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A new industrial development paradigm, the Fifth Industrial Revolution or ‘Industry 5.0’ is expected to
humanise green technological innovation (GTI), social resilience, and sustainable development of industrial
ecosystems. Emphasising the supplier-customer interaction, ‘Industry 5.0’ is technological revolution, which
is a value-driven initiative that drives knowledge spillovers along the sustainable supply chain (SSC). In this
context, enterprises are incorporating more GTI activities into their partners’ SSC strategies. This study
employs samples of China’s A-share listed companies covering the period from 2010 to 2021 to examine the
spillover effects between customers’ GTI and suppliers total factor productivity (TFP). Both GTI and TFP indi-
cators are important representations of ‘Industry 5.0°, with our major concerning on the enhancement of sup-
plier’s long-term orientation (LTO). We calculated TFP by the Olley-Pakes and Levinsohn-Petrin methods,

Keywords:
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Industry 5.0 dividing GTI indicators into three levels: substantial green technological innovation (SGTI), non-substantial
green technological innovation (NGTI), and overall green technological innovation (OGTI). Our empirical
JEL classification: results show that 1) Customer’s GTI contributes to supplier’s TFP, and supplier’s LTO including environmen-

G18 tal, social & governance (ESG) performance, and R&D input can strengthen this beneficial link; 2) customer’s
G30 NGTI represents a significant differentiation in comparison with SGTI, where R&D investment weakens the
8§(2) positive relationship between customer’s NGTI and supplier’s TFP; 3) heterogeneity analysis indicates that
the spillovers of customer’s GTI on supplier’s TFP are more pronounced among state-owned enterprises,
high-tech enterprises, and non-polluting enterprises. Notably, the connectedness demonstrates dynamic pat-
terns through 2SLS and GMM regressions, highlighting the importance of enterprises’ SSC and LTO being the
shock transmitters to their TFP. Our study is prone to benefit lawmakers, regulators, and firm executives
responsible for analysing and assessing the SSC, providing more policy implications with future prospects for
sustainable transformation in the upcoming ‘Industry 5.0’ era.
© 2024 The Author(s). Published by Elsevier Espaiia, S.L.U. on behalf of Journal of Innovation & Knowledge.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction Therefore, the long-term impact of technological progress on total

factor productivity (TFP) growth should be further assessed through

Literature review

Sustainable productivity has received increasing attention from
both governments and enterprises since the end of the last century.
The focus of productivity growth is now directed at Industrial Inter-
net of Things (IloT) or ‘Industry 5.0’ — a new industrial development
paradigm related to the humanisation of green technologies, social
resilience, and sustainable development of industrial ecosystems.

* Corresponding author.
E-mail address: shenqts@hzcu.edu.cn (Q. Shen).
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an integrative framework (Colino et al., 2014; Chou et al., 2014;
Edquist & Henrekson, 2017). The impact of green technological inno-
vation (GTI) activities on eco-efficiency is more specific and targeted
(Chen et al., 2017; Ghisetti et al., 2017; Liu et al., 2020), promoting
the response of the economy to global climate change (Chen et al.,
2022; Saunila et al., 2018; Yu et al., 2019). The GTI emphasises green
transformation in the industrialisation process, which can relieve the
damage caused by industry on the ecological environment in the con-
text of ‘Industry 5.0’. China’s expansion of heavy industries over the
last several decades has reversed the course of its ecological process
(Chen, 2015), and China’s import competition further stimulates a
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rapid growth in technological innovation and TFP since the end of the
last century (Bloom et al.,, 2016). Under the dual pressure of sustain-
able productivity and environmental protection, the Chinese govern-
ment has contributed to global ecosystems through indirect policy
learning and GTI diffusion (Zhu et al., 2019). Consistent with the
research of Song et al. (2022) and Chen et al. (2024), this study
selected GTI and TFP indicators as important representations of
‘Industry 5.0".

Furthermore, the supplier-customer interaction (SCI) can signifi-
cantly affect stock prices (Pandit et al., 2011), CEO turnover (Intintoli
et al., 2017), adulteration risks (Levi et al., 2020), earnings announce-
ments (Cho et al., 2020), investment efficiency (Chiu et al., 2019), and
innovation activities (Chu et al., 2018). However, existing empirical
research focuses on the influencing mechanism of enterprises’ inno-
vation on productivity at the individual level, with a few concerning
the SCI (Thomas and Carsten, 2020). Based on the SCI, a sustainable
supply chain (SSC) has emerged as the management of material and
information flows with the joint objective of improving the sustain-
able outcomes (Koberg & Longoni, 2019), aligned with environmental
and social performance (Farooque et al., 2019). Emerging technolo-
gies have also given rise to more opportunities for sustainable opera-
tions within supply chain management (Choi, 2019; Choi et al., 2020;
Xu et al., 2023), and the new industrial development paradigm of
‘Industry 5.0’ further highlighting the importance of SSC (Wang et al.,
2023). The key aspect is determining the influencing mechanism of
partners’ sustainable operations on both TFP and GTI performance.
The main problem lies in the uncertainty of the internal impact of
SSC within the relationship between the TFP and GTI indicators. In
addition, there may exist more negative externalities of a different
kind; therefore, the search for a compromise and consistency of
interests is of fundamental importance. Inspired by the promotion of
‘Industry 5.0°, we directed our research toward searching for
approaches to the GTI activities of partners’ TFP in China’s SSC para-
digm. Based on the long-term relationship and orientation, this study
aims to stimulate empirical research leading to thought-provoking
works that have substantial relevance to sustainable business strate-
gies and GTI supporting sustainable productivity along the SSC.

The remainder of this paper is organised as follows: Section
2"Hypothesis development" details the theoretical foundation under-
pinning the investigation and proposes the hypotheses. Section 3"
Methodology" describes the study data, variables, and models. Sec-
tion 4"Empirical results” presents the benchmark regression results,
robustness checks, and a heterogeneity analysis. Finally, Section
5"Conclusions, enlightenments, and limitations" concludes with
a summary of the findings and practical implications of future
prospects.

Our contributions

The implementation of IloT or ‘Industry 5.0’ attaches a major con-
cern to value creation in the industrial ecosystems. This study advan-
ces the literature by identifying customers’ GTI as an important
antecedent of suppliers’ TFP for SSC and exploring the moderating
roles of enterprises long-term orientation (LTO) indices. Broadly, we
contribute to the literature on LTO and the SSC as follows.

(1) Existing research has focused on the TFP of focal firms (Song et al.,
2022), neglecting the potential influencing mechanism of part-
ners’ GTI (such as customers) on firms’ TFP. Meanwhile, the R&D
spillover effect of customers’ R&D input (RDI) on a supplier’s R&D
output is positively moderated by partners’ technological proxim-
ity (Isaksson et al., 2016). This study explores the effective path-
ways of stimulating customers’ GTI practices on suppliers’ TFP
growth, while RDI plays an important role in enriching and
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extending the current scope of knowledge spillover theory in aca-
demia.

(2) As a comprehensive non-financial indicator, ESG (environmental,
social, and governance) rating has been completely investigated
for its causal relationship in the econometrics field; however, a
few empirical studies have clarified the enhancing and moderat-
ing mechanisms of ESG efforts. Moreover, previous studies indi-
cate that LTO is highly related to RDI (Flammer & Bansal, 2017,
Miller & Xu, 2020), environmental performance (Durach & Wien-
garten, 2017; Dou et al., 2019) and social responsibility (Kim et al.,
2020; Wang & Bansal, 2012). Combining a deeper insight of SCI
and LTO, this study introduces the moderator of ESG indices into
the econometrics model. Our findings contribute toward present-
ing the internal driving mechanisms and impact of LTO perfor-
mance at the micro enterprise level, filling the research gap in the
enhancement of the overall ESG practice for the upcoming ‘Indus-
try 5.0’ era.

(3) A sustainable supply chain (SSC) play a critical role in facilitating
environmentally and economically sustainable transitions in
human communities (Reklitis et al., 2021). Industry 5.0 has
emerged as a novel improvement in SSC by utilising advanced
technologies to continuously monitor and manage industrial pro-
cesses (Wang et al., 2023). However, the current literature does
not extend to knowledge spillovers in view of the uniqueness of
customers’ GTI activities along the SSC. This paper constructs a
theoretical analysis framework for SSC spillovers, focusing on the
internal moderating impact of LTO. We examine how customers’
GTI stimulates suppliers’ TFP, which may affect the establishment
of long-term relationships with core enterprises and complete
exploitation of technical knowledge resources within the SSC.
From the perspective of partners’ GTI activities, our findings also
contribute to the broader literature on searching for approaches
toward SSC paradigm, providing a recondite understanding of
‘Industry 5.0’ prospects in corporate finance.

Hypothesis development
Customer’s GTI and supplier’s TFP

Keller (2002) and Lychagin et al. (2016) examined the influence of
knowledge spillovers on enterprise productivity growth at both
macro and micro levels. Technological innovation can facilitate effi-
cient resource utilisation and reduce production costs (Goldfarb &
Tucker, 2019), and it is positively correlated with TFP growth (Balasu-
bramanian & Sivadasan, 2011). Furthermore, the improvement in TFP
due to upgrades in the technology-driven industrial structure is also
reflected in the strengthening of the industrial structure based on GTI
activities (Zhao et al., 2022). The benefits of GTI activities include
increased productivity growth (Porter, 1991) and reduced production
costs (Berrone et al., 2013; Sun et al., 2017). The GTI can increase TFP
in OECD (Organization for Economic Co-operation and Development)
member countries (Sohag et al., 2021). Compared with developing
countries, the GTI has more a significant impact on the TFP of devel-
oped economies (Du & Li, 2019). However, detailed research at the
micro-level is still lacking, indicating a research gap in econometrics.

With regard to both SCI and SSC, the social exchange theory (Law-
ler et al., 1999) posits that the majority of interpersonal interaction
behaviour originates from social exchange, and the ‘reciprocity effect’
is the basic principle of a mutually beneficial relationship. Technolog-
ical innovation is closely associated with supply chain partners in
terms of the ‘reciprocity effect’ of external networks (Li et al., 2018).
TFP represents a firm's GTI output most intuitively, and is spillable
and quantifiable within the internal and external networks of the
industry (Chen et al., 2021). Both customers and suppliers along the
SCI would benefit from efficient communication and specialised
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cooperation within their partnerships (Dyer & Singh, 1998; Kotabe et
al., 2003). The effect of a firm’s GTI on TFP can be further reflected in
the concentration of innovation factors in the external network
(Zhao et al., 2022). The uniqueness of the SCI motivates this ‘reci-
procity effect’, due to the high mutual dependence and low product-
market competition (Pandit et al., 2011). Green practices within the
SSC can increase customers’ positive intention (Peng, 2023), and a
higher level of customer GTI tends to overflow knowledge via SSC to
stabilise this mutually beneficial relationship (Xu et al., 2022), which
may ultimately promote the supplier’s TFP. Based on the SCI, the GTI
is highly associated with increases in the learning ability of enter-
prises, allowing them to develop advanced production technologies
and management experiences (Zhao et al., 2021), thus enhancing TFP
through product reform and the GTI (Song et al., 2022). As the level
of GTI activities and the demand for green products continue to
increase, a spontaneous flow of suppliers’ production factors will be
fully exploited for customers’ green strategy. Therefore, a close sup-
plier-customer relationship can further motivate the spillover effects
of customers’ GTI activities (Zhong et al., 2021). Customers’ GTI activi-
ties have additional knowledge spillover effects, and suppliers may
actively improve their TFP by learning and imitating advanced green
strategies from their customers. Based on the above theoretical
framework, we propose Hypothesis 1.
H1. Customer’s GTI is positively related to supplier’s TFP.

Enhancement of supplier’s ESG performance

Enterprises’ GTI activities are closely related to long-term orienta-
tion (LTO) (Saether et al., 2021) and corporate social responsibility
(CSR) (Hao & He, 2022) indicators. From the perspective of stake-
holder theory (Freeman et al., 2004), CSR can be recognised as a pow-
erful and crucial factor in terms of social responsibility. Scholars have
widely accepted that CSR can enhance a corporate’s reputation and
reduce the volatility of its stock price (Hur et al., 2014; Miller et al.,
2020; Wang et al., 2022). Thus, CSR activities can create extra value
for shareholders if long-term investors managers are properly moni-
tored by Nguyen et al. (2020). Considering stakeholder incentives,
organisational LTO can maximise staff commitment to improving sus-
tainability performance (Caprar & Neville, 2012) which involves a
proactive environmental strategy (Durach & Wiengarten, 2017), envi-
ronmental practices, and environmental performance efficacy (Dou et
al.,, 2019). Meanwhile, LTO can offset the liability of newness by mak-
ing strategic decisions that realise the benefits of CSR activities better,
leading to profitable outcomes for CSR initiatives (Wang & Bansal,
2012). On one hand, CSR performance is a focal indicator in building
long-term relationships or orientation with customers (Kim et al.,
2020); on the other hand, LTO benefits stakeholders’ relationships
(Flammer & Bansal, 2017), based on the contribution of such relation-
ships to long-term value creation (Edmans, 2012; Flammer, 2015).

Based on CSR initiatives, ESG indicators are highly correlated with
organisational LTO (Capelle et al., 2019; Sardanelli et al., 2022; Chen
et al,, 2024). Integrating a positive interaction between LTO and CSR
at the microenterprise level, we address the importance of ESG indi-
ces to discuss the possibility of enhancement in the promotion of GTI
on TFP. Previous studies have investigated the impact of ESG perfor-
mance on corporate financial aspects such as financial performance
(Bruna et al., 2022; Zheng et al., 2022), financial risks (Capelle et al.,
2019; Shakil, 2021), and financing costs (Ng & Rezaee, 2015; lelasi et
al.,, 2021). However, little emphasis has been placed on how ESG
efforts influence corporate productivity and TFP. In an SSC, there are
three primary mechanisms through which ESG can strengthen the
positive impact of GTI on TFP. First, as a general concept related to a
firm’s productivity, non-financial information is an unignorable ele-
ment, and it is natural for ESG ratings to influence TFP (Deng et al.,
2023). Thus, suppliers’ ESG performance can improve TFP at the indi-
vidual level. Second, ESG practice has become increasingly important
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for financial institutions and individual investors, especially for rais-
ing stakeholders’ awareness on ecological issues and mitigating envi-
ronmental externalities from social assessments (Berg et al., 2022;
Zheng et al., 2022). Improved ESG performance offers low-cost
financing channels for external institutions and governments (Eliwa
et al,, 2021; Khoury et al., 2022), which can alleviate financial pres-
sure on innovation activities (Apergis et al., 2022). That is, a higher
ESG score can alleviate the financial pressure on GTI activities (Chen
et al., 2022), thus strengthening the beneficial link between GTI and
TFP. Third, ESG efforts strengthen employees’ recognition and satis-
faction (He et al., 2022) to promote labour productivity and the com-
petitive advantage of production (Hur et al., 2018). With such
incentives from the customer side, suppliers’ ESG performance
encourages customers’ GTI motivation, which can reduce production
costs and produce greener and differentiated products compared to
those of competitors, thereby gaining suppliers’ TFP and market
share in the long run. Based on this, we propose Hypothesis 2 with a
deep insight into SSC.

H2: Supplier’s ESG performance strengthens the positive relation-
ship between the customer’s GTI and supplier’s TFP.

Enhancement of supplier’s R&D investment

The upper echelons theory (Hambrick & Mason, 1984) posits that
the scope of negative attainment discrepancy motivates firms to
actively increase R&D input (RDI), particularly for firms operating
with LTO (Chen et al., 2023). As technological innovation relates
strongly with LTO (Ruvio et al, 2014), and exogenous long-term
incentives can increase the amount of RDI (Flammer & Bansal, 2017),
organisational LTO is becoming a critical prerequisite for RDI (Miller
& Xu, 2020). The contribution of a firm’s RDI to productivity growth
has been investigated extensively, and most quantitative studies
have shown that RDI positively affects productivity growth (Griffith
et al., 2004). Higon (2007) reviewed previous studies and concluded
that the output elasticity of RDI for TFP growth is between 0.015 and
0.37. The recent literature has drawn controversial conclusions
regarding the relationship between RDI and TFP. According to Fang et
al. (2020), both patent stocks and initial patenting events contribute
fundamentally to TFP. Xu and Deng (2022), further indicating that
government-directed R&D expenditure has a significant impact on
the urban TFP growth. However, Ejermo et al. (2011) and Yu et al.
(2021) find that RDI cannot be converted into high productivity,
which is known as the ‘Swedish Paradox’ effect. Given the important
role RDI plays in ensuring the survival and growth of firms after
COVID-19 (Chen et al., 2022), an increasing number of firms are seek-
ing to recover from LTO and RDI activities, whereby it is reasonable
to assume that RDI stimulates TFP growth with LTO incentives.

Considering SCI and SSC, the high-cost and complexity of innova-
tion activities push companies to leverage external knowledge
resources (Laursen & Salter, 2006). Reduced product market competi-
tion and mutual dependence further motivate tacit knowledge trans-
fer during SCI (Isaksson et al., 2016). According to the knowledge
spillover theory, knowledge spillovers reflect unexpected, uncom-
pensated, and informal knowledge transfers (Acs et al., 2009), and
such knowledge transfers ensue in both upstream and downstream
industries (Xu et al., 2022). By exploiting knowledge spillovers along
the SSC with LTO, enhancement of RDI on the relationship between
GTI and TFP can be categorised into the following three aspects. First,
upstream R&D activities are key inputs for downstream R&D incen-
tives (Harhoff, 1996). Compared with horizontal R&D spillovers
among rival firms, knowledge exchange in SCI acts as an additional
channel for promoting the transaction of valuable tacit knowledge
(Cassiman & Veugelers, 2002). Thus, customers’ RDI contribute signif-
icantly to the supplier’s RDI, owing to the facilitated possibilities of
R&D spillover effects along SCI through repeated interactions (Isaks-
son et al., 2016). Such RDI incentives along the SCI are typically
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associated with repeated interactions between partners, enabling the
transfer of green technical knowledge and patents from the SSC. Sec-
ond, knowledge diffusion from RDI can stimulate both labour produc-
tivity and TFP level (Bin, 2008). By combining insights derived from
knowledge spillovers and LTO, suppliers along the SSC may actively
increase RDI to enhance their TFP levels and maintain long-term rela-
tionships with customers. Third, the impact of customer’s RDI on sup-
pliers’ RDI is positively moderated by the duration of SCI and
technological proximity (Isaksson et al., 2016). With such incentives,
suppliers’ RDI encourages enterprise managers to conduct R&D out-
put and GTI activities that reduce production costs and produce
greener and more differentiated products than competitors. Accord-
ingly, supplier’s RDI strengthens the positive impact of the custom-
er’s GTI on TFP. Consistent with the above hypothesis development,
we propose Hypothesis 3 and research design of Fig. 1, as shown
below.

H3: Supplier’s RDI strengthens the positive relationship between
the customer’s GTI and supplier’s TFP.

Methodology
Data

This study selected A-share listed companies on the Shenzhen and
Shanghai Stock Exchange from 2010 to 2020, company-level data
were obtained from listed companies’ databases such as Chinese
Research Data Services (CNRDS), China Stock Market & Accounting
Research (CSMAR), and Wind China Financial database (WIND). Based
on [saksson et al. (2016) and Chu et al. (2018), our samples comprised
all supplier—customer pairs that can be identified in the CSMAR data-
base during the past decade, where the supplier—customer-year
observations of A-X-2015, A-Y-2015, and A-Z-2015 represent sup-
plier A, corresponding to multiple customers X, Y, and Z in 2015,
respectively. As customers’ annual GTI information is only disclosed
in the following year, the impact on suppliers has 1-year lag period.
Thus, our sampled customer data are from 2009 to 2020, and the cor-
responding supplier samples are from 2010 to 2021; all continuous
variables were winsorised by 1 % and 99 % quantiles to control the
influence of extreme values. We conducted the following data proc-
essing by excluding (1) samples with missing data, (2) financial and
real estate samples, and (3) ST and PT samples during the research
period. Finally, a total of 1410 supplier-customer-year observations
were acquired, including 528 suppliers and 408 customers.

Variables

Explanatory variables

The number of patent applications is closely related to the TFP
indicator (Balasubramanian & Sivadasan, 2011), and green patent
applications can significantly improve the TFP performance of listed
Chinese companies (Song et al., 2022). Thus, the number of green pat-
ent applications is considered a proxy for a firm’s GTI activities (Liu et
al., 2022). Consistent with previous literature, this study employs the

R&D investment

Long-term orientationll

/ N
[ |ESG performance| 1
1 1
Green technological| 'HI H2 ! |Total factor
nnovation H3 E productivity
1
1
1

o -

Fig. 1. . Research concept.
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number of green patent applications as a proxy variable to measure
GTI activities, distinguishing GTI from dimensions such as substantial
green technological innovation (SGTI), non-substantial green techno-
logical innovation (NGTI), and overall green technological innovation
(OGTI) (aligned with Cao et al., 2022; Jiang & Bai, 2022; Zhang et al.,
2021). Considering the huge deviation and delay effects of patent
applications within companies, we conducted natural logarithm
processing and lag by one period on the patent counts.

Explained variables

The Olley-Pakes (OP) and Levinsohn-Petrin (LP) methods are
increasingly adopting empirical measures of the green bioeconomy
or bio-based economy impact on panel data (Chen et al., 2021; Mog-
haddasi & Pour, 2016; Zheng et al., 2021). The parametric estimation
method proposed by Olley and Pakes (1996) is as follows:

InY; = o InKj; + o InLye + ot FA; + o0 FOy + ate EX;e

+> SmYearm + Y AnRegn + Y ilndy + Ay (1)
m n k

In formula (1), Y; represents the total output of company ; during
year ;; and A; represents the TFP that could facilitate the marginal
product of all inputs.; K;; and L;; delegate the capital input and labour
input of the company; Year, Reg, and Ind delegate dummy variables
for the enterprise year, region, and industry, respectively. Addition-
ally, dummy variables for firm age (FA), firm ownership (FO), and
export behaviour (EX) are introduced in the formula (1). However,
the Olley-Pakes (OP)method may cause the missing samples within
the estimation process (Chen et al., 2021), whereas the Levinsohn-
Petrin (LP) method can effectively avoid these endogeneity and trun-
cation issues (Li et al., 2022). Therefore, the production function esti-
mation of TFP developed by Levinsohn and Petrin (2003) is further
adopted, as shown below:

lant = ﬁk lnI(jt Jr ﬂmMit + th +Ait‘ (2)

IHYit = ﬂ, lllL,‘f —+ CD{ * (K,'[ + Mi[) —+ Aif (3)

In formula (2), W;, represents the intermediate input products,
and M is calculated using a monotone increasing function M;; = M,
(ki, Wi). This study uses the LP method of formula (3) to solve the
data truncation and endogeneity issues in TFP calculation, and the
TFP scores measured by the LP function are employed as our robust-
ness indicators.

Moderating variables

ESG performance. Drawing upon Tang (2022), Deng et al. (2023), and
Zhong et al. (2023), this study employs Huazheng’s ESG ratings to
measure the ESG performance of the enterprise, which differentiates
ESG ratings into nine scales (C-AAA) and assigns points (1-9) for
each observation. The Huazheng ESG database comprises 14 second-
ary-and 26 third-level scoring systems.

R&D investment. The ratio of R&D investment to operating income
can effectively delegate a firm’s innovative efforts while allowing to
conduct quantitative research (Isaksson et al.,, 2016; Taques et al.,
2021). This study employs the ratio of R&D input to operating income
as a quantitative indicator of RDI and examines knowledge spillovers
along the SSC.

Control variables

Referring to Chen et al. (2022), Zheng et al. (2022), and Song et al.
(2022), we introduce a series of characteristic variables that affect
enterprises’ TFP and GTI, including return on total assets, fixed assets
ratio, operating income growth ratio, profitability ratio, board direc-
tors, board duality, independent boards, and book value (see Table 1).
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Description

Table 1
Variable description.
Type Symbol  Variable
Explanatory variables  SGTI Substantial green technological innovation
NGTI Non-substantial green technological innovation
OGTI Overall substantial green technological innovation
Explained variable TFP Total factor productivity
Moderator variables ESG Environmental, social, and governance performance
RDI R&D investment
Control variable ROA Return on total assets
FIXED Fixed assets ratio
GROW Operating income growth ratio

LOSS Profitability ratio

BOARD Board director
DUAL Board duality
INDEP Independent board
BM Book value

Natural logarithm of the number of total green patents applied by adding 1
Natural logarithm of the number of green utility model patents by adding 1
Natural logarithm of the number of green invention patents by adding 1
OP and LP method based on the Cobb Douglas function.

ESG score from 1to 9

Ratio of R&D input to operating income

Ratio of net income to total assets

Ratio of fixed assets to total assets

Ratio of asset growth in the current year to total assets

Take 1 if net profit for the current year is less than 0; otherwise, take 0
Natural logarithm of number of board directors

Take 1 if the general manager and chairman is the same person; otherwise, take 0
Natural logarithm of number of independent board directors

Ratio of equity to market capitalisation

Notes: Table shows the summary statistics of the variables.

Meanwhile, year- and industry-fixed effects were added to reduce
the difference in research results between years and industries.

Research models

Benchmark model
Based on previous theoretical analysis results, this study estab-
lishes the following fixed effect (FE) panel regression model:

TFP;; = By + B1GTli;_1 + B,Controls;; + & (4)

In Model (4), the subscripts i and t denote the industry firm and
year, respectively. The explanatory variable is TFP, and the explained
variable of GTI includes substantial green technological innovation
(SGTI), and non-substantial green technological innovation (NGTI). C
ontrols;; includes all control variables, and ¢;, is the random error
term of the model.

Moderating effect models

To further examine the enhancement effect of LTO on the positive
relationship between GTI and TFP, the following econometric models
were established based on the method described by Shakil (2021)
and Zhao et al. (2021), where the coefficients of the interaction term
in Models (5) and (6) represent the moderating effects of LTO and GTI
and include the three dimensions of OGTI, SGTI, and NGTL

TFP; = By + B1GTlit—1 + BrESGi¢ + B3GTli 1 * ESG;

+ B,Controls; + &, )

TFPi_f = 50 + ,31 GTI,“t,l + ,BZRDI,‘I + ,B3GTI”,1 * RDI,'I

+ ByControls; + & (6)

Empirical results
Descriptive statistics and correlation matrix

Table 2 presents the descriptive statistics that offer concise
insights into the distribution and characteristics of the variables
examined. The mean value of TFP is 6.729, with a standard deviation
(SD) of 1.008, indicating sufficient variety within the TFP among
enterprises. The mean values of GTI indicators (SGTI, NGTI, and OGTI)
were 1.366, 1.040, and 2.406, with SD of 1.697, 1.405, and 2.950,
respectively. This suggests that the GTI indicators can be fully identi-
fied between the samples. The ESG indicators displayed a medium
level of variability (SD = 1.064), and the RDI showed wider variability
(SD = 5.775). The absence of outliers within the sample enterprises

indicates that no extreme observations are likely to influence subse-
quent research significantly.

Table 3 presents Pearson’s correlation coefficients, the coefficients
between TFP and GTI indicators (SGTI, NGTI, OGTI) are 0.133, 0.118,
and 0.133, with a strategically significant 1 %. The OGTI comprises the
two dimensions of SGTI and NGTI, so it is reasonable to assume a
high correlation between SGTI, NGTI, and OGTI. Moreover, the corre-
lation coefficients of other variables in Table 3 are less than 0.7,
implying that these variables can be fully identified, and there is no
serious multicollinearity in our panel data.

Regression analysis

Benchmark regression

Table 4 reports the regression results of the benchmark model of
customer’s GTI on supplier’s TFP. Non-substantial green technological
innovation (NGTI) can affect TFP positively after importing the con-
trol variables. Although the positive relationship exists in column (2),
this impact is not significant unless the influence of the control varia-
bles is considered. Moreover, both OGTI and SGTI demonstrate a sta-
tistically significant positive coefficient, indicating a strong causal
relationship between customer’s substantive green innovation activi-
ties on supplier’s TFP, thereby supporting Hypothesis 1.

The moderating effect of ESG and RDI

To fully identify the intrinsic influencing mechanism of the GTI on
TFP, this study introduces ESG and RDI indicators into the benchmark
regression model. Table 5 reports the moderating effects of ESG and
RDI, with significant coefficients for all the cross-terms. The results
illustrate customer’s NGTI is significantly different from SGTI, and

Table 2

Descriptive statistics.
Variables  N. Mean  Median  S.D. Min Max
TFP 1410 6.729 8322 1.008  4.251 9.162
SGTI 1410 1366  0.693 1697 0 7.228
NGTI 1410 1040 © 1405 0 6.045
OGTI 1410 2406  1.099 2950 0 12.655
ESG 1410 6376 6 1.064 3 9
RDI 1410 5846 4.76 5.775  0.001 75.98
ROA 1410 0.048  0.046 0.057 -0.250 0.225
FIXED 1410 0226  0.187 0.162  0.002 0.725
GROW 1410 0.185 0.134 0388 -0.602  4.330
LOSS 1410 0093 0 0297 O 1
BOARD 1410 2157 2197 0.186  1.609 2.708
INDEP 1410 0366  0.333 0.051  0.286 0.571
DUAL 1410 0243 0 0422 0 1
BM 1410 0955  0.668 1.036  0.051 10.142

Notes: All the variables are explained in Table 1.
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Table 3
Correlation matrix.
TFP SGTI NGTI OGTI ESG RDI ROA FIXED GROW LOSS BOARD INDEP DUAL BM
TFP 1
SGTI 0.133*** 1
NGTI 0.118*** 0.808*** 1
OGTI 0.133*** 0.960***  0.941*** 1
ESG 0.119** 0.019 0.020 0.020 1
RDI -0.173"*  0.015 -0.092*** -0.035 0.002 1
ROA 0.191*** —0.009 —-0.044 -0.026 0.077** 0.032 1
FIXED -0.139"* 0.010 0.098*** 0.053*  0.020 -0.197**  -0.212"* 1
GROW  0.078*** -0.017 —-0.032 -0.025 -0.048 0.048 0.229** —-0.030 1
LOSS -0.167"**  0.017 0.018 0.018 —-0.130"**  0.029 —0.624™*  0.145"** -0.077* 1
BOARD  0.094*** -0.023 0.050* 0.010 0.178*** —0.004 —0.047 0.132*** -0.058* -0.031 1
INDEP  —0.024 -0.010 —-0.007 -0.009 -0.022 -0.012 —-0.045 -0.064"™  —0.020 0.062**  —0472"* 1
DUAL  -0.066**  0.050* 0.017 0.037 -0.062"*  0.114*** 0.082*** —-0.143"*  0.063** -0.020 -0.261*** 0.214™* 1
BM 0.302*** -0.071"* -0.002 -0.042 0.173"* —0.237"*  —0.274"*  0.141*** -0.072** 0.098*** 0.122*** 0.047 -0.139"* 1

Notes: All the variables are explained in Table 1. The t-statistics in parentheses, * p < 0.1, ** p < 0.05, *** p < 0.01.

supplier’s RDI weakens the positive relationship between customer’s
NGTI and supplier’s TFP. Thus, Hypothesis 2 is fully supported, and
Hypothesis 3 is partial verified.

Robustness testing

To verify the robustness of our results from the perspective of TFP
measurements, we replaced the supplier’s TFP by the LP method as
the dependent variable. Table 6 presents the regression results,
where supplier’s ESG and RDI can enhance the impact of customer’s
GTI on supplier’s TFP.

Considering endogenous problems such as measurement errors
and missing variables, we refer to the method proposed by Dertinger
and Hirth (2020) and Zheng et al. (2022) employing the average
number of SGTI, NGTI, and OGTI in the industry and year as the
instrumental variables, obtaining the instrumental values of IV_SGTI,
IV_NGTI, and IV_OGTI to investigate the influencing mechanism of

Table 4
Promotion of customer’s GTI on supplier’s TFP.

Variables TFP

SGTI 0.114*** 0.148***
(3.14) (4.32)
NGTI 0.059 0.084*
(1.17) (1.72)
OGTI 0.067*** 0.081***
(2.71) (3.50)
ROA 4.608***  3.205***  4.523***
(7.14) (4.78) (7.00)
FIXED -0.918"* -0.815"** -0.926***
(—3.67) (—3.08) (—-3.69)
GROW 0.030 —0.026 0.026
(0.42) (—0.35) (0.37)
LOSS —-0.101 -0.132*  -0.102
(-0.83) (-1.03) (—0.84)
BOARD 0.296 0.343* 0.262
(1.63) (1.79) (1.44)
INDEP 0.003 0.391 -0.071
(0.00) (0.55) (-0.10)
DUAL —0.052***  —0.050 —0.042
(-0.72) (-0.67) (—0.58)
BM 0.349"**  0.353***  5.667***
(10.18) (10.19) (10.11)
Constant 6.573*** 6.668"** 6.568*** 5.556"**  5.818"**  5.667"**
(119.74) (116.31) (102.80) (9.94) (9.95) (10.13)
Year Fix Yes Yes Yes Yes Yes Yes
Industry Fix Yes Yes Yes Yes Yes Yes
N 1410 1410 1410 1410 1410 1410
Adj. R? 0.021 0.019 0.022 0.203 0.193 0.205

customer’s GTI on supplier’s TFP applying heterogeneous tools. The
calculation formula is as follows:

n

IV_SGTI,; = (ZSGTIN) /n (7)
1
n

IV_NGTI,; = <ZNGTIN> /n (8)
1
n

IV_OGTl,; = (ZOGTIM,) /n 9)
1

Tables 7 and 8 illustrate the regression results of the two-stage least
squares (2SLS) approach using instrumental variables, and the coeffi-
cients of the one-stage regressions IV_SGTI, IV_NGTI, and IV_OGTI pass
the significance test at the 1 % level. The p-value of the Kleibergen-Paap

Table 5
Moderating effect of Supplier’s ESG and RDL

Variables TFP

SGTI -0.192* 0.002
(—1.84) (0.07)
NGTI —-0.295** 0.091*
(-2.31) (1.83)
OGTI —0.088 0.001
(-1.44) (0.01)
ESG -0.011 —0.035 —0.046
(-0.026) (-0.86) (-1.09)
RDI -0.031"* -0.016""* -0.032**
(-2.52) (-2.99) (-2.55)
ESG*SGTI 0.042***
(2.73)
ESG*NGTI 0.052***
(2.84)
ESG*OGTI 0.026"**
(2.96)
RDI*SGTI 0.006***
(2.67)
RDI*NGTI -0.010**
(-2.20)
RDI*OGTI 0.004**
(2.35)
Constant 5.565* 6326 6.103"** 4.815™** 5.910"*  4.851"**
(9.32) (10.18) (9.75) (5.26) (10.74) (5.29)
Control Yes Yes Yes Yes Yes Yes
Year Fix Yes Yes Yes Yes Yes Yes
Industry Fix Yes Yes Yes Yes Yes Yes
N 1410 1410 1410 1410 1410 1410
Adj. R? 0.228 0.191 0.201 0.144 0.213 0.139

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05,
**p < 0.01.

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05,
**p < 0.01.
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Table 6
Regression results of the replacing variable.
Variables TFP
SGTI 0.109"** —-0.321*** 0.089**
(3.09) (-3.00) (2.21)
NGTI 0.051 —0.428"** 0.093*
(1.07) (-3.29) (1.85)
OGTI 0.063"** —0.186*** 0.063**
(2.63) (-2.95) (2.46)
ESG —-0.050 —-0.031 —-0.052
(-1.17) (-0.75) (-1.20)
RDI -0321"*  -0.021**  -0.027**
(—4.67) (-3.80) (—-4.02)
ESG*SGTI 0.067***
(4.28)
ESG*NGTI 0.073"**
(3.89)
ESG*OGTI 0.038"**
(4.26)
RDI*SGTI 0.003
(1.00)
RDI*NGTI -0.011*
(-2.52)
RDI *OGTI 0.002
(0.14)
Constant 6.146™* 6422 6216 6.342*** 6.576™* 6.103"* 4.815™* 6.374*** 6.173***
(10.69) (11.27) (10.82) (10.00) (10.39) (9.75) (5.26) (11.38) (10.90)
Control/Individual/Year  Yes Yes Yes Yes Yes Yes Yes Yes Yes
N 1410 1410 1410 1410 1410 1410 1410 1410 1410
Adj. R? 0.266 0.248 0.266 0.279 0.262 0.278 0.144 0.267 0.274

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05, ***p < 0.01.

LM statistic is less than 0.1, indicating that our instrumental variables
can be effectively identified. The Cragg-Donald Wald F-statistic is much
greater than the Stock-Yogo critical judgment value at the 10 % level,
indicating that there is no weak instrumental variable issue in the fol-
lowing regressions: As shown in Table 8, the regression coefficients of
all three dimensions of GTI can have a significantly positive impact on
TFP after controlling for endogeneity. Further, the 2SLS regression
results indicate that supplier’s LTO performance, including ESG and RD],
can strengthen the positive impact of customer’s GTI on supplier’s TFP,
which is also consistent with the baseline regression results, thus verify-
ing the robustness of our main test.

Our personal contributions involve a two-step generalised
method-of-moments (GMM) approach based on the weak instru-
mental variable test. These results emphasise the applied scientific
nature, which is appropriate and consistent with the tools adopted in
empirical research. Bottomed on the instrumental variable, we fur-
ther conducted a dynamic estimation using the GMM method, and all
the results presented in Table 9 are aligned consistent with the main
regression.

Table 7
Estimation of weak instrumental variables in the 2SLS first stage.
Variables 2SLS first stage
SGTI NGTI OGTI
IV_SGTI 0.729***
(5.10)
IV_NGTI 0.681***
(4.40)
IV_OGTI 0.624***
(5.10)
Control/Individual/Year Yes Yes Yes
N 822 822 822
Kleibergen-Paap rk LM statistic 21.733 14.411 17.316
Cragg-Donald Wald F statistic 75.647 35.583 38.965
Kleibergen-Paap rk Wald F statistic =~ 26.031 19.355 26.053
Notes: The t-statistics values are reported in parentheses as * p < 0.1,

**p < 0.05, ***p < 0.01.

The coefficients in columns (1-3) of Table 9 are significant and
positive, indicating that a customer’s GTI can improve the supplier’s
TFP significantly. The effect of ESG performance on SGTI, NGTI, and
OGTI in columns (4—6) is positive, but the coefficient of ESG*NGTI is
not significant. The coefficients of RDI*NGTI are significant and nega-
tive; the coefficients of both RDI*SGTI and RDI*OGTI are positive, con-
sistent with the results of the main test.

Heterogeneity analysis

(1) As the property nature of the listed companies can determine
the allocation and utilisation of production resources such as the GTI,
there may be discrepancies in knowledge spillovers between custom-
ers and suppliers. The direct or indirect connection of state-owned
enterprises (SOEs) with the government can facilitate access to scarce
resources and information; therefore, their motivation for technolog-
ical innovation is relatively weak in comparison with others (Chen et
al., 2014). This would attach more importance to supplier enterprises
on the spillover effects of GTI to SOEs. By contrast, non-SOEs need to
make more efforts on searching for knowledge and information from
external networks to improve their innovation levels, thus weaken-
ing the spillovers of their GTI activities. From the perspective of
mutual causality between the GTI and TFP, this study speculates that
the GTI of state-owned customers has a significant positive impact on
their suppliers’ TFP. Panel A of Table 12 shows the regression results,
indicating that customers’ GTI has a more significant impact on sup-
pliers’ TFP among state-owned customers.

(2) High-tech enterprises (HTEs) are changing the innovative pro-
cess of industries and people’s lifestyle, exhibiting a more competi-
tive trend (Kim & Steensma, 2017). Such innovative resources are
constantly gathered for HTEs through the agglomeration effect,
thereby promoting companies’ independent innovation ability and
production efficiency (Jang et al., 2017). Specifically, among HTEs,
customers’ innovation ability has additional knowledge spillovers
and affects suppliers’ innovation (Isaksson et al., 2016). Therefore,
HTEs would focus on scientific frontiers for obtaining corresponding
innovative resources through the spillover effects of GTI along the
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Table 8
Regression results in the 2SLS second stage.
Variables 2SLS second stage TFP
SGTI 0.408*** 1.708"** 0.659***
(3.60) (2.82) (3.04)
NGTI 0.492* 3.534 0.975
(1.80) (1.35) (1.34)
OGTI 0.203** 2.412* 0.421**
(1.97) (1.72) (2.65)
ESG 0.358** 0.645 0.910
(2.34) (1.38) (1.63)
RDI 0.043 0.066 0.052
(1.11) (0.81) (1.11)
ESG*SGTI 0.255***
(2.65)
ESG*NGTI 0.440
(1.54)
ESG*OGTI 0.194*
(1.72)
RDI*SGTI 0.079**
(2.30)
RDI*NGTI —-0.109
(-1.25)
RDI*OGTI 0.019*
(1.78)
Control/Individual/Year  Yes Yes Yes Yes Yes Yes Yes Yes Yes
N 822 822 822 822 822 822 822 822 822

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05, ***p < 0.01.

SSC. In this context, we assume that customers’ GTI has a more signif-
icant positive impact on the TFP of high-tech suppliers. According to
the OECD classification standards, HTEs can be categorised into six
industries engaged in the manufacture of: scientific, electrical, aero-
space, computer, pharmaceutical, and communication equipment.
Meanwhile, “high-tech industry classification (2018)” of the State
Council of China (SCC) further classified the high-tech industry into
nine subcategories: R&D services, professional services, intellectual

Table 9
Regression results by GMM method.

property services, e-commerce services, information services,
inspection, testing services, technology transfer services, and
environmental governance services. Drawing upon the methods
of Wang (2020) and Han and Gu (2021), this study has classified
13 industries as HTEs (see Table 10). The heterogeneous results
of HTEs are shown in Panel B of Table 12, demonstrating a more
significant impact of customer’s GTI on supplier’s TFP among
HTEs than others.

Variables TFP
SGTI 0.045* -0.213* 0.005
(1.80) (-1.72) (0.16)
NGTI 0.018* 0.540*** 0.120**
(1.75) (2.83) (2.60)
OGTI 0.071* 0.307*** 0.028
(1.94) (3.13) (1.19)
ESG 0.010 0.401***  0.407***
(0.08) (3.88) (3.44)
RDI 0.181**  0.025*** 0.030**
(4.50) (3.93) (2.02)
ESG*SGTI 0.038**
(2.03)
ESG*NGTI 0.019
(0.70)
ESG*OGTI 0.014***
(2.97)
RDI*SGTI 0.009*
(1.83)
RDI*NGTI —0.035***
(—3.06)
RDI*OGTI 0.004
(0.96)
Control/Individual/Year ~ Yes Yes Yes Yes Yes Yes Yes Yes Yes
N 455 455 455 455 455 455 455 455 455
AR (1) 0217 0.195 0.241 0.207 0.145 0.236 0.226 0.101 0.235
AR (2) 0.534 0.193 0.625 0.739 0.308 0.372 0.656 0.803 0.222
Sargan 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.072 0.001
Hanse 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05, ***p < 0.01.
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Table 10 Table 11
Subcategories of HTEs. Subcategories of HPEs.

N Code Industry No. of firms Percent (%) N Code Industry No. of firms Percent (%)

1 €26  Chemical raw material and prod- 112 16.74 % 1 B08,B09 Mining 18 4.93 %
uct manufacturing 2 C17 Textiles 10 2.90%

2 C27  Pharmaceutical industry 65 9.72% 3 Cc19 Leather, fur, feathers, and their 2 0.58 %

3 C35  Special equipment 113 16.89% products
manufacturing 4 C22 Papermaking and paper 2 0.58 %

4 C37  Manufacture of railway, marine, 3 045 % products
aerospace, and related 5 C25,B07 Oil & gas processing, coking, and 49 1420 %
industries nuclear fuel processing

5 C39  Computer, communications, and 124 18.54 % 6 C26 Chemical materials and products 112 3246 %
related industry 7 C28 Chemical fibres 12 348 %

6 C40  Instrument manufacturing 17 2.54% 8 C29 Rubber and plastic products 35 10.14 %

7 163 Telecommunications, radio, tele- 0.45% 9 C30 Non-metallic mineral products 37 10.72 %
vision, and satellite transmis- 10 C31 Metallurgy of black metals 1 3.77%
sion services 11 C32 Metallurgy of nonferrous metals 18 11.59%

8 164 Internet and related services 0.90 % 12 D44 Electric power and hot power 16 4.64%

9 165 Inspection and testing services 197 29.45% production

10 M73 Research and experimental 0.15% TOTAL 345 100 %
development

11 M74  Professional technology services 18 2.69%

12 M75 Science and technology exten- 1 0.15%
sion and application services supply chain transmission mechanisms may be different in high-pol-

13 N77  Ecological protection and envi- 9 135% luting enterprises (HPEs). Drawing on the methodology of Deschenes
ronmental management et al. (2017) and Zhou et al. (2017), 12 sub-industries were identified

TOTAL 669 100%

(3) Faced with the dual constraints of resources and the environ-
ment, GTI is an important measure for solving the development chal-
lenges of heavily polluting industries (Cai et al., 2020). Thus, the

Table 12

Heterogeneity analysis.

from 14 industrial subcategories to examine the heterogeneity in
pollution-intensive industries (see Table 11). Finally, an experi-
mental group of 345 observations was identified as the high pol-
lution group. The regression results in Panel C of Table 12
indicate that non-polluting customer’s GTI has a more significant
impact on supplier’s TFP.

Panel A: Heterogeneity testing of state-owned enterprises

Variables TFP
SOE=1 SOE=0
SGTI 0.148*** 0.138***
(4.32) (2.96)
NGTI —0.050
(-0.77)
OGTI 0.078** 0.055*
(2.46) (1.67)
Control/Individual/Year  Yes Yes Yes Yes Yes
N 517 517 893 893 893
Adj. R? 0.275 0.260 0.155 0.132 0.161
Panel B: Heterogeneity testing of high-tech enterprises
Variables TFP
Tech=1 Tech=0
SGTI 0.248*** —-0.003
(5.02) (—0.06)
NGTI 0.011
(0.21)
OGTI 0.179*** 0.002
(4.53) (0.07)
Control/Individual/Year  Yes Yes Yes Yes Yes
N 669 669 741 741 741
Adj. R? 0.188 0.168 0.198 0.205 0.202
Panel C: Heterogeneity testing of high-polluting enterprises
VARIABLES TFP
Pollute=1 Pollute=0
SGTI —-0.047 0.181***
(1.88) (4.61)
NGTI 0.031
(0.53)
OGTI —0.008 0.094***
(-0.20) (3.43)
Control/Individual/Year  Yes Yes Yes Yes Yes
N 345 345 1065 1065 1065
Adj. R? 0.090 0.123 0.197 0.194 0.198

Notes: The t-statistics values are reported in parentheses as * p < 0.1, **p < 0.05, ***p < 0.01.
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Conclusions, enlightenments, and limitations
Conclusions

China has committed to achieving “carbon neutrality” by 2060,
the industrial green transformation programme for enhancing mar-
ket competitiveness and realising sustainable productivity has
become critical for the green and sustainable development of the
overall economy. In this context, both GTI and TFP indicators are
important representations of ‘Industry 5.0, with our major concern
being the enhancement effect of LTO. Based on the panel data of Chi-
na’s A-share listed companies from 2010 to 2020, this study exam-
ined the impact of customers’ GTI on supplier’ TFP and its underlying
mechanism. We calculated TFP by the OP and LP methods, dividing
GTI indicators into three levels:: SGTI, NGTI, and OGTI. Our empirical
results show that 1) customer’s GTI contributes to supplier’s TFP, and
supplier’s LTO including ESG and RDI can strengthen this beneficial
link; 2) customers’ NGTI represents a significant differentiation in
comparison with SGTI, where RDI weakens the positive relationship
between customer’s NGTI and supplier’s TFP; 3) heterogeneity analy-
sis demonstrates that the spillovers of customer’s GTI on supplier’s
TFP are more pronounced among SOEs, HTEs, and non-HPEs. Further-
more, 2SLS and GMM regressions by instrumental variables in the
robustness test fully support the above conclusions. In view of the
upcoming ‘Industry 5.0’ era, we assessed the important path for
China to achieve the high quality development with a combined per-
spective of SSC and LTO. Based on these results, this study proposes
the following relevant practical implications:

(1) Policymakers should implement targeted pollution reduction poli-
cies for the synergistic growth of green TFP (Li & Wu, 2017). As cus-
tomer’s GTI can affect suppliers’ TFP through knowledge spillovers,
suppliers should actively optimise the innovation model to broaden
knowledge and information resources from the external market.
Meanwhile, suppliers share knowledge and expertise with their
partners when customers adopt green technology. Moreover, trans-
fer of green technologies can assist suppliers in upgrading their pro-
duction processes and enhancing overall productivity. For example,
suppliers can facilitate green TFP by establishing external connec-
tions with customers for successful GTI activities or high innovation
vitality. Additionally, market-based cooperation along SSC should be
further strengthened by LTO to promote the synergistic potential of
GTI and achieve green TFP growth.

(2)Only a few granted patents perform practical functions in society,
and a small fraction account for the bulk of the value created (Ace-
moglu et al, 2022). The current GTI strategy is still fragmented
because of the presence of several patents with different standards,
such as the NGTI. Compared with SGTI, NGTI represents a notable
difference in promoting TFP, where our results demonstrate that RDI
weakens the positive relationship between customer’s NGTI and
supplier’'s TFP. The establishment of normative eco-technology
standards is fundamentally significant for realising LTO and SSC.
Thereby the difference in enterprises’ TFP development should be
reduced by SGTI motivation, and the “benign cycle” model could be
realised based on the knowledge spillovers along SSC with better
SGTI performance. Moreover, the design and implementation of
green credit policies should focus on promoting the SGTI motivation.
For example, financial subsidies and relevant audit departments can
develop a scientific green performance evaluation system using
standardised quantitative indicators. Specific measures involve
increasing the weight of functional LTO indicators in GTI reviews
and integrating RDI and ESG information disclosure into a compre-
hensive scoring system for financial subsidies. Other green financial
policies should also shift from government-guided resource
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allocation to a market-oriented mechanism for GTI incentives,
actively guiding the market demand for green products and avoiding
green technologies without market demand.

(3)Green policies should reflect diverse industrial characteristics
(Chen et al., 2022). The central government should implement a
series of carbon tax policies, including remanufacturing discount
and a lower penalty for SOEs, HTEs, and non-HPEs. Policymakers
can provide more financial support, increase the greenness of tax-
ation, and encourage green production based on industrial charac-
teristics. It should also improve GTI input through subsidies and
tax reductions that are targeted to support GTI activities, espe-
cially for environment-related industries in China. In the new con-
text of ‘Industry 5.0’, SOEs, HTEs, and non-HPEs should prioritise
organisational LTO and sustainable strategies and actively adopt a
long-term strategy that can balance the economy, society, and
environment for SSC.

Future prospects

As a limitation of this study, our sample comprises China’s listed
companies. Future studies should explore the knowledge spillovers
of non-listed companies (i.e. unicorn or green companies). In addition
to the spillover effects, other impact mechanisms of customers’ GTI
that affect suppliers TFP need to be fully identified. The essence of
these business strategies involve SCI and LTO stewardship while
developing green practices. Based on the current trends in supply
chain globalisation and environmental protection, further investiga-
tion is required regarding the cross-cultural validity of SSC in cultures
other than Western countries or OECD members. ‘Industry 5.0" is not
a new technological revolution, but a value-driven initiative that
drives technological transformation to improve human well-being
and the natural environment. For future prospects, it addresses the
importance of integrating customers 'GTI, suppliers’ TFP, and resil-
ience strategy in SCI from the combining perspective of the SSC and
LTO in the upcoming ‘Industry 5.0’ era.
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Appendix A

Abbreviation ~ Description

GTI green technological innovation

SsC sustainable supply chain

TFP total factor productivity

LTO long-term orientation

oP Olley-Pakes

LP Levinsohn-Petrin

SGTI substantial green technological innovation
NGTI non-substantial green technological innovation
OGTI overall green technological innovation
ESG environmental, social, and governance
IloT Industrial Internet of Things

N supplier-customer interaction

CSR corporate social responsibility

RDI R&D input
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