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ABSTRACT
The adoption of green technology is imperative to realise sustain-
able development. Considering the same, this study explores
the drivers of Green Innovation (GI) based on the theoretical
foundation of the Triple Bottom Line (environmental, social, and
economic factors) with the integration of information and commu-
nication technologies (ICT) and institutional governance (INST) in
Pakistan. This study employs a nonlinear autoregressive distributed
lag (NARDL) framework on quarterly data from Q1-1996 to Q4-
2019. The results reveal that positive shocks in human capital
(HCI) instigate GI by 1.05%, while negative shock undermines GI
by 0.93%. Similarly, positive shocks in carbon dioxide (CO2) emis-
sions increase GI by 0.63%, while any negative shock undermines
GI by 0.01%. On the other hand, positive shock in ICT leads to
0.55% advanced GI; however, this effect turned stronger in nega-
tive shocks, which leads to reduced GI by 0.78% in the long-run.
These results confirm the asymmetricity because positive and
negative shocks in HCI, CO2 emissions, and ICT instigated GI differ-
ently. Finally, INST and GDP contribute to enhancing GI by 0.12%
and 1.69%, respectively. The results indicate that the Pakistan gov-
ernment should improve institutional governance, adapt, and
focus on sustainable practices with ICT integration to promote
green technologies.
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1. Introduction

From the last decade, exponential economic growth and industrialisation have been
witnessed in many countries yet failed to keep the environment sustainable due to
various challenges related to resource depletion. These challenges urge policymakers
to develop sustainable and practical solutions on a war footing basis (Khan et al.,
2019). To mitigate environmental risks derived from the industrial revolution, green
technologies (energy efficient) are expected to become a dominant factor that
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practically reduces over 60% of targeted CO2 emissions (Du et al., 2019). Green tech-
nologies include, for instance, controlling pollution, waste management, clean tech-
nology, and clean-up technology (Chen & Lee, 2020). Further, it might depend on
the particular environment, social, and economic factors facilitating triple bottom line
(TBL) (United Nations, 2018). Green innovation (GI) refers to generating new ideas,
goods, services, processes, or management systems that can be used to deal with
environmental problems (Shahzad et al., 2020a; Sun et al., 2021). However, under-
standing the comprehensive relationship between TBL and GI is imperative to realise
Sustainable Development Goals (SDGs) (An et al., 2021).

Recently, technological innovation has become an essential means for reducing
hazardous emissions worldwide (Maasoumi et al., 2020). Prior studies proposed that
the impact of technological innovation on dangerous emissions (such as CO2 emis-
sions) might be positive or negative due to the rebound effect (Du et al., 2019).
Environmental deterioration is becoming a global threat leading to socio-economic
problems, such as health problems, which are 91% climate-related. Almost 1.3 million
people were killed and 4.4 billion injured from 1998 to 2017 (UNDP). To ensure
environmental stewardship, human capital development, sequester allocation of R&D
investment, institutional governance, and economic progression are deriving factors
of new technologies that can be translated into environmental sustainability (Razzaq
et al., 2021). Extant literature highlighted the importance of human capital develop-
ment for education and awareness regarding pro-environmental behaviour that
reduces environmental deterioration (Shahzad et al., 2020b). Further, it is also consid-
ered one of the most significant elements that positively affect total factor productiv-
ity and technological innovation (Hu, 2021).

Industrialised and advanced economies are now collaborating to cope with hazard-
ous emission-related environmental deterioration and CO2 emissions (Maasoumi
et al., 2020; Razzaq et al., 2021). Ahmad et al. (2021) identified that overdependence
on coal energy is the primary source of CO2 emissions. Stringency in environmental
protection strategies, environmental tax, and reduced CO2 emissions positively affects
GI (Maasoumi et al., 2020; Sharif et al., 2019). Further, ICT infrastructure, including
innovative equipment, provides multiple channels to reduce CO2 emissions, energy
consumption, and environmental pollution (Stucki & Woerter, 2019). Such channels
are price effect, substitution effect, and use effect (Razzaq et al., 2021). Without
proper legislation and implementation, it is hard to implement green growth agenda.

Previous studies identified that reducing production costs and GDP growth are
also the key drivers of GI (Saunila et al., 2018). Hu (2021) acknowledges that GDP
has a positive effect on technological innovation. Previous scholars unveiled that inte-
grating these sustainable strategies helps survival and smooth operations in the
technologically changing business environment (Saunila et al., 2018; Yu et al., 2020).
Awan et al. (2021) argued that implementing GI strategy industries can reduce oper-
ating costs and improve processes and product innovation. Research on developing
economies like Pakistan can provide better visions on how various factors control
environmental deterioration and reform environmentally friendly environments.
Pakistan has natural gas, coal, crude oil, iron, salt, copper, limestone, and water
resources and has excellent growth potential (Sharif et al., 2019). As per GII, Pakistan
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is one of the least innovative countries, and its ranking is low (Global Innovation
Index, 2018). The most valuable factors that hinder innovation and growth are insti-
tutional, infrastructure, and technology (Shahzad et al., 2020c; Zhuang et al., 2021).

Although several research studies have attempted to examine the relationship
between targeted variables (Razzaq et al., 2021), existing studies mainly explored the
link between GI and TBL using survey data. They produced inconclusive results due
to subjectivity bias (Saunila et al., 2018). However, empirical evidence does not con-
sider these core factors with the TBL assimilation in an encompassing framework.
Despite ample literature on GI and SD, the aspect of how the TBL approach influen-
ces these are still not adequately engrossed (Zhu et al., 2019). Further, the previous
literature on ICT and institutional governance is limited to conventional linear
empirical methods such as OLS and ARDL with simplified and single dimension con-
structs, which resultantly shaped inconsistent results. Diverse with prior studies, we
claim that carbon and other hazardous emissions, technological innovation, institu-
tional governance, and ICT adoption affect GI through several factors. These factors
may have a significant effect on GI at different levels. Prior scholars identified that
the economic and financial factors validate a nonlinear dynamic trend over different
times, which guides an asymmetric and nonlinear interactive relationship (Shahbaz
et al., 2018). Further, Razzaq et al. (2021) recommend employing novel econometric
procedures to draw unbiased and consistent outcomes.

This study outspreads the prior literature in multiple ways. First, this study
explores the nexus of ICT adoption, institutional governance, environmental, eco-
nomic, and social sustainability with GI by testing the hypotheses in a multidimen-
sional framework. Secondly, this study contributes to the literature by developing and
using a novel index of ICT adoption and institutional governance index, which com-
bines multiple constructs in a single composite index to eliminate the subjectivity
bias. Thirdly, this study employs a nonlinear autoregressive distribution lag (NARDL)
model to check the positive and negative shock, which has not been carried out in
Pakistan in this context.

2. Theoretical background and hypotheses development

2.1. Triple bottom line and green innovation

Sustainable development (SD) has achieved substantial importance among researchers
and practitioners due to its growing nature about conserving natural resources. The
environmentalist and ecologists have praised integrating green thinking and environ-
mental awareness into the organisational production process to yield the benefits of
intensifying SD (Sarkis et al., 2011). The WCED defines SD as ‘development that
meets the needs of the present without compromising the ability of future generations
to meet their needs’ (World Commission on Environment and Development
(WCED), 1987). These propositions established the TBL sustainable assessment
framework, and it can evaluate the SD from a multidimensional aspect (Elkington,
1998). These three pillars (environmental, social, and economic) of SD are acknowl-
edged as a TBL ‘that affects the present and future generations’ (Elkington, 1998).
Further, these elements are interdependent and symbiotic; consequently, they could
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be viewed as an integrative theory of sustainability (Tseng et al., 2015). With increas-
ing demands for SD, organisational competing criteria have been expanded to include
conventional economic, social, and environmental sustainability (Delmas & Pekovic,
2013). North (1990) conceptualised the institutional governance framework, which
states that ‘institutions are the rules of the game in a society,’ indicating that how
economic indicators are performed in the presence of different institutional settings.
Hojnik and Ruzzier (2016) argued that institutional and regulatory are key drivers for
GI at both development and dissemination stages as institutions rule the game in any
society. The effectiveness of institutional and government intervention is matured
through institutional sequester quality. Strong institutional capacity stimulates innov-
ation and growth, further implementing a green growth/sustainable agenda. The
assessment of sustainability and its aspects are viewed as indispensable drivers of GI.
GI could mean an organisation can decrease the unfavourable impact of its opera-
tions on the natural environment (Shahzad et al., 2020a).

Presently, several scholars have been analyzing the factors which have a substantial
impact on GI. Chen and Lee (2020) found that stakeholders’ pressure is an essential
element influencing GI. Environmental and technological capabilities, environmental
laws and regulations, market and customer green demand also have fundamental GI
determinants (Chang, 2016). Further, creativity, knowledge management activities,
and investment in environmental management also enable SD and GI (Awan et al.,
2021). ICT infrastructure, including innovative equipment and materials, can reduce
environmental impact by reducing CO2 emissions and building smart and sustainable
cities (Stucki & Woerter, 2019). Further, Lim et al. (2017) highlighted the TBL
approach’s importance for achieving SD and organisational innovation. Innovation is
an impulse for modern knowledge to develop sustainable materials, green products,
and cleaner production processes (Yu et al., 2020). Despite ample literature on GI
and SD, the aspect of how the TBL approach influences these are still not adequately
engrossed (Zhu et al., 2019). Therefore, this research hypothesises that a TBL strategy
might significantly predict GI with ICT infrastructure assimilation. The conceptual
model is shown below in Figure 1.

Figure 1. The conceptual framework for green innovation.
Source: Authors drawing.
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2.2. Hypotheses development

2.2.1. Economic sustainability (ECO)
Financial growth and human capital development are two diverse views associated
with economic sustainability (Saunila et al., 2018). This SD dimension is most exten-
sively studied after the international economic depression identified the risks of bank-
ruptcy and insolvency. Economic sustainability depends on the export intensity,
financial development, market capitalisation, and trade openness of any country, fur-
ther improving foreign direct investment (FDI) (Maasoumi et al., 2020). Accordingly,
Galbreath (2019) acknowledged the positive relationship between export intensity and
GI. Previous studies identified that reducing production cost and GDP growth are
also the key drivers of GI (Saunila et al., 2018). Cost-saving and recycling are the
most imperative instigator for the least utilisation of energy and raw material
(Aboelmaged & Hashem, 2019). Investment in human capital development also influ-
ences green growth in the current digital economy-boosting competitiveness. Wanzala
and Zhihong (2016) claimed that green logistic operations help fight climate change
while improving firms’ operational and economic performance by embracing green
practices. Luthra et al. (2016) stressed that employing recycling principles in organisa-
tional logistics contributes to waste reduction and energy saving, strengthening a sus-
tainable economy. Shahzad et al. (2020a) acknowledged that economic sustainability
positively influences GI. Recently, Aboelmaged and Hashem (2019) uncovered that
sustainable organisational capabilities significantly affect corporate green performance.
Accordingly, the below hypothesis was further proposed.

H1. Economic Sustainability has a positive influence on Green Innovation.

2.2.2. Environment sustainability (ENV)
Different economies have diverse motivations for GI execution as natural resource
reclamation is a key challenge globally. The environmental facet of SD means trans-
mogrifying industrial and production technologies (environmental regulations, energy
consumption, technological changes, and recycling) to reduce the adverse effect on
ecological growth and industrialisation (Maasoumi et al., 2020; Saunila et al., 2018).
Countries with lower diffusion of the eco-innovative system need to consider exploit-
ing innovative and eco-friendly technologies that point towards the effective utilisa-
tion of resources to enhance environmental conservation (Maasoumi et al., 2020).
Leading economies have stringent environmental policies and regulations to improve
green growth. The prior researcher proposed that environmental regulations posi-
tively influence GI by endorsing public interest and investment (Steinhorst &
Matthies, 2016). In the green technology to pollution reduction nexus, past studies
stressed that R&D, technology innovation, environmental regulations and quality, and
CO2 emissions are interconnected (Amin et al., 2020; Khan et al., 2019). As adoption
of green technology helps to decrease energy and fuel consumption which ultimately
decreases CO2 emission. Recent research by Amin et al. (2020) identified that tech-
nology innovation had reduced CO2 emissions in Asian countries. For developing
countries, David and Grobler (2020) assessed the effect of innovative measures on
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CO2 emissions and found an inverse association between innovation and
CO2 emissions.

Further, Santra (2017) inferred a positive relationship between innovation and CO2

emissions in BRICS countries. A recent research study by Hamdoun et al. (2018)
identified that green process and product innovation, green organisational innovation,
and ecological research and development investment could be boosted by effective
environmental management systems. Likewise, existing literature acknowledged that
environmental sustainability is also one of the core elements for GI exploitation and
investment (Saunila et al., 2018). Moreover, green creativity, organisational identity,
and green strategy substantially impact GI (Soewarno et al., 2019; Song & Yu, 2018).
Environmental policy stringency, environmental tax, and reduction in CO2 emissions
affect GI positively (Maasoumi et al., 2020). According to Du et al. (2019), enhancing
the understanding of reduced CO2 emissions on GI needs further investigation. This
uncertain situation motivates us to scrutinise the environmental sustainability rela-
tionship to GI in the current circular economy. Thus, the below hypothesis
was proposed.

H2. Environment Sustainability has a positive influence on Green Innovation.

2.2.3. Social sustainability (SOC)
Social sustainability is acknowledged as state efficiency regarding the environment,
focussing on human capital growth, job creation, and social wellbeing (Saunila et al.,
2018). The internal knowledge capabilities and development initiatives were supposed
to significantly enhance GI (Triguero et al., 2013). Through environmental training,
human capital development could also help employees change their attitude and
behaviour towards eco-friendly actions (Awan et al., 2021). Extant literature revealed
that citizens’ environmental knowledge affects community wellbeing, social support,
financial growth, and profitability (Delmas & Pekovic, 2013). Nevertheless, human
capital development and internal learning stimulate the process of GI. Previous
researchers have exhaustively studied the direct association between sustainable prac-
tice and GI (Chang, 2016; Hojnik & Ruzzier, 2016; Triguero et al., 2013). The devel-
opment of Industry 4.0 is besides necessary, given its effect on the workforce and
how work is industrialized, which can engender projections for growth and product-
ivity (David & Grobler, 2020). In the social sustainability context, the influence of GI
can be realised through variation in behaviour and attitude, especially by driving
towards technology adoption for mutual cooperation consumption (Ganapathy et al.,
2014). Consumers are also keen to pay more for GI and eco-friendly products to
increase ecological performance through energy saving, minimising waste, and reduc-
ing natural hazards (Song & Yu, 2018). According to Maasoumi et al. (2020), the wel-
fare index, including investment in education, mortality rate, and R&D, positively
affects GI. Prior literature recognised that social sustainability positively influences GI
exploitation and investment (Saunila et al., 2018). It is determined that organisational
requirements, green consumer demand, human capital, and internal knowledge capa-
bilities influence GI. Therefore, the below hypothesis is proposed.

H3. Social Sustainability has a positive influence on Green Innovation.
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2.2.4. Institutional sustainability (INST)
Institutional governance is the key driver for environmental quality and innovation in
institutional theory (Azam et al., 2021). Several researchers have focussed on decent
institutional governance and its importance for underdeveloped and developing coun-
tries after highlighting the lesser reassurance for productivity and profitability
(Dasgupta & Cian, 2018). Further, the previous researcher identified some key factors
such as creative entrepreneurs, knowledge improvement and its diffusion, market for-
mation, and its growing influence on the productivity of innovative systems in the
context of technologies and energy consumption while emphasising the necessity of
efficient institutions and the rule of law at the core of influencing innovation
(Dasgupta & Cian, 2018). North (1990) established that the quality and structure of
institutional have a substantial effect on innovation. Weak institutional structures
upsurge uncertainty and are likely to harm innovation. Simultaneously, strong institu-
tions may accelerate new patents, diffusion of knowledge, enforcement of laws, and
uncertainty reduction (Azam et al., 2021). Extant literature recommended that
improved institutions are likely to support GI (Aboelmaged & Hashem, 2019).
Previous literature evaluates the impact of institutional quality on CO2 emissions
across 47 developing countries. The results revealed that institutional quality matters
for environmental growth and innovation. Regulation and its practical implementa-
tion by the institutional are the critical drivers for GI (Saunila et al., 2018). Thus,
institutional sustainability is playing a magnificent role in achieving green growth
outcomes through GI. Therefore, the following hypothesis is proposed.

H4. Institutional Sustainability has a positive influence on Green Innovation.

3. Materials and methods

3.1. Data description

The current study estimates the asymmetric impact of the human capital index
(HCI), carbon dioxide (CO2) emissions, Information and communication technolo-
gies (ICT) adoption, institutional governance (INST), and GDP on green innovation
(GI) in Pakistan using the NARDL model. The study contains two novel indicators:
the ICT adoption index, institutional governance quality index, and TBL factors for
Pakistan. Following Razzaq et al. (2021); Shahzad et al. (2017), this research employs
quarterly data from 1996Q1 to 2019Q4 containing 92 observations. The ICT adoption
constructs data contains mobile subscriptions per 100 people and percent of the
population using internet retrieved from World development indicators (WDI). The
institutional governance quality construct has government effectiveness, control of
corruption, regulatory quality, the rule of law, voice and accountability, political sta-
bility, and absence of violence retrieved from World governance indicators (WGI).
The details of the constructed index are given in sections 3.1.1 and 3.1.2.

For this study, we used environment-related technologies as a percentage of total
technologies as a proxy of GI, GDP (USD Constant 2010), human capital index
(Average years of schooling and returns to education) from Penn World Table, and
carbon emissions (Metric tons per capita) were extracted from the Global Atlas
Database. Data of all variables are transformed into log10 except indexes. For
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empirical estimation, we used EViews version 10. Further descriptions of data and
sources are shown in Table 1.

Appendix A & B demonstrate the scatter plot and data distribution at the end,
indicating a positive association between the HCI, CO2, ICT, INST, GDP, and GI
Table 2 shows the descriptive statistics of each variable, including mean, median, and
skewness. Further, Jarque-Bera (JB) test results show that data distribution is not nor-
mal except INST rejecting the null hypothesis (Data is normally distributed). Thus, it
is imperative to use the NARDL model.

3.1.1. ICT adoption
Current literature has been hindered by the absence of appropriate technology adop-
tion measures, which failed to practice comprehensive and quantifiable technology
development measures (M�arquez-Ramos & Mart�ınez-Zarzoso, 2010). Thus, we con-
structed a cumulative index using Principal Component Analysis (PCA) by integrat-
ing different indicators such as mobile subscriptions per 100 people and percent of
the population using the internet to capture the combined effect of ICT (Razzaq
et al., 2021).

3.1.2. Institutional governance index
This study constructed a composite index of institutional quality through PCA by
integrating all main governance measures such as government effectiveness, control
of corruption, regulatory quality, the rule of law, voice and accountability, political
stability, and absence of violence scaled from minus 2.5 to plus 2.5 lower to higher,
respectively. It helps us to integrate the cumulative effect of institutional governance
structure (Razzaq et al., 2021).

3.1.3. PCA index of ICT adoption and institutional governance
A brief explanation of the PCA index for ICT adoption and Institutional governance
is given in Tables 3 and 4. The eigenvalue of the first principal component (PC)
exceeds the one that implies the PC’s significance. For conciseness, the estimation of
eigenvalues for second and third PCs is omitted by following the Kaiser criterion.
The primary factor’s importance is anticipated by the significant % of the variance
within the data that covered the first PC. The first PC individually illustrates more
than 90% and 65% of the total variation for ICT adoption and Institutional govern-
ance, respectively.

Table 1. Data narrative.
Abr. Variable Description Measurement Source

GI Green innovation (Technologies) % of total technologies OECD
HCI Human Capital Index Index scale PWT
CO2 Carbon dioxide emissions Metric Tons Per Capita Global Atlas
ICT ICT Adoption index PCA Table 3
INST Institutional governance index PCA Table 4
GDP Per Capita Gross domestic product Constant USD 2010 WDI

Source: Authors estimations.
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3.2. Empirical methodology (nonlinear auto regressive distributed lag model
- NARDL)

We employed a nonlinear autoregressive distributed lag model (NARDL) established
by Shin et al. (2014) to capture probable asymmetries that ascend due to positive and
negative shocks in the human capital index CO2 emissions, ICT adoption. It is the
extension of ARDL. Normally, this approach encompasses a dynamic error correction
description that authorises clutching asymmetries that ascend because of shocks in
targeted variables in both the long and short-run (Mensi et al., 2018). First, we pro-
pose the following linear equation.

GIt ¼ b0 þ b1 HCItð Þ þ b2 CO2tð Þ þ b3 ICTtð Þ þ b4 INSTtð Þ þ b5 GDPtð Þ þ ut (1)

Where HCI represents the human capital index, ICT represents ICT adoption,
INST represents institutional governance index, CO2 emissions represent carbon
dioxide emissions, and GDP represents per capita gross domestic product in
Pakistan. These relationships carried out the linear relationship between the variables;
however, this study’s main objective is to study the nonlinear association among these
variables by employing the NARDL model presented by Shin et al. (2014). This
approach is flexible and straightforward since variables are not required to be station-
ary at the same level. It can also be applied regardless of the order of integration,
except that the series is not integrated at I (2) (Granger & Yoon, 2002). Moreover,

Table 2. Descriptive statistics.
Description GI HCI CO2 ICT INST GDP

Mean 2.725 0.423 0.211 �0.018 �0.002 2.977
Median 2.882 0.444 0.207 �0.019 0.018 2.994
Maximum 3.433 0.452 0.292 0.373 0.485 3.080
Minimum 0.992 0.361 0.178 �0.299 �0.454 2.903
Std. Dev. 0.583 0.032 0.030 0.226 0.228 0.053
Jarque-Bera 17.160 14.652 30.556 7.943 0.792 4.897
Probability 0.000 0.001 0.000 0.019 0.673 0.086
Observations 92 92 92 92 92 92

Jarque-Bera Null hypothesis: Data is normally distributed.
Source: Authors estimations.

Table 3. PCA index: ICT adoption.

PC1 (Eigenvalue) PC1 (Explained proportion)

Factor Loadings

MOB INT

1.801 0.966 0.94 0.94
Kaiser-Meyer-Olkin (KMO) 0.51 0.52
Correlation with weighted PCA Index 0.982 0.982

Source: Authors estimations.

Table 4. PCA index: INST quality.

PC1 (Eigenvalue) PC1 (Explained proportion)

Factor Loadings

COR GE PS RQ RL VOA

2.046 0.668 0.498 0.560 0.410 0.721 0.659 0.815
Kaiser-Meyer-Olkin (KMO) 0.51 0.57 0.58 0.46 0.52 0.62
Correlation with weighted PCA Index 0.982 0.62 0.61 0.52 0.826 0.733

Source: Authors estimations.
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Granger and Yoon (2002) proposed the hidden co-integration concept, by which
co-integration relationships may be defined as the positive and negative constituents
of underlying variables. Following the empirical work of Maasoumi et al. (2020);
Rahman et al. (2019), accounting for the asymmetric relationship among the target
construct, our model can be specified as;

GIt ¼ h0 þ h1ðHCIþÞ þ h2ðHCI�Þ þ h3ðCO2þÞ þ h4ðCO2�Þ þ h5ðICT�Þ þ h6ðICT�Þ þ et (2)

Where hi is associated with the long-run parameters, and the asymmetric effect of
HCI, CO2, and ICT is combined with a partial sum of the square of positive and
negative changes. The impact of the projected variables, in the long-run, is mentioned
in the above equation, and a positive sign indicates a positive shock, while a negative
sign indicates a negative shock. For a detailed derivation of the NARDL model, please
refer to Ling et al. (2021).

4. Results and discussion

Before pursuing parameters estimation, it is imperative to perform a preliminary test
to confirm data properties. Due to structural breaks identified in data, the BDS test
for nonlinearity applies as a follow-up of the Jarque-Bera (JB) test. The BDS test’s z
statistics confirmed the rejection of data normality at m¼ 2 to m¼ 6 at a 1% level of
significance, indicating that all variables followed asymmetricity and non-linearity.
Therefore, the NARDL model was preferred and most appropriate, which can cater
structural breaks.

4.1. Unit root tests

Before analyzing the NARDL model, the affirmation of stationary characteristics of
the variables is essential. This study primarily employs Augmented Dickey-Fuller
(ADF) and Zivot and Andrews (1992) (ZA) unit root test, which were given in Table
5. Both tests approve that all variables are stationary at the first difference with a 1%
level of significance except HCI in the ZA test. ZA test is superior as it provides
details of a structural break in data. ZA test suggests structural breaks (i.e. 2004Q1
(CO2), 2002Q1 (ICT), 2003Q4 (INST), and 2007Q1 (GDP)), which indicated that the
targeted variables are affected by non-stationarity. These structural breaks are attrib-
uted to financial crises, technology reforms, and democracy regime shifts in Pakistan.
Further, data non-normality guides us to apply the NARDL model, which can

Table 5. Empirics for unit root tests.
Variable GI CO2 HCI ICT INST GDP

ADF (Level) �3.2761 �1.155 �2.406 �0.729 �1.327 �0.347
ADF (D) �3.599��� �2.870��� �6.612��� �2.895�� �5.458��� �3.208���
ZA (Level) �3.786 �3.341 �6.626��� �1.588 �3.005 2.316
Break Year 2002Q1 2015Q1 2001Q1 2002Q3 2013Q1 2002Q1
ZA (D) �4.982��� �5.625��� – �5.083�� �7.628��� �4.599��
Break Year 2002Q2 2004Q1 – 2002Q1 2003Q4 2007Q1

Notes: ���, ��, � indicate statistical significance at 1, 5, and 10 percent level of significance, respectively.
Source: Authors estimations.
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efficiently deal with structural breaks and dynamic stochastic tendencies (Rahman
et al., 2019).

4.2. Long-run results

The long-run results are reported in Table 6, suggesting that any positive shock in
HCI stimulates GI by 1.0451%. In contrast, any negative shock in HCI undermines
GI by 0.9347%. Interestingly, positive shocks are more persistent than negative ones,
implying that adequate human capital and higher educational achievement lead to
higher innovation performance by simultaneously setting an innovation base. In con-
trast, if any negative shock happens in HCI, then the marginal reduction in GI is less
than the former due to the existing knowledge stock in the economy and society.
This study signifies the result of previous studies, which argue that HCI improvement
reinforces technological innovation (Hu, 2021; Marvel et al., 2020). The results infer
that the countries with well-developed and upgraded HCI (education, R&D, skills,
and experience) can reap significant benefits from knowledge spill-over, mainly by
employing new technologies which ultimately enhance total factor productivity and
economic growth. The human capital theory also specifies that individuals vary in
knowledge, skills, and experience, which have an unequal effect on economic growth
(Marvel et al., 2020).

Further, a positive shock in CO2 emissions increases GI by 0.6308%, while any
negative shock in CO2 emissions undermines GI by 0.0121%. Positive shock in emis-
sions is attributed to higher economic growth or boom period in any economy as a
directly proportional relationship exists between both variables. At the full peak of
economic output, carbon emissions are also higher as a residual of growth. Thus,
higher emissions create social pressure and provoke respective governments to take
appropriate policy measures in higher R&D allocation and environmental regulations,
translating into higher GI in the long-run. Ahmad et al. (2021) identified that positive
shock or change in innovation decrease CO2 emissions. On the other hand, our
results signify that any negative shock in CO2 emissions leads to increased GI.
Following the same rationality, negative shocks in CO2 are mainly attributed to
uneven situations such as financial crises, pandemic situations, natural disasters, and
other stringency measures that halt economic activities.

Table 6. Dynamic estimation of NARDL results (long-run coefficients).
Variable Coefficient Std. Error t-Statistic

HCI_POS 1.0451� 0.5097 2.0505
HCI_NEG 0.9347�� 0.3914 2.3879
CO2_POS 0.6308��� 0.0573 11.0087
CO2_NEG �0.0121 0.0094 �1.2877
ICT_POS 0.5599��� 0.0688 8.1410
ICT_NEG 0.7824�� 0.3660 2.1375
INST 0.1192�� 0.0504 2.3670
GDP 1.6874�� 0.5807 2.9057
C �2.3925 4.5676 �0.5238
�, ��, ��� represent significance level at 10%, 5%, and 1%, respectively.
Source: Authors estimations.
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Further, in economic downfall, the government injects funds and resources for
firms and industries to innovate and find efficient solutions to improve their growth
by investing in new technologies. Moreover, new entrant vacillates to use the latest
and costly technologies to minimise CO2 emissions at the initial level. Government
support (tax rebate) is essential to elevate stakeholders’ confidence to generate eco-
nomic activity for growth and development. Endogenous growth theory also postu-
lates the same, which indicates that innovation endogenously improves economic
output. Our study offered that relevant environmental policies and regulations have
been made to scent firms to develop specific technologies or promote innovations
and direct technological changes towards cleaner technologies. IPAT model also
relates sustainable growth outputs with technological innovation, which supports our
results. Additionally, technology stock (ICT capital) accumulates over time, and any
negative shock in environmental indicators cannot instantly change GI. The same can
be endorsed from our short-run results, where negative shock in CO2 emissions
shows an insignificant effect on GI. Moreover, in today’s world, investment in R&D,
efficient energy solutions, digital manufacturing, process and product innovation is
considered an alternative solution to give a big push to the economy, which can fur-
ther reinforce GI (Song & Yu, 2018). Compliance with relevant environmental stand-
ards and regulations is the most critical factor to enhance efficiency and reduce the
cost of innovation.

Third, positive shock in ICT stimulates GI by 0.5599%, while any negative shock
in ICT undermines GI by 0.7824%. Through the digital revolution, the association
between ICT and innovation has been relatively complex. Positive shocks in
Pakistan are mainly attributed to 2002 and afterward, representing the installation
and dissemination of ICT infrastructure (optical fibres, mobile towers, and com-
puters). Improved ICT penetration increased local firms’ connectivity with global
leaders, which helped them imitate global technologies virtually. Regarding the
sources of innovation, prior studies consider ICT one of the driving factors of
innovation (Hig�on, 2012). ICT influences GI by producing novel IT apparatuses
that consume less energy consumption and reduce environmental pollution (Chen
& Lee, 2020). Further, the adoption of ICT in the R&D process exerts positive pres-
sure on GI outcomes. Using ICT in various departments is mainly 23% more likely
to introduce new and innovative processes (Hig�on, 2012). Industrial production
through new processes and energy saving module reduces energy and fuel con-
sumption, which significantly boosts GI. These facts provide significant support to
our results.

Furthermore, the institutional governance index also has a significant and positive
effect on GI, which strongly specified that GI increases due to institutional quality
improvement and stability. Improvement and stability of INST encompass adequate
security and political stability, which have been a significant challenge in Pakistan.
Though our results are substantial, continuous steps should be taken to improve the
quality of INST, which will have a long-run positive impact on overall economic con-
ditions and sustainable growth. Our results align with Saunila et al. (2018), which
found institutional sustainability (legislation and regulations) was operative for GI
investment and exploitation, ultimately supporting sustainable development.
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Lastly, GDP has a significant and positive effect on GI because higher GDP is evi-
dence of higher productivity of labour and ability to sustain the potential of advanced
technology development which offices GI. These results adhered to Hu (2021) prior
findings, who identified GDP stimulates technological innovation through higher
R&D allocations and human capital development. However, Maasoumi et al. (2020)
identified a negative relationship between GDP and GI. The increased cost of innov-
ation may explain this adverse effect. To overcome these deficiencies and minimise
the innovation cost, such activities are outsourced or located in emerging economics.
From these outcomes, we can conclude that the factors that regulate GI in Pakistan
exert a nonlinear and asymmetric effect. Although short-run results (Table 7) indicate
a similar direction of relationship; however lower in magnitude, implying that the
deriving factors of GI are more profound in the long-run than the short-run. It has
theoretical rationality that GI is a long-term process. Moreover, the negative coeffi-
cient (66%) of the error correction term (ECT) confirms the convergence of long-run
equilibrium in case of any shock.

Further, the bounds test presented in Table 8 confirmed the existence of a cointe-
grating relationship among the targeted variables as the F-statistics value is greater
than the critical value of 5 percent. The Wald test also confirmed the presence of
long-term asymmetric relationships. The serial correlation was checked through the
LM test, heteroscedasticity was checked through Breusch-Pagan Godfrey (BPG) test,
and Ramsey reset test. The outcomes of these tests recommended that the computed
model was free from autocorrelation and heteroscedasticity. Furthermore, the cumula-
tive sum of recursive residuals (CUSUM) and the square of CUSUM were used to
examine the stability of the parameters used in the model.

Table 9 provides the summary of our core hypotheses, which confirmed that the
TBL approach positively affects the green growth agenda through GI.

5. Conclusion and policy implications

5.1. Conclusion

The world is challenged by climate change and global warming-induced by environ-
mental pollution and hazardous emissions in the current era. The current research is
the pioneer in evaluating the effect of sustainable practices (environmental, economic,

Table 7. Short-run asymmetric relationship.
Variable Coefficient Std. Error t-Statistic

D(GI(-1)) 0.311��� 0.076 4.07
D(HCI_POS) 0.682� 0.396 1.72
D(HCI_NEG) 0.791 0.527 1.50
D(CO2_POS) 0.416��� 0.038 10.97
D(CO2_NEG) �0.082 0.063 �1.3
D(ICT_POS) 0.206�� 0.084 2.44
D(ICT_NEG) �0.070 0.112 �0.62
D(INST) 0.013�� 0.006 2.24
D(LGDP) 0.873�� 0.396 2.20
ECT(-1) �0.659��� 0.082 �8.029
�, ��, ��� represent significance level at 10%, 5%, and 1%, respectively.
Source: Authors estimations.
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social, and institutional) with the ICT revolution for SD to pursue GI outcomes. This
study primary aim was to examine what drives GI in terms of the TBL and ICT
adoption from 1996 to 2019 by using a novel NARDL approach in Pakistan. This
study employed the novel indexes of ICT adoption and institutional governance,
which integrates the effects of multiple constructs into a single composite index using
PCA. This study extends the literature on GI by using a nonlinear methodology that
allows examining the potential asymmetric impact in both long and short-run
spheres, which further helps to test the positive and negative shocks by employing
the NARDL model. The results indicate that positive shock in HCI significantly posi-
tively affects GI (1.0451%) in the long-run, but the negative shock doesn’t undermine
with the same magnitude. Secondly, a positive shock in CO2 emissions excites GI
(0.6308%), but the negative shock doesn’t significantly harm the GI. As GI is an
ongoing process, it can’t decrease readily after achieving a certain innovation thresh-
old level. These results are vital because any policy that intends to reduce CO2 emis-
sions will affect the innovation process and provide the solution to improve
environmental quality and economic growth. Third, a positive shock in ICT adoption
positively affects GI (0.5599%), while any negative shock in ICT emasculates GI
(0.7824%). As ICT is a double-edged sword, growth in ICT adoption positively affects
the innovation process, while negative shock adversely affects the environment by
increasing disposal. Moreover, institutional governance quality plays a significant role
in achieving GI economic growth and sustainable development outcomes. Further,
GDP per capita positively affects GI, which confirms prior research results (Rahman
et al., 2019); sustainable environmental strategies have a vital role in economic
growth. The GI dream will never come true without adopting sustainable practices
(environmental, economic, social, and institutional) and the latest ICT technologies.

Table 8. Diagnostic inspection.
Diagnostic Test v2 (p-value) Decision

Bound Test (F-statistics) 6.910��� Co-integration confirmed
R2 /Adjusted R2 0.834 and 0.828 Model is a good fit
Wald LR test 4.519

(0.001)
Long-term symmetric relationship exists

LM test (v2) 1.2034
(0.3056)

No serial correlation exists

BPG test (v2) 0.698
(0.461)

No heteroscedasticity exists

Ramsey reset test (v2) 1.274
(0.2623)

The model is correctly specified

CUSUM – Model is stable
CUSUM SQUARE – Model is stable
��� Bound test statistic higher than lower and upper bond at 1 % level of significance.
Source: Authors estimations.

Table 9. Hypotheses results.
Hypotheses Decision

H1 ECOS Positively affect GI Supported
H2 ENVS Positively affect GI Supported
H3 SOCS Positively affect GI Supported
H4 INSS Positively affect GI Supported

Source: Authors estimations.
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5.2. Research implications

From the policy perspective, the current study’s outcomes help us respond to the
complicated query, the critical role of sustainable practices, institutional governance,
and ICT adoption for GI in the forthcoming years. First, human capital and individu-
als’ welfare has been acknowledged as the essential drivers of economic growth.
Organisations should provide favourable working conditions and policies to fulfil
their potential while encouraging them to acquire more advanced knowledge through
education and training. More investment should be allocated for R&D in education
and skill-building regarding GI. The strategists must implement diverse approaches to
balance supply and demand for resources to maintain the environment quality. Thus,
government and policymakers should focus on bridging the gap among resources,
competencies, and goals.

Second, to reap the benefits of the sustainable development plan 2030, innovation
strategy and the latest ICT adoption must be aligned. Underdeveloped economies
such as Pakistan must undertake technological and GI to compete with developed
economies in the current era. As Awan et al. (2021) specified, sustainable practices
improve GI by assimilating innovative and cleaner production technologies.
Auxiliary, innovative technologies ensure appropriate raw material consumption, pre-
vent environmental pollution, and enhance competitive edge. Adopting sustainable
technologies that transform garbage into energy can substitute fossil fuels and reduce
environmental pollution and hazardous emissions needed in the digital era. It further
addressed the ecological and economic development objectives, GI, and ICT develop-
ment together. The policymaker can improve the awareness of eco-friendly processes
in ICT adoption.

Third, considering environmental deprivation, the Pakistani government should
support and efficiently work on green business environment programs and facilitate
the organisations to lessen their dependency on fossil fuel and exploit renewable
energy resources (World Bank, 2018). That will surge the environmental awareness
among the industries and enhance economic growth. Additionally, with the support
of the business community government of Pakistan should complete the plantation of
over a billion tree Tsunami to enhance the beauty of the natural environment, air
quality and to promote a sustainable climate culture in Pakistan (World Economic
Forum, 2018), which is prerequisite for green transformation. For example, developed
countries like China have achieved rapid economic growth while suffering from
severe ecological pollution and resource exhaustion (Zhu et al., 2010). Lately, they
have recognised the importance of GI-related to significant environmental challenges
and stringent environmental laws. Last but not least, effective and efficient formula-
tion and implementation of laws, rules, and regulations are beneficial to provide sta-
ble and consistent political support for sustainable development.

Concludingly, an integrated policy is imperious to implement a green growth agenda
at the national level, where sequester institutions aligned other socio-economic objec-
tives of Pakistan, such as ICT adoption and penetration that may reinforce growth and
translate into green technologies. This research unveils the association between HCI,
CO2, ICT, INST, GDP, and GI in Pakistan. Future researchers can observe these rela-
tionships in other countries and specify the policies to execute in their countries and

5350 C. JIN ET AL.



areas to ensure sustainability. They can examine the targeted variables among other
Asian countries using panel data to widen the prospects further.
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Appendix A. Scatter correlation of regressors with regressand

Source: Authors estimations and drawing.
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Appendix B. Distribution of data

Source: Authors estimations and drawing.
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