systems

Article

Determinants and Outcomes of Green Technology Innovation
Adoption among Third-Party Logistics Firms in China:
A SEM-ANN Analysis

Shu Liu !

check for
updates

Citation: Liu, S.; Thurasamy, R.; Hati,
S.R.H. Determinants and Outcomes of
Green Technology Innovation
Adoption among Third-Party
Logistics Firms in China: A
SEM-ANN Analysis. Systems 2024, 12,
331. https://doi.org/10.3390/
systems12090331

Academic Editor: Wen-Chyuan
Chiang

Received: 6 July 2024
Revised: 18 August 2024
Accepted: 22 August 2024
Published: 28 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ramayah Thurasamy

1,2,3,4,5,6,7,#(1) and Sri Rahayu Hijrah Hati °

School of Management, Universiti Sains Malaysia, Gelugor 11800, Malaysia; susieliu@student.usm.my
Department of Information Technology & Management, Daffodil International University,

Dhaka 1216, Bangladesh

Department of Management, Sunway Business School (SBS), Petaling Jaya 47500, Malaysia

4 University Center for Research & Development (UCRD), Chandigarh University, Ludhiana 140413, India
Department of Management, Faculty of Economics and Business, Universitas Indonesia (UI),

Depok City 16424, Indonesia; sri.rahayu72@ui.ac.id

Department of Management Information Systems, School of Business, The University of Jordan (U]J),
Aljubeiha, Amman 11942, Jordan

Faculty of Business, Sohar University, Sohar 311, Oman

Correspondence: ramayah@usm.my

Abstract: Although the adoption of green innovation has been explored in various contexts, there is
still a lack of research on the determinants of green technology innovation adoption (GTIA) in the
third-party logistics (3PL) industry of emerging economies and the resulting economic, environmental,
operational, and intangible outcomes. This study aims to investigate the influence of different
determinants of technological, organizational, and environmental factors in the TOE-DOI framework
on the adoption of green technology innovation, as well as the outcomes of such adoption. The study
utilizes sample data from 544 Chinese 3PL firms and employs two-stage structural equation modeling
and artificial neural network analysis. Partial least squares structural equation modeling (PLS-SEM)
explains 85.4% of the variance in green technology innovation adoption, 21% in environmental
outcomes, 18.5% in economic outcomes, 20.8% in operational outcomes, and 22.3% in intangible
outcomes. The artificial neural network (ANN) model ranks the standardized importance of each
predictive variable. The results indicate that institutional pressure is the most significant determinant
of GTIA. Additionally, 3PL firms should consider the positive impact of green supplier integration
and relative advantage. Complexity does not have a positive impact on GTIA. The longer a company
has been established, the more experience and resources it accumulates, and the more opportunities it
has to adopt green technology innovation. This study contributes to the existing research on emerging
economies and other regions. Furthermore, this is the first study to successfully validate the nonlinear
relationship within the Technology-Organization-Environment (TOE) framework and diffusion of
innovation (DOI) theory, namely the TOE-DOI framework. The research findings further enhance the
current understanding of green technology innovation adoption and its impact. This study provides
valuable insights for managers and policymakers in the 3PL industry to achieve various effects, such

as environmental, economic, operational, and intangible outcomes.

Keywords: green technology innovation; third-party logistics; green supply chain integration; TOE-
DOI framework; artificial neural network

1. Introduction

The objective of the United Nations Climate Change Conference (2021) resolution is to
achieve carbon neutrality by 2050. From the standpoint of carbon neutrality, green devel-
opment has become a shared vision among countries [1]. Business operations, including
procurement, manufacturing, and logistics, are the primary contributors to environmental
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concerns [2]. Logistics and transportation activities make substantial contributions to
global greenhouse gas emissions [3]. With the continuous integration of transportation and
logistics systems, their impact on the natural environment will become a major concern [4].
This is because the transportation sector is one of the major contributors to global energy
consumption and air emissions, accounting for approximately 24% of the world’s carbon
dioxide emissions from fuel combustion [5]. Additionally, the logistics industry leads
all sectors in oil consumption [6]. Within this sector, road transportation accounts for
three-quarters of the total transportation emissions, with trucks that are used for freight
transport contributing 29.4% [5].

Green technology innovation (GTI) and clean energy are significant factors in achieving
carbon neutrality objectives [7]. Given the dual constraints of resources and the environ-
ment, the urgency of GTI is increasing. [8]. GTI and clean energy are significant factors
in achieving carbon neutrality objectives. Duly, recent advancements in green and in-
novative technologies have driven more innovation in manufacturing operations, thus
further accelerating sustainable development [9]. An increasing number of organizations
have integrated green innovation as a crucial component of their strategies to mitigate the
negative impacts of traditional growth models [6]. Correspondingly, Miiller’s study on
political economy emphasizes that innovation and nature play a pivotal role in achieving
sustainable economic development, which in turn relies on the efforts of organizations,
institutions, and policies, such as the implementation of stricter environmental regulations
that promote environmental innovation by enhancing firms’ technical efficiency, thereby
fostering sustainable economic growth. These efforts aim to increase and improve wealth
in a manner that ensures long-term environmental, social, and economic well-being [10].
In comparison to traditional economic development models, GTI plays a crucial role in at-
taining sustainable development goals [11] and has the least adverse impact on the natural
environment [12]. The significance of green technology innovation for sustainable develop-
ment has been widely acknowledged [13-15]. More importantly, green innovation will be a
crucial driver for achieving sustainable economic growth in developing countries [16,17].
Moreover, GTI has the potential to address environmental pollution issues [16].

However, the development of green technology entails a lengthy exploration process,
does not guarantee immediate success, and may involve numerous exploratory failures [18].
Firms often have weak incentives to engage in green innovation [19]. The complexity and
specificity of green technology, along with the immaturity of the green market, lead to
higher costs, increased market risks, and longer investment return cycles for companies
that are engaged in green technology innovation activities [20]. Some managers within
organizations view the adoption of environmental practices as a burden and adopt a passive
approach to these practices [21]. For instance, in comparison to general innovation, green
innovation carries greater risks, requires greater investment, and has a longer return on
investment period [22]. Therefore, for companies to successfully integrate green technology
initiatives into their operations, they must understand the factors that will enhance the
stakeholders’ social acceptance [9]. Additionally, it is crucial for businesses to comprehend
the impact of these factors on the economy, operations, and intangible aspects. Nevertheless,
there is limited empirical research on the determinants and outcomes of green innovation
within the service sector [23].

Currently, the participation of emerging-market countries in environmental protection
is becoming increasingly crucial for the global economy’s sustainable development [24].
Emerging economies typically refer to countries and regions that are experiencing rapid
economic growth and significant market potential but are still in the developmental stage.
Emerging economies are currently transitioning towards developed economies by im-
proving production efficiency, enhancing regulatory institutions, and refining market
mechanisms. They are in the process of transforming from underdeveloped, low-income
traditional economies into modern, advanced industrial economies [25]. China, as the
world’s largest emerging economy, is often regarded as a heavily polluted nation and
faces tremendous pressure [26] to tackle environmental challenges and reduce carbon
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emissions [27]. China’s environmental performance and air quality are far below the global
average, and since 2008, its environmental performance rankings have consistently been
below the top 100 worldwide [28], with a worsening trend annually [29]. China is one of
the fastest-growing countries in terms of carbon emissions, with an increase of about 40%
in carbon emissions from 2011 to 2020 (China statistical yearbook, 2012-2021). Furthermore,
influenced by China’s economic policies and market demands, the logistics industry has
developed rapidly in recent years, leading to a gradual increase in carbon emissions [30,31].
Currently, the logistics industry accounts for the largest share of carbon emissions in China’s
total energy consumption, mainly from transportation and warehousing activities [31].
China has committed to a more ambitious timeline for achieving carbon neutrality [3]. In
pursuit of this goal, China has effectively implemented various environmental policies and
regulations to reduce energy consumption and pollution and promote innovation in green
technology [1]. For instance, China has achieved some success in imposing environmental
protection taxes on businesses [32]. Despite making significant progress in environmental
patents and green development, China is still a long way from a future that solely relies
on green technology [30]. In the manufacturing industry, green innovation adoption (GIA)
faces significant challenges in achieving sustainable development due to various decision
factors [9]. Noticeably, research on the determinants of green innovation adoption in the
service industry, particularly in the logistics industry, is limited. To address this gap, this
study selected Chinese 3PL firms as research subjects to investigate the determining factors
and outcomes of green technology innovation adoption in the 3PL industry.

The analysis of China’s 3PL industry provides intriguing insights. The reasons for
selecting China’s 3PL industry as the research subject are as follows: (i) China possesses
the most intricate natural environment and socioeconomic conditions globally, which pose
unprecedented challenges in achieving sustainable green development [33]; (ii) according
to IEA [34] statistics, transportation contributes 37% of CO, emissions in the final user
sector due to its dependence on fossil fuels, and China encounters the most significant
obstacles in enhancing CO, reduction, necessitating substantial additional efforts [3]; and
(iii) conducting empirical research on China can be compared to other case studies of
emerging countries that have been examined in the literature.

This study aimed to address the following research questions: (1) What are the key
factors influencing the adoption of green technology innovation among 3PL firms in China?
(2) What are the economic, environmental, operational, and intangible outcomes of green
technology innovation adoption? (3) How do control variables such as firm size and age
affect these relationships? A comprehensive examination of these issues undoubtedly holds
significant theoretical implications and policy insights.

The significance of this study lies in its ability to assist 3PL participants in identifying
the factors that contribute to the successful adoption of green technology innovations. This
knowledge can enable them to gain economic, environmental, operational, and intangi-
ble benefits in a highly competitive market environment. Additionally, the adoption of
green technology innovations can help organizations address environmental sustainability
and foster their own economic and operational growth while also establishing a positive
corporate image. This study aimed to achieve the following three objectives.

RO1: This study aimed to investigate the determining factors that influence the
adoption of green technology innovations by 3PL utilizing the TOE framework and DOI
framework. Additionally, the study sought to rank the importance of these factors.

RO2: The study aimed to explore the potential economic, environmental, opera-
tional, and intangible benefits that companies can gain from adopting green technology
innovations.

RO3: This objective aimed to analyze the confounding effects of control variables,
such as organization size, age, and ownership type, on the adoption of green technology
innovations.

The study first introduces the concept of green technology innovation, followed by a
review of the relevant literature on green technology innovation adoption. Subsequently,
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the research model is presented, and several hypotheses are proposed. The findings are
then discussed based on the analysis results. Furthermore, the theoretical and practical
contributions of the study are elaborated upon. Finally, the article concludes by addressing
the limitations of the research and suggesting future directions for further investigations.

2. Theoretical Background, Proposed Research Model, and Hypothesis Development
2.1. Green Technology Innovation Adoption

According to Rogers [35], innovation is “an idea, practice, or object that is perceived
as new by an individual or other unit of adoption”. While innovation can refer to abstract
things, such as ideas, it can also manifest through new technologies [36]. Research on
GTI began to gradually emerge in the 1950s and 1960s, but the academic community
has not yet formed a unified concept [8]. A series of discussions about GTI is currently
underway, with the term “environmentally sound technologies” being considered the
earliest concept [37]. This concept was introduced in 1992 in “Agenda 21” (UNEP, 2012)
and pertains to a comprehensive system that emphasizes the promotion of environmental
sustainability [38]. Additionally, scholars have noted that GTI is defined as an innovation
encompassing pollution prevention and control, waste recycling and utilization, green
product development, and environmental governance [39].

Due to the increasing recognition of the value of green innovation in achieving sus-
tainable development [40], an increasing number of organizations have adopted green
innovation (GI) as a key component of their strategies to mitigate the negative impacts of tra-
ditional growth patterns [11]. Green technology innovation, as an important component of
green innovation, has received sustained attention due to growing concern for the environ-
ment [41]. Green technology innovation is a means for firms to mitigate the environmental
externalities of their production activities and enhance their green competitive advan-
tage [29]. Scholars have pointed out that green technology innovation can mitigate adverse
environmental impacts on the production, use, and disposal processes of products [42]. It
is the core means of addressing global environmental pollution issues [43]. The adoption
of green technologies achieves a win-win situation because they are not only “green” but
also offer practical combinations of green technologies, energy, and policies to countries, as
well as arrangements for policy incentives [7]. Some organizations have embraced GI as a
crucial element of their strategies to alleviate the adverse effects of conventional growth
models [11]. Nevertheless, green innovation activities possess certain characteristics, in-
cluding being knowledge-intensive, having lengthy investment cycles, having high levels
of uncertainty, and receiving unrestricted funding from governments [44].

In recent years, the question of whether “green” initiatives are truly worthwhile
has been a central topic of debate in both the business and academic communities [45].
Stakeholder pressure, including regulatory influence, positively impacts green product
and process innovation and leads to better environmental performance [32]. Firms pre-
fer strategic green innovations that are easier to implement. In China, green innovation
in small and medium-sized enterprises (SMEs) mediate the relationship between digital
financial inclusion and reduced regional carbon emissions [46]. Digital transformation
significantly boosts green innovation by increasing resource investment and lowering debt
costs in manufacturing firms. Companies are required to report CSR that outperforms
others in green innovation, especially in regions with stricter environmental laws and
higher media scrutiny [47]. Yang et al. [31] have revealed a U-shaped relationship between
environmental, social, and governance (ESG) ratings and green innovation through which,
initially, ESG improvements may reduce innovation; however, collaborative efforts mitigate
this effect [48]. Green innovation not only helps firms gain a competitive advantage in the
market but also facilitates the connection and coordination between firms and external
environments (such as policies, regulations, and market demands), thereby enhancing over-
all competitiveness [49]. Environmental regulations are also found to positively influence
green innovation [50].
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Understanding and enhancing the factors that drive green innovation is vital for
sustainable development [16]. Several studies have demonstrated that the adoption of
green technology and green dynamic capabilities has a significant impact on green product
innovation and the competitive advantage of companies [51]. Numerous research contri-
butions have aimed to identify the underlying factors, known as determinants, of green
technology innovation, as it is valuable to thoroughly investigate the background factors [1].
Environmental laws and regulations [52], environmental regulations that provide “market
incentives” [52], external stakeholders [53], green finance [52], and customer demands [37]
can encourage or assist companies in engaging in green technology innovation [53]. Specifi-
cally, environmental regulations, technological driving forces, market pull, and firm-specific
factors collectively serve as the primary drivers of green innovation [54].

There has been increasing emphasis on researching how factors that are driven by inno-
vation influence ecological innovation behavior and other related variables at the industry
level [55]. When incorporating green innovation into a corporate strategy, it is crucial to
understand its driving factors and mechanisms to make appropriate adjustments [24]. Cur-
rently, a significant amount of research has been conducted on the determinants of green
innovation adoption. Some researchers have examined the factors that influence green
technology innovation, such as technological capabilities, environmental organizational
capabilities, market conditions, competitive pressures, and customer demands for green
products [56]. The drivers of green innovation using machine learning algorithms applied
to a large dataset from China covering 2010-2019. The findings indicate that ESG ratings
are the most significant determinant of green innovation, followed by internationalization,
CEO compensation, company sales, industry size, research and development intensity, and
CEO education. These studies primarily focus on the capabilities of the organization itself
or a specific aspect of the external environment [24]. These studies primarily focus on the
capabilities of the organization itself or a specific aspect of the external environment. How-
ever, there is limited research on the comprehensive impact of technology, organizations,
and the environment on green innovation. Most existing research on green innovation
adoption primarily focuses on identifying the impact of one or several determinants of its
adoption. For example, some studies have explored the influence of green relational capital
in the external environment on the adoption of environmental innovation [57], while many
studies have concentrated on the manufacturing sector [9,57]. Given the significance of
shippers and logistics service providers in the supply chain, the factors that drive their
involvement in green logistics (purchasing or providing) are receiving increasing attention
in the academic community [58]. According to Zailani et al. [4], green innovation has had a
substantial influence on mitigating the environmental impact of the transportation industry,
especially in relation to pollution and greenhouse gas emissions. It is crucial to adopt
green initiatives in the logistics sector [59]. Therefore, it is imperative to incorporate green
innovation into logistics [60].

For the 3PL sector, the adoption of green practices by 3PL providers can be viewed
as an innovative process [60]. Regardless of their origin, any environmental management
practices implemented by 3PL providers are considered innovative [61]. Chu et al. [61]
conducted a literature review and concluded that the green innovation practices of 3PL
firms encompass not only energy-saving practices but also pollution-reduction practices,
such as the use of recyclable and reusable materials for packaging and the optimization of
transportation plans to minimize pollution. According to Zailani et al. [4], technological
innovation in the logistics industry includes data acquisition technology (DAT), information
technology (IT), and transportation technology (TT). Some scholars argue that there will
be significant variations in the implementation and conditions of different technologies,
resulting in differences in the factors that influence the adoption of these technologies,
depending on their type [62]. Furthermore, the prioritization of determinants of green
innovation has not been thoroughly examined. Additionally, the background of 3PL in
relation to green innovation has not been fully developed. Some studies have investigated
the outcomes of green innovation, such as the relationship between green innovation
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and firms’ financial performance [63]. The efficiency and performance of GTI in terms of
economic outcomes can contribute to reducing environmental pollution and conserving
resources [7]. However, there is limited research on the noneconomic outcomes, including
intangible outcomes, that are brought about via green innovation. Therefore, this study is
the first to investigate the importance of the ranking of determinants of green technology
innovation adoption and the four outcomes brought about via green technology innovation,
including intangible outcomes.

2.2. The TOE-DOI Framework

Previous research has extensively examined various theories on technology adoption,
such as the Technology Acceptance Model (TAM) [64], the Theory of Planned Behavior
(TPB) [65], the Unified Theory of Acceptance and Use of Technology (UTAUT) [66], the
DOI [67], and the TOE framework [68]. However, only the TOE and DOI frameworks have
been utilized in studies focusing on the adoption of information technology in organiza-
tions [68].

The TOE framework posits that the adoption of innovation is influenced by organi-
zational, environmental, and technological factors [69]. The technological background
encompasses both internal and external technologies that are relevant to an organization,
including current practices and equipment within the company, as well as available tech-
nologies outside the company. Organizational background refers to the characteristics of
the organization, such as its business scope, human resources, and management structure.
The environmental background pertains to the characteristics of the environment in which
the organization operates, including interactions with its industry, competitors, and gov-
ernment [68]. In studies that are focused on the adoption of advanced technology at the
organizational level, many researchers have referred to the DOI model [70,71]. Rogers [67]
identified five technological characteristics that are prerequisites for any adoption decision,
i.e., relative advantage, compatibility, complexity, trialability, and observability [72]. Inno-
vation characteristics are often examined in combination, using both the TOE framework
and DOI theory as variables of technological background [73]. A meta-analysis of 75 diffu-
sion articles conducted by Tornatzky and Klein [74] revealed that only relative advantage,
compatibility, and complexity consistently influence innovation adoption. Therefore, in
this study, we adopted the TOE-DOI framework and incorporated the three technological
characteristics of relative advantage, compatibility, and complexity from DOI theory into
the technological dimension of the TOE framework.

To address the research question, a comprehensive literature review was conducted,
with a specific emphasis on the TOE framework for technology adoption. Table 1 provides
an overview of the key studies on organizational technology adoption, based on the TOE
framework (as indicated in Table 1).

Although there have been some studies have been conducted using the TOE-DOI
framework, the majority of the literature on technology adoption focuses on ERP or cloud
computing. Limited research has been conducted on the adoption of green practices, with
only a few studies examining green supply chain management [37] and green practices [75].
Furthermore, several studies [37,75-77] have incorporated the innovative aspects of DOI
theory into the technological dimension of the TOE framework. This study aimed to
investigate the adoption of green technology innovation based on the TOE-DOI frame-
work, encompassing the technological (relative advantage, complexity, and compatibility),
organizational (organizational support, quality of human resources, and green internal
integration), and environmental (institutional pressures, green supplier integration, and
green customer integration) dimensions.
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Table 1. Organizational technological adoption based on the TOE-DOI framework.

Determinants Technology Adoption Source
Technology RA, TB, SRB, CY, PT
Organization TMCs, AC Blockchain [76]
Environment TPI, RS
Technology RA, CY
Organization OR, TMCs, training ERP [78]
Environment CP, GS
Technology RA, CY, CX, cost, observability
Organization QHR, TMS, CS GSCM [37]
Environment EU, GS, RP, CP
Innovation characteristics RA, CX, trialability, risks
Technology CY, Cs [79]
Oroanization Readiness, internal social network, external social
& network, TMS, Cloud computing
Expansion in the number of services, providers, and
Environment configurations, regulation, difficulties in information
gathering about the cloud market
Innovation characteristics RA, CY, SC, Cost saving
Technology TR .
Organization T™S Cloud computing [80]
Environment CP, RS
Technology RA, CY
Organization OR, TMS .
Environment CP. GR Cloud computing [77]
Sociocultural Socioeconomics, Polities
Innovation characteristics CX, CY, RA
Technology TR
Organization TMS, CS, Cloud knowledge ERP 811
Environment CP, RS
Technology RA, CX, CY, Cost, Company image
Organization QHR, OS, CS Green practices [75]
Environment CP, GS, RP, CP

Note: RA: Relative advantage; TB: transparency benefit; TR: technology readiness; SRB: perceived security-related
benefit; CY: compatibility; CX: complexity; PT: perceived trust; TMCs: top management considerations; TMS:
top management support; AC: absorptive capacity; TPIL trading partners’ influence; RS: regulatory support; OR:
organizational readiness; EU: environmental uncertainty; QHR: quality of human resources; GS: government
support, RP: regulatory pressure; CP: competitive pressure; RS: regulatory support; GR: government regulation;
OS: organizational support; CS: company size; GSCM: green supply chain management; ERP: enterprise resource
planning system.

2.3. Logistics with Green Practices

Hertz and Alfredsson [82] define 3PL as “external providers representing shippers in
managing, controlling, and delivering logistics activities”. In the modern business land-
scape, logistics service providers are of great significance because they offer consumers a
wide range of services, ranging from basic transportation to comprehensive supply chain
management [83]. Logistics companies provide a diverse array of services, including
transportation, warehousing, cross-platform operations, inventory management, packag-
ing, and freight forwarding [84]. Furthermore, 3PL now plays a more crucial role in the
supply chain than in the past [85,86]. Moreover, a report from the International Energy
Agency [34] highlights that the transportation sector is the primary contributor to carbon
emissions, accounting for 37% of global emissions. Additionally, according to data from
Kommenda [87], global aviation transportation is the second-largest source of greenhouse
gas emissions on the Earth’s surface and in the atmosphere. Moreover, many packaging
wastes contain non-biodegradable materials such as polyvinyl chloride (PVC) and polyethy-
lene plastics. The improper disposal of packaging waste can lead to serious environmental
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problems [88,89]. Given the central role of logistics service providers in the supply chain
and the reliance of customers on them, greenhouse gas emissions increase the burden on
3PL firms to accelerate the “greening” of their logistics functions [57].

As stated by Zhu et al. [90], logistics and supply chain managers currently face a
trade-off between reducing costs and maintaining good environmental performance [91].
Previous research has focused extensively on green innovation in the transportation sector
and 3PL firms [3]. The determinants of green innovation in the logistics and transportation
industry have been widely studied because logistics companies need to understand the
key factors to effectively utilize innovative green technologies [4]. This study presents a
literature review of the determinant factors and performance that are related to green inno-
vation in the logistics and transportation industry, as shown in Table 2. Furthermore, the
adoption of green innovation is influenced by three main factors—technology, organization,
and the environment. Subsequently, a literature review was conducted on the adoption of

environmentally friendly practices by 3PL firms in China.

Table 2. Review of research targeting green innovation in logistics sectors.

No. Topic Research Approach Reference
1 Customer pressure, o.rgamza’Flonal culture, and green Empirical, survey questionnaire [60]
innovation
Determinants and environmental outcome of green .. . .
2 . . - Empirical, survey questionnaire [4]
technology innovation adoption
3 Env1ro.nmenta.l pressur.es, market uncertainty green Empirical, panel data analysis [92]
innovation and firm performance of GI
4 Green logistics and green financial innovation Empirical, case study [93]
5 Multiple ¥eve1s (i.e., couptry,. locale, company, and field Empirical, case study [94]
units) and ecological innovation adoption
6 Green supply chain management logistics innovation based Empirical, case study, [95]
on emerging green technologies conceptual model
. . . . . Empirical, expert survey, best-worst
- 9
7 Challenges to implementing eco-innovation practices methodology (BWM) [96]
8 Technology.characterlshcs, stakeholder pressure, social Empirical, survey questionnaire [97]
influence, and green innovation
9 Determinants and green innovation adoption Empirical, survey questionnaire [59]
10 Employee prefe?rences ;.and determmants and green Empirical, survey questionnaire 98]
innovation adoption
Sustainable development and the role of green construction .. . .
11 . . . . Empirical, survey questionnaire [99]
practices, green social awareness, and green innovation
12 Green market orler.1tat10n, green innovation, and Empirical, survey questionnaire [100]
operational performance
13 Internal and external drivers, 1.nternal .and external Empirical, case study, and survey [101]
obstacles, and green innovation
14 Logistics service prov1.clers, ecp—efﬁaency, and logistics Empirical, case study, and survey [102]
innovation
15 Eco-innovation measures on productivity Empirical, panel data analysis [103]
16 Productivity indicators, environmental performance, Empirical, panel data analysis [104]

eco-innovation, and environmental technologies

2.4. Proposed Research Model

To enhance predictive capability, this study incorporated control variables such as
organization size, organization age, and ownership type. Organization size was quantified
according to the number of employees, while organization age was measured using the
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number of years in operation. To address the research question and bridge the existing
research gap, the following research model was proposed (refer to Figure 1).

Technological Context

Relative Advantage (RA) —— HI1 H2 H3
Percerved Compatibility (PC)
Complexity (CX)

. - ‘_I Env tal Oute o)
Organizational Context Creen H10 rommental Outcomes(Ex0)
Organizational Support (OS) Technology —  HII —— i |
. v Economic Outcomes(EcO
Quality of Fuman —— H4 H5 H6 — Tnnovation E0)
Resources (QHR) ) Adoption HI2
Green Internal Integration (GII) (GTIA) - Operational Outcomes(OpO) |
HI3 Int: ble Out s(InO; |
Environment Context plangible Outeomes(in®)
Institutional Pressure (InP) l—— H7 HS H9
Green Supplier Integration (GSI)
Green Customer Integration(GCI)
* Firm Size (FS)
+ Firm Age (FA)
+  Ownership (OW)

Figure 1. Research model.

2.5. Hypothesis Development

In the technological dimension of the TOE-DOI framework, relative advantage refers to
the perceived extent to which new technology can offer greater benefits for businesses [68].
When users recognize that an innovation can provide advantages over existing practices
and systems, it is expected to encourage its adoption of innovation [67]. In other words, if
the advantages of technology (such as green technology innovation) surpass the advan-
tages of current practices and procedures [105], a relative advantage will have a positive
impact on adoption [78]. Green technology, a novel technological paradigm, can conserve
resources, prevent or mitigate environmental pollution, and facilitate the recycling of raw
materials and waste [106]. Additionally, it has the potential to enhance both environmen-
tal and financial performance while also effectively addressing social and environmental
expectations [48]. Therefore, it is anticipated that green technology innovation will bring
greater advantages to organizations.

H1. When the relative advantage is greater, GTIA will be stronger.

Compatibility refers to the extent to which an innovation aligns with the current
needs of potential adopters, previous practices, and existing values [68,107]. Previous
research has shown that, when there is a high level of compatibility, the chances of adopting
innovation increase [72]. If organizations perceive that emerging technologies are in line
with their current needs, tasks, and business processes, they are more likely to accept
them. Conversely, they are less inclined to adopt new technologies that necessitate process
adjustments, extensive learning, and additional investments in equipment [76]. Hence, the
assumption was as follows:

H2. When compatibility is higher, GTIA will be stronger.

Complexity refers to the extent to which an innovation is perceived as challenging to
comprehend and utilize [67]. The complexity of technology is indicative of the range of
knowledge sources or the quantity of technological components involved. Environmental
technology encompasses broader objectives and knowledge inputs [106]. Individuals may
lack confidence in adopting green technology innovations due to their relative novelty.
Organizations may require a significant amount of time to comprehend and implement
such technology. Hence, the assumption was as follows:
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H3. The greater the complexity is, the weaker the GTIA.

From an organizational perspective, the crucial issue is how managers can make
wise decisions regarding intervention measures to enhance the acceptance and effective
utilization of technology [66]. Top management support, also known as organization
support, is crucial for the successful implementation of technology, as it guarantees the
availability of adequate resources for the adoption of green practices [75]. The support and
commitment of top-level management have a significant impact on the level of acceptance
of innovation within an organization [108]. Organizational support plays a crucial role
in motivating employees to adopt green practices [37]. For instance, companies demon-
strate organizational support by involving employees in decision-making processes related
to environmental sustainability and green management, which, in turn, enhances their
environmental awareness and encourages efforts toward green management within the
organization [109]. Hence, the assumption was as follows:

H4. When organizational support is higher, GTIA will be stronger.

Tornatzky and Fleischer [69] argue that the quality of human resources is a crucial
factor influencing the adoption of technical innovation. The innovative capabilities and
competent learning abilities of qualified human resources are beneficial in the process of
adopting innovations [59]. Jun et al. [108] argue that the development of green technology
necessitates a workforce with advanced skills. The likelihood of a company embracing
such technology is enhanced by the presence of competent personnel, modern training
facilities, and a well-educated workforce [37]. Lin and Ho [59] conducted a study that also
indicated the significant significance of skilled and competent employees in the successful
implementation of environmental initiatives. Hence, the assumption was as follows:

H5. When the quality of human resources is higher, GTIA will be stronger.

Green innovation integration (GII) is the term used to describe the extent of communi-
cation, information sharing, and coordination among cross-functional departments in the
context of environmental management practices [110-112]. It involves the strategic integra-
tion of environmental goals into a company’s strategies and management systems [113].
Implementing green innovation or environmental practices is a multifaceted process that
necessitates interdisciplinary coordination and substantial modifications to the company’s
existing operational procedures [114]. To promote green practices, collaboration among
various departments must be fostered [37]. GII refers to the degree to which manufacturers
implement environmental management practices within their organization to effectively
manage internal processes [115]. Internal green integration comprises three components:
(1) the inclusion of environmental goals and responsibilities in business strategies and top
management incentives, with the aim of balancing business and environmental objectives
to achieve sustainable growth; (2) the establishment of a comprehensive management
system that integrates environmental objectives, performance, and responsibilities into
its code of conduct, functional business decisions, and human resource decisions across
various functions; and (3) cross-functional communication efforts [116]. Increased levels
of internal integration can enhance a company’s capacity to develop green innovations
and effectively manage internal resources [117]. Therefore, the underlying assumption is
as follows:

He6. When the level of green internal integration is higher, GTIA will be stronger.

Environmental regulation serves as the primary driving force for companies to engage
in green technology innovation, and it also serves as an important tool and means for the
government to promote the transformation of companies toward green technology [8]. The
influence on green technology innovation can be attributed to environmental regulation,
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the decentralization of environmental authority, and government-funded technological
subsidies [118]. Institutional pressure [119,120] is a multifaceted concept that encom-
passes various dimensions, such as coercive pressure, normative pressure, and mimetic
pressure [120,121]. Coercive pressure arises from regulations established by government
agencies [122]. Research suggests the need to clarify and promote specific management
and policy approaches for ecological innovation [54]. Companies must comply with laws
and regulations to obtain government legitimacy. Borghesi et al. [123] emphasize that
institutional pressure from government laws and regulations conveys a clear message
to companies that they must assume environmental protection responsibilities. The gov-
ernment will strengthen environmental law enforcement, environmental management,
and inspections of companies while continuously increasing environmental regulatory
pressure, thereby compelling companies to innovate in the field of green technology [124].
Failure to comply with these directives and regulatory controls will result in companies
being phased out of the market [125]. Normative pressure arises from customers and
nongovernmental organizations [120]. It primarily encompasses values and norms that are
closely associated with meeting social moral standards [126]. Mimetic pressure arises from
competitors [127]. Additionally, stakeholder pressure is an important factor that triggers
companies to adopt ecological innovation [54]. To meet the environmental requirements of
consumers (especially in the international market), suppliers, and partners, companies tend
to implement green innovation measures to enhance their environmental performance [128].
If a company successfully attracts customers and gains a relative competitive advantage
through ecological innovation, other companies will imitate its behavior to maintain their
market share [54]. Therefore, the following hypothesis was proposed:

H7. When institutional pressure is greater, GTIA will be stronger.

Enterprises endeavoring to adopt green innovation often lack certain necessary condi-
tions or incur significant costs to accomplish innovation tasks independently [129]. Integrat-
ing and promoting collaboration between organizations is essential for establishing connec-
tions, strengthening operations, and accelerating knowledge transfer with partners [130].
Supply chain integration is a restructuring approach that connects and optimizes activities,
providing organizations with a framework to efficiently utilize existing resources to achieve
strategic goals [131]. Afum et al. [132] reported that, without collaboration between key
upstream supply chain partners (such as supplier integration) and downstream supply
chain partners (such as customer integration), companies may achieve minimal results
when deciding to undertake green initiatives. Additionally, Bonn et al. [133] argue that
suppliers’ environmental practices can influence buyers’ environmental decision-making
outcomes. Enterprises must effectively utilize these resources and skills to enhance their
green innovation performance. For instance, during the green innovation process, an en-
terprise may need specific components that are in limited supply. However, it can acquire
these components from suppliers by fostering strong relationships [93]. Therefore, the
following hypothesis was proposed:

HS8. When the level of green supplier integration is higher, GTIA will be stronger.

The supply chain is composed of two components: demand and supply. Customers
and suppliers may possess varying information pertaining to green innovation [93]. Al-
though customers of 3PL firms have traditionally been perceived as apathetic to environ-
mental issues that affect end consumers, recent research indicates that these customers are
now showing a growing interest in green and sustainable procurement and supply chain
practices [92,134]. There is evidence to suggest that collaborating with customers is more
effective than collaborating with suppliers in enhancing environmental performance [135].
When customers are dissatisfied with a service as a result of outdated technology, they will
discontinue its usage. Customers engage in partnerships with technology-innovative com-
panies with the ultimate goal of deriving benefits from this collaborative relationship [84].
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End customers are also increasingly demanding that shippers utilize green and sustainable
supply chain management [134]. Previous studies have demonstrated that the integration
of green customers enhances cost and environmental performance by means of GPI. The
integration of green customers fosters both green product and process innovation [112].
Therefore, the following hypothesis was proposed:

H9. When the level of green customer integration is higher, GTIA will be stronger.

From the perspective of adopting green technology innovation, the main considera-
tions include environmental outcomes, economic outcomes, operational outcomes, and
intangible outcomes. Previous studies have examined the relationship between green
innovation and corporate financial performance [62,63]. The adoption of green innovation
is positively related to corporate financial performance. Research has also shown that
engaging in activities related to environmental sustainability and having a focus on green
initiatives contribute to the development of a positive corporate image and impact compet-
itive advantage and long-term survival [136]. By adopting new green products or manage-
ment processes, companies are more likely to become more environmentally friendly in
highly competitive markets, which can lead to future competitive advantages [54]. Addi-
tionally, companies may implement environmental processes to achieve their objectives,
enhance their reputation, increase competitiveness, and pursue higher goals [9,131,137].
For companies, it is important to thoroughly investigate both the “tangible” benefits (such
as improved efficiency and profitability) and the “intangible” benefits (such as an enhanced
corporate image) [138]. Companies should implement green process innovations as part of
their corporate innovation strategies to enhance their corporate image [47]. Hence, it could
conceivably be hypothesized that:

H10. When GTIA is higher, environmental outcomes will be stronger.
H11. When GTIA is higher, economic outcomes will be stronger.
H12. When GTIA is higher, operational outcomes will be stronger.

H13. When GTIA is higher, intangible outcomes will be stronger.

3. Research Methodology
3.1. Data Collection

The analysis of this survey was based on quantitative data collected through a ques-
tionnaire survey of a 3PL firms in China, which is considered an emerging market. The
data collection period spanned from November 2023 to February 2024. The simple ran-
dom sampling framework was adopted, making reference to the China Federation of
Logistics & Purchasing (CLFP) and the National Enterprise Credit Information Publicity
System. This selection method was chosen to ensure that all individuals had an equal
chance of being included in the study, thereby promoting fairness, representativeness, and
an equal probability of being selected from the population [139]. The survey question-
naire was distributed online using China’s largest online survey platform, Wen Juan Xing
(https:/ /www.wjx.cn) [140]. The distribution process included a cover letter that explained
the purpose of the research and assured the confidentiality of the respondents’ data.

First, the information collected from the survey was kept completely confidential and
anonymous. Second, the survey tool was divided into three sections—a demographic
profile, an organizational profile, and the measurement of the determining factors and
outcomes of green technology adoption. The questionnaire was designed in two stages
to ensure the content validity of the assessment tool: (1) a preliminary questionnaire
was developed through a literature review, i.e., an analysis of comparable theoretical
frameworks, and discussions with two experts in environmental management; and (2), to
ensure that each item fulfilled the requirements of the logistics department and was deemed
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valid, the original survey questionnaire was revised based on the suggestions provided
by five logistics managers who possessed expertise in implementing green technology
innovation in business. Subsequently, the English questionnaire was translated into Chinese
using a back-to-back translation method to avoid interpretation bias. In addition, feedback
was obtained from five logistics managers to minimize potential cultural bias risks [90].
The translated Chinese version was then compared to the original English text to ensure
accuracy, and it underwent necessary adjustments to accurately convey the original intent.
Notably, the researchers did not apply any pressure on participants who chose not to take
part in the survey. All necessary measures were implemented to ensure the accuracy and
reliability of the survey findings. Consequently, a final iteration of the questionnaire was
distributed to a sample of 1000 3PL firms. In summary, the survey was conducted using the
largest online survey platform in China, Wen Juan Xing, with a total of 544 valid responses
collected, resulting in a response rate of 54.4%. To ensure the validity and reliability of the
data, expert reviews and pretests were carried out.

In this study, gender, job position, firm location, firm size, firm age, and ownership
were measured using nominal scales. Moreover, the variables RA, CX, CY, OS, QHR, GII,
InP, GSI, GC, GC, DDC, and GTIA were assessed using a five-point Likert scale. The
variables EnO, EcO, OpO, and InO were measured using a seven-point Likert scale. The
use of various Likert scales has the potential to mitigate the occurrence of common method
bias in research [141].

The demographic information of the participants and the organizational profile (refer
to Table 3) were collected from the findings of the field survey.

Table 3. Respondents’ profiles.

Demographic Data Categories Frequency Percentage (%)
Male 322 59.2
Gender Female 222 4038
Department manager 278 51.1
Job position Assistant managers 125 229
Managers/sr. manager 126 23.2
CEO/directors 15 2.8
Pearl River Delta region 89 16.4
The Yangtze River Delta 97 17.8
Bohai Rim Economic Zone 76 14.0
Firm’s geographic location Northeast China 66 12.1
Central China 110 20.2
Northwest China 18 3.3
Southwest China 88 16.2
<100 86 15.8
101~250 145 26.7
Firm size 251~500 136 25.0
501~1000 98 18.0
>1000 79 14.5
<3 years 76 14.0
Firm age 3~5 years 163 30.0
>5 years 305 56.1
State-owned and collective enterprises 99 18.2
Ownership Private enterprises 277 50.9
Joint venture company 90 16.5
Foreign-invested enterprises 78 14.3

3.2. Common Method Bias (CMB)

Assuming that the research data are collected from a single source, self-presentation
becomes the only explanation [142]. This method of data collection is more vulnerable to
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common method variance (CMV) [143]. Since the responses of both endogenous and exoge-
nous constructs are obtained from the same source [144], CMB may occur and compromise
the validity of the research findings. This is considered a significant issue in questionnaire
surveys [9]. Various procedural remedies have been implemented to address CMB concerns.
According to Kock [145], this study employed a more rigorous testing method for CMB
and conducted a thorough collinearity assessment. The resulting variance inflation factor
(VIF) values were less than 5 [146]. These findings indicate that CMB is unlikely to be a
serious concern.

In addition, the Harman single-factor test is commonly used to determine the pres-
ence of common method bias. This test only provides information about the existence of
CMV [147], and the method is considered incomplete and insensitive [141]. Lindell and
Whitney [143] were pioneers in discussing the use of marker variables to identify and
eliminate methodological artifacts in cross-sectional data from the same source [148]. They
suggested that, if the relationships between observed variables that are obtained using
the same method are influenced by inconsistent CMV, marker variables should be used to
identify and separate the variance. Williams used marker variables to test for CMV and
to correct for method bias [149]. This method requires designing a variable that has no
theoretical relationship with other variables when designing the questionnaire and then
estimating it. This study used unmeasured marker variables to assess the fluctuation of
R? values. Considering that the data were collected through self-report questionnaires,
particularly when examining the participants’ perspectives on external and internal frame-
works [147], evaluating potential biases that are associated with common methods becomes
crucial. The general issues regarding marker variables in this study include three items that
have been adapted from Oreg [150].

The research findings indicate that the coefficient of determination (R?) experiences a
slight increase of less than 10%, suggesting a weak correlation. Consequently, considering
the aforementioned evaluation, it can be inferred that CMB is not a significant concern in
this study (refer to Tables 4 and 5). As demonstrated in Tables 4 and 5, the beta (3) values
(ranging from —0.001 to 0.036), p values, and R? changes (ranging from —0.005 to —0.001)
exhibited no statistical significance with increasing marker variables. Consequently, these
findings indicate that CMB is unlikely to be a concern.

Table 4. Comparison of the path coefficient () and p value.

Relationships Path Coefficient (3) p Value Path Coefficient (3) p Value
Without Marker Variable With Marker Variable
RA -> GTIA 0.177 p < 0.001 0.174 p < 0.001
CY -> GTIA 0.124 p <0.001 0.123 p <0.001
CX > GTIA 0.021 0.144 0.018 0.164
0S -> GTIA 0.127 p <0.001 0.128 p < 0.001
QHR -> GTIA 0.066 p <0.05 0.062 p <0.05
GII -> GTIA 0.086 p <0.05 0.084 p <0.05
InP -> GTIA 0.220 p<0.01 0.218 p<0.01
GSI -> GTIA 0.160 p <0.001 0.162 p <0.001
GCI -> GTIA 0.079 p <0.01 0.078 p<0.01
GTIA -> EnO 0.459 p < 0.001 0.444 p < 0.001
GTIA -> EcO 0.431 p <0.001 0.395 p <0.001
GTIA -> OpO 0.458 p <0.001 0.450 p <0.001
GTIA ->InO 0473 p < 0.001 0.463 p <0.001

Note: The one-tailed significance level is 1.645 (p < 0.05). RA: relative advantage, CX: complexity; CY: compatibility;
OS: organizational support; QHR: quality of human resources; GII: green internal integration; InP: institutional
pressure; GSI: green supplier integration; GCI: green customer integration; GTIA: green technology innovation
adoption; EnO: environmental outcomes; EcO: economic outcomes; OpO: operational outcomes; InO: intangible
outcomes.
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Table 5. Comparison of R? values.
Without Marker Variable With Marker Variable
Construct R? R?
GTIA 0.854 0.857
EnO 0.210 0.212
EcO 0.185 0.190
OpO 0.208 0.210
InO 0.223 0.224

Note: GTIA: green technology innovation adoption; EnO: environmental outcomes; EcO: economic outcomes;
OpOQO: operational outcomes; InO: intangible outcomes.

4. Results

This study employed PLS-SEM and the ANN method for data analysis. The software
used for analysis included Smart PLS (version 4.1.0.0) and IBM SPSS Statistics (version 28).
The research model consists of a hierarchical component model and a reflective measure-
ment higher-order construct. PLS-SEM was utilized to obtain inferential statistics [151].
According to G*power, a minimum total sample size of 160 is required to achieve an R?
of at least 0.25 at a 5% significance level and 80% predictive power. The sample size for
this study was 544, which is sufficient for PLS-SEM analysis. However, while PLS-SEM
analysis provides inferential statistics, it is limited in its ability to handle nonlinear relation-
ships [107]. To overcome this limitation, scholars have combined SEM and ANN to explain
the nonlinear and no-compensatory relationships between constraints [152]. Furthermore,
a two-stage analysis method was employed, through which ANN analysis complemented
PLS-SEM analysis [107,153]. In accordance with Shahzad et al. [9], PLS-SEM was used in
this study for hypothesis testing, while ANN was used to evaluate the relative importance
of variables.

4.1. Measurement Model
4.1.1. First-Order Constructs

Table 6 displays the indicator loadings and cross-loadings for this study (as shown
in Table 6 below). The measurement model was assessed based on the reliability and
validity of its structure [154]. Reflective indicators were evaluated using item reliability,
internal consistency reliability, convergent validity, and discriminant validity [155]. If the
composite reliability of a structure is 0.7 or higher, the reliability of that structure can be
determined [155]. Similarly, a construct’s convergent validity is considered reliable when
the extracted average variance is 0.5 or greater [156].

Table 6. Indicator loadings and cross-loadings.

First-Order Outer Item(s)
Constructs Ttems Loadings AVE CR Deleted
CP CP1 0.740 0.576 0.803
CP2 0.800
CP3 0.736
CX CX1 0.745 0.639 0.875
CX2 0.753
CX3 0.730
CX4 0.948
CY CY1 0.751 0.545 0.782
CY2 0.764

CY3 0.699
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Table 6. Cont.
First-Order Outer Item(s)
Constructs Ttems Loadings AVE CR Deleted
DAT DAT1 0.733 0.505 0.836
DAT2 0.701 DAT6
DAT3 0.696
DAT4 0.719
DAT5 0.701
EcO EcO1 0.784 0.581 0.933
EcO2 0.788
EcO3 0.768
EcO4 0.777
EcO5 0.814
EcO6 0.747
EcO7 0.750
EcO8 0.760
EcO9 0.682
EcO10 0.748
EnO EnO1 0.863 0.621 0.920
EnO2 0.788
EnO3 0.783
EnO4 0.772
EnO5 0.757
EnO6 0.757
EnO7 0.792
GCI GCI1 0.750 0.525 0.815 GCI12
GCI3 0.713 GClI6
GCI4 0.682
GCI5 0.751
GII GII1 0.748 0.517 0.842 GII2
GII3 0.730 GlI6
GII4 0.707
GII5 0.708
GII6 0.699
GSI GSI1 0.762 0.524 0.846 GSI2
GSI3 0.730
GSI4 0.707
GSI5 0.749
GSI6 0.667
IT IT1 0.799 0.518 0.810
112 0.655
1T3 0.670
1T4 0.746
InO InO1 0.793 0.608 0.916
InO2 0.793
InO3 0.793
InO4 0.768
InO5 0.781
InO6 0.766
InO7 0.762
NP NP1 0.693 0.538 0.777
NP2 0.728
NP3 0.777
oS 0s1 0.799 0.573 0.843
0S2 0.691
0S3 0.764
0S4 0.770
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Table 6. Cont.
First-Order Outer Item(s)
Constructs Ttems Loadings AVE CR Deleted

OpO OpO1 0.786 0.617 0.906
OpO2 0.793
OpO3 0.774
OpO4 0.772
OpO5 0.792
OpO6 0.796

QHR QHR1 0.706 0.524 0.815
QHR2 0.726
QHR3 0.755
QHR4 0.709

RA RA1 0.804 0.526 0.815
RA2 0.681
RA3 0.727
RA5 0.681

RP RP2 0.779 0.558 0.791
RP3 0.729
RP4 0.732

TT TT1 0.672 0.502 0.801
TT2 0.658
TT3 0.720
TT4 0.778

Note: Deleted RA2, DAT6, GCI2, GCI6, GII2, GII6, and GSI2 due to lower loadings. RA: relative advantage; CX:
complexity; CY: compatibility; OS: organizational support; QHR: quality of human resources; GII: green internal
integration; GSI: green supplier integration; GCI: green customer integration; EnO: environmental outcomes;
EcO: economic outcomes; OpO: operational outcomes; InO: intangible outcomes; CR: composite reliability; AVE:
average variance extracted. NP: Normative Pressures; CP: Normative Pressures; RP: Regulative Pressure; TT:
Regulative Pressure; DAT: Data acquisition Information; IT: Data acquisition Information.

4.1.2. Measurement Model for Second-Order Constructs

This study employed the disjoint two-stage approach as recommended by Hair
et al. [146] for assessing second-order structures. The second-order model proposes that dis-
tinct yet interconnected structures can be explained by one or more higher-order common
structures. Higher-order structures provide researchers with a framework for modeling
structures in more abstract dimensions (referred to as higher-order components) and more
specific subdimensions (referred to as lower-order components) [157].

This study consisted of two second-order constructs that are reflective-reflective
structures: InP (including RP, NP, and CP) and GTIAs (DAT, IT, and TT) (see Table 7). The
constructs RP, NP, and CP represented broader higher-order constructs of the lower-order
constructs of InP. RP was measured with four indicators (RP1, RP2, RP3, and RP4), NP was
measured with three indicators (NP1, NP2, and NP3), and CP was measured with three
indicators (CP1, CP2, and CP3). Additionally, the DAT, IT, and TT constructs represented
broader higher-order GTIA constructs. DAT was measured with six indicators (DAT1,
DAT?2, DAT3, DAT4, DAT5, and DAT6), IT was measured with four indicators (IT1, IT2,
IT3, and IT4), and TT was measured with four indicators (TT1, TT2, TT3, and TT4).

Table 7. Measurement model for the second-order constructs.

Second-Order Constructs Indicator Scale Loadings AVE CR
RP Reflective 0.838 0.709 0.880
Institutional pressure (InP) NP Reflective 0.851
CP Reflective 0.836
DAT Reflective 0.918 0.803 0.925
Green technology innovation adoption (GTIA) IT Reflective 0.879

TT Reflective 0.892
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To assess discriminant validity, it is crucial to carefully examine the indicators within
specific frameworks, as they provide a comprehensive representation of the underlying
structure [146]. Additionally, previous research has primarily utilized two main evalu-
ation techniques to measure the effectiveness of discrimination: (1) the Fornell-Lacker
criterion [158] and (2) the HTMT [159]. The Fornell-Lacker criterion is typically evaluated
by assessing the square root of the AVE and the correlations between the focal structure
and other structures [160]. The concept of discriminant validity is related to the distinctions
between structural indicators and other theoretical frameworks [161]. HTMT is a statistical
measure used to quantify the correlation between factors. Henseler et al. [162] proposed
the superiority of this method through a Monte Carlo simulation study, which revealed
that HTMT achieves greater specificity and sensitivity (97% to 99%) than the cross-loading
criterion (0.00%) and Fornell-Lacker criterion (20.82%) [163]. Therefore, this study adopts
the HTMT to test discriminant validity. According to Henseler et al. [162], ideally, the
HTMT should be less than 1. According to Hair et al. [38], an HTMT value of 0.9 or below
indicates discriminant validity. Table 8 demonstrates discriminant validity, as all HTMT
values are below 0.9, and all indicators load heavily on their constructs.

Table 8. Discriminant validity (HTMT ratio).

CP CX CY DAT EcO EnO GCI GII GSI IT InO NP OS OpO QHR RA RP TT
CP
CX 0178
CY 0581 0.128
DAT 0.648 0.105 0.728
EcO 0370 0.021 0.379 0.394
EnO 0.355 0.093 0.400 0.433 0.889
GCI 0.606 0.143 0.653 0.702 0.399 0.413
GII  0.633 0.119 0.668 0.752 0.423 0.450 0.733
GSI 0.632 0.115 0.692 0.781 0.433 0.449 0.756 0.771
IT 0593 0.078 0.670 0.723 0.339 0.381 0.663 0.694 0.711
InO 0382 0.087 0.403 0.449 0.872 0.868 0.446 0.464 0.464 0.385
NP 0569 0.114 0.679 0.676 0.362 0.389 0.652 0.675 0.701 0.630 0.384
OS 0.641 0.079 0.684 0.748 0.408 0.431 0.718 0.774 0.781 0.717 0.432 0.694
OpO 0.361 0.096 0.393 0.442 0.885 0.881 0.422 0.462 0475 0.373 0.892 0.376 0.428
QHR 0.631 0.154 0.693 0.718 0.430 0.430 0.667 0.710 0.709 0.659 0.423 0.670 0.727 0.406
RA 0.634 0.131 0.709 0.787 0.388 0.405 0.675 0.732 0.736 0.706 0.422 0.655 0.740 0.430 0.691
RP 0710 0.158 0.787 0.855 0.446 0.471 0.739 0.806 0.836 0.844 0.457 0.733 0.803 0.453 0.772 0.849
TT 0.657 0.138 0.677 0.733 0.424 0.419 0.699 0.716 0.739 0.659 0436 0.674 0.737 0412 0.672 0.701 0.768

4.2. The Structural Model Assessment

Following the recommendations of Becker et al. [164], we reported the path coefficients,
standard errors, t values, and p values of the structural model using 10,000 resampled
bootstrap samples [165]. Table 9 presents the performance indicators of the structural model,
specifically the predictive accuracy (represented by R?), predictive relevance (represented
by Q?), and effect size (represented by f2) (refer to Table 9). R? values of 0.02, 0.13, and 0.26
indicate low, medium, and high predictive accuracy, respectively [146], while Q? values
of 0.50, 0.25, and 0 indicate large, medium, and small degrees of predictive relevance,
respectively [38]. In terms of effect size, Henseler et al. [162] considered £2 values of 0.35,
0.15, and 0.02 to indicate high, medium, and low levels of impact, respectively [166].
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Table 9. Predictive accuracy, predictive relevance, and effect size.
Exogenous . Endogenous
Conitructs Effect Size (%) Consgtructs R® Q
RA 0.067 GTIA 0.854 0.848
CY 0.039
CX 0.002
OS 0.030
QHR 0.010
GII 0.014
InP 0.078
GSI 0.045
GCI 0.015
EnOs 0.268 0.210 0.226
EcOs 0.229 0.185 0.204
OpOs 0.265 0.208 0.231

Table 10 shows that Hypotheses H1, H2, H4, H5, H6, H7, H8, H9, H10, H11, H12,
and H13 were supported. H3 was not supported (refer to Table 10). Among the control
variables, firm age had a significant impact on GTIA. The control variables of firm size and
ownership form did not significantly affect the results. Within the TOE-DOI framework,
InP was identified as the most important predictor of green technology innovation adoption
(B =0.220, p < 0.001, f> = 0.078), followed by RA (B = 0.177, p < 0.001, > = 0.067) and GSI
(B =0.160, p <0.001, 2= 0.045). On the other hand, GTIA was found to lead to the following
outcomes: EnO (B = 0.459, p < 0.001, f> = 0.268), EcO (B = 0.431, p < 0.001, f2 = 0.229),
OpO (B = 0.458, p < 0.001, f> = 0.265), and InO (B = 0.473, p < 0.001, 2 = 0.289). Overall,
the research model demonstrated a strong correlation in predicting GTIA (R? = 0.854,
Q? = 0.848), indicating a high level of predictive accuracy.

Table 10. Results of hypothesis testing.

Hypotheses Path Coefficients T Statistics p Values Decision
H1 RA > GTIA 0.177 4.779 0.000 Supported
H2 CY -> GTIA 0.124 4.067 0.000 Supported
H3 CX > GTIA 0.021 1.157 0.124 Not Supported
H4 0OS -> GTIA 0.127 3.799 0.000 Supported
H5 QHR -> GTIA 0.066 2.297 0.011 Supported
Hé6 GII -> GTIA 0.086 2.200 0.014 Supported
H7 InP -> GTIA 0.220 5.876 0.000 Supported
H8 GSI-> GTIA 0.160 4.666 0.000 Supported
H9 GCI-> GTIA 0.079 2.498 0.006 Supported

H10 GTIA -> EnO 0.459 8.521 0.000 Supported
H11 GTIA -> EcO 0.431 7.329 0.000 Supported
H12 GTIA -> OpO 0.458 8.360 0.000 Supported
H13 GTIA ->InO 0.473 8.842 0.000 Supported

4.3. ANN Analysis

Similar to the study by Shahzad et al. [9], the present study also employed ANN to
determine the relative significance of each variable and strengthen the findings of structural
equation modeling (SEM). ANN are computational models that utilize parallel information-
processing structures to elucidate outcomes. Moreover, they have the capability to adapt
the framework to improve the robustness of the model [167]. The ANN model is capable
of revealing the non-compensatory and nonlinear correlation between independent and
dependent variables. It captures the nonlinear interactions between antecedent and out-
come variables [168,169]. In addition, artificial neural networks are robust to noise, outliers,
and small sample sizes [144]. Consistent with Leong et al. [144], the 50-fold empirical rule
using artificial neural network analysis states that the minimum sample size should be at
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least 50 times the number of modifiable parameters in a neural network [170]. Similar to
the sample size approach used in the ANN model by Leong et al. [107], the 544-sample size
in this study was sulfficiently large for ANN analysis.

To assess the impact of external factors on GTIA, an ANN model was constructed
based on the architecture of a feedforward, backpropagation, multilayer perceptron neural
network [144]. The external factors were considered input neurons, while the internal
construct GTIA was considered the output neuron. Similar to Hew et al. [171], the activation
function was set as the sigmoid function, and the number of hidden neurons in the two
hidden layers was automatically calculated using SPSS 28. Previous studies have utilized
multilayer perceptron neural networks, which include an input layer, hidden layers, and
an output layer [172]. The sigmoid activation function was used to generate nodes for the
hidden neurons [173]. To address overfitting, researchers implemented a tenfold cross-
validation procedure, where 90% of the available data were used for training and the
remaining 10% were used for testing [171]. IBM SPSS 28.0 was used to establish the ANN
model in this study (refer to Figure 2). Subsequently, the root mean square error (RMSE),
which indicates the model fit [151], was obtained from the analysis and is presented in
Table 11. Since all the RMSE values were negligible, the ANN models demonstrated
excellent goodness of fit [174].

Synaptic Weight > 0
w—Synaptic Weight < 0

Hidden layer activation function: Sigmoid

Output layer activation function: Identity

Figure 2. ANN model.
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Table 11. RMSE values.
Training Testing
Neural Network N SSE RMSE N SSE RMSE Total Samples
1 482 46.130 0.3094 62 4.403 0.2665 544
2 490 37.859 0.2780 54 4.252 0.2806 544
3 483 32.938 0.2611 61 5.634 0.3039 544
4 478 34.774 0.2697 66 3.751 0.2384 544
5 484 36.129 0.2732 60 4.963 0.2876 544
6 487 34.049 0.2644 57 3.276 0.2397 544
7 485 36.880 0.2758 59 4.950 0.2897 544
8 492 35.129 0.2672 52 5.143 0.3145 544
9 483 36.975 0.2767 61 4.613 0.2750 544
10 489 38.518 0.2807 55 4.237 0.2776 544
Mean 36.938 0.2756 Mean 4.522 0.2773
SD 3.476 0.0127 SD 0.658 0.0233
Note: SSE: sum square of errors; RMSE: root mean square of errors; N: sample size.
To assess the impact of external source structures and determine the predictive strength
of each input neuron, a sensitivity analysis was conducted following the approach of
Leong et al. [107,174] (refer to Table 12). The normalized importance of input neurons
was calculated by dividing their relative importance by the maximum importance and
presenting it as a percentage [175]. Table 12 displays the range of normalized importance,
ranging from 13.53% to 100%. The results indicate that InP is the most significant predictive
factor, followed by the GSI, with a normalized importance of 85.6%. The next most common
risk factors were RA (85.07%), CY (70.36%), OS (67.84%), GII (59.84%), and GCI (48%).
Compared to the conclusions of the PLS-SEM analysis, the influences of the GSI and RA
were inconsistent, while the influences of the remaining factors were consistent. In other
words, in PLS-SEM, the influence of RA was greater than that of GSI, whereas in the ANN
analysis, the importance of GSI was greater than that of RA. The normalized importance
of CX was 13.53%, making it the least important, which aligns with the non-significant
conclusion of the hypothesis testing in PLS-SEM.
Table 12. Sensitivity analysis.

Neural Network (NN) RA CY CX (O} QHR GII InP GSI GCI
NN1 0.979 0.684 0.485 0.589 0.203 0.976 0.976 1.000 0.674
NN2 0.737 0.546 0.223 0.399 0.247 0.494 1.000 0.853 0.107
NN3 0.791 0.512 0.116 0.759 0.422 0.504 1.000 0.728 0.444
NN4 0.840 0.587 0.047 0.668 0.259 0.481 1.000 0.577 0.419
NN5 0.751 0.818 0.101 0.625 0.347 0.495 1.000 0.781 0.491
NN6 0.744 0.688 0.065 0.646 0.310 0.617 1.000 0.898 0.605
NN7 0.683 0.768 0.044 0.668 0.110 0.633 1.000 0.757 0.507
NN8 0.872 0.806 0.079 0.834 0.379 0.629 0.918 1.000 0.472
NN9 0.927 0.674 0.105 0.664 0.204 0.506 1.000 0.952 0.265
NN10 1.000 0.802 0.059 0.786 0.422 0.520 0.891 0.830 0.713

Average importance

Normalized importance (%)

0.832 0.689 0.132 0.664 0.290 0.586 0.979 0.838 0.470
85.07 70.36 13.53 67.84 29.67 59.84 100.0 85.60 48.00

Note: RA: relative advantage; CX: complexity; CY: compatibility; OS: organizational support; QHR: quality of
human resources; GII: green internal integration; InP: institutional pressure; GSI: green supplier integration; GCI:
green customer integration.

5. Discussion

The objective of this study was to investigate the factors that impact GTIA, namely
relative advantage, compatibility, complexity, organizational support, quality of human
resources, green internal integration, institutional pressure, green supplier integration, and
green customer integration. These influencing factors were categorized into technological,
organizational, and environmental dimensions using the TOE-DOI model. Additionally,
this study sought to empirically analyze the correlation between GTIA and environmental
outcomes, economic outcomes, operational outcomes, and intangible outcomes. This study
also reveals the impact of firm size and age as control variables on these relationships. The
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following sections will discuss the detailed results of the influencing factors under each
dimension for GTIA, the outcomes of GTIA, and the effects of the control variables.

5.1. Technological Dimension (Relative Advantage, Compatibility, and Complexity)

Based on the TOE-DOI framework and the technological dimension, H1 of this study
proposed that relative advantage has a positive impact on green technology innovation.
This is consistent with previous studies [4,176]. The support for hypothesis H2 indicates
that compatibility has a positive influence on green technology innovation. Therefore, it can
be argued that increasing relative advantage and compatibility can enhance the adoption
of green technology innovation by 3PL firms. For example, green technology innovation
provides companies with more opportunities and improves their image, which in turn pro-
motes recognition and adoption by 3PL firms. Additionally, by increasing the compatibility
of green technology innovation, 3PL firms can more easily integrate it into their existing
corporate culture and business processes. However, the complexity of green technology
innovation does not decrease its adoption. Hypothesis H3 was not supported. In practice,
green technology innovation faces many challenges and complexities, which collectively
influence the willingness of 3PL firms to adopt it. However, due to their relative advantage
and other benefits, companies are still likely to increase the possibility of adopting them
even if they have a higher level of complexity. For 3PL firms, adopting suitable green
technological innovations is beneficial. For example, large logistics companies such as
Maersk utilize blockchain technology to optimize supply chain management, reducing
delays and resource waste in transportation [50]. Furthermore, in the realm of technology,
relative advantage emerges as the dominant factor. As stated by Lutfi et al. [78], relative
advantage has a positive impact on adoption. Hence, companies should not only consider
the influence of their external environment but also prioritize their own organizational
and technological dimensions. Therefore, 3PL firms can actively seek the advantages of
green technology innovation. Specifically, large logistics firms can prepare monthly and
annual reports that highlight the benefits of adopting green technology innovations and
present these advantages to stakeholders to gain additional support. Moreover, the relative
advantages brought through green technology innovations can enhance the quality of green
services in third-party logistics, further increasing satisfaction among environmentally
conscious customers.

5.2. Organizational Dimension (Organizational Support, Quality of Human Resources, Green
Internal Integration)

In the organizational dimension, an increase of one unit in organizational support
is associated with a contribution of 0.127 units in green technology innovation adoption,
thus supporting Hypothesis H4. Previous studies have consistently shown that top man-
agement support is a significant indicator of technology adoption, which aligns with the
aforementioned research findings [37,177]. Similarly, an increase of one unit in the quality
of human resources is associated with a contribution of 0.066 units in green technology
innovation adoption, supporting Hypothesis H5. This finding is consistent with existing
research findings [4,108,178]. Furthermore, an increase of one unit in green internal in-
tegration is associated with a contribution of 0.086 units in green technology innovation
adoption, supporting hypothesis H6. This finding extends the existing research, as there
has been limited direct research on the relationship between green internal integration
and green innovation adoption. Most studies have focused primarily on the impact of
green internal integration on economic and environmental performance [112]. Therefore,
we posit that the organizational dimension of green technology innovation adoption in
3PL firms is driven by organizational support, the quality of human resources, and green
internal integration. For instance, organizational support plays a crucial role in driving
green technology innovation adoption in 3PL firms. Theoretically, if top management
provides the necessary tangible and intangible resources to support GTIA, employees will
be more inclined to accept and implement green technology innovation within their work
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scope. By enhancing the quality of human resources through training, communication, and
experiential learning, organizations can foster employees’ awareness of green technology
innovation and their confidence, knowledge, and skills in adopting this advanced technol-
ogy. Additionally, we anticipate that green internal integration can facilitate more effective
and efficient green technology innovation adoption in 3PL firms. This finding suggests that
3PL firms should prioritize the adoption of green technology innovations starting at the top
management level. A top-down approach should be employed, where companies actively
provide training on green technology innovations and foster cross-departmental green
integration. This strategy is essential in truly promoting the adoption of green technol-
ogy innovations, thereby achieving environmental, economic, operational, and intangible
benefits for 3PL firms.

5.3. Environmental Dimension (Green Internal Integration, Institutional Pressure, and Green
Supplier Integration)

In the environmental dimension, each unit increase in institutional pressure con-
tributes the most significantly to an increase of 0.220 units, supporting Hypothesis H7. This
aligns with the perspective of Borghesi et al. [123], as companies typically lack the incentive
to implement environmental innovation unless they are compelled to do so because of
appropriate environmental regulations. This conclusion is also consistent with previous
research showing that government pressure, in the form of command-and-control tools, has
a significant positive impact on the adoption of EI practices [125]. Therefore, this study hy-
pothesized that higher levels of institutional pressure would result in a greater inclination
to adopt green technology innovation. For instance, by creating a regulatory environment
that is favorable to 3PL, resistance to adopting green technology innovation decreases.
Moreover, if the government provides support in the form of fiscal incentives, low-interest
loans, and special subsidies necessary for this integration, companies will be motivated
to embrace green technology innovation. Conversely, from a theoretical standpoint, high
levels of competitive pressure will prompt companies to adopt green technology innovation
to avoid being outperformed by their rivals. Institutional pressure for the adoption of green
technology innovation is crucial. In the specific context of environmental regulation in
China, the central government has decentralized certain powers, such as environmental
approval and regulation, to local governments. By granting more authority in environ-
mental management to local governments, they can enhance their own environmental
management practices, actively collaborate with the central government in implementing
environmental management policies, fully utilize local knowledge, and intensify efforts in
environmental pollution control [179]. Consequently, this facilitates the promotion of green
technology innovation within enterprises and enhances the effectiveness of environmental
pollution control [43]. Organizations can achieve a competitive advantage by embracing
advanced and environmentally friendly technologies, such as green technology innovation,
which have the potential to decrease waste and expenses [137]. Therefore, the findings
of this study suggest that institutional pressure plays a significant role in driving green
technology innovation. Similarly, the incorporation of green suppliers is crucial in the
environmental sector, as collaborating with suppliers on environmental aspects can lead to
improved green innovation [36].

5.4. Outcomes of GTIA

Furthermore, each additional unit of green technology innovation adoption contributes
0.459 units of environmental outcomes, 0.431 units of economic outcomes, 0.458 units of
operational outcomes, and 0.473 units of intangible outcomes. This finding supports hy-
potheses H10-H13, which align with the research results of Perotti et al. [138] and Eltayeb
et al. [180]. Theoretically, if SMEs adopt green technology innovation, they can achieve
economic, environmental, operational, and intangible benefits. The Porter hypothesis sug-
gests that environmental policies can encourage regulated firms to engage in technological
innovation activities and yield more advantages, potentially leading to higher profits in the
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future [42]. This is because the benefits of innovation outweigh the costs of environmental
regulations, and through the compensation effect of innovation, firms are incentivized
to pursue green technology innovation [8]. Through green technology innovation, SMEs
can reduce operational costs and improve operational performance, market recognition,
and positive image evaluation. Green technology can enhance a company’s reputation
and market share, thereby increasing profits. Additionally, green technology facilitates
environmental standard certification [108]. The conclusions of this study confirm those
of previous research. Firm age positively influences the adoption of green technology
innovation. This suggests that the longer a firm has been established, the more experience
and resources it accumulates, providing more opportunities for adopting green technology
innovation. Established companies seeking to gain advantages through green technology
innovation differ significantly from younger companies. However, the control variables
of organizational size and ownership type do not appear to contribute to the adoption of
green technology innovation. Therefore, we speculate that organizational size and owner-
ship do not influence the adoption of green technology innovation. Considering this, all
the determining factors for the adoption of green technology innovation remain robust,
regardless of these two organizational attributes. Next, the researchers included environ-
mental outcomes, economic outcomes, operational outcomes, and intangible outcomes as
dependent variables in the GTIA model to examine the impact of GTIA on these variables.
The results of H10 indicate that companies that adopt green technology innovation can
reduce their resource consumption, decrease their environmental impact, and improve
their overall environmental performance. The results of H11 suggest that companies that
adopt green technology innovation can increase their market share and revenue, reduce
their waste disposal costs, and lower their costs. The results of H12 demonstrate that com-
panies that adopt green technology innovation can enhance service quality and equipment
utilization and reduce waste rates, thereby contributing to operational outcomes. This
conclusion aligns with the research findings of Perotti et al. [138] on the operational perfor-
mance of green supply chain practices in Italian 3PL firms. The results of H13 indicate that
adopting green technology innovation contributes to the enhancement of corporate image
and intangible outcomes such as customer loyalty and satisfaction. Previous research on
the adoption of green innovation and its intangible outcomes, such as studies on green
supply chain initiatives and their intangible outcomes in the industrial sector, has been
limited [180]. H13 suggested that the adoption of green technology innovation not only
benefits the economic outcomes of companies but also has positive implications for noneco-
nomic outcomes. In the expanding green economy, companies should prioritize green
technology innovation as a strategic initiative because GTIA enables companies to stand
out in the market, attract environmentally conscious customers [23], and gain competitive
advantages [15]. By adopting green technological innovations, 3PL firms can establish a
more socially responsible image throughout their supply chain, thereby enhancing their
corporate value and reputation.

5.5. ANN Analysis

The analysis conducted using ANN revealed some significant findings. According
to the results obtained from PLS-SEM, the top three factors that determine GTIA are InP,
RA, and GSI. The analysis performed using artificial neural networks also revealed the
determining factors in terms of importance, with InP, GSI, and RA being identified as
the most influential factors. However, both PLS-SEM and ANN consistently highlight
InP as the key factor in determining GTIA. These intriguing findings can be attributed
to the unique capabilities of artificial neural networks in conducting in-depth analyses of
nonlinear correlations, as observed in the study conducted by Leong et al. [107]. These
findings can further guide 3PL firms in applying green technology innovations in the
following ways: developing and executing green supply chain strategies to ensure that
every stage, from raw material procurement to product delivery, meets environmentally
friendly standards, and selecting suppliers and partners committed to green practices to
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ensure the sustainability of the entire supply chain. From a practical perspective, 3PL
firms should prioritize the impact of institutional pressure by ensuring a comprehensive
understanding of relevant laws and regulations. Internally, fostering a compliance culture
is crucial, helping employees recognize the importance of compliance through training and
education. Also, 3PL firms should take proactive measures to ensure that their operations
meet regulatory requirements and stay updated by regularly reviewing and revising
compliance policies in response to the evolving legal landscape. Furthermore, integrating
green supply chain practices, particularly green supplier integration, can enhance and
improve the adoption of green innovations. Managers of 3PL should develop a mindset
and skills for green supply chain integration, especially in green supplier integration. This
approach will support the adoption of green technology innovations and further improve
the economic, environmental, operational, and intangible outcomes resulting from these
innovations.

5.6. Control Variables

Finally, we discuss the control variables, specifically company size, company age, and
ownership. Zhu and Sarkis [181] emphasize that regulatory and market pressures may have
an impact on large companies, while small companies are more likely to be influenced by
competitive pressures. In the logistics industry, Kudla and Klaas-Wissing [182] argue, large
logistics providers face slightly greater market pressures for sustainable actions than small
and medium-sized providers. This study finds that company size does not have a significant
impact on the adoption of green technology innovation. This finding suggests that there
is no significant difference in the adoption of green technology innovation between large
companies and small firms. Therefore, small and medium-sized 3PL firms should also place
greater emphasis on GTIA, using it to enhance their economic, operational, and intangible
outcomes.

6. Implications of the Research
6.1. Policy Implications

Focusing on green innovation serves as a policy tool to alleviate increasing envi-
ronmental pressures, as such innovations help reduce overall pollution emissions [183].
Furthermore, green innovation offers an alternative strategy that can advance economic
progress and environmental sustainability [49]. To promote the adoption of green technol-
ogy innovations in 3PL firms through green supplier integration, policymakers can employ
the following strategies.

3PL firms can utilize information technologies such as big data analytics and artificial
intelligence to monitor and optimize logistics processes, thereby enhancing resource uti-
lization. Training on environmental awareness and skills can be provided to employees,
fostering a green corporate culture and encouraging active participation in green innovation
activities. Policymakers can also communicate the results and plans of green innovations
with customers, investors, and other stakeholders to build a strong green brand image. This
approach helps 3PL firms achieve enhanced environmental, operational, and intangible
benefits.

Additionally, policymakers should implement and refine stringent environmental
regulations to clarify corporate responsibilities regarding green innovation. For 3PL firms,
policymakers can establish stringent pollutant emission standards and impose severe
penalties for non-compliance. They should also create a robust green intellectual property
protection system to encourage the adoption of green technologies. Furthermore, poli-
cymakers can promote green supplier integration through policy measures, driving the
entire industry chain towards more sustainable practices. This approach helps eliminate
high-pollution suppliers, improves resource efficiency, and reduces environmental impact.
Support for green supplier integration will lead firms to invest more in green innovations,
such as adopting eco-friendly transportation and packaging, emphasizing reverse logis-
tics, and enhancing collaboration with green suppliers. Policymakers can also enhance
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education and training on green innovation for human resources, promoting its benefits
and integrating it into corporate culture and employee awareness. They should actively
seek employee feedback on green innovation and provide training courses and consulting
services to keep employees informed about the latest green technologies and management
practices.

6.2. Theoretical Contributions

This study makes valuable theoretical contributions. First, it has identified the key
determinants of green technology innovation using the TOE-DOI framework. These de-
terminants include relative advantage, compatibility, complexity, organizational support,
quality of human resources, green internal integration, institutional pressure, green sup-
plier integration, and green customer integration. The study has also comprehensively
analyzed the interactions between these determinants and the adoption of green technology
innovation. Furthermore, it has examined the environmental, economic, operational, and
intangible outcomes resulting from such adoption, enhancing the understanding of the
relationships between these variables. The results emphasize the significance of green
technology innovation in the context of sustainable development and market success for
3PL firms, leading to economic, operational, and intangible benefits. Additionally, this
study expands the TOE-DOI framework by introducing green internal integration as an
organizational dimension, as well as green supplier integration and green customer inte-
gration as environmental dimensions. This provides a new perspective for the research
framework, helping us understand how companies can integrate green supply chains
and adopt green technology innovation to establish a competitive advantage. The study
also indicates that institutional pressure from the government is a crucial predictor of
green technology innovation adoption in the environmental dimension. Identifying the
advantages brought about through the implementation of environmental policies can assist
company managers in gaining a better understanding of their impact on the company’s
operations [138]. This suggests that, theoretically, institutional pressure from government
agencies is the most important factor driving the adoption of green technology innovation
by 3PL firms in China, which aligns with the country’s situation.

Second, the study also validates the impact of adopting green technology innovation
on the organizational economy, environment, operations, and intangible outcomes. This
provides strong empirical evidence that can enhance organizational confidence in adopting
green technology innovation. Previously, there has been limited theoretical research on the
impact of adopting green technology innovation on intangible outcomes, particularly in the
context of 3PL firms. Most studies have focused on the impact of adopting green technology
innovation on organizational competitiveness, finance, and sustainability. Therefore, this
study establishes the necessary theoretical foundation to further expand the understanding
of adopting green technology innovation and its impact. Additionally, the study has
evaluated the confounding effects of control variables, specifically company size, company
age, and ownership type. The results indicate that company size and ownership type do
not influence the adoption of green technology innovation by companies. However, the
longer a company has been established, the more likely it is to adopt green technology
innovation. Based on this finding, it can be inferred that the TOE-DOI framework is robust
in terms of differences in company size and ownership type.

Finally, in contrast to the existing TOE-DOI framework, which uses linear models and
theoretically assumes all relationships to be linear, this study has employed ANN analysis
to validate and explain the nonlinear relationships present in the TOE-DOI framework. This
provides unprecedented new theoretical insights and perspectives. Therefore, theoretically,
the researchers have validated the nonlinear relationships in the TOE-DOI framework,
as this study provides the empirical evidence required to support this new theoretical
understanding. The ranking of the second-order constructs based on ANN analysis does
not necessarily align with the ranking of the direct effects in PLS-SEM. By demonstrating the



Systems 2024, 12, 331

27 of 36

use of ANN analysis based on deep learning to rank the impact of second-order structures,
this study establishes a new methodological foundation.

6.3. Managerial Implications

This research has multiple impacts on the 3PL lending industry. From a managerial
perspective, this study provides feasible recommendations for managers to strengthen
their sustainable development strategies. The research findings will enable organizational
managers and other stakeholders to make better decisions on how to adopt green tech-
nology innovations within an organization. This research offers viable insights for those
seeking to adopt green technology innovations, bringing economic, environmental, opera-
tional, and intangible benefits. For example, decision-makers can pay more attention to
institutional pressures and shift from a passive to an active approach by supporting their
organization and enhancing employees’ technological capabilities, further improving their
understanding of the relative advantages of green technology innovations and increasing
their compatibility. From an organizational standpoint, the quality of human resources can
be enhanced through training, examination, and learning, and green internal integration
can be emphasized. From the perspective of the organizational environment, implementing
external integration with green suppliers and green customers to increase the adoption
rate of green technology innovations ultimately contributes to obtaining more economic,
environmental, operational, and intangible outcomes.

Furthermore, decision-makers can pay more attention to organizational support
through internal training, cross-departmental “green” dialogs, green integration, and
motivational measures to enhance the quality of human resources. Decision-makers should
prioritize external institutional pressures, including mandatory pressure, normative pres-
sure, and mimetic pressure, in the environmental dimension. The Chinese government
should enhance the enforcement of environmental laws and regulations and implement
market-based environmental regulatory measures, such as emission reduction subsidies.
When facing institutional pressures, companies should allocate idle resources, such as
materials, cash, and talent, for innovation and combine them with environmental practices.
This will increase the likelihood of adopting green technology innovations and achieving
positive environmental outcomes. Organizations should not implement innovative prac-
tices in isolation; they need to complement them with creative thinking and knowledge [93].
By adopting innovative green technologies, 3PL companies can differentiate themselves
from competitors, attract environmentally conscious customers, and increase their market
share. The integration of green suppliers and green customers can facilitate the integra-
tion of green thinking and knowledge with external supply chain partners, which further
contributes to the adoption of green technology innovations.

Finally, from the government or country’s perspective, policymakers can utilize the
findings of this study to facilitate the advancement and innovation of green technologies.
This approach can cultivate a competitive environment that encourages environmental
responsibility and sustainable development in the logistics sector. The research results are
advantageous for the sustainable development of the environment because organizations
in the 3PL industry can achieve economic, operational, and intangible benefits by adopting
GTL This can further incentivize other non-adopting companies to adopt this updated
GTI, ultimately resulting in positive environmental outcomes. In the long term, this brings
greater benefits to the overall societal environment.

6.4. Limitations and Future Research Directions

Due to its exclusive focus on Chinese 3PL firms, this study was influenced by factors
such as national geographic location and culture. Therefore, the findings of this study may
differ from those of research conducted in other regions. Therefore, there is an opportunity
for future research in different regions or for conducting comparative studies in diverse
areas to better capture cultural and geographical variations. In this study, nine determining
factors were chosen for empirical research based on the TOE-DOI framework. In the
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future, a more comprehensive selection of various factors can be made to address these
research gaps. Additionally, while this study concentrated on 3PL firms in the service
industry, it can be expanded to encompass other service industries, such as construction,
engineering, and technology. Finally, to compare and enhance the explanatory power of
the dependent variable, GTIA, in the model, researchers can consider incorporating other
relevant variables and boundary conditions and refining the proposed model.

7. Conclusions

This study aimed to identify the determinants within the TOE-DOI research frame-
work that influence the adoption of green technology innovation in the Chinese third-party
logistics industry. The determinants include technological dimensions (relative advantage,
compatibility, and complexity), organizational dimensions (organizational support, qual-
ity of human resources, and green internal integration), and environmental dimensions
(institutional pressure, green supplier integration, and green customer integration). The
study also examined the economic, environmental, operational, and intangible outcomes
that result from the adoption of green technology innovation in these companies. The
primary data for this assessment were provided by the managers of Chinese 3PL. The
main objective of this study was to test hypotheses and analyze the relationships between
variables. The effectiveness, reliability, and structural model of the study were evaluated
using PLS-SEM technology in a two-stage evaluation. Additionally, ANN technology was
used to analyze the impact ranking of exogenous construction and first-order construction.
The results supported 12 out of 13 hypotheses, with one hypothesis (H3) being rejected.
The study demonstrated a positive correlation between eight independent variables and
the dependent variable, as well as between the dependent variable and its four outcome
variables. These findings emphasize the significance of relative advantage, compatibility,
organizational support, quality of human resources, green internal integration, policy
pressure, green supplier integration, and green customer integration in the adoption of
green technology innovation. Furthermore, the study highlights the importance of adop-
tion for environmental, economic, operational, and intangible outcomes. The article has
also discussed the limitations of the study, potential future research directions, and the
theoretical and practical implications of the findings.

This study expands the TOE-DOI framework by incorporating green internal inte-
gration, green supplier integration, and green customer integration. Additionally, the
analysis of the collected sample data using ANN has revealed nonlinear relationships,
which contributes to a new understanding of the TOE-DOI framework. Previous studies
primarily utilized linear regression or PLS-SEM for linear analysis. Moreover, the extended
TOE-DOI framework plays a crucial role in enhancing the economic, environmental, op-
erational, and intangible outcomes of 3PL firms that adopt green technology innovation.
The study demonstrated that relative advantage and compatibility are key technological
driving factors for the adoption of green technology innovation. Moreover, organizational
support, human resource quality, and green internal integration are significant organi-
zational factors that drive 3PL firms to adopt green technology innovation. Conversely,
institutional pressure, green supplier integration, and green customer integration are the
primary environmental factors that influence the adoption of green technology innovation.
Company age significantly impacts the adoption of green technology innovation, with older
companies being more likely to adopt it. However, the organizational size and ownership
type of 3PL firms do not appear to influence the adoption of green technology innovation.
Furthermore, based on the standardized importance from the sensitivity analysis of the
ANN model, the study reveals that the importance of each factor varies, with institutional
pressure being the most crucial determining factor. The next factor is the integration of
green suppliers. Therefore, decision-makers should prioritize the significance of the exter-
nal organizational environment, institutional pressure, the importance of green supplier
integration, and the relative advantage of green technology innovation. Based on the
findings of this study, managers should prioritize institutional pressure and green supplier
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integration as key areas for strategic development. Managers should adopt a positive
mindset towards institutional pressure, recognizing it not merely as “passive acceptance”
but as an opportunity to proactively embrace green initiatives. Additionally, they should
approach green integration practices among supply chain partners with a long-term per-
spective. Decision-makers at enterprises can change their mindsets and recognize that any
effort to improve the environment is an opportunity for economic, environmental, and cor-
porate image enhancement, rather than an additional cost to their operations. Furthermore,
they should allocate different decision factors based on the proportion of existing resources.
Future research could further explore the long-term impact of green technology adoption
on corporate performance.
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The following abbreviations are used in this manuscript:

GTIA Green technology innovation adoption
3PL Third-party logistics

DOI Diffusion of Innovation

SMEs Small and Medium-sized Enterprises
NP Normative Pressures

CcpP Normative Pressures

RP Regulative Pressure

1T Regulative Pressure

DAT Data acquisition Information

IT Information Technology

TOE Technology—Organization-Environment
PLS-SEM  Partial least squares structural equation modeling
ANN Artificial neural network

RA Relative advantage

CX Complexity

CY Compatibility

(O] Organizational support

QHR Quality of human resources

GII Green internal integration

InP Institutional pressure

GSI Green supplier integration

GCI Green customer integration

GC Green creativity

DDC Data-driven culture

EnO Environmental outcomes

EcO Economic outcomes

OpO Operational outcomes

InO Intangible outcomes
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