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Abstract

To solve ecological challenges, green innovation plays a crucial role. As a result, this
study examines the impact of supply chain digitalization (SCD), carbon dioxide emissions
(CO,), and financial globalization (FIG) on green innovation (GINV) in Kuwait from
2000Q1 to 2022Q4 using the Multiple Quantile-on-Quantile (MQQ), Quantile-on-Quantile
Regression (QQ), and Wavelet Quantile Regression (WQR) non-parametric techniques.
The variables, methods, and country examined in this research contribute to the existing
literature. More specifically, Kuwait has been underexplored in existing studies. In addition,
the study is motivated by Kuwait’s growing commitment to economic diversification,
digital transformation, and sustainable development. Thus, the results are as follows:
Firstly, the MQQ outcome confirms that the combination of SCD, CO;, and FIG can drive
GINV. The strength of this relationship is pronounced in the upper quantiles. Secondly, the
QQ result shows that SCD, CO,, and FIG diminish GINV at the lower and middle quantiles.
However, at the upper quantiles, a positive relationship is ascertained. Lastly, the WQR
confirms that SCD has a negative association with GINV in the short term. However, in the
medium and long term, across all quantiles, the relationship is predominantly positive. CO,
drives GINV significantly in the medium term, while FIG shows evidence of an asymmetric
connection in the medium and long term. The findings suggest that policymakers in Kuwait
should promote targeted incentives and digital infrastructure development to support SCD
as a driver of green innovation.

Keywords: supply chain digitalization; digital transformation; sustainability performance;
financial globalization; green innovation; environmental management; emerging economies

1. Introduction

Over the past few decades, many nations have seen rapid economic progress and
industrialization; nonetheless, widespread diminishing resources have resulted in ecologi-
cal risks and climate change. These problems force decision-makers to create long-term,
positive responses to tackle these challenges. Green technologies are now regarded as key
instruments for cutting carbon emissions (CO;) by as much as 60% [1,2].

According to Fernando et al. [3], companies are becoming more interested in strate-
gies like eco-innovation as a result of stakeholders’ increased knowledge of ecological
issues. Thus, achieving long-term ecological equilibrium and sustainability requires green
innovation (GINV) [4]. The creation of technologies and procedures that save resources,
reduce energy use, and stop damage to the environment is referred to as “GINV” [3,5]. The
ultimate goal is to create sustainable innovation through decreasing ecological damage [6].
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By lowering the proportion of fossils and increasing the proportion of environmentally
conscious resources and consumption, GINV encompasses production, management, and
distribution in an approach that supports a green environment [7,8].

According to [9], GINV, which includes the creation and use of eco-friendly goods,
procedures, and technology, has become a vital tactic for businesses trying to meet the
growing demand for ecological sustainability. The organization’s commitment to achiev-
ing environmental and economic harmony is influenced by several internal and external
variables [10]. The firm’s strengths, resources, and strategic stance are frequently a re-
flection of internal drivers. R&D expenditures, staff expertise, and senior management’s
dedication to sustainability are internal drivers of GINV [11]. Additionally, a company’s
capacity to implement green practices can be greatly influenced by its corporate culture and
structure. In the meantime, external factors, including market demand, the dynamics of
competition, and regulatory demands, come from the broader business landscape. Stricter
ecological laws may compel businesses to employ greener technology and procedures [12].
Market motivations for GINV are created by rising customer knowledge and demand for
eco-friendly products [13,14]. Additionally, organizations may be encouraged by fierce
competition to set themselves apart with sustainable processes and green services.

Supply chain digitalization (SCD) can also be one of the drivers of GINV. SCD trans-
forms and optimizes conventional supply chains by utilizing cutting-edge digital technolo-
gies like blockchain, IoT, big data, and Al [15-18]. In addition to improving responsiveness
and transparency, this process optimizes resource allocation and lowers operating ex-
penses [19]. Yue [10] argued that numerous possible advantages of the digital shift for
businesses include increased productivity through automated processes, which results
in reduced expenses and quicker response times. For instance, robots can reduce labor
expenses while increasing production [20,21].

Additionally, SCD enhances supply chain activity visibility by enabling real-time data
dissemination and tracking. Businesses can promptly recognize and resolve problems that
might occur, such as delays or poor quality. Additionally, it improves agility by enabling
quicker reactions to shifts in demand and interruptions in the supply chain. Digital tech-
nology enables businesses to swiftly modify their manufacturing and dissemination plans
in response to unanticipated occurrences such as natural disasters or geopolitical uncer-
tainty [22,23]. By boosting cooperation and interaction among supply chain participants,
SCD also enhances teamwork. Digital platforms improve supply chain performance and
collaboration by facilitating information exchange and collaborative decision-making [24].
Lastly, it encourages sustainability by cutting emissions, minimizing waste, and making
the best use of available resources.

Financial globalization (FIG) and CO; can also play a vital role in determining the level
of GINV. Innovation, access to technology, and communication have all been enhanced
as a result of globalization [25]. It has accelerated economic growth and created several
new development possibilities, which have been crucial in bringing individuals from
different cultural heritages together. Globalization has caused a number of problems, the
most significant of which is environmental [26]. Yuan et al. [27] stated that due to the
asymmetry of information brought on by undeveloped technology, GINV ventures are
extremely risky and have a hard time getting loans. However, the quick growth of financial
technology over the last 20 years has increased the effectiveness of financial intermediaries’
allocation of resources while also opening up new avenues for GINV. Additionally, financial
intermediaries are better equipped to weed out “dyed green,” “fake green,” or low-quality
GINV initiatives and give greater financing to high-quality GINV initiatives. On the other
hand, rising emissions can enable and put pressure on entrepreneurs and businesses to
innovate in order to solve the prevailing ecological problems.
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Thus, this research examines the impact of SCD, CO,, and FIG on GINV in Kuwait
from 2000Q1 to 2022Q4 using the MQQ, QQ, and WQR methods. Kuwait’s economy is
rooted in fossil fuels and is one of the major oil exporters in the world, characterized
as a high-energy user [28,29]. Kuwait confronts a structural limitation as global climate
obligations under agreements like the Paris Agreement increase pressure to cut emissions:
economic expansion is still strongly linked to carbon-intensive activities [30]. As a result,
the country has increasingly emphasized economic diversification, digital transformation,
and sustainable development through national development strategies, such as Kuwait
2035. These initiatives drive technological modernization, private sector competitiveness,
and ecological sustainability. Despite these efforts, the adoption of GINV remains relatively
challenging due to the country’s dependence on traditional energy-intensive industries and
the evolving nature of its sustainability framework. In this regard, understanding whether
SCD can facilitate GINV is particularly important to policymakers and business leaders
seeking to balance growth and ecological objectives.

Therefore, the contribution of this research is as follows: (1) It advances existing
research by going past theoretical and normative assessments to evaluate the impact of
SCD on GINV empirically. It is important to state that there is still a lack of research in the
literature regarding the impact of SCD on GINV. According to Schiederig et al. [6], GINV
refers to the actions taken by businesses in product design, manufacturing procedures, and
management models to attain both economic and ecological advantages. It helps reduce
pollution, preserve resources, and enhance brand image and market competitiveness [31].
Thus, it is useful from a theoretical and practical standpoint to investigate how SCD affects
GINV. (2) Other studies have focused on how GINV impacts CO, [32,33] while neglecting
the impact of CO, on GINV. (3) The literature on the impact of FIG on GINV is also scant,
which requires further investigation. (4) Few studies have been able to combine these
variables in a single study. The combination of these variables is important for Kuwait
because the country faces a dual challenge of maintaining economic expansion while
reducing ecological degradation. SCD and FIG have the capacity to provide technological
and financial opportunities for sustainability, while CO, represents the ecological pressure
driving this transformation. This research thus provides relevant policy recommendations
for achieving sustainable development and promoting a greater economy in Kuwait. (5) It
is observed that diverse studies have focused on advanced economies such as China [34,35],
while case studies on the GCC countries have been neglected. (6) Non-parametric methods
such as MQQ, QQ, and WQR are employed in this research, which are more robust than
parametric techniques. In addition, as a robustness check, this research employed the
WQC approach.

Based on these gaps, the following research questions are stated:

e  Whatis the impact of SCD on GINV?
e  What is the impact of CO, on GINV?
e  What is the impact of FIG on GINV?

The remainder of the paper is structured as follows: The next section reviews the
relevant literature and identifies key gaps, positioning the research within existing debates.
This is followed by the methodology section, which explains the data, variables, and
empirical approach used to address the research objectives. The subsequent section presents
and discusses the empirical results. Lastly, the paper concludes by summarizing the
findings, recommending policies, and suggesting areas for future research.
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2. Literature Review
2.1. Supply Chain Digitalization and Green Innovation

An et al. [4] established that the amount and quality of enterprise GINV are greatly
increased by SCD, with a greater influence on quality. Secondly, the association between
SCD and the amount and quality of corporate GINV is somewhat mediated by supply
chain financing capability and firm awareness of the environment. Among Chinese firms,
Ma et al. [35] found the following: (1) SCD improves organizational GINV, with strong
outcomes in a number of experiments. (2) Better internal SCM efficiency and increased
SCI—more from supplier concentration than customer concentration—are the primary
causes of the effect. (3) The Quality—first Effect, Crowding-in Effect, and Persistence
Effect are the three features of the impact. In particular, SCD has a beneficial impact on
sustained GINV and primarily increases high-quality GINV patent applications without
displacing other non-GINV. Yue [10] argued that SCD encourages greener behaviors and
increases transparency, which both directly and indirectly foster GINV. Jiang et al. [36]
also ascertained that SCD positively contributes to GINV and increases the performance
of the organization. According to mechanism analysis, SCD encourages tactical GINV
by increasing supply chain nodes’ management effectiveness and substantive GINV by
enhancing the ESG performance of businesses. According to heterogeneity analysis, high-
tech companies, those with a strong level of internal control, and those with few financial
limitations benefit more from SCD’s promotion of GINV [37]. Qiu et al. [38] established that
SCD increases the quantity, quality, and sustainability of green technological innovation,
which further encourages regional green consumption; from the standpoint of manage-
ment innovation, SCD further stimulates the growth of regional green consumption by
encouraging green management innovation. Shah et al. [39] confirmed that SCD is a crucial
conduit for digital innovation’s contribution to GINV performance. Jie et al. [40] argued
that corporate GINV is greatly enhanced by SCD, with a stronger impact on substantive in-
novation than on strategic innovation. Furthermore, heterogeneity develops based on firm
size and ownership arrangement, with larger and state-owned businesses showing greater
effects. Further research reveals that SCD fosters overall corporate GINV by strengthening
carbon disclosure practices, which in turn fosters substantive GINV. Substantial innovation
conduct is focused on advancing technology and preserving competitive advantage, while
strategic innovation is typically focused on achieving other goals [41]. At the same time,
it has also been ascertained that the association between SCD and GINV can be complex
in the sense that the magnitude of the positive impact is moderated by firm-specific and
environmental variables. For example, the promotion effect is more significant for high-tech
firms, companies with high degrees of internal control, and those operating in regions with
low SCD chains [37,42,43]. Additionally, top management’s environmental awareness is
identified as a factor that can positively moderate the link between SCD and GINV firm
performance [44]. The implication of this is that without an adequate level of internal
control within the firm, and when top management officials lack ecological awareness, the
level of GINV performance could be affected. Based on these discussions, the hypothesis is
as follows:

H1. SCD can have a positive or negative impact on GINV.

2.2. CO; and Green Innovation

Sarkodie and Owusu [45] discovered that in nations with high GHG emissions, green
energy technologies are boosted by fossil fuels. This suggests that after attaining economic
development, IEA member nations in a fossil fuel-based CO, regime are more inclined to
invest in and embrace green energy breakthroughs and pursue ecological sustainability.
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Increasing funding for energy research, development, and demonstration is essential for
green energy technologies and makes the shift to clean energy and emission reduction
easier. Using the DID technique, Yu et al. [46] confirmed that the CO; trading policy
encourages GINV among corporations that are regulated and is more prominent among
government-owned companies. Additionally, through input-output linkages, this beneficial
effect flows downstream in comparison to the regulated firms, but it decreases GINV for
upstream firms. As a result, the price mechanism facilitates this kind of innovation spread.
Based on GINV patent filings, Chen et al. [47] stated that ecological regulations of CO,
had a favorable impact on the cities’ green technology innovation, which is in line with
the “Porter Hypothesis.” Using SEM with 3SLS for 71 countries, Thi and Do [48] confirmed
that innovation and CO; are correlated in both directions. In particular, innovation has
a negative impact on emissions, whereas CO, has a beneficial impact on innovation.
Xiaobao et al. [49] opined that the CO; trading pilot program greatly enhanced GINV
collaboration between and within cities through the upgrading effect of industrial structure
and the coverage effect of digital finance. Although the link between CO, and GINV
is primarily negative, some studies underscore that the impact of GINV policy is not
uniform and it depends heavily on the specific regulatory channel, firm characteristics,
and institutional quality [50-53]. This means that an inadequacy/weakness in any of these
factors can impede GINV’s growth. In addition, it has been established that innovation
helps reach the turning point where emissions decline [54-56]. This establishes the concept
of the Environmental Kuznets Curve (EKC) hypothesis. Based on these viewpoints, the
hypothesis is as follows.

H2. CO; can have a positive or adverse effect on GINV.

2.3. Financial Globalization and Green Innovation

The empirical evidence regarding FIG and GINV is mixed, showing both constructive
roles in technology transfer and capital access as well as complex non-linear or heteroge-
neous impacts that vary by economic progress level and threshold conditions. According to
Abid et al. [7], to accomplish ecological targets, GINV and financial progress are essential.
Using the CS-ARDL approach for BRICS economies, Qi and Yang [57] discovered that
ESG factors stimulate GINV in the long term. More specifically, globalization plays a
significant role in the progress of GINV. Based on a cross-country investigation, Yuan [58]
examined how capital globalization influences GINV using the quantile regression method
and found that OFDI and FDI have a positive effect on GINV in each of the eight nations.
Additionally, the link between FDI and OFDI and green patents is found to be mediated by
R&D investment, highlighting the importance of capital globalization in fostering GINV.
Xuan et al. [59] stated that the globalization wave of the twenty-first century has strength-
ened the connection between countries and accelerated the flow of financial market risk
to new levels. Therefore, if risks related to the financial market are prevented, GINV is
encouraged, especially in the service sector, industries that are regulated, and companies
that are state-owned. Wedajo et al. [60] argued that GINV is greatly boosted by being close
to international banks, especially within a 10-20 km radius. Additionally, the association
between ESG ratings and GINV is moderated by foreign bank expansion, with a greater im-
pact seen in closer proximity. These findings demonstrate how international banks support
green initiatives. One of the theoretical assertions that corroborates how FIG spurs GINV is
the Pollution Halo Hypothesis, which posits that FIG facilitates the transfer of advanced,
cleaner technologies from developed to developing economies. It argues that investment
from abroad brings better ecological practices and greener standards, thereby stimulating
local GINV through technology spillovers [58,60]. This is opposed to the Pollution Haven
Hypothesis, which suggests that multinational corporations move their dirty industries to
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countries with weaker ecological regulations [58]. However, despite the beneficial impact of
FIG on GINV, evidence suggests that the positive influence of international green finance on
GINV is not linear; rather, it follows an inverted U-shaped path where the benefits diminish
after reaching certain thresholds [61-63]. Furthermore, while FIG can reduce pollution,
empirical investigations opined that the broader integration of the financial markets might
not always align with uniform improvements in ecological innovation productivity [61,64].
Based on these findings, the proposed hypothesis is as follows:

H3. FIG may have a positive or negative association with GINV.

To summarize, the connection among SCD, CO,, FIG, and GINV has been scarcely
investigated, especially for a country like Kuwait, which holds great potential for the
GCC region to be a leader across various sustainability metrics. More specifically, the
link between SCD and GINV has been largely investigated in China and other advanced
economies, leaving a gap in research on the Kuwaiti economy. Secondly, it is also observed
in the literature that methods such as DID, CS-ARDL, GMM, and SEM are used. This
research improved on previous studies by using more advanced techniques such as QQ,
WOQR, and MQQ. In conclusion, although prior studies generally show a positive link
between SCD and GINV, important gaps remain regarding the predominance of evidence
from a limited set of countries and the applicability of these findings to GCC economies,
such as Kuwait. Table 1 shows the summary of the investigated literature.

Table 1. Literature review summary.

Author(s) Year Countries Method(s) Results
An etal. [4] 2011-2020 China DID SCD *
Ma et al. [35] 2012-2022 Chinese Listed Firms DID SCD *
Yue [10] 2010-2022 Publicly Trade Firms DID SCD +
in China
Jiang et al. [36] 2013-2022 Chinese Listed Firms Event Study & DID SCD*
Zhang et al. [37] 2007-2023 Chinese L1§ted Machine Learning SCD +
Companies Models
Qiu et al. [38] 2011-2022 Chinese Listed Firms Mechanism Analysis SCD*
Shah et al. [39] 2003-2023 European Union System GMM SCD*
Sarkodie & Owusu [45] 19752014 21 Ipdustrlahzed Panel-Bas.ed Causality CHGs *+
High-Income Estimator
Yu et al. [46] 2009-2019 China DID CO, *
Chen et al. [47] 2004-2016 China Regression Analysis CO, *
Thi & Do [48] 19962020 71 SEM & 3SLS CO, *
Xiaobao et al. [49] 2008-2020 China DID CO, *
Abid et al. [7] 2000-2019 Advanced GMM FIG *
Qi & Yang [57] 1990-2019 BRICS CS-ARDL FIG *
Yuan [58] 2000-2020 8 Advanced Multiple Regressions FIG *
& Quantile Regression
Xuan et al. [59] 2010-2021 Chinese A-share DID FIG *

Listed Companies

* denotes a positive relationship.
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3. Theoretical Foundation, Data, and Methods
3.1. Theoretical Foundation

SCD is a significant driver of GINV with an emphasis on globalization and sustainabil-
ity. The Resource-Based View (RBV) states that businesses can create a long-term competitive
edge if they have special, valuable, and hard-to-replicate resources [51,52]. SCD can be seen
as a key strategic tool that improves businesses’ capacity to effectively manage internal
resources and adapt to external ecological issues. This is especially important when busi-
nesses are involved in GINV, as digital tools allow for improved optimization of resources
and more effective procedures. SCD encourages innovation in shared models and process
reengineering, as noted by Yuan et al. [65], which results in more efficient use of green
R&D funds. As a result, it causes businesses to change their innovation models from
conventional, non-green methods to clever, sustainable, and green ones. According to
Teece et al. [66], based on the Dynamic Capability Theory (DCT), organizations’ capacity to
integrate, create, and restructure internal and external competencies in response to quickly
changing surroundings is essential for innovation. This capability is improved by the
supply chain’s digital revolution, which makes cross-node integration easier. This integra-
tion facilitates the exchange of green information more easily and encourages cooperative
ecological governance between downstream customers and upstream providers [67]. By
guiding the supply chain toward green and more environmentally friendly practices, such
methodical management enhances businesses’ capacity to react to green demands and
regulatory challenges. However, there are many obstacles in the way of improving manage-
rial effectiveness and SCI. Conventional supply chain nodes often encounter “information
silos” as a result of poor information governance, which impedes SCI [68]. Addition-
ally, this weakens supply chain responsiveness and coordination by causing buffers and
anomalies in information transfer. Crucially, information isolation makes it more difficult
for node businesses to keep an eye on unethical ecological actions that are motivated by
self-interest [69]. Additionally, these obstacles increase production uncertainty and risk by
preventing node firms from obtaining real-time data on market trends, inventories, and
productivity progress. Therefore, the dynamics of this relationship show that SCD can

drive or inhibit GINV, and the mathematical expression can be written as (aa%ICNDV > 0) or

JdGINV
( ascD” < 0)-

Secondly, the association between CO, and GINYV is theoretically complex and may

be positive or negative. The Porter hypothesis provides an important framework for
understanding this relationship by suggesting that ecological challenges and regulatory
pressures can stimulate innovation activities. According to Porter, firms facing increasing
ecological pressures are encouraged to develop cleaner technologies, improve resource
efficiency, and adopt ecologically sustainable production processes. In this context, rising
CO, may create incentives for firms and policymakers to invest in GINV as a means of
reducing environmental impacts and complying with ecological regulations. Thus, CO,

can spur GINV (aacclgzv > 0) . However, an alternative perspective suggests that high CO,
may negatively affect GINV. Firms operating in a highly carbon-intensive environment may
allocate substantial resources to maintain existing production systems, thereby limiting
R&D investment activities. Also, compliance costs associated with ecological regulations
may divert financial resources from GINV activities. As a result, CO; can reduce GINV
9GINV

( acoz < 0) :

Lastly, the link between FIG and GINV can be further explained by the Pollution
Halo Hypothesis and Pollution Haven Hypothesis. The Pollution Halo Hypothesis argues

that through increased cross-border capital flows, firms gain access to financial resources
and technological knowledge that can support investments in ecologically sustainable
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innovations. Thus, FIG can drive GINV (agFIfVGV > 0). On the other hand, the Pollution
Haven Hypothesis argues that multinational firms may relocate pollution-intensive activi-
ties to economies with weaker environmental laws, thereby reducing incentives to invest in
cleaner technologies and ecologically sustainable innovations. In addition, increased capital
mobility may also encourage firms to prioritize short-term financial returns over long-term
environmental investments. From this perspective, FIG may weaken the incentives for

GINV (2N < 0).

3.2. Data

The data period of this research is from 2000Q1 to 2022Q4, based on the Kuwait
economy. In addition, the data span is determined by data availability. The variables
used in this research, presented in Table 2, include green innovation (GINV), supply chain
digitalization (SCD), carbon dioxide emissions (CO;), and financial globalization (FIG).
The SCD variable is employed in this research because SCD can spur GINV by encour-
aging cleaner production processes, eco-friendly product development, and sustainable
operational practices. CO; is included in the model because rising CO, exerts pressure
on the government and firms to adopt ecologically friendly technologies. Lastly, the FIG
variable is important because FIG can facilitate access to green technologies, FDI, advanced
research, and ecologically friendly production techniques.

SCD is proxied by ICT goods exports due to the limited availability of direct measures
of SCD at the national level. ICT exports reflect the technological capability of a coun-
try, digital infrastructure, and participation in technology-intensive economic activities
that facilitate digital integration across supply chains. While the proxy may not fully
capture firm-level SCD practices, it represents a broader digital ecosystem that supports
supply chain transformation. GINV is measured using environmental technology patents,
which are widely recognized as an objective indicator of ecologically oriented technolog-
ical innovation [70,71]. However, this measure may not capture non-patented GINV or
organizational and process-based ecological improvements.

Table 2. Variable descriptions and sources.

Symbols

Variables

Description Sources

GINV

Green Innovation

Development of Environment-Related Technologies
(Patents). They are patents associated with ecologically
beneficial technologies aimed at improving environmental
quality. This means that any technology/innovation that
directly contributes to protecting the environment can be
referred to as Environmental Related Patents.

OECD [72]

SCD

Supply Chain
Digitalization

ICT goods exports (% of total goods exports). This
includes consumer electronics, computers and peripherals,
communication devices, electronic components, and other
information and technology products (miscellaneous).

World Bank [73]

CO,

Measures Environmental Quality. Million metric tonnes of
carbon dioxide, often known as megatonnes, is referred to

Emissions (MTCO,) as MTCO,. It is the common unit of measurement used to  Energy Institute [74]

calculate the enormous amounts of greenhouse gas
emissions that nations dump into the environment.

FIG

Financial Globalization

Real flows, which include FDI, Portfolio Investment,

income payments to foreign nationals, and trade. KOF [75]
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Therefore, the model of this study, adopted from [76,77] and modified, is presented in
Equation (1) and transformed into log form in Equation (2).

GINV = SCD + CO, + FIG (1)
GINV; = 9 + 9;SCD; + 9,C0,, + 95FIG, )

3.3. Methods
3.3.1. QQ Method

QR and nonparametric analysis are combined in this work using the Quantile-on-
Quantile (QQ) nonparametric econometric technique. This approach, proposed by [78],
is beneficial because it overcomes the drawbacks of OLS, which can be misleading when
dealing with complex data. QQ produces objective results and takes multivariate data
distribution into consideration, compared to OLS. The QQ technique is an innovative
and successful econometric technique that is suggested for use in producing trustworthy
results. Furthermore, the QQ technique overcomes the limitations of the QR technique by
assessing the impact of an explanatory variable on the various quantiles of the dependent
variable [79]. The equation of the QQ model is presented in Equation (3).

Bo(6,) + B (6,7) (X — X°)

Y = ® +&f 3)

(*) represents the independent variable’s conditional quantile.

3.3.2. WQR

This study also employed the wavelet quantile regression (WQR) approach, which
was first presented by Adebayo and Ozkan [80]. Unlike conventional QR, WQR is able
to identify correlations between series over different quantiles and periods. Furthermore,
WOQR is better suited for capturing complex data structures because of its flexibility in
modeling both linear and non-linear interactions at various scales. WQR offers more
versatility in capturing a wide variety of non-linear patterns, while ordinary QR is adept
at addressing non-linear correlations. The WQR equation is presented in Equation (4).
Furthermore, the methodological structure of this research is presented in Figure 1.

@ (a) (4;[Y]d;[X]) = By(a) + By(a)d;[X] 4)

In summary, compared to non-linear ARDL and other time-series non-linear models,
MQQ and QQ show distributional dependence, quantile-specific effects, and more robust
non-linear structures. On the other hand, the WQR technique allows for the observation of
short-, medium-, and long-term effects, which cannot necessarily be found in conventional
models. The other non-linear models generally show the conditional mean association.
Furthermore, although the MQQ, QQ, and WQR methods provide robust estimates across
different points of the conditional distribution and effectively capture heterogeneous as-
sociations, they do not fully address potential endogeneity arising from reverse causality
or omitted variables. Consequently, the findings should be interpreted as evidence of
significant associations rather than strict causal connections.
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Figure 1. Methodological structure.

4. Results and Discussion
4.1. Descriptive Statistics

Table 3 shows that CO, has the highest mean and median, while SCD has the lowest
mean and median. Regarding skewness, GINV, SCD, CO,, and FIG are skewed negatively.

Furthermore, in terms of Kurtosis, CO; is leptokurtic because 3.998917 is greater than 3,

while GINV, SCD, and FIG are platykurtic because the values are less than 3. In terms of
distribution characteristics, GINV (0.111189) is normally distributed, while SCD (0.047015),

CO; (0.000000), and FIG are not distributed normally (0.005725).

Table 3. Descriptive statistics.

GINV SCD CO, FIG
Mean 3.316759 —2.144795 4.374147 4.190544
Median 3.383238 —1.993643 4.429233 4210272
Maximum 4.233607 —1.237874 4.575123 4.304065
Minimum 1.499090 —3.218876 3.876810 3.970292
Std. Dev. 0.612156 0.507594 0.192925 0.101198
Skewness —0.533056 —0.235815 —1.385872 —0.713022
Kurtosis 2.902953 1.828388 3.998917 2.187546
Jarque-Bera 4.393045 6.114585 33.27486 10.32578
Probability 0.111189 0.047015 0.000000 0.005725
Observations 92 92 92 92
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4.2. Correlation Matrix

The correlation matrix in Table 4 shows that SCD (0.510430) and FIG (0.036370) are pos-
itively correlated with GINV, whereas CO, (—0.158537) is negatively correlated with GINV.

Table 4. Correlation matrix.

GINV SCD CO, FIG
GINV 1
SCD 0.510430 1
CO, —0.158537 0.511172 1
FIG 0.036370 0.587547 0.854305 1

4.3. Non-Linearity Test

The BDS test is used to examine the non-linear properties of GINV, SCD, CO,, and
FIG in Table 5. The results show that all of the series—GINYV, SCD, CO,, and FIG—are
non-linear, as indicated by their substantial values at the 1% level. This outcome encourages
the use of non-linear methods like QQ and WQR.

Table 5. Non-linearity test.

Variables GINV SCD CO, FIG
M2 0.140354 *** 0.172384 *** 0.200421 *** 0.198513 ***
M3 0.218431 *** 0.282475 *** 0.339359 *** 0.335399 ***
M4 0.254788 *** 0.350578 *** 0.434666 *** 0.428602 ***
M>5 0.267977 *** 0.387943 *** 0.498712 *** 0.491726 ***
Mo 0.267250 *** 0.404287 *** 0.540623 *** 0.535031 ***

*** indicates a significance level of 1%.

4.4. Unit Root Analysis

The ADF [81] and PP [82] test results in Table 6 show a mixed integration outcome.
GINV, SCD, and CO; are integrated at level 0, while FIG is integrated at order 1.

Table 6. Unit root analysis.

ADF PP
Variables 1(0) I(1) 1(0) I(D)
GINV —3.285073 ** —5.757822 *** —2.609479 * —5.757822 ***
SCD —2.760205 * —4.073845 *** —2.480079 —4.285166 ***
CO, —3.307994 ** —2.739042 * —2.931653 ** —4.029334 **
FIG —2.430537 —2.923669 ** —0.900601 —3.039301 **

*,**, and *** are significant at the p-values of 10%, 5%, and 1%, respectively.

4.5. MQQ Analysis

The multiple quantile-on-quantile (MQQ) outcome in Figure 2 shows that the com-
bination of SCD, CO,, and FIG spurs GINV. This means that Kuwait’s transition towards
sustainability is being supported by SCD, CO,, and FIG. More specifically, digital technolo-
gies improve the ability of firms to develop and implement ecologically viable solutions,
the pressure and consequences of rising CO, contribute to the innovative abilities of en-
trepreneurs, and FIG provides access to foreign capital that supports ecological innovation.
Together, these factors spur GINV.
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Figure 2. MQQ analysis.

4.6. Q-Q Analysis

Figures 3-5 show the QQ nexus between SCD, CO,, FIG, and GINV. The dark brown
color shows a positive relationship, while the colors yellow, green, and blue show a negative
association. In Figure 3, at the lower quantiles of SCD and GINYV, the link between these
two variables is negative, confirming that SCD reduces GINV. The strength of this negative
relationship reaches -6. Furthermore, this negative association is observed up to the middle
quantiles. However, at the upper quantiles of SCD and GINYV, the relationship becomes
positive, reaching a magnitude strength of 4. The negative impact of SCD on GINV can
be explained by different factors. In the lower and medium quantiles, SCD may reduce
GINV in Kuwait because firms initially focus on operational efficiency, expansion of trade,
and profitability rather than achieving sustainability objectives. However, in the upper
quantiles, SCD becomes advantageous because firms gradually learn how to infuse digital
technologies with environmentally friendly practices. In a nutshell, the transition from a
negative short and medium-term effect to a long-term positive impact reflects the process
of learning and adaptation. At first, firms face adjustment costs, technological uncertainty,
and inadequate expertise in combining digitalization with sustainability goals. However,
with time, as experiences are accumulated and digital capabilities are improved, they
become better at exploiting digital technologies for ecological purposes. This type of
transition is quite common in developing economies and resource-dependent economies,
where technological progress causes temporal disruption before generating sustainable
innovation benefits over the long term. The positive nexus between SCD and GINV is
confirmed by previous studies [4,10,35,36].
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Figure 3. SCD and GINV nexus.

Figure 5. FIG and GINV nexus.
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In Figure 4, CO; reduces GINV in the lower and middle quantiles, reaching a mag-
nitude of —3. However, in the upper quantiles, the association becomes positive. The
short- and medium-term results can be linked to heavy reliance on fossils and the struc-
ture of Kuwait’s economy. Kuwait is one of the world’s largest oil-producing economies,
and high CO; is closely linked to intensive extraction of oil, refining, transportation, and
activities related to energy consumption. In the short and medium term, much priority
is given to economic expansion and export revenues over ecological sustainability. This
raises CO; levels in return. However, the long-run positive link suggests that persistent
ecological decline eventually creates technological and policy transformation pressure. The
government, firms, and individuals begin to see the danger of ecological degradation, and
thus, greener development strategies are enacted. This is evident in Kuwait’s 2035 vision.
The positive impact of CO, on GINV is supported by recent studies [48,83,84]. According
to Lee et al. [85] and Linnenluecke et al. [86], the problem of climate change presents an
opening for entrepreneurs to be innovative, rather than always seeing it as a threat.

In Figure 5, the QQ relationship between FIG and GINV is examined. The outcome
shows that FIG reduces GINV across the lower and middle quantiles. However, at the
upper quantiles, the relationship becomes positive. The negative impact at the lower and
middle quantiles can be ascribed to how foreign capital is allocated. Foreign investment
flows, international capital, and the integration of the financial market are increased by FIG.
Therefore, at the initial stages, foreign capital coming into Kuwait is channeled to firms with
high returns, and not necessarily to firms with green innovative capabilities. The focus is
more on profitability and economic gains. In addition, weak institutional and technological
capability to redirect foreign capital to sectors that are sustainable may also be responsible
for the negative association. However, in the long term, as the economy adapts and
institutions get stronger, a positive association is ascertained, creating knowledge transfer
and technological spillovers. This assertion is supported by previous research [7,57,58].

In summary, the results show that SCD, CO,, and FIG have negative effects on GINV
at the lower and middle quantiles, but positive effects at the upper quantiles. At lower
quantiles, low levels of GINV are observed, while at upper quantiles, high levels of GINV
performance are observed. In addition, this lower- and medium-term negative impact
is driven by the initial cost of digital transformation, structural dependence on carbon-
intensive activities, and limited capacity to transform financial resources into ecological
innovation. On the other hand, upper quantiles show evidence of a stronger innovation
ecosystem, confirming that SCD, CO,, and FIG are drivers of GINV.

4.7. WQR

The estimated slope coefficients are shown graphically by the heatmap, which goes
from light green to red in ascending order. The effects of SCD, CO;, and FIG on GINV
throughout various periods and quantiles for Kuwait are shown in Figures 6-8. In Figure 6,
the relationship between SCD and GINV is negative in the short term. However, in the
medium term, the relationship becomes positive, but moderately strong. In the long term, it
is observed that SCD drives GINV across all quantiles, and the effect is particularly strong.
As regards the connection between CO; and GINYV, in the short and long term, a negative
link is observed. However, in the medium term, across all quantiles, a positive association
is ascertained. Lastly, in the medium and long term, the connection between FIG and GINV
is asymmetric. In each of these periods, a positive and negative association between FIG
and GINV is found. However, the short-term impact is predominantly negative.
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Figure 8. Impact of FIG on GINV.

4.8. Wavelet Quantile Correlation (WQC)

The WQC test results for GINV with SCD, CO,, and FIG are reported in Figures 9-11 for
the short-, medium-, and long-term horizons, respectively. When the estimated F-statistic is
greater than the corresponding critical value, the estimated F-statistic is considered stable,
suggesting that there is a long-run equilibrium relationship between GINV and the explana-
tory variable at the given quantile and frequency band. Unlike the traditional cointegration
methods, the WQC framework not only acknowledges distributional heterogeneity but
also time-scale dependence, yielding more insights [87,88].

Figure 9 shows high cointegration in most of the quantiles and time spans between
GINV and SCD. It is also very strong in the short term with the F-statistics well above the
lower and upper quantiles. This indicates that the impact of innovation performance is dif-
ferent depending on the level of innovation performance, with digitalization of the supply
chain having a more significant impact in both weak and strong innovation periods. There
is also strong cointegration in most quantiles for the medium-term horizon, and a positive
statistically significant long-term relationship. The results suggest that digital technologies
increase the efficiency of the operations, promote the dissemination of knowledge, optimize
the use of resources and speed up environmentally friendly innovation processes. The
findings corroborate those of other studies, which have demonstrated that digital transfor-
mation and intelligent supply-chain systems contribute to green technological development
by enhancing information sharing and lowering innovation costs [89,90]. Likewise, Ref. [87]
found that digitalization is beneficial for solidifying firm’s green innovation capability, as it
can foster more effective technological integration and green innovation efficiency.
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Figure 9. WQC between GINV and SCD.
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Figure 10. WQC between GINV and CO,.
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Figure 11. WQC between GINV and FIG.

At most quantiles and horizons, there is a high degree of cointegration between GINV
and CO, as shown in Figure 10. The greatest impacts are apparent in the short term,
especially toward the extremes of the distribution, where the F-statistics are well above
critical values. Medium-term cointegration persists for almost all quantiles and long-term
cointegration exists for a few quantiles even at lower levels. The results indicate that the
pressure on the environment due to increasing CO, encourages innovations that seek to
improve environmental quality and minimize ecological footprint. This result is consistent
with the Porter Hypothesis, which suggests that pressures or challenges in the environment
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and regulation can force innovation and technological upgrading [13]. This empirical
evidence was also confirmed recently by [88] who showed that carbon reduction pressures
can stimulate investment in green technologies and sustainable production processes,
promoting green innovation.

The WQC results for the period of GINV and FIG are reported in Figure 11. The
results show that all horizons were co-integrated, and the greatest relationship was found
to exist in the short term. Compared to the critical values, the short-term F-statistics are
significantly higher, particularly on the lower and upper quantiles, suggesting that the level
of FIG has a significant influence when innovation performance is very low or very high.
The presence of medium-term cointegration is also observed between most of the quantiles
and the long-term cointegration is stable but comparatively weaker. The findings imply
that FIG enables the utilization of foreign capital, cutting-edge technologies and interna-
tional knowledge networks for innovation activities that are environmentally sustainable.
The results are consistent with the results of [91], which showed that global financial inte-
gration is associated with an increase in capital mobility, thereby fostering technological
advancement and environmental innovation. Similarly, Ref. [61] states that the higher the
level of financial openness for firms, the greater their ability to fund green research and
development projects, which in turn contributes to better green innovation results.

5. Conclusions

This study explores the impact of SCD, CO,, and FIG on GINV in Kuwait from 2000Q1
to 202204 using the MQQ, QQ, and WQR non-parametric techniques. The variables,
methods, and country examined in this research contribute to the existing literature. The
MQQ outcome confirms that the combination of SCD, CO,, and FIG can drive GINV. The
strength of this relationship is pronounced in the upper quantiles. The QQ result shows
that SCD, CO;, and FIG diminish GINV at the lower and middle quantiles. However, at
the upper quantiles, a positive relationship is ascertained. Lastly, the WQR confirms that
SCD has a negative association with GINV in the short term. However, in the medium and
long term, the relationship is predominantly positive. CO, drives GINV significantly in the
medium term, while FIG shows evidence of an asymmetric connection in the medium and
long term.

5.1. Policy Recommendations

The following policies are recommended: (1) Incentive programs for SCD transfor-
mation must be continued by the relevant stakeholders (government and environmental
agencies, the Central Bank of Kuwait, financial institutions, industry leaders, and tech-
nology providers) to motivate businesses to consistently engage in high-caliber GINV
initiatives. These incentives may include tax reductions, low-interest rate loans, research
grants, subsidies for green digital technologies, and financial support for firms investing in
smart production systems. Continuous policy support is crucial because the positive impact
of SCD on GINV is gradual, which confirms the result at the lower and medium quantiles,
rather than immediate. The implication of this is that there will be a significant rise in
digital infrastructure in the long term (upper quantiles). More practically, some of the policy
frameworks in Kuwait that demonstrate the importance of a solid digital infrastructure and
GINYV activities include Kuwait Vision 2035, National Digital Transformation Programs,
and ICT infrastructure and connectivity policies. (2) FIG can both spur and reduce GINV
depending on the strength of environmental laws and green finance mechanisms in Kuwait.
The strengthening of ecological laws will control the sectors in which foreign capital is
being directed. This will also attract green investment opportunities. Such control tools
include carbon taxes and pollution charges. Green finance channels, such as green bonds,
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sustainability-linked financing schemes, and investment incentives, can also attract foreign
capital into ecologically viable projects. In a nutshell, the positive impact of FIG on GINV
at upper quantiles implies that international financial integration can serve as an important
driver for sustainable technological advancement.

5.2. Policy Implications

The policy implications of this research are as follows: (1) If the stakeholders provide
the necessary incentives for SCD, several policy implications may arise for green innovation,
which include increased adoption of digital technologies, enhanced green innovation capac-
ity, improved resource efficiency, greater competitiveness and sustainability performance,
and progress towards national sustainability goals. (2) The implication of strengthening
ecological laws is that it will channel financial flows to green investments. This will reduce
the financial flows going to sectors that cause ecological degradation. In addition, the
implementation of green finance mechanisms facilitates investments in sustainable tech-
nologies, accelerates green innovation, promotes digital and sustainable transformation,
strengthens ecological governance, and supports national sustainability goals.

5.3. Study Limitations

This study has limitations. It only focuses on the Kuwaiti economy and has a limited
sample size. Other studies could examine the impact of SCD, CO,, and FIG on other
individual GCC economies or as a regional study, considering a larger sample size. A
comparative study focusing on GCC economies and a sectoral-level analysis can also be
considered. Secondly, other drivers of GINV can also be investigated. More specifically,
alternative measures of digitalization and green innovation, and the inclusion of institu-
tional or governance variables, can be included in the model. Lastly, a bidirectional or
two-way causality approach can be employed by future studies. Causality techniques like
Frequency Domain Causality or Non-Parametric Causality techniques can be used. Other
linear or non-linear methods can also be employed, which can factor in control variables.
The presence of control variables in a model can lead to outcomes that are more robust.
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ESG Environmental, Social, and Governance
FDI Foreign Direct Investment

FIG Financial Globalization

GCC Gulf Cooperation Countries

GINV Green Innovation

GMM General Method of Moments

IoT Internet of Things

MQQ Multiple Quantile-on-Quantile
OFDI Outward Foreign Direct Investment
OLS Ordinary Least Squares

PP Phillips Perron

QR Quantile Regression

QQ Quantile-on-Quantile Regression
RBV Resource-Based View

R&D Research and Development

SCI Supply Chain Integration

SCM Supply Chain Management

SEM Simultaneous Equation Modeling
WQC Wavelet Quantile Correlation
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