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Different bodies of literature have attempted to explain what factors and events drive industries
throughout processes of environmental change. The latter is a gradual, historical process of evolution
from lower to higher degrees of development. Based on concepts derived from evolutionary economics,
greening technological progress and resource-based view of the firm, this article informs the sustain-
ability transitions literature by providing an account of the evolution in the chemical industry's striving
for the design, use and production of environmentally sound chemical processes and products based
upon eco-innovation. A conceptual model was elaborated depicting five stages of environmental change
in the chemical industry in the period 1901—2030. The authors empirically tested this model by con-
ducting a longitudinal computer-aided content analysis of 255 documents addressing different envi-
ronmental and innovation aspects in this industry in the same period of time. The results of this article
advance our modern understanding of the different stages of evolution of the chemical industry in terms
of environmental change. Consistent with the conceptual model hitherto presented, the findings of this
article highlight a number cumulative of factors that enabled the evolution of the chemical industry
throughout time supporting eco-innovation, highlighting the intertwined nature of regulation, innova-
tion, and technological change. It is plausible that the future development of this industry might be

shaped by the policy-driven paradigms of sustainability and resource efficiency.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction and Graedel, 2003). Moreover, it is widely accepted that control-

ling pollution does not necessarily avoid environmental degrada-

This article provides a comprehensive account of the evolution
of the chemical industry towards environmentally sound chemical
processes and products, while aiming to remain competitive in a
context of globalised value chains and new forms of innovation.

It is well known that all modern technologies are unavoidably
accompanied by side effects — negative externalities (Rosenberg,
1976). Historical and empirical evidence has repetitively shown
that manufacturing and service activities of many companies have
contributed to environmental degradation and pollution in many
ways and with different levels of intensity (Utting, 2000; Thomas
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tion. The reason of this is that, in the long term, pollution control
fails simply because once potentially polluting agents are generated
these can travel from one physical medium to another (see:
Montalvo, 2002). Hence, every existing industrial process has a
‘potential to pollute’, which can be estimated and diminished but so
far cannot be fully avoided (Graedel and Howard-Greenville, 2005).

It is extremely difficult to accept among academic circles that
achieving higher environmental performance in firms and industry
is costly, of low priority and detrimental to industrial competi-
tiveness (c.f. Walley and Whitehead, 1994). For quite some time a
vast amount of evidence has been assembled on the positive rela-
tion between environmental and economic performance (c.f.
Florida, 1996; Hart and Ahuja, 1996). Moreover, a number of ap-
proaches and tools for environmentally conscious manufacturing
are available (e.g. 3M and UNEP, 1982; llgin and Gupta, 2010; OECD,
2011). Many top executives claim that corporate sustainability is
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driven by a combination of public pressures, regulation and
securing a competitive position in the markets (Mckinsey and
Company, 2011). Some authors claim that sustainability has
become a proxy for quality management, reduction of energy and
resource consumption, and higher efficiency and reliability (Porter
and Kramer, 2011).

Eco-innovations are broadly defined as innovations that
contribute to sustainable development (Rennings, 2000, p. 322).! At
the industry level, the development and use of eco-innovations
constitute a mechanism for achieving sustainability and resource
efficiency goals. This is because environmentally friendly and so-
cially responsible innovation fosters technological, institutional
and organisational changes to the knowledge base of existing
production systems (Coenen and Diaz Lopez, 2010). A major sus-
tainability transition (in industries) requires new forms of eco-
innovation. This is because incremental improvements to the
environmental efficiency of technologies and production systems
may not be sufficient for achieving the radical changes required by
sustainable development (van den Bergh et al., 2011).

Clearly, achieving more radical forms of eco-innovation is a
complex issue due to a number of conflicting issues and dilemmas
(Ekins, 2010; Kemp, 2010). Notwithstanding, a central point to
consider in this article is the evolution of the chemical industry in
relation to environmental change. Scholars argue that companies
and industry in general have undergone a gradual transformation
process along several environmental behaviour paradigms,
evolving from a lower to a higher degree of environmentalism (c.f.
Hart, 1995; Hoffman, 1999; King, 2000; Lee and Rhee, 2005). In this
sense the origins of environmental innovation in the chemical in-
dustry have a relatively long history that can be tracked back to the
end of the nineteen century (c.f. Clow and Clow, 1958; Warner,
1982; Heaton, 1994).

The authors of this paper argue that there are several historical
and industry-specific factors that have enabled environmental
change.”> Path dependent co-evolving processes of learning and
accumulation of capabilities, competences and resources help firms
interacting within the broader context of their production and
consumption system, so that eco-innovation and its associated
business models can emerge and evolve in a given industry. In
addition to institutional and cultural change (Hoffman, 1999),
innovation is contingent to organisational and socio-technical
change along specific trajectories and paradigms (Kemp and
Soete, 1992; Freeman, 1994).

It is the aim of this paper to provide an account of the evolution
of eco-innovation in the chemical industry and to illustrate the cu-
mulative path of the chemical industry towards achieving sustain-
able development. For this reason the authors focus on a twofold
research question: (a) what factors have contributed to environ-
mental change in the chemical industry? (b) What factors have
motivated the evolution of eco-innovation in the chemical industry?

T One of the most accepted definitions of eco-innovation was provided by Kemp
and Pearson (2008), within the context of the MEI project. These authors defined
eco-innovation as: “the production application or exploitation of a good, service,
production process, organisational structure, or management or business method that
is novel to the firm or user and which results, throughout its life cycle, in a reduction of
environmental risk, pollution and the negative impacts of resources use (including
energy use) compared to relevant alternatives.” Please refer to Kemp (2010) and Ekins
(2010) for an overview of eco-innovation research in terms of definitions, mea-
surement, useful theories and policy implications.

2 The term environmental change has been used as a proxy to environmental
performance and corporate environmentalism in a number of studies (e.g. Hoffman,
1999; King and Lenox, 2000. As it will be shown in the present article, environ-
mental change is accompanied by institutional, technological, social and economic
change, the authors of this paper consider ‘environmental change’ as an indication
of the degree of evolution of eco-innovation in the chemical industry.

The content of this article is structured as follows: Based on a
comprehensive literature review Section 2 collects a number of key
concepts that enable the creation of a framework concerning the
evolutionary and cumulative nature of eco-innovation in the
chemical sector. Section 3 presents an overview of environmental
change in the chemical industry followed by the conceptual model
in Section 4. Section 5 briefly introduces the method of literature
content analysis used in the analysis of documents for the empirical
validation of the conceptual model guiding this article. Section 6
presents the main results of the literature analysis whereas Sec-
tion 7 presents the analysis and discussion. The last section pro-
vides the main conclusions, limitations and avenues of future
research of this work.

2. Useful approaches to understand eco-innovation in
relation to a transition to sustainability

Providing an account of eco-innovation in industries requires
adopting a systemic approach to innovation (Coenen and Diaz
Lopez, 2010), where the unit of analysis are firms embedded
within socio-technical systems for production, consumption and
distribution (Berkhout, 2005; Tidd, 2006). One of such approaches
is found in the emerging academic of area of sustainability transi-
tions (Geels, 2004; Hekkert et al., 2007).3

Sustainability transitions have been defined as long term, multi-
dimensional and radical transformations processes leading to shifts
in socio-technical systems to more sustainable modes of produc-
tion and consumption (Markard et al., 2012).* According to this
body of literature, socio-technical systems consist of network of
actors (firms, individuals, etc.), institutions (norms, regulations,
etc.), material artefacts and knowledge (Geels, 2004; Markard et al.,
2012). The transformational power of sustainability transitions is
evident because they induce large scale transformations in a
number of dimensions, including: user practices, institutions,
technologies, economics, political, etc. (Jacobsson and Bergek, 2011;
Markard et al., 2012). Focussing mostly on socio-technical systems
of energy supply, water supply, urban environment and transport,
studies in this novel field of research aim at explaining how
different green technologies compete against each other at the
regime level, leading to the creation of new products, services,
business models, and organisations (Markard et al, 2012).
(Reinstaller, 2008).

The field of sustainability transitions, while addressing some
key concepts to understand the cumulative nature of technical
change and factors for socio-technical transformations, have not
yet sufficiently enquired into the historical events and particular
factors which have motivated the process of evolution of eco-
innovation in manufacturing sectors, in particular in the chemical
industry.”> Markard et al. (2012) recognised eco-innovation as one of
many related strands of research on ‘green issues’ informing sus-
tainability transition studies, but these authors did not elaborate

3 Coenen and Diaz Lopez (2010) present an extensive overview of commonalities,
differences and complementarities of two highly influential approaches in sus-
tainability transitions: Technological Innovation Systems and Socio-technical Sys-
tems (including transition management and strategic niche management).

4 Refer to Markard et al. (2012) for an overview of the main characteristics,
theoretical positioning, empirical methods and research needs of the novel field of
sustainability transitions.

5 A notable exception is the study of eco-innovation diffusion provided by
Reinstaller (2008). Using a quantitative method of logistic substitution analysis
based on Fisher and Pry (1971), this author studied the technology diffusion of
chlorine free pulp bleaching technologies in the Nordic countries and the U.S.A.
Albeit not focussing on the chemical industry this study is one of the few exceptions
of empirical studies in manufacturing sectors informing sustainability transitions
literature.
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further on their relationships, complementarities or differences.
With the purpose of building the most suitable theoretical
approach needed in the present article, the following paragraphs
present concepts and propositions from evolutionary economics
(Dosi, 1982), greening technological progress (Kemp, 1994; Kemp
and Soete, 1992), and the resource based-view of the firm applied
to the environment (Hart, 1995).

The area of evolutionary economic of technological change
approach (e.g. Dosi, 1982; Pérez, 1983; Freeman, 1984) is focused on
firms and new technologies, its development, commercialisation
and diffusion (Rosenberg et al., 1992). Evolutionary economics
provide a comprehensive framework for the understanding of
processes of change determined by past routines that governs
future actions, and how technologies become a source of wealth
through an evolutionary, path dependent and incremental process,
with clear differences of innovation activity across economic sec-
tors. Important concepts from the field of evolutionary economics
are technological paradigms, technological trajectories, evolution
and accumulation, path dependency, and routines.® Technological
trajectories are patterns of problem solving activities of selected
techno-economic problems (Dosi, 1982). Clusters of the former
constitute a technological paradigm (Dosi and Orsenigo, 1988), also
known as technological regime (Georghiou et al., 1986; Dosi, 1988)
or techno-economic paradigm (Freeman and Perez, 1988).”

Building on the above-mentioned concepts from evolutionary
economics, literature on the greening of technological progress
provided a good theoretical basis for the understanding of eco-
innovation in complex socio-technical systems. Kemp and Soete
(1992) and Freeman (1994) explained that social, economic and
technical factors need to be transformed if an industry is to achieve
a major transition towards sustainability. In particular, Kemp
(1994) noted that the problem of changes in technological re-
gimes is highly complex, since it involves changes in technology,
production, organisation, consumption and living styles. So, in
certain historical moments, innovations are produced and co-exist
with old technological paradigms until gradually replacing them by
newer, environmentally friendlier alternatives (Kemp and Soete,
1992). Kemp (1994: 1034) identified a series of conditions for a
change to a greener paradigm: (1) radical innovations depend on
new scientific knowledge, and in some cases, on advances in en-
gineering and material technology; (2) technological needs need to
be present that cannot be satisfied with the available technologies;
(3) old trajectories that reach its limit or that further advances
leading to increasing marginal costs; (4) the presence of new in-
dustries/diversified firms with different knowledge base offering
alternative technologies or vested interests inhibiting the advance
of different technologies; and, the propensity to take risks by
entrepreneurs.

The company-based approaches of resource based view (RBV)
of the firm (Wernerfelt, 1984; Barney, 1991) and dynamic capa-
bilities (Teece et al., 1997) have recently received attention of
sustainability transitions scholars (e.g. in Musiolik et al., 2012). This

6 Routines are regular and predictable behavioural patterns of firms (Nelson and
Winter, 1982). Path dependency refers to the influence of norms and routines and
past experiences on current and future innovation efforts (Teece et al., 1997).
Evolution and accumulation are metaphors borrowed by social scientists from the
natural sciences, in particular from biology (Penrose, 1952). These concepts refer to
the emergence, diversification, addition and selection of novelties, where learning
and the emergence of building blocks are the defining factors for change (Devezas,
2005).

7 A technological paradigm is both a set of exemplars and basic artefacts
(models), which are to be developed and improved; and a set of heuristics and
procedures (patterns of solution), which provide direction for the exploitation of
new technological opportunities (Dosi, 1982: 152, 1988: 225).

is because the RBV of the firm enhances our understanding how
firms and industries can actually move across sustainability-driven
paradigms (see Hart, 1995). Building also on evolutionary eco-
nomics, Teece et al. (1997) explained why firms own capabilities
distinctive and dynamic. Dynamic capabilities are a key aspect of
the evolution of firms, and are defined as ‘the firm's ability to
integrate, build and reconfigure internal and external competences
to address rapidly changing environment’ (Teece et al., 1997).
Clearly, this is a process of accumulation of capabilities contingent
upon the existence of prior, related knowledge (Cohen and
Levinthal, 1990). When applied to the study of environmental
change (Hart, 1995; Hart and Milstein, 2003), the RBV of the firm
approach suggests that firms manage to evolve towards a higher
degree of environmentalism and develop/adopt eco-innovations
because they are owners of uncommon specific resources and ca-
pabilities that are difficult to imitate (c.f. Diaz Lopez, 2009). Kleef
and Roome (2007) suggested that a shift in capabilities and com-
petences to eco-innovate require the active involvement of a
diverse range of actors and networks in comparison to ‘conven-
tional’ innovation. Hence, calling for using a systems view in future
eco-innovation research.

The literature review presented in this section sheds light on a
number of external and internal factors enabling eco-innovation
and environmental change in companies. The interrelationship
and relevance of determinants of eco-innovation varies depending
on the industry analysed, sector innovation dynamics, etc. (Kemp,
2010). Following Montalvo (2008), factors enabling change can
grouped into six generic categories, namely: (1) technological (e.g.
technological capabilities, design capabilities, etc.), (2) organisa-
tional (e.g. management systems, etc.) (3) institutional (e.g. reg-
ulations, social norms, etc.), (4) economics (e.g. cost reduction,
size of company, etc.), (5) markets (e.g. market share, future
markets, etc.), and (6) society (e.g. community pressure, consumer
choices).

A complementary review of environmental and techno-
institutional change in the chemical industry is presented in the
subsequent paragraphs.

3. Environmental change and techno-institutional evolution
of the chemical industry

It is acknowledged that evolution and change has always been
one of the distinctive features of the World chemical industry
(Freeman, 1968; Smith, 1994). There are more than 200 years of
recorded history of chemicals manufacturing built over genera-
tions of accumulated empirical and scientific knowledge (Clow
and Clow, 1958; Arora and Gambardella, 2010). Historical and
empirical evidence suggests that resource efficiency and the use of
by-products and waste as a source of value creation has been
known to chemical producers for over 100 years (c.f. Richardson,
1908; Lancaster, 2002).2 Scholars have acknowledged that
achieving environmental change is not the result of single events
or efforts, but rather the result of a combination of driving forces
and intra and inter-firm factors (Colby, 1991; Hoffman, 1999). In
order to better understand the evolution of this industry it is
important to explain the dynamics of this industry and the in-
fluence of disruptive economic, socio-cultural, and techno-
institutional factors on eco-innovation and environmental
change (c.f. Gent, 2002).

8 For example, A. W. Hoffman (the first president of the Royal College of Chem-
istry in London) declared in 1848 that: “In an ideal chemical factory, there is, strictly
speaking, no waste but only products. The better a real factory makes use of its
waste, the closer it gets to its ideal, the bigger its profit” (Lancaster, 2002: 21).
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Rothwell and Zegveld (1985) noted that the business cycle of the
chemical industry has been characterised by stages of accelerated
growth (expansion or revitalisation), prosperity (consolidation &
stability), recession (slow-growth) and depression. Throughout time,
the cyclic performance of this industry has been moderated by in-
vestment levels, profit margins, productivity, technological change,
innovation and aggregated growth (Arora et al., 1998a,b). Different
business cycles have been accentuated due to effects on demand and
drastic changes in the world economy influenced by events such as
the 1930s depression, the Second World war, the post-war recon-
struction of Europe, and the period of accelerated growth in the 1960s
(Achilladelis et al., 1990). The expansive wave following the oil shocks
& major environmental accidents (1970s—1980s) was characterised
by a process of restructuring, re-configuration and a new revital-
isation of the industry (Hikino et al., 2007a,b).

Environmental change in this industry has been primarily enacted
by the effect and co-evolution of institutional and socio-cultural
factors. Hoffman (1999) studied the historical evolution of environ-
mental change in the US chemical industry in the 1960—1993 period,
primarily focussing on the examination of cultural and institutional
systems affecting corporate environmentalism.’ The seminal work of
Hoffman demonstrated how disruptive events, such as chemical ac-
cidents, changes in public perceptions and new regulations moti-
vated environmental institutional change in this industry.'
According to this author a number of intra and inter-firm organisa-
tional factors also evolved as a response to changes in environmental
institutions. Among others, Hoffman identified the following factors:
the implementation of management systems, corporate codes of
conduct, compliance with new regulations, etc. This author identified
four distinctive stages of institutional change and evolution in the
chemical industry.!" The main findings of each stage according to
Hoffman (1999) are as follows:

a. Environmentalism as a challenge (1960—1970): in this period
companies denied environmental issues related to their opera-
tions, while (the US) government showed low regulatory
enforcement. Organisational changes related to environmental
practices were non-existent. Environmental awareness was only
emerging (p. 360).

b. Environmentalism as a regulative institution (1971—1982): this
period was characterised by enforcement of government stan-
dards. Industry resisted and confronted environmental author-
ities. The industry considered environmental authorities to be
powerful and the process of compliance too costly (p. 361).

c. Environmentalism as a normative institution (1983—1988): This
was an era of greater cooperation with environmental authorities
and the beginning of social responsibility, but regulation
remained a norm. The emerging environmental values and ex-
pectations of this period about the role of technology for solving
environmental problems helped conforming to the emerging
concepts of pollution prevention and waste minimisation (p. 363).

d. The birth of environmentalism as a cognitive institution
(1989—1993): this stage represented the start of a new era of

9 A similar analysis was performed in the South Korean chemical industry by Lee
and Rhee (2005). The categories tested by these authors were: ignorance era (prior
to 1976), compliance era (1977—1990), and strategic compliance era (1991—2000).

10 The notion of institutions used by Hoffman derives from institutional theory
(Powell and Dimaggio, 1991). Hoffman understands institutions as (p. 351): “...
rules, norms, and beliefs that describe reality for the organization, explaining what is
and what is not, what can be acted upon and what cannot.”

1 Each of these periods showed a very distinctive pattern of institutional change:
challenge to existing institutions, regulative institutions, normative institutions,
and cognitive institutions, with a clear indication of interconnection (accumulation)
and evolution of institutional factors from one stage to another (p. 365).

corporate environmental responsibility. By the end of 1993 the
attention to environmental issues had reached an historical
peak. Responsible Care® was seen as a major source of public
relations and an important tool for proactive environmental
management.'”> An upsurge in the adoption of organisational
innovations, such as management systems, environmental
reporting, hiring environmental specialist, etc. was identified (p.
363—-364).

Although it was not the primary purpose of Hoffman's work, the
analysis of this author also took into account technological change
as a key factor for environmental change (see Hoffman, 1999, p.
370)."> Hoffman did not explicitly focus his research attention to the
evolution of technology vis-a-vis institutions. In spite of the scep-
ticism of this author about the role of technology for solving
environmental problems, the analysis of Hoffman unveiled a key
message about the evolution of eco-innovation (p. 353): “In the
history of the chemical industry environmentalism, the belief that
technological progress improved the quality of life but the required the
acceptance of certain level of risk persisted as a cognitive institution,
despite the gradual incorporation of associated environmental in-
stitutions.” According to this author, throughout all four periods of
analysis the role of technology development for solving environ-
mental problems retained certain degree of importance in the view
of industry, government and non-governmental organisations
(NGOs).'* As noted in the introductory section of this article, the not
so evident focus on technologies of Hoffman's work is of particular
relevance for our study because of the implicit relation between of
technological change cycles and its effects on environmental
change. In relation to this, innovation and industrial organisation
studies of the chemical industry have shown that previous scien-
tific and technical knowledge has been a pre-condition for tech-
nological change, new forms of eco-innovation and increased
competitiveness (Freeman, 1968; Arora et al., 1998a,b; Arora and
Gambardella, 2010).>

One of the main messages of the review above is that techno-
logical, institutional, organisational and socio-economic factors are

12 The main aim of Responsible Care® is the incorporation of environmental,
health and process safety aspects into (corporate) management systems. Global
guiding principles comprise the philosophy of the programme and include: effi-
cient use of resources, recognition and response to community's demands
regarding use of chemical products and operations, consideration of health, safety
and environment aspects in production, communication of chemical risks, partic-
ipation with governments in policy-creation processes, etc.

13 Two categories related to innovation were analysed by Hoffman (p. 370):
technological research and development (R&D), and predictions of technological
development.

4 This relative importance was estimated by Hoffman using the number of oc-
currences of articles in trade journals written by the industry, government or NGOs
with titles about the technological concerns related to both regulatory compliance
and pollution control. The results were as follows. For the industry, 66% of occur-
rences in the period 1962—1970, 43% in the period 1971—1982, 27% in the period
1983—1989, and 14% in the period 1989—1993. For the government: 6%, 8%, 7& and
5% in the same periods. For NGOs: 0%, 0% 38% and 56% in the same periods.

5 For example, the work of Freeman (1968, 1989) presents a historical-based
discussion of the changing conditions that affected innovation from the 1930s to
the 1990 period. Freeman and Soete (1997, first edition from 1974) present a
summary the main factors for process and product innovation of the chemical and
oil industries for the 1870—1970 period. Chandler (1990) uses an industrial orga-
nisation and historical perspectives (with special focus on firms and sectors) to
provide a review of the USA, British and German chemical industry in terms of
organisational capabilities, investment, strategies and management of large firms
and its innovation success stories for the first half of the 20th century. Achilladelis
et al. (1990) presents a comprehensive study about mechanisms and dynamics of
innovation in the world chemical industry for the 1930 to 1982 period. Finally,
Chapman (1991) presents a discussion of the cyclic performance of the world
petrochemical industry and its implications for growth, location, business strate-
gies, investment, technological change and productivity.
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Fig. 1. Conceptual model of the evolution of eco-innovation in the world's chemical industry from 1890 to 2030.

Source: modified from Diaz Lopez and Montalvo (2012), after Freeman (1989), Chapman (1991), Smith (1994), Arora et al. (1998a,b), Gent (2002), Cesaroni et al. (2004) and Diaz

Lopez (2009).

propelling forces of environmental change and eco-innovation in
the chemical industry. Another message is that the intertwined
nature of these factors can foster competition and co-evolution of
technological paradigms within and across industries.

The following section presents the conceptual model used in

this paper.

4. Conceptual model for the study of evolution and change of

eco-innovation in the chemical industry

Summarising the literature review above it is possible to provide

Clow and Clow, 1958).

4.2. Stage 2 (1980—1989)

a conceptual representation of major historical events and tech-

nological paradigms that have framed the evolution of the World
chemical industry in the period 1901 to 2011. In doing it so, it is also
possible to hypothesise about possible factors and events contrib-
uting to environmental, institutional and technological change.
Given that, in the long run, the future evolution of this industry is
uncertain, it also possible to speculate about the possibility of
radical eco-innovation becoming a major force for future acceler-
ated, green growth and prosperity to the year 2030 (Fig. 1).

The main characteristics of the five stages of the evolution of
this industry depicted in Fig. 1 are described below.

4.1. Stage 1 (1901-1979)

The first stage of evolution of the industry depicted in Fig. 1 can be

best described as focussing on emergence and rapid expansion of
knowledge and technologies. The historical works of Chandler (1990),
Aroraetal.(1998a,b), Spitz (2003) and Hikino et al. (2007a,b) describe
a stage focused on building global production capacity and major
product diversification. Following a wave of organic chemical prod-
ucts (e.g. pigments) (Landau, 1998), in the 1920s—1930s polymer
chemistry emerged as a dominant paradigm with the highest patent
activity of all times (Freeman and Soete, 1997). Freeman (1989) and
Rosenberg (1998) showed that scientific knowledge from Universities
and R&D centres in the technological paradigms of organic, bio-

Evolution of eco-innovation, Diaz Lopez & Montalvo - this article

chemical and polymer chemistry were the cornerstones for succes-
sive product innovations. The establishment of chemical engineering
as an educational and scientific discipline and the introduction of the
concept of unit operations (manufacturing method) were critical for
building knowhow, industry-University collaboration capabilities
and critical manufacturing competences (Rosenberg, 1998).16 In
terms of use of resources, the focus on material use in this stage was
mainly in relation to ensuring availability, applications and costs (c.f.

The second stage of evolution of the chemical industry depicted
in Fig. 1 could be characterised with compliance with regulations,
the more cooperation with environmental authorities, emergence
of social responsibility, and the emergence of pollution control and
waste minimisation as technical methods for the solution of envi-
ronmental problems (Hoffman, 1999)."7 According to the literature,
the cost of pollution control and prevention and the loss of confi-
dence in the industry (due to a number of accidents) were some of
the underlying reasons for the sudden increase of attention to
community and government relations in this stage (King and Lenox,
2000). These factors which fostered the emergence of declaration of
principles and corporate codes of conduct (Jenkins, 2002) and were
conducive to better relationships with regulators (Zotter, 2004).

16 George E. Davies is considered to be the father of chemical engineering because
he published the first ‘Handbook of Chemical Engineering’ in 1901. But Mr Davies is
less known for his environmental credentials. He was one of the most successful
and feared British alkali inspectors in the late 1800s and one of the revisers of the
UK Alkali Act of 1881. The first formal programmes in chemical engineering are
attributed to the Massachusetts Institute of Technology, which graduated its first
bachelors in chemical engineering as early as 1891, opened a formal department on
the subject in 1920 and awarded their first doctorate degrees in 1924.

17 There is anecdotal evidence of the industry's expertise in environmental control
originating vis-a-vis with technological developments for alkali production in the
nineteen century. For a review see Diaz Lopez and Montalvo (2012).



FJ. Diaz Lopez, C. Montalvo / Journal of Cleaner Production 102 (2015) 30—43 35

4.3. Stage 3 (1990—1999)

The third stage of evolution of the chemical industry showed in
Fig. 1 presents an era of increased attention to corporate re-
sponsibility. This stage witnessed the adoption of management
practices and tools in order to ensure en eco-efficient chemical
production, such as Responsible Care®. This stage has been char-
acterised by methods for the reduction or avoidance of negative
impacts on human health and the environment commenced to be
tackled through good housekeeping, eco-efficiency, good engi-
neering practices and the introduction of pollution control devices
combined with end of pipe and process-integrated environmental
technologies (c.f. Eder, 2003; Graedel and Howard-Greenville,
2005).'® An important observation from the literature is that cost
reduction would continue to be a major factor for competitiveness,
as this would ensure higher production efficiency. In terms of use of
resources, eco-efficiency emerged as ab approach to ecological and
economic value creation and a key driver for cleaner production
and innovation (DeSimone et al., 2000).

4.4. Stage 4 (2000—2011)

The fourth stage of the evolution of the chemical industry in
Fig. 1 can be attributed to an increased focus on innovation for the
environment. This stage corresponds to the emergence of industrial
biotechnology, resource efficiency, industrial ecology and sustain-
able manufacturing paradigms. The applications of industrial
biotechnology to a number of chemical-processing routes, process
automation, and micro/nano-technologies have been equated to
‘sustainability in chemical manufacturing’ (e.g. in Jenck et al., 2004;
Clark, 2007).”° At the level of manufacturing operations, the
implementation of environmental technologies and sustainable
manufacturing methods based on a life-cycle approach?® (c.f.
Arduini and Cesaroni, 2004; Braungart et al., 2007). In terms of use
of resources, energy, water, raw material supply and waste man-
agement, treatment, and disposal costs have been identified as
important factors for eco-innovation (c.f. Keijzers, 2002; Diaz Lopez
and Montalvo, 2012). Industrial ecology approaches (e.g. zero
emissions and by-product synergies) emerged as methods for an
improved efficiency of material use (see Baas, 2007 for a review).”!

4.5. Stage 5 (the future until 2030)

The fifth stage of evolution of the chemical industry in Fig. 1
speculates about the possibility of (radical) eco-innovation
becoming the main driver factors for a new era of green growth
and prosperity. For years, several attempts to envision and predict
the future of “sustainable chemical manufacturing” have been
performed (e.g. in Eissen et al., 2002; Jenck et al., 2004). The

8 The term eco-efficiency is often equalled in the literature to that of ‘best
practices’ which is a common engineering tool in this industry for achieving higher
process efficiency. Best practices encompass concepts and strategies for demateri-
alisation, increased resource productivity, reduced toxicity, increased recyclability
(down-cycling) and extended product lifespan of chemical products and safer
design of unit operations in production systems.

19 Originally applied to health, microbial dimensions, food and plant genetics,
biotechnology is now being applied to environmental protection, eco-textiles,
waste management, bioinformatics, aquaculture, etc.

20 Life-cycle analysis tools are used for evaluating the environmental sustainability
of existing and new chemical products and processes. These are often performed at
R&D labs of corporate headquarters and are product and technology specific.

2! For example, waste-to-energy and co-generation technologies to produce both
electricity and steam have been available for a number of years and represent a
cost-effective solution for energy provision (especially in highly exothermic
chemical processes).

paradigms of climate mitigation technologies (e.g. energy recovery),
renewable chemicals (e.g. bio-solvents), material sciences (e.g.
green plastics), nano-materials (e.g. energy efficient composites),
etc., have been signposted with potential to contribute to an up-
surge of this industry (c.f. Thomson and Youngman, 2010;
Vennestrem et al., 2011). Scholars believe that future radical eco-
innovation could be based on molecular-level modifications of
traditional chemicals to inherently greener and safer chemical
routes (c.f. Anastas and Breen, 1997; Garcia-Serna et al., 2007).%> The
following emerging areas in sustainable chemicals manufacturing
have also created some expectations for the future of this industry
(Diaz Lopez and Montalvo, 2012): process intensification
(Stankiewicz, 2003), multi-scale plants (Rauch, 2003), combinato-
rial chemistry (Jung, 1999), and process automation (Groover, 2003).
New business models for the ‘servitisation’ of manufacturing com-
panies (Tan et al., 2010), such as the provision of chemical services
(Anttonen, 2010) and the emergence of sustainability requirements
(e.g. environmental profit and loss accounting) across the value
chain has also been mentioned as areas of increased importance
(Sarkis et al., 2011). Finally, the renewal of the chemical engineering
discipline has been identified to be of prime importance to help to
support the necessary paradigm changes toward sustainable
chemicals manufacturing (Hall and Howe, 2010).2>

Summing up, the description of the conceptual model guiding
this work identifies a number of co-evolving paradigms in the
chemical in the industry: pollution control/prevention, environ-
mental technologies, industrial biotechnology, resource efficiency,
eco-innovation and sustainable manufacturing, and sustainable
design/green chemistry and engineering of renewable chemicals.
One of the implicit messages in the conceptual model hitherto
described is the challenge to predict a dominant radical paradigm
for eco-innovation in chemicals.

5. Methods and data

As an exploratory study, the objective of the literature analysis
was to identify major factors influencing environmental change
and eco-innovation in the chemical industry over a period of 110
years (1901—2011). This paper used (computer-aided) content
analysis as analytical method for a longitudinal and systematic
examination of secondary sources of information (Stone et al.,
1966; Woodrum, 1984; Bringer et al., 2006). Further details of the
method employed in the present article can be found in Diaz Lopez
and Montalvo (2014).24

22 These approaches are also known with the generic term of sustainable design of
bio/renewable chemicals. The list includes: the Natural Step, bio-mimicry, cradle to
cradle, zero waste, resilience engineering, inherently safer design, ecological design,
green chemistry and self-assembly. For example, three main areas of green
chemistry are often referred as to holding great transformation potential: (1) the
use of alternative synthetic pathways, (2) the use of alternative reaction conditions
and (3) the design of safer chemicals that are less toxic than current alternatives or
inherently safer with regards to accident potential. See Garcia-Serna et al. (2007)
for a review.

23 A highly influential book that reviewed the evolution of this evolving discipline
is Perry's Chemical Engineering Handbook, first published in 1934. Since the fifth
edition (1973) this book includes aspects about product recovery and waste man-
agement. Since the seventh edition (1999) it includes sections on waste manage-
ment, process safety management and energy management. Newer topics such as
climate change, green chemistry, etc. have not been included in the 8th edition of
this book, published in the year 2008.

24 The method used by the authors was elaborated based on the method adopted in
the seminal work of Hoffman (1999), further replicated by Lee and Rhee (2005) in a
Journal of Cleaner Production paper analysing the evolution of corporate environ-
mentalism in Korea. Diaz Lopez and Montalvo (2014) include a full description of the
method of content analysis, coding scheme, and the full list of documents used in the
analysis. The latter is also available directly from the authors upon request.
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Software NVivo9® was used to analyse selected documents
during the methodological the stages of data collection, coding,
formulation of categories, analysis of content and interpretation of
results. In total 255 documents were selected, categorised and
further analysed following the conceptual method presented in
Section 3 (Fig. 1). Documents were distributed according to their
publication date as follows: (Stage 1) 1901 to 1979, 16 papers;
(Stage 2) 1980 to 1989, 12 papers; (Stage 3) 1990—1999, 62 papers;
(Stage 4) 2000 to 2011; 127 papers; and (Stage 5) the future until
2030, 38 reports (published in the period.

The results of the analysis are presented (Section 6) as
weighted ratios of the frequency count in relation to the number
of documents. Histograms and tag clouds were used to graphically
present the findings of this study. Histograms show the weighted
ratio of the frequency count of factors (key words) in relation to
the number of documents. These frequency graphs only included
the top 25 factors affecting eco-innovation in each of the five
periods of analysis, albeit the results of the literature analysis
included up to 100 factors.”® Tag clouds are a recognised visual
method to improve reader’s understanding of data sets (Gwizdka,
2009). These are used to show tag importance by font size, weight
and/or colour, and are displayed in alphabetical order (Hearst and
Rosner, 2008).%° The generic categories of determinants of eco-
innovations (institutional, technological, market, economic, social
and organisational) were used to provide further guidance in the
description of results about factors being identified by the litera-
ture study.

The analysis of results (Section 7) involved the categorisation
and selection of top factors in each stage of evolution of the
chemical industry (Fig. 1). However, the type of document included
in Stage 5 (38 government-funded reports) was considered non-
comparable to those in stages 1—4 (217 scientific papers). For this
reason, the former category was excluded from the presentation of
the analysis and it was used for comparison purposes only. The five
tables of weighted frequency counts (one per period) were
collected and ordered from higher to lower counts. The top-ten
factors of each stage were identified and the average weighted-
frequency count was estimated, resulting in 26 factors across the
entire analytical stages. A clustered graph was subsequently elab-
orated (Fig. 2). The top-ten factors of each period were used to
elaborate a summary table ordered by words (rows) and stages
(columns) (Table 1). Factors with above-average values were re-
ordered into the six different categories of determinants of eco-
innovation (see above).?’

The following section presents the results and discussion of our
literature-analysis.

25 Pplease note that the weighted frequency of words is expressed in each col-
umn's histogram. For example the frequency for the word ‘sustainable’
during the period 2000—2011 was 3019 words divided by 127 documents equals
22.9.

26 NVivo9® uses a linear mapping from frequency count to font size in order to
display words in tag clouds. The most frequently occurring word is given a font size
of 60 points whereas the 100th most frequently occurring word gets a font size of
10 points. The font size of words in between is calculated using a linear mapping
between frequency and font size. Please note that the figures provided in this article
have been re-sized to fit the scale of the paper.

27 This summary table originally included 27 missing values corresponding to
10 factors outside the top-ten lists (e.g. the word ‘strategy’ was a top-100 factor
in stages 1 and 2). Hence missing values were located from the raw data (of
frequency counts), converted into a weighted-frequency value and manually
inserted in the corresponding cell. Diaz Lopez and Montalvo (2014) includes
these summary tables of top-100 factors for each analytical period. However, all
of these values resulted to be below-average, therefore these are not included in
Table 1. Summary tables are also available directly from the authors upon
request.

6. Evolution of eco-innovation in the chemical industry:
results from a literature study

6.1. Early challenges for chemical products and technologies
(1901-1979)

The defining factors in this stage faithfully represent the focus on
technological development for chemicals manufacturing. Consis-
tently with our conceptual model, the results of the first stage of
evolution of the chemical industry depict an era of technical and
scientific capacity building for chemical production. Identified fac-
tors in this stage were: ‘process’, ‘products, ‘plants’, ‘technologies’,
‘science’, ‘operations’, ‘costs’, ‘materials’, ‘design’, ‘University’,
‘researchy’, ‘training’, ‘investments’, ‘prices’, etc. (see Fig. 2).

Albeit the authors of this paper did not identify high weighted-
frequency counts of words associated to major environmental
events in Stage 1, the authors of this paper found some occurrences
of the words ‘resources’ (energy and water), environmental prob-
lems (e.g. acid rain), and valuable ‘by-products’ (soda and bleach-
ing), and some mentions.

6.2. Early response to environmental and health challenges
(1980—1989)

The defining element of the second stage of the evolution of the
chemical industry can be characterised by regulation-driven
innovation due to rising environmental and social concerns
(pollution and health). In this stage, a clearly observable result can
be associated to a reactive behaviour of the chemical industry to
compliance with health and safety regulations.

The results of the literature analysis shows that ‘regulations’,
followed by ‘innovations’ were the most frequent words in this
stage (see Fig. 3). These factors were followed in importance by a
combination of technological and social determinants. On the one
hand we identified factors such as ‘products’, ‘technology’, ‘devel-
opment’, ‘process’, and ‘standards’. On the other hand there were
high-frequency counts of words ‘exposure’, ‘cancer’, ‘pollution’,
‘toxic’ and ‘health”. Economic factors such as ‘costs’ and ‘markets’
also appeared with high weighted-frequency counts. It is also
important to note the increased importance that water had in this
period of time.

6.3. Responsible management for environmental change
(1990—1999)

While keeping an emphasis on regulation, the results of this
stage refer to an increased attention to environmental re-
sponsibility, strategy, management and business concepts, and to
the development of environmental technologies.

In Fig. 4 it is observable high occurrences of words related to
corporate responsibility (public, responsible care, reporting), reg-
ulations, and government. The authors of this paper also noticed an
upsurge of frequency count organisational terms, such as ‘man-
agement’, ‘organisational’, ‘change’, ‘corporate, and above all
‘strategy’. Technological factors continued having a high-frequency
count (products, processes, production, patents, technology,
research & development and innovation). ‘Patents’, ‘costs’ and
‘markets’ were also important. Albeit our analysis only found a low
count of the term (eco-) efficiency, the word ‘best practice’ was
found in the top 100 factors revealed by the content analysis.

6.4. Technology development for eco-innovation (2000—2011)

The fourth stage of the evolution of the chemical industry can be
best characterised with an increased attention to environmental
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Fig. 2. Tag-cloud (top 100) and weighted frequency histogram (top 25) of factors influencing eco-innovation in the chemical industry. Scientific papers published in the period

1908—1979 (n = 16).

Table 1

Categorisation of top factors for eco-innovation in the chemical industry. Period 1901—2030 (only above-average factors displayed).

Category Factor Stage 1 1901-1979 Stage 2 1980—1989 Stage 3 1990—1999 Stage 4 2000—2011 Stage 5 future?
Technological Innovation 55.8 17.6 16.9 61.8
Development 11.3 29.1 19.1 27.0 94.3
Technology 13.9 494 22.5 27.0 75.5
Process 16.1 24.4 199 34.6 126.6
Product 209 49.9 353 60.2 362.3
Science 13.6
Operations 9.7
Design 9.5
Plants 18.8
Materials 9.6
Institutional Regulation 95.3 17.6
Exposure 335
Energy 70.3
Waste 75.9
Sustainable 23.8
Organisational Management 218 215
Strategy 22.8
Change 229
Markets Market 15.5
Biotechnology 95.7
Business 20.5 15.7
Economics Cost 9.7 20.6
Reduction 21.6
Society Cancer 23.7
Health 23.0
Average value 6.4 20.6 12.3 15.6 62.2

technologies and sustainability as factors of environmental
change.”®

The results of the literature analysis revealed that during the
period between the years 2000 and 2011 concepts related to

28 As noted earlier in this paper the work of Hoffman only provided insights on
environmental evolution and change until the decade of 1990s. Any comparison of
the factors unveiled by our literature analysis would need to be based on case study
and anecdotal evidence.

sustainability and greening increased in importance in the sample
of documents. Technological factors for chemical, production
continued having high-frequency counts (products, processes,
research & development, innovation, manufacturing, and engi-
neering). Organisational factors such as business, strategies,
models, management, change, and information followed in terms
of frequency count. Albeit not in the top 25 factors, social factors
were of high importance (public and community). Economic factors
such as ‘markets’, ‘costs’, and ‘performance’ were also present in the
frequency count.
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Fig. 3. Tag-cloud (top 100) and weighted frequency histogram (top 25) of factors influencing eco-innovation in the chemical industry. Scientific papers published in the period

1980—1989 (n = 12).
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Fig. 4. Tag-cloud (top 100) and weighted frequency histogram (top 25) of factors influencing eco-innovation in the chemical industry. Scientific papers published in the period

1990-1999 (n = 62).

From the factors suggested by our conceptual model, it is
interesting to note the growing importance of design-based ap-
proaches for eco-innovation (30th factor). Our results identified
words such as ‘life cycle’ and ‘supply chain’ with high count during
this stage. One of the most important results was related to the
high count of the word “resources” (materials, energy, waste, and
water) and the fact that the term “climate change” only appeared
in the top 400th factors of this period. Finally, no words related to

radical change could be identified as part of the top-factors in this
stage.

6.5. An era of eco-innovation ahead? (2011—2030)
The results presented in this analytical stage are based on

publicly-funded, future-oriented reports speculating about the
future of sustainable manufacturing in the chemical industry —
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with a time horizon to the year 2030. Therefore, the results of the
content analysis are considered as speculative.?’ Notwithstanding,
this future-oriented stage could well be characterised by eco-
innovation enabled by applications of industrial biotechnology
and renewable chemical processes and higher attention to carbon
footprint and resource efficiency measures (see Fig. 6).

The results of the content analysis suggest an increased count of
technology-related factors. Products, processes, technology, inno-
vation, applications, and research & development were concepts
with high frequency counts in the sample of documents analysed.
Environmental and resource-variables were also important, with
water, energy, emissions, and waste having a high frequency count.
Our findings support earlier observations of many authors that
material and energy are major concerns, both in terms of avail-
ability of resources and effects on prices/costs. It is interesting that
economic factors such as costs, markets, efficiency, and perfor-
mance are very likely to remain important in the future due to their
high frequency count. The emergence of alternative business
models and the provision of environmental services are important
factors in the future of eco-innovation in chemicals (top 100 fac-
tors). Organisational factors (e.g. change, management, organisa-
tional, strategy) and social factors (e.g. community) resulted into a
lower frequency count in comparison to technological factors.

7. Analysis of results

Albeit of explorative nature, the empirical validation aimed at
identifying the most salient aspects of evolution used to promote
socio-technical, institutional, and environmental change in the
chemical industry. The relative importance of factors was measured
in terms of occurrence number of words (weighted measure of the
frequency count divided by the number of papers included in each
analytical category). The authors of this paper found that,
throughout time, top factors appear to have an increasing impor-
tance for eco-innovation in the chemical industry. The top 25

29 For example, a careful interpretation is needed due to the length of the reports
compared with the scientific papers, which may be a factor for such a large (and
substantially high) weighted-frequency counts.

factors are summarised in the figure below, being regulation the
word with the highest weighted frequency count (Fig. 7).

The following table includes the top ten factors of each category,
identified by having a weighted frequency counts above the
average value of each period.’° From Table 1 it is observable that
each top factor was at least 1 time above average in the corre-
sponding stage, being an indication of a dominant factor in at least
one analytical stage.

In accordance to our conceptual model, stage 1 is characterised
by technology development, knowledge creation, building pro-
duction capacity and cost reduction. Stage 2 is primarily health &
environmental-regulation driven whereas Stage 3 appears to be
focussing on strategic management, access to market and business
survival. Stage 4 saw the emergence of sustainable development
and for stage 5 it is possible to speculate that the chemical industry
might witness a new upsurge of eco-innovation along the path of
resource efficiency (e.g. energy and waste). Yet, the future domi-
nant technological paradigm of eco-innovation for a sustainable
chemical industry remains uncertain (e.g. industrial
biotechnology).

One of the main observations derived of our literature analysis is
the intertwined nature between policy (regulation), technology
(technological capabilities, product and process development), and
innovation. Such intertwinement was explicit in the literature re-
view offered in section 2. The technological factors ‘development’,
‘technology’, processes and ‘product’ appeared as above-average
across the whole period of study. The word ‘innovation’ appeared
as top 10 factor in all but the Stage 1. In terms of policy-related
factors and in correspondence to the literature (section 3), regula-
tion was a top factor in stage 2 and stage 3. Closely related to reg-
ulations, society factors were also important for the stage 2 of
environmental compliance and better relations with the community

30 Clearly, selecting those factors with greater importance constituted a chal-
lenging task, also in relation to allocating each factor to a category of enablers of
eco-innovation introduced in chapter 2. Qualitative methods such as factor analysis
allow the integration of categories based on patterns of responses, often obtained
from survey data. See Diaz Lopez and Montalvo (2014) for additional details of
complementary methods to qualitative data mining of literature.
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Fig. 6. Tag-cloud (top 100) and weighted frequency histogram (top 25) of factors influencing the future of eco-innovation in the chemical industry. Future-oriented reports

published in the period 1999—2011 (n = 38).

and government. A related finding, yet speculative, is the role of
policy for the future development of the industry. The above-
average occurrences of sustainability and resource-related policy
factors (waste and energy) in stage 4 and stage 5, respectively, may
be an indication of the expected role of policy in a transition to
sustainability. Summarising the main points discussed in the above,
all of these observations and results are aligned to the findings of the
seminal work of Hoffman (1999). It seems that all of the identified
factors offer the possibility to contribute to eco-innovation in the
chemical industry, but we can only speculate they could become
major sources of growth and prosperity to the year 2030.

An interesting finding was in relation to the systemic nature of
eco-innovation. Albeit not reported in Table 1, the word system was
arecurrent factor in all stages of evolution of the chemical industry
(indicated as top-100 factor in each tag cloud in Figs. 2—6). To this
regard, in the theoretical part of this paper, the authors suggested
that system thinking is needed for a better understanding of the
evolution of eco-innovation in the chemical industry.>! Aligned to
the claims of transition scholars (e.g. van den Bergh et al., 2011),
radical eco-innovations require a major process of creative
destruction and breaking away from unsustainable paradigms of
production and consumption. Notwithstanding, our literature
analysis failed to provide evidence on factors directly associated to
radical change at the systemic level.

The following section presents the main conclusions and further
research needs derived from the present study.

8. Conclusions and further research needs

This article was designed to contribute to a better understand-
ing of the evolution of eco-innovation in the chemical industry. This
work had a two-fold, inter-related, objective: (a) to identify factors
contributing to environmental change in the chemical industry?

31 Clearly, a careful interpretation of this finding is needed. It could well be that
given the heterogeneous theoretical positions of the literature analysed the word
‘system’ may refer to different analytical or empirical constructs, such as production
system, innovation system, etc.

And (b) to identify factors motivating the evolution of eco-
innovation in the chemical industry? Our main conclusions, limi-
tations of the selected approach and avenues of future research are
presented in the following paragraphs.

First, it is important to establish that eco-innovation continues
to be an elusive concept. We adopted a general definition aligned to
the economic and environmental benefits of innovation, which
conditioned the literature analysis and its interpretation. An
important challenge for academics and practitioners remains in
order to accept a more definitive concept and to ensure its oper-
ationalisation. Focussing on innovation within the chemicals pro-
duction system is an approach that facilitated the development of
the present work. Narrowing down the unit of analysis to firms may
have provided a more precise identification of elements and of the
underlying causes. The vast number of case studies and empirical
evidence of greening and sustainability practices, products and
technologies in the chemical industry should be used for this pur-
pose. The conceptual categories formulated in Fig. 1 and factors
identified by our literature study could be used as pinpoints for the
elaboration of the taxonomic categories and of proxy indicators of
eco-innovation in the chemical industry.

In regard to our research questions, our study advances the
modern scholarly understanding on what factors appear to have
shaped environmental evolution of the chemical industry (Fig. 1).
Therefore, one of the main contributions of this article advances the
seminal work of Hoffman (1999) by characterising the co-evolution
of socio-technical and institutional factors contributing to a tran-
sition to sustainability in the chemical industry. Overall, the results
of our literature study suggest that the chemical industry is co-
evolving along emerging technological trajectories with well-
defined factors for eco-innovation at the systemic level, such as
regulation, innovation, strategy, etc. Yet, we are unable to confirm
the consolidation of any radical eco-innovation paradigm towards
green growth.>> What we can suggest is that the need for

32 For example, the authors of this paper are unable to confirm whether emerging
technological paradigms such as multi-purpose plants, process intensification, etc.
may have a significant contribution to the future development of this industry.
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Fig. 7. Overview of top factors for eco-innovation in the chemical industry (period 1901-2011).

sustainable use of resources and sustainable development may
continue influencing the future evolution of this industrial sector in
coming years. Perhaps all of this competition in technological
paradigms is slowly shaping a new disruptive event that will
eventually contribute to promote a major sustainability trans-
formation. An underlying reason is the fact that this is an industry
with the constant pressure to demonstrate its efforts to reduce its
overall environmental footprint and the risk of operations.
Notwithstanding, more evidence is needed in order to fully un-
derstand the future of eco-innovation in the chemical industry.
Salient limitations of the approach used in this paper. Perhaps
the most evident limitation is that the authors do not directly
observe the chemical industry. Based on secondary sources of in-
formation, the account presented in this study is a systematic
identification and description of factors affecting the environ-
mental change of this industrial sector, which could be associated
to eco-innovation. A more rigorous quantitative enquiry is needed
in order to identify the causality and degree of association among

explanatory factors and independent variables (e.g., environmental
performance, eco-innovation, etc.). Another limitation is that
publications are unavoidably biased by trends and fashions. New
topics, such as sustainability management in the chemical industry,
renewable chemicals, etc., need time to get visible in scientific
publications (see Fig. 1). This is due to the publication process itself,
but also due to the time difference epistemic communities need to
identify those topics, write publications, and to legitimise their
hypothesis, propositions and findings. Another factor contributing
to the bias of the selected approach is due to the degree of secrecy
around the chemical industry. It is possible that important industry
R&D may not be published in academic journals — but it could only
be identified from industry journals, expert enquiries and patents,
for example.

Now the authors propose some avenues of future research.
Understanding how industry operates, how firms accumulate
know-how and experience, and the ways by which manage their
assets for improving their efficiency and performance is a pre-
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requisite for designing strategies and policies for promoting
implementation of eco-innovation. Therefore, an important avenue
of future research relates to policy intervention. We urgently need a
deeper institutional analysis of the evolution of eco-innovation in
relation to the broader sustainable innovation paradigm in this
industry, beyond Hoffman's and our own contributions. A major
shortcoming of this paper is that the authors have not properly
addressed problems of un-sustainability and rebound effects of the
chemical industry. An additional topic not addressed in this article
is the cross-sector nature of chemical operations and its implica-
tions for major sustainability transitions in relation to other in-
dustries. This was unavoidable given the data and analytical
method employed. These topics clearly require further analysis and
provide an interesting avenue for future research.
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