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Abstract: The role of women in economic development and the global environment is vital for
progressing them towards the United Nations sustainable development goal (SDG-5) that emphasized
the need to empower women in every walk of life. The study examines women’s autonomy in the
sustainable development agenda under China’s open innovation system from 1975 to 2019. The
study employed an autoregressive distributed lag (ARDL) model, vector autoregressive (VAR)
Granger causality, and innovation accounting matrix to estimate parameters. The existing data are
summarized and collated in the context of China to explain as a correlational study. The results show
that women’s autonomy moderated with technology spills over to decrease greenhouse gas (GHG)
emissions and substantiate the hump-shaped relationship between them. The increased spending on
research and development (R&D) activities, patent publications, and renewable energy consumption
empowers women to be equipped with the latest sustainable technologies to improve environmental
quality. The pollution haven hypothesis verifies a given country, where trade liberalization policies
tend to increase polluting industries to set up their plants that engaged in dirty production that
exacerbate GHG emissions. The causality estimates confirmed that technological innovations and
renewable energy consumption leads to women’s autonomy. In contrast, females’ share in the labor
force participation rate leads to an increase in renewable energy consumption. Thus, it is evident that
there is a positive role of women in the country’s sustainable development.

Keywords: technowomen; women’s autonomy; GHG emissions; R&D expenditures; patents applica-
tions; renewable energy consumption; China

1. Introduction

Gender equality is one of the vital aspects of the United Nations sustainable devel-
opment goals (SDG-5) that provoked the need to end all forms of gender discrimination
in socio-economic and business spheres. Family violence, trafficking, forced marriage,
and other exploitation types make a woman more vulnerable in many parts of the civ-
ilized world. The United Nations stressed the importance of ensuring universal access
to education, health, and reproductive rights of the women that enable them to shared
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household and family responsibilities and make their roles in the economic system. Infor-
mation and communications technologies (ICTs) help spread the network of technological
grids across countries while it quickly allows women to get empowered through enabling
technology [1].

In compliance with the United Nations SDG-5, many countries worldwide make their
policies to protect women’s rights and empower them through different techno reforms.
China is no exception and is safeguarding women’s rights and interests and including
them in the national integrated economic agenda to empower women in socio-economic
life [2]. The enforceable laws and regulations to empower women are essential in reaching
the United Nations SDGs [3]. The country makes its favorable policies for autonomy for
women in political, academic, and business environments [4]. Many female workers are
highly ranked as scientists, teachers, and political leaders and have won some national
honorary titles. The country significantly progresses in women’s health and education
index to get quality medical attention and net enrolment rates in compulsory education [5].
The latest data report for World Bank [6] shows that women’s business and law index
scores are 75.6, while Chinese women’s share in the labor force participation rate is about
60.45%. The need to become closer towards 100 percent in achieving female autonomy and
a fair labor market share would equip women with technical and knowledge spillovers
along with devising strong legislation to empower women to be equally treated as men and
to work for the country’s development. Figure 1 shows the female labor force participation
rate and their autonomy scores for reference.
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Figure 1. Data trend of women’s autonomy in China (1975–2019). Source: World Bank (2020).

The data trend shows the sudden decline in the Chinese female’s participation in the
labor force from 73.241% in 1975 to 60.451% in 2019; while on the other side, women’s
autonomy index score substantially increases from 56.9 index value in 1975 to 75.6 index
value. One of the possible reasons is that women generally have a low autonomy in
the country’s political affairs that can be viewed in the separate sub-indices of women’s
autonomy index score that negatively affects them in their productivity, which turned down
their participation rate. Figure 2 shows the average growth rate of Chinese technological,
economic, and environmental factors during 1975–2019 for reference.
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Figure 2. Average percentage growth of technological, economic, and environmental factors in China (1975–2019). Source:
World Bank (2020) and author’s estimation.

1.1. Research Question(s)

After analyzing the data trend of the stated factors, the study moves towards the
real problem of the economy related to women’s autonomy and their productive role to
improve air quality indicators in a country. Thus, the following research questions evaluate
techno women’s role in the country’s sustainable development. Firstly, do technological
innovations empower women on the right track to progress in the green growth agenda?
This question is essential in various economic dimensions, as technological innovations
are mainly considered the main factor in the deteriorating environment through excess
energy consumption [7,8]. At the same time, women are friendly and have a natural ability
to make an environment green and clean. Thus, the amalgamation of both the factors
in achieving sustainable green outcomes would likely give some exciting findings that
would help policymakers assess the techno women-centric green development approach.
Secondly, to what extent women’s decisions to use green energy programs help them to
achieve the country’s sustainable development? This question shows the urgent need to
shift non-renewable fuels to renewable fuels that may be possible to give women political
autonomy in the country’s development programs to minimize the actual cost of carbon
emissions. Finally, does stringent environmental regulations helps to vanish polluting
industries from national spheres by engaging women in economic affairs? This question
showed the importance of reducing technologically associated carbon emissions in trading
goods that are the policymakers’ growing concerns. Thus, the investment in women is
confined to reduced carbon emissions by developing an attitude towards the use of green
products, while its political wisdom allows restricting dirty polluting industries from
stringent environmental regulations.
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1.2. Research Objectives

Based on the stated research contributions and research questions, the study makes
the following research objectives to evaluate in the spheres of the Chinese economy.

i. To examine women’s autonomy in improving environmental quality through techno-
logical innovation factors in a country.

ii. To substantiate the hump-shaped relationship between techno women factors and
GHG emissions.

iii. To investigate the role of renewable energy consumption and trade openness in
mitigating GHG emissions in the premises of engagement of women role in eco-
nomic development.

iv. To evaluate the cause–effect relationship and inter-temporal causation between the
candidate variables over a time horizon.

The study used a time-series co-integration technique, i.e., autoregressive distributed
lag (ARDL) Bounds testing approach, VAR Granger causality, and variance decomposition
analysis (VDA) innovation matrix, to achieve the stated objectives the study.

The paper’s structure is as follows: after the introduction presented in Section 1; a
literature review is shown in Section 2; data and methodology are shown in Section 3;
results are in Section 4; Section 5 discussed the results, while the final section concludes
the study.

2. Literature Review

The earlier literature mainly focused on three different perspectives of female em-
powerment. Firstly, a sizeable body of literature is available on women’s role in economic
development [9–17]. These studies confirmed that women significantly played their eco-
nomic role through accessing ICTs, microfinancing, tourism development, reproductive
healthcare decisions, and business entrepreneurship activities. Secondly, the more sig-
nificant number of earlier literature focuses on women’s role in improving the global
environment [18–23]. These studies argued that women’s role in improving the global
environment is merely possible when they fully acquired political autonomy, technology
skills, reproductive healthcare treatments, organic agriculture production, energy value
chain, financial literacy, and environmental awareness. Thus, these crucial factors help
translate women’s autonomy in improving the green economy globally. Finally, previous
studies evaluated the United Nations SDG-5 with different socio-economic factors [24–28].
These studies showed that gender equality is vital to achieving food security, sustainable
outcomes, economic growth, political decisions, and poverty reduction. Table 1 shows
different factors through which gender equality could achieve globally.
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Table 1. Main factors affecting global female empowerment and gender equality.

Authors Country Women Autonomy Factors Programs/Factors Results Comparison with the Current Study

Rehman et al. [29] Pakistan Microfinancing
Akhuwat microfinancing

programs to alleviate rural
women poverty

Akhuwat program is an interest-free
program that improves rural women’s

social status to alleviate them from
poverty and sustain their livelihoods to

care household matters.

The current study used some technological factors
that augment women’s autonomy, which helps
minimize negative environmental externalities,

while the cited study remains focused on poverty
alleviation through microfinancing.

Yaya et al. [30] 32 Sub-Saharan
African countries

Reproductive
healthcare decisions Contraceptive use

Women played a decisive role in
controlling and commanding

reproductive healthcare decisions by
using contraceptives in family

planning matters.

The cited study confines to assess women’s
healthcare status. In contrast, the current study

used R&D expenditures, trade openness,
renewable energy demand, and women’s

autonomy factor vital for achieving
healthcare sustainability.

Bassani et al. [14] 24 EU countries
International tourism

development and access
to finance

Gender parity in net enrollments
in educational institutions, labor

market, and wage matters

Access to finance, enabling women to
sustain their livelihoods and improve

their participation in the labor market by
promoting international tourism.

The cited study uses financial factors along with
education and labor market factors that empower

women. In comparison, it is powerless to add
technological factors incorporated in the current

study to get more robust inferences.

Yasmin and
Grundmann [31] Pakistan Energy transitions from

non-renewable to renewable fuels

The decision-making process to
use green cooking technologies
for safe and healthy outcomes.

Biogas is an optimized solution that could
minimize women’s healthcare concerns

and enable them to make green products.

The cited study emphasized the need to use
biogas in cooking stoves to prevent health

hazards, while it remains limited not to include
R&D expenditures and technological factors,

which is vital to reduce environmental hazards
added in this study for concrete results.

Oyawole et al. [32] Nigeria Women’s autonomy in smart
agricultural practices

Climate-resilient women
smart strategies

Investment in women in technical aspects
to understand climate mitigation policies

helps them use smart technologies to
combat specific climate issues.

The cited study remains limited to exploring
women’s autonomy in smart agricultural

practices, while the current study used few other
vital factors, including R&D spending on female
labor participation and trade openness that helps

achieve environmental sustainability agenda.

May [33] Africa
Women’s environmental
autonomy to progress in

sustainable outcomes

Weather vulnerability affects
women’s autonomy in

sustainable healthcare decisions.

Extreme weather effects are
gender-specific, and women’s health is
mainly exposed that need sustainable

healthcare outcomes to reduce adverse
weather shocks.

The current study used GHG emissions as an
important factor of environmental degradation

coupled with different women’s autonomy
factors, leading to more sustainable healthcare

outcomes than the cited study.

Goel and Gupta [34] India Women’s empowerment through
ICTs usage

The use of smartphones
empowers women in the

economic sphere.

The role of technological development
not only empowers women in performing

their tasks in household and business
entities. Simultaneously, it led to improve
technical abilities to get knowledge from

the globalized world through smart
internet penetration.

The cited study used smartphones as a technical
factor of women’s autonomy while powerless to
include more productive technological factors,

including R&D expenditures and patent
applications, which added to fill this gap.
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Table 1. Cont.

Authors Country Women Autonomy Factors Programs/Factors Results Comparison with the Current Study

Besnier [35] 166 countries Women’s political autonomy and
child healthcare decisions

Comparison between women’s
political empowerment and

women’s socio-economic
empowerment for child

healthcare decisions

The socio-economic women’s
empowerment in child healthcare issues

are reasonably significant and help
reduce adverse healthcare outcomes

compared to women’s political freedom.

The cited study remains focused on women’s
decision to support their family’s health

disregarding to evaluate adverse environmental
hazards, which is the leading cause of achieving
healthcare sustainability; thus, the current study

included socio-economic and environmental
factors to resolve this issue.

Van der Waldt et al.
[36] South Africa Women’s autonomy in local

government reforms
Women’s competency framework
in the decision-making process

Women’s equity in local government
reforms enables them to get tertiary

education and equal job opportunities to
utilize their public projects expertise.

The cited study evaluated women’s autonomy in
education and labor market outcomes, while the
current study included technological factors and

R&D expenditures to empower women in the
decision making process.

Zhou and Johnston
[37] China Women business autonomy

Women entrepreneurship by
using their expertise through

social media

Social media is not limited to disseminate
information and word-of-mouth for
entrepreneurial activities, while this

medium use to empower women through
developing their business by

e-marketing campaigns.

The current study used absorptive capability and
innovative capacity factors that empower women

in the decision-making process more than
conventional social media that limited women’s

entrepreneurial activities.

Zhou and Son [38] China Women environmentally
friendly behavior

Climate change mitigation
strategies are gender-sensitive

Gendered differences are mainly evident
in climate-resilient policies, as both have
significant differences in opinions that

can be counter to it with mutual
integration of their views for

environmental protection.

The current study supported women’s
environmentally friendly behavior through

technological advancement, while the cited study
assessed gender differences of pro-environmental

behavior short of incorporating some
key variables.
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The cause–effect relationship between women’s autonomy and environmental quality
is also evident in the earlier studies; for instance, Saleem et al. [39] confirmed the one-
way causal links between carbon emissions and maternal risks of death from a panel of
21 Asian and African countries. Salahodjaev and Jarilkapova [40] found that a more signifi-
cant proportion of parliamentarian women have an environmental attitude to conserve
nature through increasing forestation. DiRienzo and Das [41] concluded that women’s
political autonomy improves environmental quality through pro-environmental behav-
ior. Hillman [42] supported the notion of women’s political autonomy to mitigate GHG
emissions, as the more significant number of women’s participation in parliaments sup-
ported the climate change legislation, either due to their pro-environmental behavior and
due to modernization effect. However, in both situations, women are considered more
environmentally friendly compared to men. Lv and Deng [43] considered a positive role
of women participating in the civil society matters to improve the natural environment
and reduce healthcare concerns that are a matter of chance for parliament to support
environmental conservation.

Contribution of the Study

Based on the current literature review, the study extended the knowledge base by
utilizing female empowerment and gender equality modeling agenda and contributed to
the earlier literature through four main domains. Firstly, the study included two different
types of innovation factors, including R&D expenditures and total patent publications that
have a moderating impact on women’s autonomy that can translate them into sustainable
outcomes to reduce GHG emissions. The earlier literature limited analyzing mediating tech-
nological effects of women’s factors to minimize environmental concerns [44–46]. Secondly,
the moderation turning point is calculated to understand the required threshold values
of female autonomy index score and females’ share in labor force participation to enable
women to contribute to the country’s sustainable development. Thirdly, the green energy
agenda is considered in technological factors and women’s empowerment to mitigate
GHG emissions. The earlier literature is less likely to fill this gap and remains inside to
get few inferences from women’s autonomy and energy efficiency without moderating
technological factors with women’s empowerment across countries [47,48]. Finally, the
trade openness factor is included in the green growth agenda to evaluate the pollution
haven hypothesis in Technowomen-centric development, while earlier studies confined it
with some other economic factors [49–51].

3. Data Source and Methodology

The study used the following variables for estimation. Environmental quality mea-
sures by total greenhouse gas emissions (denoted by GHG) in kiloton of carbon equivalent.
The two factors measure women’s autonomy: first, the index score of women business and
law (indicated by WA) with a range of lowest autonomy value of 1 to highest autonomy
value of 100; and second, female’s participation in the labor force (denoted by FLFPR) in %
of the female population. Technological factors are measured by two factors, i.e., the total
counts of residents’ patent applications (represented by PAP) and research and develop-
ment expenditures (denoted by RDE) as % of GDP. Green energy is measured by renewable
energy consumption (marked by REC) as a % of total end-use energy consumption, and
the growth factor is measured by trade openness (denoted by TOP) as % of GDP. The study
used three moderation factors to evaluate environmental quality in China by using the time
series data from 1975 to 2019, i.e., (i) patent applications and female’s participation in the
labor force, (ii) women’s autonomy and R&D expenditures, and (iii) women’s autonomy
and renewable energy consumption. These moderations would be helpful to assess techno
women’s green development approach in economic business. The data are collected from
the World Bank [6] for estimation. The preceding and succeeding values are used to fill the
missing series of the variables where required.
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The economy of China consumes massive energy to gear economic activities. The
country spends about 2% of its GDP share on R&D activities, while the total count of
residents’ patent applications substantially grows in the last two decades. The country
further concentrates on renewable energy production and its consumption that reached,
on average, one-quarter of its GDP. The trade liberalization policies support many techno-
logical investments in a country that enable their labor force to participate substantially in
economic activities. Women’s autonomy in business and law score is more than 60/100
index value, which further reflected in the increasing share of females in the labor force
that surpassed around 70% of females in the total female population in the labor force par-
ticipation rate, which is increasing over time. Besides all these positive developments, the
country strives hard to maintain GHG emissions to improve its air quality. The technology
embodied emissions, trade liberalization policies, fossil fuel combustion, and low women’s
political autonomy are the key factors that exacerbate global carbon emissions. Table 2
shows these crucial facts of the stated variables for ready reference.

Table 2. Descriptive Statistics.

Methods GHG WA FLFPR PAP RDE REC TOP

Mean 6,422,027 63.953 69.434 225,311.9 1.043 25.693 33.889

Maximum 12,454,711 75.600 73.241 1,393,815 2.185 34.083 64.478

Minimum 2,264,423 56.900 60.451 3494 0.563 11.695 8.384

Std. Dev. 3,728,523 7.095 4.506 409,436.7 0.603 9.245 15.570

Skewness 0.651 0.586 −0.692 1.890 0.796 −0.535 0.127

Kurtosis 1.829 1.825 1.837 5.190 2.027 1.499 2.236

Source: World Bank [6]. Note: GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female labor force participation
rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable energy consumption, and TOP shows
trade openness.

3.1. Theoretical Framework

The labor and capital augmented technologies may increase the country’s economic
growth; however, it exacerbates air pollution. Thus, it is crucial to equip the labor force,
especially women, as women are considered environmentally friendly by its instinct that
reflect their natural autonomy, with sustainable technologies to minimize the cost of carbon
emissions. Ecofeminist use in this study was moderated with technological spillovers to
equip the female labor force with sustainable production technologies to decrease GHG
emissions. The earlier literature is available on two different literature streams; the first
stream of the earlier literature is highly provoking the positive role of women in economic
development [10,52–54]. The widespread discrimination and vulnerability are broadly
viewed in most developed and developing countries [55–57]. Besides that, women still
strive hard to make a space in corporate and economical business and work with equal
zeal as their male counterparts [58–61]. Women are mostly viewed in the second stream of
literature as more environmentally friendly and sensitive about the environment than the
male counterpart. This concept is primarily considered “ecofeminism”, which is viewed in
different corporate-level activities and green business development practices [62–65]. This
study included technological factors in women’s autonomy that enable women to become
more creative and technical skills, which help them in increasing their share in the labor
force participation rate. The study used the word “Technowomen” for the empowered
women who used the latest technology and skills to contribute to the sustainable devel-
opment agenda. Based on the stated literature, the study used the following model that
extended it with different technological factors and women’s autonomy through interaction
term that helps to assess the synergetic impact of the moderation factors on the country’s
environmental quality, i.e.,:
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GHG = Π0 + Π1WA + Π2FLFPR + Π3PAP + Π4(FLFPR× PAP) + Π5RDE + Π6(WA× RDE)

+Π7(REC) + Π8(WA× REC) + Π9TOP + ε

∴
∂GHG
∂WA

> 0,
∂GHG

∂FLFPR
> 0,

∂GHG
∂PAP

> 0,
∂GHG

∂FLFPR× PAP
< 0,

∂GHG
∂RDE

> 0,
∂GHG

∂WA× RDE
< 0,

∂GHG
∂REC

< 0,

∂GHG
∂WA× REC

< 0,
∂GHG
∂TOP

> 0

(1)

where GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female
labor force participation rate, PAP shows patents application, RDE shows R&D expendi-
tures, REC shows renewable energy consumption, TOP shows trade openness, and ε shows
error term.

Equation (1) shows different technological factors that enable women to participate in
the labor force and contribute to sustainable development by using their strategic wisdom
and environmentally friendly behavior. It assumes that there will be a hump-shaped
relationship between women’s autonomy and GHG emissions through the moderation
effect of R&D expenditures and renewable energy consumption that would help reduce
GHG emissions. Another moderation effect of the patent application on women’s autonomy
enables them to contribute to economic activity through technical skills and knowledge
transfer, leading to improving environmental quality. Trade openness is expected to
increase GHG emissions to verify the pollution haven hypothesis in a country.

The following research hypotheses have given expected relationships between the
stated variables as described in Equation (1).

Hypotheses 1 (H1). Technology factors likely to empower women to equip them with technical
skills that help them contribute to sustainable development.

Hypotheses 2 (H2). There will be a positive impact of women’s autonomy on the environmental
quality level in moderation of renewable energy consumption in a country.

Hypotheses 3 (H3). Easiness in trade policies will likely increase pollution through polluting
industries to verify the pollution haven hypothesis.

3.2. Econometric Framework

These three hypotheses of the study would be empirically tested through time series
econometric techniques presented here in Figure 1.

Figure 1 shows the sequential flow of methodology that is used in this study to
estimates parameters of interest and discussed here for reference.

3.2.1. Step-I: Unit Root Test

In the very beginning, the study evaluated an individual variables series through the
breakpoint unit root test by the Augmented Dickey–Fuller method. This test is essential
from different perspectives; firstly, this method allows us to assess of the separate order
of integration of the candidate variables. The various possibilities we would likely get
during estimation, i.e., the candidate variables with the same order of integration or either
a first or zero-degree order of integration. The former order confirms the series will become
I(1), while the later order will establish the I(0) series. Secondly, this test would assess
the mixture of I(1) and I(0) variables that remain crucial for using the optimal statistical
techniques to produce fair and unbiased coefficient estimates. Thirdly, this test identifies
structural shocks during the given period and states break dates in the variables’ series.
Finally, this test would require a sizeable number of observations of the candidate variables
to move forward for the co-integration process.

3.2.2. Step-II: ARDL Co-Integration Process

After analyzing the unit root test estimates, a wide variety of co-integration tests are
available to estimate parameters, including bivariate co-integration, i.e., Engle–Granger
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co-integration and multivariate co-integration, i.e., Johansen co-integration and ARDL co-
integration tests. The Engle–Granger co-integration is based on two variables that exhibit
the problem of omitted variables. In contrast, multivariate co-integration tests remain faced
with a mixture of I(1) and I(0) variables. The Johansen co-integration test would give an
optimal result when the variables are I(1) in nature and have adequate time series data. In
contrast, the the ARDL co-integration test gives fair results when either of the variables
are mixed in order of integration, and it does not require a more significant number of
observations of the studied variables. Based on the advantages of ARDL co-integration
as proposed by Pesaran et al. [66], the study computes Wald F statistics to assess whether
the variables exhibit a co-integration process or not. For this purpose, the Narayan critical
values would use that provided the set of critical values both for lower bound I(0) and
upper bound I(1). The significant Wald F statistics confirmed that the given series possesses
long-run co-integration as it falls in the upper bound I(1) values. The different set of models
would assess Wald F statistics, ARDL lag length, and their diagnostic test estimates to find
the best suitable model for estimation.

3.2.3. Step-III: ARDL Bounds Testing Approach

After confirmation of the co-integration process between the stated variables, the study
moves to estimate short- and long-run elasticities to assess the direction and magnitude of
the variables. The different lag lengths would be used based on SIC criteria to evaluate the
coefficient estimates. The error correction term (ECT) could further be computed during
the estimation of coefficients. The following equation would be simultaneously estimated
in a schematic fashion of ARDL bounds testing.

∆GHG = Π0 + Π1

p
∑

i=1
∆(GHG)t−i + Π2

q
∑

i=1
∆(WA)t−i + Π3

r
∑

i=1
∆(FLFPR)t−i + Π4

s
∑

i=1
∆(PAP)t−i

+Π5
t

∑
i=1

∆(FLFPR× PAP)t−i + Π6
u
∑

i=1
∆(RDE)t−i + Π7

v
∑

i=1
∆(WA× RDE)t−i + Π8

w
∑

i=1
∆(REC)t−i

+Π9
x
∑

i=1
∆(WA× REC)t−i + Π10

y
∑

i=1
∆(TOP)t−i + Φ1(GHG)t−i + Φ2(WA)t−i + Φ3(FLFPR)t−i

+Φ4(PAP)t−i + Φ5(FLFPR× PAP)t−i + Φ6(RDE)t−i + Φ7(WA× RDE)t−i + Φ8(REC)t−i

+Φ9(WA× REC)t−i + Φ10(WA× REC)t−i + Φ11(TOP)t− i + εit

(2)

where ∆ shows the first difference operator and p to y shows the optimal lag length. The
Wald F statistics are used to verify the following hypothesis in terms of its long-run co-
integration existence that substantiates the Narayan critical values:

Hypotheses 4 (H4). Π1 = Π2 = Π3 = Π4 = Π5 = Π6 = Π7 = Π8 = Π9 = Π10 = 0

Hypotheses 5 (H5). Π1 6= Π2 6= Π3 6= Π4 6= Π5 6= Π6 6= Π7 6= Π8 6= Π9 6= Π10 6= 0

The lower and upper bound critical values would be used to verify the co-integration
process based on the stated hypotheses. The ECT is computed simultaneously during the
estimated Equation (2).

∆GHG = Π0 + Π1

p
∑

i=1
∆(GHG)t−i + Π2

q
∑

i=1
∆(WA)t−i + Π3

r
∑

i=1
∆(FLFPR)t−i + Π4

s
∑

i=1
∆(PAP)t−i

+Π5
t

∑
i=1

∆(FLFPR× PAP)t−i + Π6
u
∑

i=1
∆(RDE)t−i + Π7

v
∑

i=1
∆(WA× RDE)t−i + Π8

w
∑

i=1
∆(REC)t−i

+Π9
x
∑

i=1
∆(WA× REC)t−i + Π10

y
∑

i=1
∆(TOP)t−i + ECTt−i + Φ1(GHG)t−i + Φ2(WA)t−i + Φ3(FLFPR)t−i

+Φ4(PAP)t−i + Φ5(FLFPR× PAP)t−i + Φ6(RDE)t−i + Φ7(WA× RDE)t−i + Φ8(REC)t−i
+Φ9(WA× REC)t−i + Φ10(WA× REC)t− i + Φ11(TOP)t−i + εit

(3)

where ECT shows an error correction term.
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The ECT helps determine the speed of adjustment of the candidate variables in the
short-run that was expected to show a convergence of the model towards the equilibrium,
which gives an insight into the long-term connection between the stated variables.

3.2.4. Step-IV: VAR Granger Causality Test

Subsequently, the VAR Granger causality test performed on the set of variables to
substantiate the following set of hypotheses:

Hypotheses 6 (H6). The bidirectional (feedback) causality is expected between the candidate vari-
ables.

Hypotheses 7 (H7). The unidirectional (one-way) causality is assumed to running from one
variable to other variables and vice versa.

Hypotheses 8 (H8). No causality is assumed to find between the stated variables, although
highly correlated.

This test was performed by chi-square distribution on a different set of models and
assessed any one of the above stated hypothetical conditions in a given time.

3.2.5. Step-V: Variance Decomposition Analysis (VDA)

The VDA test is used here for ex-ante analysis and substituted here for simulation
purposes. The test statistics perform over a time horizon that gives forecasting insights
about the variables. The test suggests the more significant variance error shocks for
exogenous variables on endogenous factors over time. This method provides valuable
insights for the policymakers to observe forecast variance error shocks transmitted to the
coming years.

There are several limitations of this methodological approach; first, if the variables
scattered in terms of their order of integration, i.e., the mixture of I(1) and I(0) variables,
the ARDL-bounds testing approach is the optimized solution to use it, as conventional
co-integration is powerless to give correct estimates in this regard. Second, the data are
not required to be as excessive as conventional co-integration requirs a greater number
of observations to give significant results. Third, the method used different lag operators
to get short- and long-run parameter estimates confined in a few regression apparatuses.
Finally, the VAR approach can be better suited to analyze cause–effect relationships and
inter-temporal relationships that give the policymakers wisdom to devise effective eco-
nomic policies.

4. Results

Table 3 shows the correlation estimates and found that women’s autonomy, trade
openness, and open innovation factors (patent applications and R&D expenditures) sub-
stantially increases GHG emissions with a correlation coefficient r = 0.975 p < 0.000, r = 0.826
p < 0.000, r = 0.977 p < 0.000, and r = 0.702 p < 0.000 respectively. In contrast, an increasing
share of females’ share in labor force participation rate and renewable energy consumption
decreases GHG emissions with correlation coefficient values of r = −0.982 p < 0.000 and
r = −0.983 p < 0.000, respectively. Further, it is evident from the correlation results that
women’s autonomy increases by open innovation factors, i.e., there is a positive correlation
of patent applications (r = 0.815 p < 0.000) and R&D expenditures (r = 0.958 p < 0.000) with
women’s autonomy. Females are more environmentally friendly and greatly caring for
their corporate and household environment by using green products [67,68]. Hence it is
shown that there is a positive correlation between females’ share in labor force participa-
tion and renewable energy consumption with a correlation estimate of r = 0.984 p < 0.000.
Patent applications increase by an increase in R&D expenditures and trade openness,
whereas R&D expenditures increase by trade openness. Thus, the correlation estimates con-
fined the directions and magnitude between the candidate variables for further non-linear
regression estimators.
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Table 3. Correlation Matrix.

Correlation

Prob. GHG WA FLFPR PAP RDE REC TOP

GHG 1
—–

WA 0.975 1
0.000 —–

FLFPR −0.982 −0.967 1
0.000 0.000 —–

PAP 0.826 0.815 −0.850 1
0.000 0.000 0.000 —–

RDE 0.977 0.958 −0.994 0.877 1
0.000 0.000 0.000 0.000 —–

REC −0.983 −0.968 0.984 −0.763 −0.969 1
0.000 0.000 0.000 0.000 0.000 —–

TOP 0.702 0.726 −0.676 0.280 0.623 −0.757 1
0.000 0.000 0.000 0.061 0.000 0.000 —–

Note: GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female labor force participation rate, PAP shows patents
application, RDE shows R&D expenditures, REC shows renewable energy consumption, and TOP shows trade openness.

Before going for conventional unit root test estimates, the study means equality and
variance equality tests are between the given variables’ series (see Table 4). The results
found that the means and variance of the populations are equal to a hypothesized value
of zero, indicating no difference in the given population series. However, more than two
samples of the tests are an omnibus that cannot discriminate which groups differ from each
other; the study used for the conventional co-integration process started from the unit rot
test to make it useful for multiple comparisons to get these inferences.

Table 4. Tests for equality of means and variance between variables.

Methods Tests Degree of Freedom Value Probability

Test for Equality of Means Between Series
Anova F-test 6; 308 130.528 0.000

Welch F-test 6; 118.494 2296.476 0.000

Test for Equality of Variances Between Series

Bartlett 6 5511.085 0.000

Levene 6; 308 151.143 0.000

Brown-Forsythe 6; 308 55.221 0.000

Table 5 shows the estimates of the break unit root test and confirmed that GHG
emissions, women’s autonomy, females’ share in participation in the labor force, and
renewable energy consumption are level stationary either at a constant level or constant
with the trend. Thus, it becomes the I(0) series. In contrast, the remaining variables, i.e.,
open innovation and trade openness series, are differenced stationary; thus, it becomes
the I(1) series. The combination of I(1) and I(0) variables in the empirical model makes it
convenient to utilize in the ARDL co-integration process to give reliable estimates.
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Table 5. Augmented Dickey–Fuller unit root with break test estimates.

Variables.
Level First Difference

Constant Constant with Trend Constant Constant with Trend

GHG
−4.327 −4.466 −3.067 −4.221
[2002] [2002] [2011] [2011]
(0.069) (0.142) (0.646) (0.246)

WA
−3.117 −5.407 −7.891 −7.878
[2003] [2005] [2012] [2012]
(0.616) (<0.01) (<0.01) (<0.01)

FLFPR
−2.676 −4.802 −2.196 −6.952
[2000] [2000] [1995] [2000]
(0.839) (0.058) (0.963) (<0.01)

PAP
−3.619 −2.994 −9.512 −11.964
[2018] [2018] [2010] [2010]
(0.320) (0.913) (<0.01) (<0.01)

RDE
−3.019 −4.197 −6.183 −6.335
[1998] [2008] [1996] [1996]
(0.675) (0.261) (<0.01) (<0.01)

REC
−5.949 −7.203 −3.792 −4.538
[2002] [2002] [2003] [2011]
(<0.01) (<0.01) (0.239) (0.118)

TOP
−2.321 −2.929 −6.433 −6.256
[1990] [2011] [2009] [2009]
(0.942) (0.931) (<0.01) (<0.01)

Note: [ ] bracket shows break dates and bracket shows probability value. GHG shows GHG emissions, WA shows women’s autonomy,
FLFPR shows female labor force participation rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable
energy consumption, and TOP shows trade openness.

Table 6 shows the ARDL cointegration estimates. The seven different models evaluate
with varying variables of response and exogenous factors. The results show that all the
seven stated models possessed the long-run co-integration as Wald F statistics are far more
significant than the Narayan upper bound I(1) values at a 1% significance level. The set
of exogenous variables are more than five; thus, it set a fixed lag length order of two for
this purpose. The different lag lengths were computed for each model to assessed further
diagnostic tests of the error term. Model -I and Model -VII found the best-fitted model as
both the models achieved no normality issue, serial correlation, heteroskedasticity, and
model stability. In contrast, the remaining models may suffer any one of the problems
stated in their models. The study pursued the model-I to evaluate parameter estimates in
the short and long-run for policy inferences based on the estimates.

Table 7 shows the ARDL bounds testing estimates and found that in the short-run,
women’s autonomy has a positive impact on environmental quality as it substantially
decreases GHG emissions with open innovation factors. This result is further complement-
ing with the open innovation factors, i.e., patent applications and R&D expenditures that
are interacted with females share in the participation rate of the labor force and women’s
autonomy, respectively, to decrease GHG emissions. The moderation inverted U-shaped
relationship is found in both situations by indicating some threshold values that are latterly
discussed in Figure 3. Patent applications and R&D expenditures deteriorate environ-
mental quality and exacerbate GHG emissions due to unsustainable technology spillovers.
However, it is a good sign when open innovation technologies empower women to increase
their technical skills and expertise, leading to green development. The role of renewable
energy consumption in mitigating GHG emissions is evident that it is crucial to transfuse
it through knowledge spillovers in women’s autonomy to benefit it for achieving green
growth agenda. The moderation results found a U-shaped relationship between renew-
able energy and women’s autonomy in a given period. The results are in line with the
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earlier studies of Terry [69], Ergas and York [70], Jerneck [71], Wang et al. [72], and McGee
et al. [73]. These studies mainly provoked in favor of women empowerment that’s resulting
impact on tackling climate change issues. Terry [69] argued that without empowering
women and gender equality, the policies related to mitigating carbon emissions would
be unable to be implemented successfully. Thus, carbon mitigation strategies would be
designed as gender-specific to cope with adverse environmental externalities that help
compliance with international standards and protocols that improve air quality. Ergas
and York [70] found that carbon emissions were substantially lower in those countries
where women have greater freedom of political autonomy. Women are more likely to
care for the environment than men due to their instinct to simultaneously manage the
household and corporate affairs. Without including women in the decision-making process,
the nation does not fully comply with the international agreements of tackling climate
issues. Jerneck [71] concluded that gender equality promotes sustainable development
through environmental knowledge and technological spillovers. Wang et al. [72] confined
their study’s findings in favor of females’ share in the labor force, contributing to lower
carbon emissions by acquiring education and political autonomy. McGeet et al. [73], in a
similar line, concluded that attaining social justice and gender equality interlinked with the
environmental quality to support lowering negative environmental externalities globally.

In the long-run, the results show that women’s autonomy substantially improves
environmental quality and decreases GHG emissions under the premise of increasing R&D
expenditures that lead to its inverted U-shaped relationship between them. The turning
point is estimated and is latterly discussed in Figure 1 for reference. The flat relationship is
found between patent applications’ interaction and females’ share in labor force partici-
pation rate and GHG emissions. The impact of renewable energy consumption on GHG
emissions is positive while using interaction terms with women’s autonomy; it exhibits the
U-shaped relation with GHG emissions. The greater need to empower women through
knowledge and technological spillovers is vital for progressing green growth development
agendas. The negative impact of trade openness and GHG emissions indicated the viability
of the pollution haven hypothesis in a country. The stringent environmental regulations
and carbon pricing would be crucial to limit dirty polluting industries. The results are in
line with the subsequent studies, including, Aluko and Okuwa [74], Musango et al. [75],
Rola-Rubzen et al. [76], Rosca et al. [22], Brugere et al. [77], and Nhamo and Mukonza [21].
These studies argued that through technological spillovers, women’s empowerment would
help improve environmental protection. Aluko and Okuwa [74] discussed that innovative
and technical solutions empower women to improve their lives while it further equips them
with specialized skills that can devise global environmental protection policies. Musango
et al. [75] emphasized the need to achieve energy efficiency by promoting gender into
the mainstream of policy decisions to progress towards green development. Rola-Rubzen
et al. [76] described that agricultural transformation is gender-specific due to deeply rooted
socio-cultural barriers that restrict women from accessing agricultural technologies and
finance on an equity basis. The provision of equal accessibility of farm technologies to
women would help transform the agricultural sector to meet the food challenges. Rosca
et al. [22] argued that women social entrepreneurs are confined their strengths to addressing
social issues while equally motivated to perform in the decision-making process to promote
their economic development. Brugere et al. [77] suggested that absorptive capacity and
innovative technologies help transform women’s abilities to perform better in agricultural
farming. Nhamo and Mukonza [21] found that women’s role in sustainable business would
likely increase available opportunities that lead to them at higher management positions.
Hence, women’s engagement in the green business sector is crucial and gives them the
empowerment to progress in this field to contribute to their country.
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Table 6. Results of the ARDL co-integration test.

Models ARDL Lag Length Wald F Statistics
Diagnostic Tests

JB Normality Test Heteroskedasticity LM Serial Correlation Ramsey RESET

GHG/WA, FLFPR, PAP,
RDE, REC, TOP) 1, 1, 0, 0, 2, 0, 2

29.240 0.616 1.367 0.044 0.064
(0.000) (0.712) (0.234) (0.956) (0.949)

WA/(GHG, FLFPR, PAP,
RDE, REC, TOP) 1, 0, 1, 0, 0, 0, 1

5.976 2.818 2.897 0.015 1.239
(0.000) (0.244) (0.011) (0.984) (0.223)

FLFPR/f(WA, GHG,
PAP, RDE, REC, TOP) 2, 0, 2, 0, 2, 2, 2

8.258 4.504 2.720 0.626 0.929
(0.000) (0.104) (0.011) (0.543) (0.361)

PAP/(WA, FLFPR, GHG,
RDE, REC, TOP) 2, 0, 1, 1, 2, 0, 0

12.532 357.052 1.169 3.099 0.680
(0.000) (0.000) (0.347) (0.060) (0.501)

RDE/(WA, FLFPR, PAP,
GHG, REC, TOP) 1, 1, 1, 0, 2, 1, 0

6.965 2.032 1.802 5.730 1.805
(0.000) (0.361) (0.093) (0.008) (0.081)

REC/(WA, FLFPR, PAP,
RDE, GHG, TOP) 1, 1, 0, 0, 1, 0, 0

5.153 0.527 3.898 0.115 0.834
(0.000) (0.768) (0.001) (0.890) (0.410)

TOP/(WA, FLFPR, PAP,
RDE, GHG, REC) 1, 0, 2, 0, 2, 0, 0

5.986 0.228 2.369 0.961 0.244
(0.000) (0.892) (0.111) (0.499) (0.808)

Level of Significance Lower Bounds I(0) Upper Bounds I(1)

10% 2.12 3.23

5% 2.45 3.61

1% 3.15 4.43

Note: GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female labor force participation rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable
energy consumption, and TOP shows trade openness.
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Table 7. Estimates of ARDL co-integrating and long run form.

Variables ARDL-1 ARDL-2 ARDL-3 ARDL-4

Short-Run Elasticities

∆(WA)t −34,915.853 * 2803.761 −37,095.401 * −106,212.938 *

∆(FLFPR)t −31,855.830 371,818.173 *** 115,916.400 * 386,232.326 ***

∆(FLFPR)t−1 —– —– —– —–

∆(PAP)t 0.045 0.559 *** 6.246 *** −0.069

∆(FLFPR × PAP)t —– —– −0.107 *** —–

∆(RDE)t −783,064.803 *** 1,425,171.961 * −199,276.009 −741,426.481

∆(RDE)t−1 —– 1,444,405 ** −1,494,031.598 * —–

∆(WA × RDE)t —– −33,188.237 —– —–

∆(REC)t −90,850.166 * −98,005.904 * −116,630.336 * −309,411.376 *

∆(WA × REC)t —– —– —– 3619.651 **

∆(TOP)t 9215.337 ** 6758.338 −10,793.499 *** 8435.074 ***

∆(TOP)t−1 —– −11,110.708 ** —– 10,321.316 **

(CointEq)t−1 −0.096 ** −0.161 * −0.116 * −0.165 *

Long-Run Elasticities

WA −912,548.956 ** 17,367.135 −710,080.365 * −984,840.214 *

FLFPR −328,595.722 514,111.254 998,807.638 * −191,529.851

PAP 0.507 3.463** 53.826 −0.422

FLFPR × PAP —– —– −0.879 —–

RDE −1,579,472.739 35,968,085.561 * 5,751,961.866 *** 4,133,012.289

WA × RDE —– −467,246.674 * —– —–

REC −937,127.547 * −607,029.354 * −1,004,959.350 * −1,871,581.361 *

WA×REC —– —– —- 21,894.768 *

TOP 160,201.109 ** 102,762,276 * 147481.962* 95,947.406 *

Constant 110,511,580.3 −21,211,643.103 —– 91,157,188.676 **

Diagnostic Tests

Wald F Statistics 29.240 * 25.694 22.392 * 23.360 *

JB Test 0.228 0.195 0.632 0.456

LM Serial
Correlation Test 2.369 0.050 0.014 0.039

Heteroskedasticity Test 0.961 1.070 1.314 1.081

Ramsey RESET Test 0.244 0.821 0.748 1.958 ***

Note: *, **, and *** shows 1%, 5% and 10% significance level. GHG shows GHG emissions, WA shows women’s autonomy, FLFPR
shows female labor force participation rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable energy
consumption, and TOP shows trade openness.
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5. Discussion

This section discussed the crucial findings from the ARDL estimates. The key result is
the estimation of the moderation turning point that helps policymakers devise long-term
sustained economic policies to empower women to tackle environmental issues. Figure 4
shows the moderation turning points for ready reference.
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The moderation turning point shows that in the short-run, the impact of an interaction
term of females’ labor force participation rate and patent applications on GHG emissions is
a hump-shaped relationship with the turning point of 58.4% female share in labor force
participation. The country achieved this turning point at 58.4% by increasing more women
in the labor force to contribute to economic development. Further, in the short- and long-
run, there are a rise and fall in the GHG emissions due to empower women on technical
grounds and this increases a large sum of R&D expenditure on women’s development
that further enables them to decrease GHG emissions due to their friendly environmental
autonomy features. The moderation turning point is a 42.9 index score in the short-run
and a 76.9 index score in the long-run. The country has already achieved the short-run
index score. Simultaneously, it is a little far lag in achieving the long-run index score,
which is crucial for attaining it by empowering more autonomy to the women at political
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and economic participation. Table 8 shows the VAR Granger causality estimates for ready
reference.

Table 8. Estimates of VAR Granger causality.

Bidirectional Causality Unidirectional Causality

FLFPR↔WA WA→GHG

RDE↔FLFPR PAP→WA

GHG↔RDE REC→WA

FLFPR↔RDE RDE→PAP

FLFPR→REC

FLFPR→TOP

Note: GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female labor force participation
rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable energy consumption,
and TOP shows trade openness.

The results confirmed that females’ share in labor force participation causes renewable
energy consumption and trade openness, which verifies hypothesis 2 in the study. The
result implies that women are more environmentally friendly than their male counterparts;
thus, their natural autonomy attracts more green energy than conventional wood stoves
in cooking and fossil fuel combustion in corporate and household affairs. Besides its
environmentally friendly approach, women-centric traded goods are more likely to increase
trade volume, which is vital for progressing long-term development. There is a one-
way causal link of patent applications and renewable energy consumption to women’s
autonomy, while women’s freedom causes GHG emissions. Thus, there is a greater need
for enabling women with technically equipped to improve the country’s environmental
quality. The bidirectional causality is found between females’ labor force participation rate
and women’s autonomy and R&D expenditures, which verifies hypothesis number 1 in
the study. Further, there is a two-way causality between R&D expenditures and female
labor force participation rate and between GHG emissions and R&D expenditures. On
the one hand, R&D expenditures empower women to increase their share in the labor
force participation rate, while on the other hand, it is mixed with GHG emissions. Thus,
it is crucial to add women to a sustainable development agenda to achieve a country’s
long-term sustained growth. Table 9 shows the estimates of VDA for the next ten years’
time period.

Table 9. Variance decomposition of GHG estimates.

Period S.E. GHG WA FLFPR PAP RDE REC TOP

2021 236,575.4 86.566 6.290 0.122 1.340 4.100 1.277 0.300
2022 290,966.7 78.553 8.779 0.940 3.669 4.547 1.690 1.818
2023 319,087.3 70.054 9.912 4.920 5.272 4.176 1.510 4.153
2024 349,212.1 58.493 8.916 14.289 6.627 3.494 2.798 5.381
2025 401,109.7 46.909 6.848 25.699 6.008 3.061 5.867 5.605
2026 485,264.6 38.394 6.184 33.202 4.269 3.520 9.183 5.244
2027 598,270.5 33.273 7.103 35.625 2.842 5.097 11.132 4.924
2028 731,524.4 29.971 8.341 34.980 2.298 7.546 11.971 4.891
2029 875,548.7 27.531 9.122 33.141 2.412 10.461 12.310 5.021

Note: GHG shows GHG emissions, WA shows women’s autonomy, FLFPR shows female labor force participation
rate, PAP shows patents application, RDE shows R&D expenditures, REC shows renewable energy consumption,
and TOP shows trade openness.

The results show that the more significant variance shocks of females’ share in labor
force participation rate will exert on GHG emissions with a percentage share of 33.141%,
followed by renewable energy consumption, i.e., 12.310%; R&D expenditures, i.e., 10.461%;
women’s autonomy, i.e., 9.122%; and trade openness, i.e., 5.021%. The least variance
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shocks of patent applications will affect GHG emissions with a share of 2.412% for the
next ten-year period. The results suggested that females’ share in labor force participation
rate will decrease GHG emissions by increasing R&D expenditures and renewable energy
consumption, empowering women through technology and knowledge spillovers. The
open innovation process helps women equip themselves with cleaner production tech-
nologies that need a green energy infrastructure to mitigate climate changes to proceed for
sustainable development.

6. Conclusions and Policy Implications

The United Nations SDG-5 has mainly focused on gender equality, and it primarily
favors women’s empowerment that severally victimizes many parts of the globe through
its larger discriminations in all forms. The study focused on women’s autonomy and its
impact on China’s sustainable development agenda by using a time series data from 1975
to 2019. The results confirmed that women’s liberation enabled technological spillovers to
engage them in the decision-making process to devise environmentally friendly policies
to decrease the cost of carbon emissions. The moderation impact of technical factors on
women’s autonomy verifies the inverted U-shaped relationship with GHG emissions in a
country. The trade liberalization policies supported the country’s economic growth, while
its deteriorating country’s natural environment substantiated the pollution haven hypothe-
sis. The stringent environmental regulations, sustainable technologies, and green energy
demand empower women in the decision-making process to formulate environmentally
friendly policies to combat climate change. The causality estimates show that the increasing
share of females’ labor force participation rate moves together with women’s autonomy
in both directions. Similarly, R&D expenditures move in the same direction as females’
share in labor force participation and GHG emissions. Technology-led women’s autonomy
and energy led to women’s freedom to confirm a country data set. The percentage of
female participation in the labor force is the cause of green energy demand, while it leads
to trade openness in a country. The inter-temporal relationship suggests that women’s
empowerment can be enabled with an open innovation system that accesses ownership of
control in economic and political decisions to combat climate changes. The following three
central policies are suggested in support of a women-centric approach to decrease the cost
of carbon emissions in a country.

i. Empowering women through technological spillovers would help build human capi-
tal infrastructure that can reduce gender disparity in the socio-economic system and
enable them in the decision-making process to achieve the environmental sustainabil-
ity agenda.

ii. Mainstreaming women into the labor force and financial system enable them to take
economic and political decisions to help them reduce exacerbating costs of carbon
emissions and devise green policies, including the sustainable use of technologies,
achieving energy efficiency, use of renewable energy mixes, and carbon pricing to
combat climate change issues.

iii. Promoting gender equality would be a significant contribution to progress across
all the United Nations SDGs. Poverty and hunger (SDG-2 and 3) can be eliminated
by empowering women in the labor force. Healthy and wealthy well-being (SDG-3)
could enable women involved in reproductive healthcare decisions. Ensuring access
to quality education (SDG-4) without gender discrimination can be reduced. Clean
sanitation and a green energy agenda (SDG-6 and 7) could allow women to with
technical expertise and reduce inequalities (SDG-10) through enabling women in the
decision-making process. Climate actions (SDG-13) could be more crucial without
involving women in economic and environmental decisions.

The sustainable innovation system, green energy consumption, carbon pricing, and
environmental regulations are a few policy options that can empower women in the
economic and political scenario. Thus, unlocking women’s potential in the social, economic,
and environmental process leads to clean and green development worldwide.
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