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Abstract: Green innovation has been deemed a key corporate capability to deal with environmental
issues. The usage of advanced manufacturing technologies (AMT) provides important resources
and knowledge for firms’ green innovation. Drawing on a resources-based approach, this study
contributes to the existing literature by examining how the adoption of specific types of AMT
(process, design, and planning) influences two dimensions of green innovation (green product
innovation and green process innovation). In particular, we explore these relationships through
internal environmental collaboration. Based on data collected from 198 Chinese manufacturing firms,
we found that process, design, and planning AMT can contribute to both green products and process
innovation. Moreover, the findings confirm the significant mediating role of internal environmental
collaboration in this relationship. Specifically, internal environmental collaboration mediates the
relationship between process AMT and green product innovation as well as the relationship between
design AMT and two dimensions of green innovation; it also partially mediates the relationship
between process AMT and green process innovation as well as the relationship between planning
AMT and two dimensions of green innovation. These findings provide novel insights into how
manufacturing firms can use various types of AMT to enhance their green innovation.
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1. Introduction

Facing increasing environmental pressure, green innovation has become increasingly important
for manufacturers to achieve sustainable development. A great number of well-known economists
have called for policies to encourage both public and private investment in the development of
technologies and practices to enhance green innovation. Strict environmental regulations and the
popularity of environmentalism have changed the competitive rules and patterns for firms [1] and
make green management profitable nowadays [2]. Given this context, manufacturing firms have
increased their green innovation initiatives and have been integrating green innovation into their core
business strategies. However, green innovation research is still in its early phases and how to enhance
green innovation is a scarcely understood phenomenon [3].

The quest for improved overall effectiveness in manufacturing has forced a large number of
firms to invest in advanced manufacturing technologies (AMT) [4]. Prior studies have argued that the
adoption and use of AMT are associated with a wide range of benefits, including improvements in
market share and profitability [5,6], improving flexibility, delivery, cost reduction, and quality [4,5,7],
enhancing manufacturing productivity and efficiency [7,8], as well as fostering firms’ competitive
advantages and manufacturing performance [4,9–11]. In recent decades, researchers also contended
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that AMT in the design, planning, and manufacturing process can be deemed as potential sources for
innovation [12,13]. The use of AMT provides opportunities to ensure proper product utilization [14,15],
apply pollution control and pollution prevention technologies [13,16], share management techniques
and knowledge among various functions [8], establish dynamic capability to offset uncertainty
and shorten the life cycle of products [17], and enhance competitive advantages and innovation
performance [4,12].

Although AMT adoption has been identified as a key driver of innovation in the literature, the
empirical evidence of its benefits on green innovation has been surprisingly limited. Company
managers are interested in knowing what the key drivers are in establishing green innovation
practices [18]. Incomplete understanding of the potential benefits of AMT on green innovation
may hamper the development of a widely accepted framework that would characterize and categorize
green innovation activities in manufacturing firms. Therefore, it is important to acquire a holistic view
to investigate whether and how AMT adoption affects green innovation. In this study, we attempt
to fill this research gap by focusing on the potential antecedents of green innovation, specifically
the adoption of AMT. In addition, in order to fully understand AMT and its relationship to green
innovation, there is a need to examine how individual types of AMT are related to different dimensions
of green innovation. Through empirically examining the relationships between the use of process,
design, and planning AMT and both green product and green process innovation, this study extends
prior research by developing a theoretical basis and providing empirical evidence for the relationship
between AMT adoption and green innovation from a multidimensional perspective.

Furthermore, previous studies emphasize that the link between implementation of AMT and
green innovation may not be direct [15,19]. This calls for exploring the issues of how AMT
adoption exactly influences green innovation. Against the foregoing backdrop, we argue that
whereas AMT has a potential value for green innovation, the actual impact is achieved when
experts, analysts, and decision makers can detect and assimilate technological knowledge within
the firm. Because technological knowledge is tacit in nature, information sharing across various
departments reflects a key competitive capability for successful knowledge assimilation and green
innovation achievement [20,21]. Therefore, we propose a critical organizational capability, internal
environmental collaboration, as a mediator through which effective AMT adoption can ultimately lead
to green innovation. Employing a mediation approach offers the benefits of a more comprehensive
understanding of the mechanism underlying the AMT—green innovation relationship.

Our research contributes to the AMT and green innovation literature in several ways.
First, this study adds to the literature by incorporating AMT as an antecedent of green innovation and
empirically examining the relationship between them at dimension levels. Second, this study develops
a more comprehensive theoretical model of how firms’ green innovation benefit from the uses of
AMT through the critical mediator of internal environmental collaboration. Third, this study extends
green innovation research in the context of an emerging economy. Our findings will inform Chinese
managers how to deal with dilemmas in green innovation due to different AMT implementations.

The rest of the paper is organized as follows. In the second section, we discuss the theoretical
underpinnings, develop a conceptual model, and present the research hypotheses. In the following
two sections, we describe the research method and present the results of empirical analyses.
The implications for research and practice are discussed in the fifth section. Finally, conclusions
and opportunities for future research are presented in the sixth section.

2. Theoretical Background and Research Hypotheses

AMT is a multi-dimensional concept that focuses on technologies comprising the “factory
automation” component of computer-integrated manufacturing [4,7,22]. To investigate the effective
patterns of AMT adoption, we conceptualized three types of AMT including process AMT, design
AMT, and planning (administrative) AMT, which are consistent with prior studies [7,23,24]. Process
AMT refers to technologies that focus on controlling manufacturing processes and generating process
related information on the factory floor, which involves computer-aided manufacturing (CAM),
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robotics, flexible manufacturing systems (FMS), and environmental control systems. Design AMT
refers to technologies that focus primarily on product definition, design, and related information
processing functions, which includes computer-aided process planning (CAPP), computer-aided
design (CAD), computer-aided engineering (CAE), product data management (PDM), and rapid
prototyping. Planning AMT, such as enterprise resource planning (ERP), manufacturing resource
planning (MRP II), activity-based accounting, and decision support systems, refers to technologies
that control and monitor the material flow from the acquisition of raw materials to the delivery
of finished products as well as the technologies that manage the information flow and coordinated
decision-making between functions. In these terms, the essential characteristic of AMT is its application
of computers to manage data associated with manufacturing processes [19].

Green innovation can be defined as the creation or improvement of products or processes
involved in energy saving, pollution-prevention, waste recycling, green product designs, or corporate
environmental management that aims to prevent or reduce environmental impacts and contribute to
environmental sustainability [25]. Green innovation is also a multi-dimensional construct and can be
divided into two foremost dimensions: green product innovation and green process innovation [25,26].
Green product innovation refers to environmental product innovation that helps to reduce resource,
control pollution, manage waste costs, and decrease the negative impact on the environment.
Companies that pioneer green product innovations can improve their product design, quality,
and reliability with respect to environmental concerns, which can yield a better chance to gain the
“first mover advantage” and thus improve their corporate image, develop new markets, and further
obtain competitive advantages [26]. Green process innovation refers to an improvement in the existing
process and/or a generation of new processes that involve green manufacturing technologies or
equipment to avoid or reduce environmental damage and lead to environmental improvements. Green
process innovation not only prevents costly pollution, but also reduces resource expenses and overall
costs [27]. Companies can undertake green process innovation to enhance resource productivity
and manufacturing efficiency, thus obtaining cost advantages [26]. Both green product and process
innovation can enhance the performance of environmental management and help businesses develop
new market opportunities to increase competitive advantage [26].

The resource-based view (RBV) of a firm provides a suitable theoretical basis and perspectives to
interpret the relationship between the use of AMT and green innovation. According to RBV, a firm’s
sustainable competitive advantage is determined not only by its unique resources but also by the
capabilities to effectively exploit and combine resources in ways that are valuable, rare, inimitable,
and non-substitutable [28]. AMT presents the important strategic resource (e.g., technological
knowledge, expertise, and information) and an integral part of organizational capabilities that
associated with green innovation activities. Since innovation performance is largely dependent
on the assets or resources that firms own internally [29,30], the implementation of AMT provides
critical resources and capabilities that enable a firm to respond to increasing environmental pressure
by designing and producing green products and processes. As a result, AMT is vital for establishing
and sustaining a defensible competitive advantage in green innovation.

Although the significant benefits of AMT are well recognized, the underlying mechanism
through which it affects green innovation is still under-examined. To fill this gap, this study
postulates that internal environmental collaboration mediates the influence of AMT adoption
on green innovation. Internal environmental collaboration, which can be defined as the direct
involvement of various functions within an organization in planning and developing jointly
for environmental management and environmental solutions, represents the core competence of
an organization that facilitates the identification and assimilation of technological knowledge to
innovate environmentally. Valuable technological knowledge is often tacit, specialized, and socially
embedded, which makes it difficult to transfer. Internal environmental collaboration provides
direct and interactive access to various departments’ know-how. Moreover, trust and commitment
derived from internal environmental collaboration can enhance employees’ motivations to share
their proprietary technological knowledge, which increases the efficacy of knowledge transfer and
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assimilation to green innovation. As a consequence, internal environmental collaboration can act
as a critical organizational capability that increases the probability of potential green innovation
enhancements offered by AMT. Accordingly, we focus on internal environmental collaboration as the
focal mediator between AMT adoption and green innovation. The conceptual model of this research is
shown in Figure 1.
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2.1. AMT and Green Product Innovation

An investment in AMT provides a strategic option that greatly expands the range of the
firm’s potential growth paths [8]. The AMT literature has long acknowledged the benefits of AMT
implementation in manufacturing firms. Previous research supports the value of these practices
in improvements in quality, flexibility, manufacturing productivity, efficiency, firms’ competitive
advantages, and manufacturing performance [4,19,31]. Moreover, implementing AMT may also
help firms engage in higher value added activities, such as innovation [8]. AMT often marks
a dramatic change from mechanized technologies to manual operations [32]. From initial AMT adoption,
through system design and programming, to implementation and continuing improvement within the
manufacturing plant, the use of AMT has a great impact on both green product and process innovation.

The use of AMT fosters green product innovation in two primary ways. Firstly, the use of
process, design, and planning AMT helps to create new knowledge-based sources of advanced
manufacturing competence that contribute to fostering green product innovations. The long-term
implementation effectiveness of AMT largely depends on the richness of the firm’s knowledge
base [8]. The adoption and adaptation of AMT to particular circumstances usually involves generating,
acquiring, assimilating, and recombining novel technological knowledge as well as transforming
a general stock of knowledge into economically useful knowledge. This technological knowledge
is generally intangible, such as understanding the state of technology, or know-how on adapting
technologies developed by others [12]. Green innovation is extremely dependent on the availability of
knowledge [33]. Therefore, the knowledge base created by AMT has to be recognized and managed to
ensure successful green innovation.

Through structuring of the knowledge base, AMT provides the tools, processes, and platforms
to ensure knowledge availability and accessibility. Both the development and dissemination of
technological knowledge enhance the acceleration of sustainable manufacturing production [34,35].
For instance, the accumulation of technological knowledge and the improvement of product knowledge
facilitate the recovery of a firm’s end-of-life product and its recycling [36].

In addition, through provision of technological platforms and tools to enable knowledge sharing
and interactive learning, AMT can facilitate collaboration as a mechanism to foster innovation [19].
To be specific, AMT implementation has a great potential to facilitate collaboration by improving
cooperation between internal departments and among supply chain partners (suppliers and
customers) [37]. The collaborative activities in regard to the environmental-related interactions
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and knowledge-sharing activities, such as meetings and workshops pertaining to green innovation,
contribute to environmental technical development and product design and thus improve the chances
of developing a green product.

Moreover, an extensive knowledge base also improves a firm’s capability to combine previously
unconnected knowledge in creative ways [38], which in turn has a great potential for enhancing green
product innovation. Companies require the motivation and ability to produce creative and innovative
ideas to develop new products [39]. The diversity of technological knowledge stimulates the firm to
blend different knowledge elements, which represents a key cognitive process for generating innovative
ideas [40], thus increasing the number and variety of potential combinations and novel solutions of
new products [41]. For example, firms can combine existing and newly acquired environmental
knowledge to develop green products that will be successfully promoted in the market [42].

Secondly, the use of process, design, and planning AMT has critical effects on improving
efficiency and cost-saving with green product innovation. The utilization of AMT within a complex
manufacturing system helps to increase the efficiency of the manufacturing system [4]; it can
consequently be an important source of product innovation that leverages for environmental benefits
relating to design and creativity [43]. More specifically, investment in green equipment and the
installation of advanced green production technology can increase the resources’ productivity to
reduce environmental cost, thereby exerting a positive effect on green product innovation. In addition,
companies’ increased experience with AMT can stimulate proactive environmental actions like
modification, redesign, and creation of new products and increase the cost-saving potential (e.g., energy
or material saving), thus facilitating green product innovation. Examples include applying the
environmental criteria and directives into the product modification through material substitution
(e.g., water-based ink vs. oil-based ink).

Furthermore, the use of process, design, and planning AMT has a potentially positive effect
on green product innovation. Green product innovation often incorporates the modification,
redesign, and creation of new products that aim at green innovation, which are primarily related
to technological changes in production processes [44]. Process AMT, which is considered a type of
technology that supports the production and organizational process, has become an effective way of
overcoming hurdles and generating a manufacturing process that reduces negative environmental
impacts. In response to changes in technology and environmental regulations, process AMT can
enhance green product innovation primarily through fostering efficiency improvements or changes
in organization-wide processing solutions. Design AMT not only enables effective communication
and collaboration on innovative product concepts and ideas, but also has integrated functionality
enabling the calculation, storage, and manipulation of vital product information to provide better
product quality and improved product features for environmentally conscious consumers. Planning
AMT, which allows firms to manage material flow, can improve efficiency by optimizing production
schedules to more fully utilize manufacturing resources [4]. Pollution is the concrete representation of
the inefficient use of resources [1]. Manufacturing firms can increase resource productivity through
planning AMT to enhance green product innovation and reduce the environmental costs. All of this
points to the use of AMT being a critical factor to enhance green product innovation. Therefore, we
propose the following hypotheses:

H1: The use of (a) process AMT; (b) design AMT; and (c) planning AMT is positively associated with
green product innovation.

2.2. AMT and Green Process Innovation

In addition to green product innovation, the use of AMT also has a potentially positive effect
on green process innovation. AMT enhances green process innovation mainly through increasing
firms’ information sharing and processing capabilities. Effective information sharing and processing
is extremely important for the success of AMT implementation [20]. On the one hand, the use of
AMT alter the way employees interact more efficiently and enables real-time information sharing
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within the organization, allowing direct access to product databases in a controlled manner. It has
the potential to lead to deep communication and interaction across functional boundaries [45],
which in turn results in improved cross-functional collaboration. The collaboration among different
functional departments during the primary phases of new product or process development can
improve innovation capabilities, thus fostering innovative performance [46]. Likewise, through
exchanging quality eco-design information among various functions, the use of AMT could also
contribute to green innovation. On the other hand, AMT’s information processing capabilities enable
employees to apply creative problem solving on the factory floor, resulting in improved products and
processes [47,48]. Hence, the processing of green information and know-how guides green innovation
activities. It is therefore important for manufacturing firms to employ AMT to be capable of green
process innovation.

Moreover, the adoption of process, design, and planning AMT can enhance green process
innovation. Manufacturing processes are often perceived as barriers to innovation because of the
limitations in information flow [8]. Process AMT, which typically focuses on the production and
delivery aspects of manufacturing [15], can be seen as the prerequisite for generating operational
processes-related information. The implementation of process AMT helps enhance the integration of
operational processes and information, which enables firms to reduce their negative environmental
impact and direct the processing of materials, resources, and knowledge to a better performance of
green process innovation. For example, process technologies like environmental control systems are
likely to improve the information basis for green process innovation [49].

The use of design AMT also helps to improve green process innovation. Design technologies such
as CAD and CAE closely link external suppliers, customers, and designers with manufacturers by
using a common software interface and language that feed design data and customer specifications
directly into the production system [24,50]. Customer expectations and supplier involvement are
important factors that influence companies’ environmental practices [18]. Therefore, using a common
language has become a critical driver of green process engineering since it promotes the integration of
design and manufacturing activities to pursue green process development opportunities.

Finally, the nature of Planning AMT suggests its benefits in green process innovation. By bringing
automation and computational power together in coordinated decision-making, planning AMT
such as ERP and MRP II help to optimize the utilization of resources to provide more efficient and
environmental process plans that can meet the environmental regulations. Hence, we propose that the
use of AMT can improve green process innovation, as illustrated in the following hypothesis:

H2: The use of (a) process AMT; (b) design AMT; and (c) planning AMT is positively associated with
green process innovation.

2.3. The Mediating Effect of Internal Environmental Collaboration

Whereas the uses of process, design, and planning AMT are likely to stimulate a firm’s green
innovation, little is known about the underlying mechanism linking AMT adoption and green
innovation. Internal environmental collaboration can be considered a unique organizational capability
from the RBV logic [51], which can be expected to translate AMT into improved green innovation
performance. Therefore, we first propose that internal environmental collaboration mediates the effects
of AMT adoption on both green product and process innovation.

First, an organization can adopt diverse advanced technologies, while green innovation may
not necessarily benefit from such diversity automatically if its internal departments are unwilling to
proactively make environmental collaboration. Several researchers have argued that AMT success
requires communication and coordination between product and process specialists [20,21]. In other
words, investment in AMT is unlikely to be successful without the implementation of internal
integration of value-adding functions [8]. Therefore, in order to minimize conflict and successfully deal
with the technical and strategic interdependencies inherent in technology adoption, representatives
from various departments must carry out cooperation. AMT permits functional integration by
linking various functional departments’ information systems and common databases [7,9]. Internal



Sustainability 2016, 8, 1056 7 of 18

environmental collaboration, which consists of exchanging technical information, sharing policies, and
establishing common goals, can be seen as functional integration that facilitates cooperation among
experts, analysts, and decision makers. In terms of developing new skills, fostering trust, and reducing
potential resistance, sound and effective coordination is especially important for green innovation [49].

In addition, environmental collaboration focuses more on the means by which more
environmentally sound operations or products might be achieved [52]. The proactive environmental
management orientation, which requires firms to prevent environmental degradation by an innovative
approach to develop environmentally friendly products and processes, is often positively associated
with green innovation [53]. By requiring a mutual willingness to learn about each other’s operations in
order to plan and set goals for environmental improvement [52], internal environmental collaboration
leads to more systemic environmental solutions of innovative processes and products by utilizing
the AMT. Environmental consciousness of the firm facilitates the redesign of existing products and
processes and development of new ones that meet the environmental requirements [54]. Accordingly,
the process of implementing AMT can lead to better communication and integration of work
across functional boundaries [45] and these changes in interaction may in turn result in better
green innovation.

Second, in-depth internal environmental collaboration can detect, employ, and transfer critical
technical knowledge across different functions more easily and keep the firm environmentally
innovative. Several studies suggest that technical knowledge is one of the most critical factors that
must be considered to achieve higher success from AMT implementation [55]. Since technological
knowledge is tacit in nature and difficult to be codified and communicated [56], effective internal
environmental collaboration among various functions is critical for operators to fully understand and
successfully integrate the acquired knowledge.

On the one hand, internal environmental collaboration is an important conduit of inter-firm
knowledge transfer. By diffusing, assimilating, communicating, and absorbing the advanced
technologies within the organization, internal environmental collaboration facilitates technical
knowledge sharing and synchronizes product and process technology development activities.
Moreover, internal environmental collaboration through formal and informal mechanisms, including
joint planning sessions with regard to the environment and knowledge-sharing activities such as
meetings, workshops, and seminars pertaining to management systems [57], enhances a firm’s ability
to assimilate technological and environmental knowledge. In this way, the acquisition of technological
knowledge is complementary and in favor of organizational green innovation [13]. One the other
hand, internal environmental collaboration represents a crucial capability of learning. The potential
of AMT requires the capacity to learn [32]. By interacting with various departments within the firm,
internal environmental collaboration facilitates the uptake of tacit knowledge, especially knowledge
pertaining to technical interdependencies between product specifications and manufacturing process
specifications to stimulate the generation of new alternatives. Therefore, internal environmental
collaboration reflects a key mediator through which AMT contributes to green innovation.

Third, organizations can increase technologies’ and resources’ productivity through internal
environmental collaboration to foster environmental innovation. Environmental collaboration requires
an organization to invest specific resources in cooperative activities that address environmental
issues [57]. Therefore, internal environmental collaboration is beneficial to potentially capture
the added value that emerges from a collaborative interaction of different functions to promote
innovation that reduces environmental impact. In addition, through cross-functional cooperation,
internal environmental collaboration also facilitates the implementation of product- or process-based
modifications and therefore leads to environmental changes in the focal plant’s products or
processes [58].

In summary, internal environmental collaboration may be the missing link between AMT adoption
and green innovation. Hence, we posit that process, design, and planning AMT have potential
benefits on a firm’s green innovation, and such positive effects are achieved mainly through internal
environmental collaboration.
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H3: Internal environmental collaboration mediates the positive effects of the use of (a) process AMT;
(b) design AMT; and (c) planning AMT on green product innovation.

H4: Internal environmental collaboration mediates the positive effects of the use of (a) process AMT;
(b) design AMT; and (c) planning AMT on green process innovation.

3. Research Methods

3.1. Sampling and Data Collection

We used the survey method to collect data. Since the AMTs are actually deployed at the
manufacturing plant level, manufacturing industries in China were chosen as the research setting.
In order to collect data effectively, we strategically selected five typical manufacturing provinces
representing different economic development and market formation stages in China, which are
Guangdong, Jiangsu, Shandong, Shaanxi, and Henan.

The data collection procedure included three phases. First, an initial English questionnaire was
developed based on previous studies and translated into Chinese using two parallel translation/double
translations. Two researchers well versed in both languages translated the questionnaire into Chinese
and two more back-translated it into English afterwards. The back-translated English version was
checked against the original English version for any possible discrepancies. After that, two preliminary
assessments of the Chinese survey were implemented. Five manufacturing managers and three
academics reviewed the pre-questionnaire to improve clarity and identify and resolve any unfamiliar
or unclear wording. Next, eight manufacturing firms were chosen to conduct a pilot test. Based on
the feedback, we further modified the questionnaire to ensure it was understandable and relevant to
practices in China.

Secondly, we randomly selected 200 firms for each province from a list of firms provided
by the local government and business research firms as our sampling frame, totaling 1000 firms.
Following the approach of Frohlich [59], selected firms were contacted in advance to identify the
key informants. In order to collect reliable data about AMTs, internal environmental collaboration,
and green innovation, one person who was familiar with these activities (e.g., the CEO/president,
vice president, or senior executive) was chosen as the key informant.

Finally, mail or online surveys, along with a cover letter offering a brief outline of the study and
ensuring confidentiality, were sent out to the respondents. We also promised a customized summary
report to encourage participation. In addition, both follow-up calls and e-mails were made to increase
the response rate.

In total, 212 questionnaires were collected. After deleting responses from missing data, 198 usable
questionnaires were obtained, representing an effective response rate of 19.8%. The characteristics of
sampled firms are shown in Table 1, indicating a wide variety of industries and sizes.

We employed a multivariate analysis of variance (MANOVA) test to investigate the possible
non-response bias [60]. An analysis of differences between early and late responses for all of the
variables revealed no statistical significant differences, suggesting non-response bias is not a concern
in our study.

Common method bias was a concern as there was only a single respondent for each company [61].
We tried to reduce the potential influence of common method variance (CMV) by carefully selecting
scale items and separating them with the fairly lengthy questionnaire [62]. Then we conducted several
diagnostic tests to further evaluate the possibility of CMV. First, Harmon’s single-factor test was
conducted [61]. The results revealed that neither did a single factor emerge, and nor did one general
factor explain the majority of the total variance, thus indicating that CMV is not a critical issue.

Secondly, confirmatory factor analysis (CFA) to Harman’s single-factor model was conducted [63].
The model’s fit indices of χ2(299) = 3002.81, NNFI = 0.91, CFI = 0.91, RMSEA = 0.214, and SRMR = 0.085
were unacceptable and were considerably worse than those of the measurement model. This suggests
that a single factor is not acceptable, further indicating that common method bias was not
a significant issue.
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Table 1. Profile of sampled firms.

Characteristics of Firms Frequency Percentage (%)

Environmental strategy [64]

Level of environmental corporate strategy
Lower than industry average 24 12.12

Industry average 24 12.12
Higher than industry average 150 75.76

Level of environmental marketing strategy
Lower than industry average 30 15.15

Industry average 16 8.08
Higher than industry average 152 76.77

Industry

Metal products 19 9.6
Machinery and engineering 21 10.61

Electrical machinery and equipment 25 12.63
Communication and computers related equipment 32 16.16

Instruments and related products 18 9.09
others 83 41.92

Number of employees

Large size (2000 or more) 34 17.17
Medium size (300–2000) 47 23.74

Small size (<300) 117 59.09

Annual sales (million RMB)

Large size (100 or more) 60 30.3
Medium size (10–100) 59 29.8

Small size (<10) 79 39.9

Ownership

State-owned 72 36.36
Private-owned 96 48.48
foreign-owned 30 15.15

Note: Environmental corporate strategy refers to the degree to which the natural environment was integrated
with the firm’s strategic planning processes, as compared to the industry average; Environmental marketing
strategy refers to the degree to which the firms’ product market decisions were influenced by environmental
concerns, as compared to the industry average.

3.2. Variables and Measures

The measures of AMT, internal environmental collaboration, and green innovation used in this
study were mostly adapted from existing scales found in previous research studies. The indicators
were all measured using a seven-point Likert scale: a higher value indicates a higher level of
technology implementation and collaboration, or a better performance in the firm’s green innovation.
The perceptual measurement scales of all constructs are presented in Appendix A.

Independent variable. AMT has been conceptualized as a multidimensional construct in previous
studies [4,7]. Consistent with these prior studies, we measured the AMT in three categories: process
AMT, design AMT, and planning AMT. These three dimensions of AMT are operated as four, five,
and four scales, respectively, and measured using the scales adapted from prior work [7,23]. Process
AMT includes technologies such as CAM and environmental control systems that enable efficient
and flexible manufacturing processes. Technologies that aid in the design of products and process
such as CAD and PDM are included in design AMT. Planning AMT focuses on planning critical firm
resources and covers technologies such as ERP, MRP II, etc. These constructs are assessed by asking
the respondents to indicate the extent to which each technology or practice was utilized in their plant
for environmental management, as compared to the industry average.
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Dependent variables. We included scales addressing two dimensions of green innovation:
green product innovation and green process innovation. To measure green product innovation,
respondents were asked to rate various aspects of their new products’ performance such as energy
saving, pollution prevention, waste recycling, or green product design. The four-item scale was
adapted from previous research [65,66]. For measures of green process innovation, a four-item scale
was adapted from prior studies [57,67] to evaluate managers’ perception of how their manufacturing
process performed environmentally in terms of decreasing energy, controlling pollution, saving
materials, and reducing resources.

Mediating variable. For the measurement of internal environmental collaboration, we employed
a five-item scale developed and validated by Vachon and Klassen [52], assessing respondents’
perception of the extent to which the relevant function units (i.e., marketing, R&D, manufacturing, ...)
engaged in environmental activities.

Control variables. Prior studies have suggested that the use of AMT and green innovation may be
influenced by firm age, size, and ownership [4,49]. Accordingly, we included these control variables
in the analysis. Firm age was adopted as the first control variable, which referred to the age of the
firm since its foundation. Secondly, we controlled the firm size, which was operated as the natural
logarithmic transformation of the number of employees. Finally, we used ownership to control for
its possible effects. The firm ownership measure was operationalized as three dummy variables,
with state-owned as the baseline.

3.3. Reliability and Validity

The reliability of the constructs measured by multiple scales was assessed using Cronbach’s
coefficient alpha and composite reliability (CR). The Cronbach’s alpha values of all constructs ranged
from 0.821 to 0.929, exceeding the generally agreed threshold value of 0.70 [68], which suggested
acceptable reliability for all constructs. All CR values were larger than 0.85, which is higher than the
minimum acceptable value of 0.60, also indicating that all constructs are reliable.

We employed a rigorous process to evaluate the validity of this study. In our study, all the scales
used were carefully extracted from existing constructs based on an extensive search of the literature.
Moreover, an iterative review of the questionnaire by executives and academicians also helped to
improve the items. As such, content validity was established.

We executed a confirmatory factor analysis (CFA) to assess the convergent validity [69]. The results
indicate a good fit (χ2(215) = 561.62, NNFI = 0.97, CFI = 0.98, RMSEA = 0.08 and SRMR = 0.046) [70].
All factor loadings are significant at the p < 0.001 level and greater than 0.60, demonstrating strong
convergent validity [71]. Furthermore, the average variance extracted (AVE) values of each construct
exceed the 0.50 benchmark [68], suggesting that measures demonstrated adequate convergent validity.

In order to assess the discriminant validity, we compared the calculated share variance between
any two constructs against the AVE values of the individual constructs [68]. Table 2 presents the
squared correlations between all possible pairs of constructs in the lower left off-diagonal of the matrix
and AVE along the diagonal. The results indicated that AVE values were higher than the shared
variance with other constructs. Therefore, the discriminant validity was ensured in this study.

Table 2. Discriminant validity test.

Mean S.D. PAMT PLAMT DAMT IEC GPDI GPCI

Process AMT (PAMT) 5.047 1.101 0.598
Design AMT (DAMT) 4.855 1.069 0.498 0.645

Planning AMT (PLAMT) 5.343 1.068 0.534 0.494 0.656
Internal environmental collaboration (IEC) 5.149 1.098 0.428 0.424 0.496 0.805

Green product innovation (GPDI) 5.024 1.133 0.345 0.368 0.312 0.438 0.763
Green process innovation (GPCI) 5.217 1.178 0.440 0.445 0.392 0.629 0.607 0.829

Note: Bold numbers on the diagonal show the values of AVE.
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4. Analysis and Results

To examine the relationships between sub-dimensions of AMT and green innovation as well
as the mediating effects of internal environmental collaboration, a multistep mediated regression
approach was adopted [72]. Since two dependent variables are defined in the research model (green
product innovation and green process innovation), the regression was run for each of them separately.
Table 3 presents the mediating effect of internal environmental collaboration on the link between AMT
adoption and green innovation. First, we established the effects of the independent variable (process,
planning, and design AMT) on the mediator (internal environmental collaboration) in Model 1. Second,
we established that the independent variable affects the dependent variable (green product innovation
and green process innovation) in Models 2 and 5. Third, we established the effects of the mediator on
the dependent variable in Models 3 and 6. Last, we added both the independent variable and mediator
to the regression in Models 4 and 7.

Table 3. Results of regression analysis.

IEC GPDI GPCI

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Control variables

Firm age −0.165
(−1.147)

0.363
(2.151) *

0.515
(3.237) **

0.442
(2.857) **

0.038
(0.235)

0.226
(1.651)

0.147
(1.121)

Firm size −0.101
(−1.249)

0.101
(1.063)

0.179
(1.994) *

0.149
(1.716) +

0.070
(0.769)

0.168
(2.171) *

0.136
(1.850) +

Ownership 0.184
(1.322)

−0.072
(−0.440)

−0.238
(−1.583)

−0.160
(−1.070)

0.152
(0.974)

−0.065
(−0.500)

0.031
(0.240)

Main effects

Process AMT 0.223
(2.664) **

0.205
(2.089) *

0.098
(1.070)

0.313
(3.340) **

0.166
(2.146) *

Design AMT 0.430
(5.823) ***

0.231
(2.668) **

0.024
(0.281)

0.268
(3.242) **

−0.016
(−0.215)

Planning AMT 0.195
(2.294) *

0.308
(3.090) **

0.214
(2.319) *

0.297
(3.110) **

0.168
(2.141) *

Mediation

IEC 0.697
(13.089) ***

0.480
(6.200) ***

0.865
(18.855) ***

0.661
(10.054) ***

R2 0.568 0.444 0.494 0.538 0.528 0.652 0.692

Adjusted R2 0.554 0.427 0.483 0.521 0.514 0.645 0.681

F-value 41.842 *** 25.468 *** 47.015 *** 31.598 *** 35.672 *** 90.341 *** 61.035 ***

Note: + p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001.

In terms of support for H1, the results of Model 2 show that the use of process, design,
and planning AMT all have significant positive effects on green product innovation (p < 0.05, p < 0.01,
and p < 0.01, respectively). Thus H1a, H1b, and H1c are strongly supported. These findings are
consistent with the notion that the adoption of AMT has a critical positive association with green
product innovation.

In terms of support for H2, the results of Model 5 show that the use of process, design,
and planning AMT has a significant positive effect on green process innovation (p < 0.01). H2a, H2b,
and H2c are confirmed and supported. These findings support the claim that the three types of AMT
all have great potential benefits for green process innovation.

For mediating effects, the results of Model 1 show that the effects of process, design, and planning
AMT on internal environmental collaboration are positive and significant (p < 0.01, p < 0.001,



Sustainability 2016, 8, 1056 12 of 18

and p < 0.05, respectively). The results of Models 3 and 6 demonstrate that internal environmental
collaboration significantly affects green product and process innovation (p < 0.001).

The results of Model 4 show that, when internal environmental collaboration was added to
the regression model, the effects of process AMT and design AMT become insignificant (p > 0.10),
indicating that internal environmental collaboration completely mediates the positive effects of
process and design AMT on green product innovation. H3a and H3b are strongly supported.
Moreover, the effect of planning AMT becomes smaller (from 0.308 to 0.214) and less significant
(from p < 0.01 to p < 0.05) compared with Model 2, thus the partial mediation effect of internal
environmental collaboration is established to partially support H3c. These results indicate that process
and design AMT enhance green product innovation, mainly indirectly through internal environmental
collaboration, while planning AMT fosters green product innovation both directly and indirectly
through internal environmental collaboration.

The results of Model 7 show that, after internal environmental collaboration was controlled
for, the effects of process and planning AMT become smaller (from 0.313 to 0.166 and from 0.297
to 0.168, respectively) and less significant (from p < 0.01 to p < 0.05, respectively). Thus, the partial
mediation effect of internal environmental collaboration is established to support H4a and H4c.
In addition, the effects of design AMT become insignificant (p > 0.10) compared with Model 5,
indicating that internal environmental collaboration completely mediates the positive effects of design
AMT on green process innovation. H4b is thus strongly supported. These results indicate that process
and planning AMT fosters green product innovation both directly and indirectly through internal
environmental collaboration, while the positive impact of design AMT on green process innovation is
exerted indirectly through internal environmental collaboration.

5. Discussion and Managerial Implications

5.1. Discussion

This study empirically examines whether and how three fundamental types of AMT impact
on two dimensions of green innovation as well as the mediating effect of internal environmental
collaboration. We find that the benefits of AMT adoption for green innovation are manifested in the
critical capability of internal environmental collaboration. These findings provide important insights
for manufacturing firms to foster their green innovation through implementing AMT more effectively.

Considering the three types of AMT, our research findings show that the use of AMT has a positive
effect on green innovation. As we expected, the use of process, design, and planning AMT exerts
positive effects on the generation of both green products and processes. These findings indicate that
all three types of AMT are important drivers to improve green innovation. The significant main
effects of AMT adoption on green innovation uncovered in our analysis confirm arguments put
forward in prior studies [12]. The use of AMT is often heralded as a technological answer to increase
competitiveness and enhance innovation [13]. The adoption of process, design, and planning AMT
provide firms with important sources of technological knowledge and enhances the competence of
a firm to recombine technological knowledge in creative ways [38]. New technological knowledge
creates new opportunities for firms to perform green innovation activities. Moreover, the use of AMT
also represents a learning process [19] that helps manufacturing firms to innovate better. In addition,
the implementation of AMT also automates the collection, transfer, and sharing of critical information
related to green innovation. AMT’s information processing capabilities enable greater problem solving
and thereby lead to improved green product and process innovation. Therefore, the use of AMT has
a positive effect on green innovation. This study adds to the literature by offering a more fine-grained
empirical analysis and revealing the great importance that the use of process, design, and planning
AMT has for enhancing green products and process innovation in manufacturing firms.

Moreover, in accordance with our expectations, internal environmental collaboration appears
to be a critical mediator in achieving AMT’s potential benefit on green innovation. Specifically,
internal environmental collaboration completely mediates the positive effects of process AMT on
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green product innovation as well as the effects of design AMT on two dimensions of green innovation.
These findings indicate that process AMT fosters green product innovation mainly through enhancing
internal environmental collaboration. Meanwhile, the positive impacts of design AMT on both
green product and process innovation are exerted mainly indirectly through internal environmental
collaboration. In addition, we find that internal environmental collaboration partially mediates the
effect of process AMT on green process innovation as well as the effects of planning AMT on two
dimensions of green innovation. These findings suggest that process AMT enhances green process
innovation both directly and indirectly through internal environmental collaboration. Similar, planning
AMT fosters green product and process innovation both directly and indirectly through internal
environmental collaboration.

Importantly, our findings indicate that both green product and process innovation may not
necessarily benefit from the various types of AMT adoption automatically without internal departments
being willing to collaborate. The application of process, design, and planning AMT provides firms
with access to rich technological knowledge; however, its potential value can only be achieved if
representatives of various departments can cooperate to innovate. Internal environmental collaboration
addresses interdependencies and information sharing among knowledge workers [73]. In the same
way that internal environmental collaboration uncovers technical dependencies between product
design and machine processing requirements, internal environmental collaboration also serves to
clarify the impacts on production flows that result from product complexity and variety. Thus, internal
environmental collaboration helps designers better understand AMT capabilities and limitations,
which leads to better applications of technology, and a better fit between product and process designs
and environmental requirements [16].

The findings highlight the critical mediating role of internal environmental collaboration in the
relationship between AMT and green innovation. To this end, this study addressed the need for
an empirical study examining the underlying mechanisms of how AMT adoption enhances green
innovation. The findings serve as a useful extension of AMT and green innovation literature by
assuring that when firms are interested in adopting AMT and fostering green innovation, it is vital to
understand the underlying process between them.

5.2. Managerial Implications

The findings of this study provide important implications for firms to more effectively carry
out AMT to foster green innovation. First, the findings suggest that managers of firms seeking to
strengthen green innovation should direct more attention to AMT adoption. Through implementing
the various types of AMT, firms can gain diversified technological resources and critical knowledge
that generally improve green product and process innovation. Therefore, managers should proactively
employ AMT in firms since it appears to be a good investment. However, the use of AMT is not free;
managers should strike a balance and find an optimal level of AMT adoption. Meanwhile, managers
who plan to use AMT should carefully consider the dimensions of green innovation they are seeking,
as well as their links to the overall manufacturing strategy.

Secondly, the findings suggest that it is important for managers to be aware of the crucial
mediating effect of internal environmental collaboration since merely developing AMT is not sufficient
for enhancing green innovation. Both green product and process innovation are achieved through
internal environmental collaboration. A comprehensive understanding of the vital mediating role of
internal environmental collaboration may make firms rethink their AMT implementation activities.
Firms’ failure to understand the mediating role of internal environmental collaboration may be
unable to reap the maximum benefits from AMT adoption and will be in danger of missing out
on future opportunities. Therefore, in order to reinforce green innovation through implementing
AMT, managers should begin by promoting internal environmental collaboration. By proactively
implementing policies and practices to enhance internal environmental collaboration, managers could
maximize the effectiveness of AMT adoption.
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In addition, our findings are particularly useful for managers of Chinese manufacturers, who
need to improve their green innovation by using different types of AMT. Environmental degradation
has been a critical issue in China. For instance, the high level of average annual growth in GDP is also
the cause of a high rate of resource consumption and pollutant generation [74–76]. Thus, managers of
Chinese manufacturing firms face a serious situation and need to make more efforts to be green.

6. Conclusions and Limitations

6.1. Research Contributions

This study provides several important contributions to the existing research on green innovation.
First, it adds to the literature by incorporating AMT as a potential antecedent and empirically testing
the relationships between particular types of AMT and specific dimensions of green innovation,
thereby addressing the critical research question of how AMT usage can contribute to green innovation.
Previous studies aimed at emphasizing the benefits of AMT on innovation, but empirical analysis has
not typically investigated the importance of using AMT for green innovation [12]. In including process,
design, and planning AMT, and incorporating both green product and green process innovation,
this study enriches the existing green innovation literature and enhances our understanding of the
value of AMT adoption for boosting green innovation.

Secondly, this study provides a greater level of comprehensiveness and richness to the AMT–green
innovation framework by developing a theoretical model of how firms’ green innovation benefits
from the uses of AMT through the critical mediator of internal environmental collaboration. Although
researchers have recognized the importance of AMT adoption in achieving innovation [12,13],
few studies have examined the underlying mechanism by which AMT can contribute to green
innovation. Through introducing internal environmental collaboration as an important mediator,
our findings suggest that the use of various types of AMT improves green product and process
innovation mainly through enhancing internal environmental collaboration, which provides
preliminary evidence that organizational capabilities such as internal environmental collaboration act
as a critical mediator for firms’ green innovation to benefit from the use of AMT.

Thirdly, this study extends the AMT and green innovation literature into the context of China.
Previous related studies were typically carried out in other contexts, such as the USA [4], Australia,
Britain, Canada [21], and Russia [13]. China, the largest global manufacturing center, is experiencing
an important period of economic transformation. Since the formal institutional market system and
infrastructures that support innovation have not yet been well established, Chinese firms have a greater
incentive to gain competitive advantages and be more innovative [77]. Effective uses of AMT have
potential benefits on green product and process innovation. Chinese manufacturers can maximize
these benefits through enhancing internal environmental collaboration.

6.2. Limitations and Future Research

While this study makes a significant contribution to the literature and has important implications
for practice, it has several limitations that provide useful opportunities for further research.
First, this study uses a cross-sectional design to investigate the relationship between uses of AMT,
internal environmental collaboration, and green innovation. The survey data may cast doubt on causal
statements derived from empirical findings. Therefore, a further potentially fruitful area for future
research would be examining the evolution of AMT usage in a longitudinal experimental design.

Secondly, a key limitation stems from the reliance on a single informant to represent each firm
in the sample. The positions of the respondents, as well as procedures taken in data collection and
analyses, argue against serious effects of bias and common method variance. Future studies could
benefit from using multiple respondents to further substantiate our finding of a relationship between
AMT practice and green innovation.
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Thirdly, our findings reveal that internal environmental collaboration has a critical mediating effect
on the relationship between the use of AMT and green innovation. We did not address other potential
mediators, such as technology absorptive capacity, and cross-functional integration. We leave it for
future research to further substantiate our findings, as well as to develop an even more comprehensive
theory of AMT adoption and green innovation.

Finally, the Chinese context of this study may limit the generalizability of the findings. China
has a specific culture of Confucianism, a history of development, and an institutional environment.
Its unique traits suggest that the behavior of manufacturing firms in China may differ from that of
other countries or developed economies. Future research should investigate the proposed relationships
in other countries or developed economies.
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Appendix A

Table A1. Survey instrument (with factor loadings).

Item Loading

Process AMT (α = 0.821)

PAMT1: Computer-aided manufacturing (CAM) technology practice is applied. 0.711
PAMT2: Robotics is used. 0.874
PAMT3: Flexible manufacturing systems (FMS) technology practice is applied. 0.727
PAMT4: Environmental control systems are applied. 0.770

Design AMT (α = 0.874)

DAMT1: Computer-aided process planning (CAPP) technology practice is applied. 0.831
DAMT2: Computer-aided design (CAD) technology practice is applied. 0.905
DAMT3: Product data management (PDM) systems are used. -
DAMT4: Computer-aided engineering (CAE) technology practice is applied. 0.719
DAMT5: Rapid prototyping (e.g., stereolithography) technology practice is applied. 0.754

Planning AMT (α = 0.881)

PAMT1: Enterprise resource planning system (ERP) is used. 0.871
PAMT2: Advanced MRP II system is used. 0.767
PAMT3: Activity-based accounting (ABC) is used. 0.800
PAMT4: Decision support systems (DSS) are applied. 0.798

Internal environmental collaboration (α = 0.927)

IEC1: Achieving environmental goals collectively. -
IEC2: Developing a mutual understanding of responsibilities regarding environmental performance. 0.908
IEC3: Working together to reduce the environmental impact of our activities. 0.895
IEC4: Conducting joint planning to anticipate and resolve environment-related problems. 0.931
IEC5: Making joint decisions about ways to reduce the environmental impact of our products/services. 0.854

Green product innovation (α = 0.929)

GPDI1: The new products reduce the consumption of materials/energy. 0.777
GPDI2: The new products reuse, recycle, and recover materials and component parts. 0.887
GPDI3: The new products reduce resource consumption and waste generation in product usage. 0.920
GPDI4: The new products reduce the environmental impact of product disposal. 0.902

Green process innovation (α = 0.919)

GPCI1: The manufacturing process uses clean technology/equipment. -
GPCI2: The manufacturing process installs energy-efficient equipment. 0.915
GPCI3: The manufacturing process installs pollution control technologies. 0.943
GPCI4: Production planning and control during the manufacturing process focused on reducing waste
and optimizing materials. 0.872

Note: Three items (DAMT3, IEC1, and GPCI1) were deleted after reliability or validity analysis.
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