the broader understanding of sustainable develop-
ment pathways in resource-dependent economies.
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