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Abstract While it is widely known that sustainable
development is the only sound and viable pathway for
humankind’s future, its attainment remains elusive
despite intensive efforts and some successes. The cur-
rent industrial society approach based on product and
process innovation in a variety of fields is not providing
the expected results in addressing this important issue.
In an attempt to carry out this unavoidable task, Osaka
University’s Research Institute for Sustainability Sci-
ence (RISS) introduces an integral and dynamic inno-
vation system where technology plays a key role in
fulfilling societal functions. This innovation system
adopts a highly solution-driven approach that makes
use of backcasting techniques based on long-term vi-
sions and mid-term strategic goals. Since technology
management is the key to propelling effective inno-
vation towards sustainability, we propose a technology
transition management through the interaction of
technology push, demand pull and institutional design,
along with eight transition principles. RISS will de-
velop this innovation system based on these three
components and through the design of dynamic sce-
narios and their roadmaps.
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Introduction

Product and process innovations have been and still
are important in addressing the problems generated by
current production and consumption patterns. These
innovations have led to substantial improvements in
environmental efficiency (Geels 2005). In this regard,
Osaka University has devised a number of new scien-
tific technologies related to the environmental and
energy fields which are the core disciplines for a tran-
sition towards sustainability. Practical application of
the results of cooperation with industry, such as the
reduction of environmental pressure and an increase in
resource productivity, contribute to the sustainability
goal from an environmental perspective.

On the other hand, we have gained a solid under-
standing of the difficulty of overcoming the current
technological paradigm, which frequently creates bar-
riers to environmentally friendlier technologies. We
also believe it is difficult to propel an innovation sys-
tem by relying simply on individual technology devel-
opments that are applications of pure and advanced
curiosity-driven science based on the linear model
(Bush 1945). In this sense, innovations in technology
policy and technology management that ensure the
continuous reduction of environmental pressure are
essential means towards the goal of global sustain-
ability. This article proposes an integral innovation
system that can overcome the current technological
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paradigm and facilitate a smooth transition towards
sustainability. In order to achieve this goal, we base our
research on a highly solution-driven approach that
makes use of backcasting techniques with long-term
visions and mid-term strategic goals. As technology has
become the main player in fulfilling societal needs, we
introduce a technology transition management through
the interaction of technology push, demand pull and
institutional design, along with eight transition princi-
ples. Based on these three components and through the
design of future scenarios and their roadmaps, we will
achieve our sustainability-oriented goals and visions.

As a member of the Integrated Research System for
Sustainability Science (IR3S), Osaka University plans
to participate in this project through the establishment
of the Research Institute for Sustainability Science
(RISS). RISS will materialize the innovation system
proposed in this article and is expected to become ““a
research and education base that explores viable op-
tions that contribute to global sustainability.” RISS
research will focus on the development and diffusion of
industrial technology that aims to reduce environ-
mental pressure while maintaining stable economic
development.

Scenarios and roadmap design

Scenarios and their importance for sustainable
visions

Efforts to achieve a transition to sustainability have
been primarily driven by concerns about the ability of
the natural carrying capacity of the earth to support the
growing impact of human activities. However, sus-
tainability means more than the environment alone.
Social and economic sustainability are also at a stake
(European Commission 2002). Important improve-
ments towards a sustainability transition have been
achieved through incremental and separate initiatives.

Fig. 1 Typology of scenarios

Probable (Predictive)
What will happen

{

‘What can happen

Possible (Explorative) | |

|

Scenarios

Ls|

|

How to achieve it

L Preferable (Normative) | |

Ls|

@ Springer

However, a much larger research effort is necessary to
understand the systemic relationships among different
dimensions of sustainability. We believe that the path
to achieving long-term progress towards sustainable
development is through the understanding of these
relationships. A vision of where we want to be in the
future is essential if we want to stimulate and improve
research initiatives and decision-making today. We
must concentrate our efforts on developing the ways
and means to achieve such a vision. Hence the design
of future scenarios and the roadmaps for their reali-
zation is an important step in addressing the sustain-
ability challenge. A scenario consists of not only a
future image or vision, but also of the strategies by
which this is achieved and, as such, it should be seen as
a dynamic story of continuous interactions and feed-
backs.

Scenario typologies

Borjeson et al. (2006) argue that several typologies
reflect the view that studies explore a possible, prob-
able and/or preferable future. The classification is
based on the principal questions a researcher/analyst
may want to pose about the future. These questions
are: what will happen?, what can happen?, and how can
a specific target be reached?. Besides these main
questions, there are two more aspects of the system
under study that are particularly important when
characterizing scenarios. These are distinguished by
different angles of approach to the questions defining
the categories. The first aspect is the concept of system
structures — i.e., the connections and relationships
among the different parts of the system as well as the
boundary conditions — which govern a system’s devel-
opment. The second aspect of the system is the dis-
tinction between internal and external factors. Internal
factors are those that are controllable by the actor in
question, while external factors are outside the scope
of influence of the actor (see Fig. 1).

Forecasts ‘What will happen, on the condition that the likely development unfolds?

What if...

‘What will happen, on the condition of some specified events?

External ‘What can happen to the development of external factors?

Strategic ‘What can happen if we act in a certain way?

Preserving How can the target be reached, by adjustments to current situation?

How can the target be reached, when the prevailing structure blocks
necessary changes? (Backcasting)

Transforming
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Van Notten et al. (2003) have presented an updated
scenario typology in which they examine 14 charac-
teristics of scenarios aggregated into three overarching
themes: the project goal (why), process design (how)
and scenario content (what). The project goal can be
explorative or decision support, the process design can
be intuitive or formal and the scenario content can be
complex or simple. There are strong connections be-
tween these themes. The project goal influences the
process design, which in turn influences the scenario
content.

Among the most renowned scenarios regarding
sustainability issues, two come to mind — the Inter-
governmental Panel on Climate Change (IPCC) emis-
sions scenarios and the scenarios of the Millennium
Ecosystem Assessment (MA) (McDowall and Eames
2004; MA 2005; Newman 2005). Each scenario-based
study has its own objectives and uses different
assumptions. For example, the MA developed ‘‘four
scenarios to explore plausible futures for ecosystems
and human well-being based on different assumptions
about driving forces of change and their possible
interactions” (MA 2005). The MA scenarios were
developed to identify the unpredictable features of
change in drivers and ecosystem services, not merely as
future predictions (MA 2005).

There is a broad classification of scenario design:
whether the scenario is a forecast or a backcast. Both
procedures have similar objectives — a future state and
a path by which to reach it — but the process for gen-
erating that scenario is very different:

e The forecast approach starts with the current situ-
ation, identifies paths into the future and chooses
one path for the scenario.

e The backcast approach starts with the current sit-
uation and a desirable future state based on defined
parameters, and then deduces possible future paths.

Since a backcast involves some judgment about a
desirable future state, it is called a normative sce-
nario, while forecast scenarios are called descriptive
or exploratory scenarios. In other words, scenarios
can be developed in an exploratory fashion, i.e., as
interim developments that are not constrained by a
predetermined end vision, or they can be developed
in a backcasting fashion, i.e., as interim developments
that are driven in part by the desire to reach such a
vision.

The transition to sustainability is a long-term jour-
ney that must be addressed now. The backcasting
approach — i.e., envisioning a sustainable society based
on defined parameters and designing strategies and

identifying paths towards that end — is the approach
that most ably serves the sustainability goal.

Analysis of scenarios, visions and roadmap
strategies

Table 1 summarizes how major scenario-based studies
address the carrying capacity concept. The table com-
pares visions of a future society in terms of five global
challenges. Each challenge can be described by the
following four criteria: (1) concept of carrying capacity,
(2) indicators and targets, (3) major driving force and
(4) policies and commitment. The first four challenges
in the table cover the key issue domains of global
warming, ecosystems and energy and material resource
production and consumption, while the challenge
“plural bottom-line approach on industry or society
level” integrates trans-boundary and multifaceted at-
tempts to build sustainable visions or scenarios, such as
the Japan Sustainable Society Energy Vision — Triple
50 (Sustainable Society Research Group 2005), Japan
Vision 2050 (Science Council of Japan 2005), Japan
Low Carbon Society 2050 (Fujino 2005) and Switzer-
land’s 2000 Watt per capita Society (Jochem et al.
2002; Jochem 2004). The details of these and other
sustainability visions are shown in Table 2. All these
attempts seem to have common features:

1. The scenario studies seek to ensure sustainable
development by decoupling economic develop-
ment from environmental pressure.

2. The scenario studies address the driving forces that
impact negatively on sustainability and the inter-
vening strategies to reduce them. The studies
adopt D-P-S-R (driving force, pressure, state and
response) (OECD 1993; European Environment
Agency 1999) as a common framework. In order to
propose correspondent policies and measures that
will affect economic activities and daily lives, it is
imperative to assess innovative technology and to
design institutional settings and processes that can
enable the social application and diffusion of this
technology.

3. The goals or targets for a sustainable future are
stated clearly in the scenario studies. Since those
goals cannot be achieved with current trends (the
bottom-up approach), most of the studies adopt
the backcasting approach. Dynamic scenarios play
an important role in dealing with the wide gap that
exists between the future and present.

4. Understanding of and respect for cultural diversity
are fundamental to achieving a sustainability
transition (UN 2002). In this regard, these studies
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assume a strong global cultural stability in their
scenario designs. However, we may face adverse
consequences of globalization, such as massive
migration to the developed world and an increas-
ing economic, cultural and technological gap be-
tween developed and developing nations (Chirot
2001), or international conflicts (Huntington 1996),
which could affect the results of these scenario
analyses.

5. As a key support for science and technology in the
environmental area, the Japanese Government has
decided to continue its Science and Technology
Basic Plan into a third phase addressing such issues
as global warming, establishing a closed-loop
economy and environmental risk. In the field of
environmental risk, the macro systems approach to
scenario studies is not fully emphasized because of
higher public concern about individual toxicity or
individual impacts. In the other fields, since indi-
vidual effects are easier to determine, the task is to
promote their integration through the use of
comprehensive indicators.

6. It is possible to show increases in environmental
sustainability patterns using a few indicators for
such issues as global warming and energy con-
sumption. For example, in order to realize a path-
way to environmental sustainability, it is necessary
to reduce fossil fuel consumption and CO, emis-
sions by 50-70% by the year 2050 (Matsuoka 2005).

7. The Swiss government takes a similar approach in
the search for sustainability with the 2000 Watt per
capita Society proposal, which focuses on individ-
ual CO, emissions. With efforts like these, devel-
oped countries are addressing their share of
responsibility and, at the same time, demonstrating
the necessity of reducing environmental pressures
in the long term, rather than envisioning a desir-
able future lifestyle or society.

A common point addressed by these selected sus-
tainability visions in Japan and abroad and the design of
alternative actions based on these visions is the urgent
need to reduce resource consumption while maintain-
ing high living standards. The Japanese visions, for in-
stance, are related to promoting sustainable resource
and waste management that includes improvements in
resource productivity, energy efficiency and consump-
tion, as well as streamlined urban land use and eco-
system management with projects such as the Tokyo
River-Basin Management (Fujita and Morioka 2003).
Even though the four visions related to Japan were
designed based on domestic issues, they could be ap-
plied in other areas because they address the same

@ Springer

challenges all industrial nations face. The 2000 Watt
Society vision is an ambitious project of the Swiss
government that could also be applied in other socie-
ties. It fosters a drastic reduction in per-capita energy
consumption through research and innovation in key
technological areas and changes in lifestyles, especially
in the developed world. Foundational technologies such
as information and communication technology (ICT)
should also be recognized as a source of potential sys-
tem shift. Allenby and Roitz (2003), for instance, argue
that network-centric organizations are more flexible,
more efficient and more productive in terms of labor
and capital. The shifting-away of firms from physical
assets (buildings, offices, etc.) to knowledge systems
and networks will yield both economic and environ-
mental benefits (Allenby and Roitz 2005).

Innovation systems and technology transition
management

Incremental policies are not sufficient to address the
vast and complex societal problems we face nowadays.
Energy supply, transport, agriculture and other prob-
lems require a new approach towards societal change.
Much of the effort to find a pathway towards a sus-
tainability transition has been focused on product and
process innovations. Energy-efficient and cleaner
technologies, processes and products are examples of
such innovations. These system optimizations have led
us — and can continue to do so — to substantial
improvements in eco-efficiency. It is argued that a
factor 2 improvement is possible with these incre-
mental innovations (Geels 2005). However, a transi-
tion towards sustainability requires a larger, more
integral innovation system. Such a transition requires,
for instance, changes from one energy system to an-
other.

Innovation systems are defined as large-scale trans-
formations in the way societal functions such as
transportation, communication, housing, among others
are fulfilled (Geels 2004). Technology has a central
role in fulfilling these functions. In this sense, an
innovation system can be understood as a change of a
socio-technical system. Geels (2005) also argues that an
innovation system has three aspects:

e Technological substitution, which comprises the
emergence of new technologies, diffusion of new
technologies and replacement of old technologies;

e Co-evolution, which involves changes in elements
such as user practices, regulations, industrial net-
works, infrastructure and cultural meaning;
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e FEmergences of new functionalities related to par-
ticular technical properties of radical innovations.

Innovation systems require us to understand the
principles of transition or transformation processes
that a society undergoes. A transition can be defined as
a long-term process of change whereby society, or a
complex sub-system of society, transforms fundamen-
tally. A societal transition is the result of co-evolution
between technological, economical, ecological, cultural
and institutional developments on different scale levels
(Rotmans et al. 2000).

Innovation system elements towards sustainability

Innovation systems are also defined as systemic, dy-
namic and non-linear processes that involve uncer-
tainties and interactions between technological and
institutional factors (Rip and Kemp 1998). They are
systemic because they involve multi-actor feedback
and interactions involving both market and non-mar-
ket transactions, such as knowledge flow (Foxon et al.
2004). They are dynamic because technological and
institutional changes occur at different levels and time
scales. Individual technologies change rapidly, while
technological systems change slowly. Innovation sys-
tems are non-linear because systems show increasing
returns to their adoption in such a way that small
changes in initial conditions result in different out-
comes. Finally, innovation processes are uncertain
because future technological and market opportuni-
ties cannot be known (Foxon et al. 2004). Since the
transition-towards-sustainability approach involves a
drastic transformation of societal functions, it can
benefit from elements of the innovation system
approach.

Transition management

Transition management is necessary to propel effective
innovation systems. A transition is a gradual process
that usually takes one or two generations. Transition
management is based on a multi-level and multi-phase
perspective of social change processes (Kemp 1994).
Geels (2002) argues that three levels of change are
distinguishable in a technology transition:

e Micro-level: practical experimentation and dem-
onstration is nurtured in niche markets to promote
technological innovation and establish the base for
further commercialization.

e Meso-level: where successful innovations gradually
influence the foundations of the societal system

based on infrastructural configuration, institutional
arrangements and company behavior until a new
regime emerges. This is the tactical level where
selection of the best innovations takes place.

e Macro-level: where long-term strategies are ad-
dressed. Societies define their basic norms and
values, their broader ambitions and political goals.
This is the level where selection mechanisms are
formed and propagated.

Technology innovation systems

Foxon et al. (2005) distinguish five stages in the com-
mercial maturity or spread of a technology: research
and development (R&D), demonstration, pre-com-
mercial, supported commercial and fully commercial.
In this process the knowledge flows in both directions,
allowing a fruitful interaction between technology
creators and technology users. With this framework it
is possible to reinforce the conventional drivers of
technology push, from R&D, and market pull, from
customer demand. This categorization also allows us to
identify the stages at which innovation system failures
may be occurring and, at the same time, promote the
dissemination of sustainability-oriented technologies
by improving the flow between those stages.

Lock-in in technology development

Technologies and technological systems follow specific
paths that are difficult and costly to escape, a phe-
nomenon known as technological lock-in. There are
two explanations for the existence of technological
lock-in. Dosi (1982) argued that the nature and direc-
tion of technological progress is strongly shaped by the
cognitive framework of actors. He used the term
“technological paradigm” to refer to the existence of
certain rules, heuristics or principles that define the
boundaries of thought and action by members of the
technological community (engineers, firms, technology
institutes, etc.). The second explanation for lock-in
draws from the idea of increasing returns to adoption:
positive feedback mechanisms (economies of scale,
learning effects, adaptive expectations and network or
co-ordination effects) that function to increase the
attractiveness of adopting a particular technology the
more it is adopted. David (1985) and Arthur (1989)
explained that in a situation where two or more tech-
nologies are competing for market share, the presence
of increasing returns implies that the option which se-
cures an initial lead in adoption may eventually go on
to dominate the market. These returns can result in
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technological lock-in, where incumbent technologies
create barriers to the adoption of new technologies.
Furthermore, institutions that support technological
systems exhibit similar types of increasing returns
(Unruh 2000; Pierson 2000). It has been argued that
this interaction, or co-evolution, between technological
and institutional systems can reinforce the lock-in of
techno-institutional systems, leading, for example, to
the carbon lock-in of fossil fuel-based energy systems
(Unruh 2000).

Innovation promotion

In their promotion of innovation systems, Johnson and
Jacobsson (2001) argue that an innovation system
serves five functions: to create and diffuse new
knowledge; to guide the direction of the search process
among users and suppliers of technology; to supply
resources, including capital and competencies; to cre-
ate positive external economies through the exchange
of information, knowledge and visions; and to facilitate
the formation of markets. There are, however, some
mechanisms that could induce or block these innova-
tions. Incentive mechanisms include government pol-
icy, facilitation of firm entry, and feedback from
market formation. At the same time, obstructing
mechanisms such as uncertainty, lack of political sup-
port, poor connectivity of networks, and opposing
behavior of established firms could affect the smooth
development of technology innovation.

Decision-making under uncertainty

Economic actors such as individuals, firms or govern-
ments are limited in their ability to gather and process
information for decision-making purposes. Since the
future is uncertain, knowledge and learning processes
are the keys to the innovation process. Combinations
of existing knowledge account for most innovation as a
result of various forms of learning: learning-by-doing
(Arrow 1962), learning-by-using (Rosenberg 1982) and
learning-by-interacting (Lundvall 1992). Since innova-
tions are characterized by uncertainty about future
markets, technologies and policies, it follows that firms’
and investors’ expectations of these future conditions
are a crucial influence on their decisions about which
technologies to invest in and develop (Rosenberg 1982;
MacKenzie 1992).

In sum, if we consider and address effectively all of
the elements of system innovation towards a sustain-
ability transition, then it will be possible to achieve the
desired societal development. Allowing the perpetua-
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tion of business as usual will eventually cause system
lock-in or, worse, system failure (Fig. 2).

Transition management in practice: technology
innovation management

The creation and promotion of science and technology
relies on a system that supports the ability of a country
to innovate. Innovation and technology are the pillars
that support the transformation of countries from
reliance on the exploitation of natural resources to
technological innovation as the basis for development
(Calestous and Lee 2005). With the globalization of
science and technology (S&T), R&D and ICT, we can
improve and accelerate technology innovations to-
wards a sustainability transition.

A technology innovation system must involve all of
the relevant factors that influence its development,
diffusion and use: research and technology capacity on
the supply side, and social and human capital and the
absorptive capacity of the market on the demand side.
The interactions and relations between the main
players in a technology innovation system are vital to
envisioning a long-term innovative performance. At
the same time, we must address the challenge of how to
rapidly bridge the gap between knowledge, technology
and the market as well as to achieve the diffusion of
sustainability-oriented innovations for the common
benefit between demand pull (demand from society)
and technology push (desire from the S&T community
to link research with industry and the know-how to
achieve it).

An integral technology innovation system
Innovation systems bridge the gap between knowl-

edge and its intrinsic technological possibilities and at
the same time match these technological possibilities

System
innovation

— —_ = - Lock-in

Societal development

System
failure

Time

Fig. 2 Types of system states based on technology development
outcomes
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with market needs. Since a sustainability transition
demands innovation in the current socio-economic
system, it is important to design an integral innova-
tion system that can address this demand. It is nec-
essary to recognize, however, that the concept of
sustainable development has a strong normative ori-
entation and that different cultures may interpret the
concept differently according to their values and
lifestyles. This cultural diversity makes socio-eco-
nomic system innovation difficult.

Innovations greatly depend upon local capabilities
and needs, existing designs and complementary tech-
nologies. The IPCC (2000) summarized some general
features of this complex innovation process as follows:

e The process is fundamentally uncertain: outcomes
cannot be predicted.

e Innovation draws on underlying scientific or other
knowledge.

e Some kind of search or experimentation process is
usually involved.

e Many innovations depend on the exploitation of
“tacit knowledge” obtained through ‘‘learning by
doing” or experience.

e Technological change is a cumulative process and
depends on the history of the individual or organi-
zation involved.

Transition management, which is vital to propel
innovation, orients existing dynamics through its focus
on sustainability visions. It aims to overcome the con-
flict between long-term ambitions and short-term
concerns so as to eventually provide environmental,
economic and social benefits. Elements of transition
management include the formulation of transition
goals and the use of process management based on a

philosophy of learning-by-doing and doing-by-learning.
The goals and the policies/strategies to achieve them
are constantly assessed and adjusted.

Kemp and Loorbach (2005) argue that the key ele-
ments of transition management are:

e Long-term approach as a framework for short-term
policy;

e Backcasting: the setting of short-term and longer-
term goals based on long-term sustainability visions
and short-term possibilities;

e Multi-domain and multi-level thinking: analysis of
the interactions between different domains and
levels;

e A focus on practical learning philosophy;

e An orientation towards system innovation.

Based on these past studies, we assume that the
management of technology transition towards sustain-
ability is promoted through the interaction of three
components: the demand side (demand pull), supply
side (technology push) and institutional design,
including economic and cultural settings as shown in
Fig. 3. Technology roadmaps and backcasts can be
categorized into normative studies which ‘‘aim to
produce a picture of a desired future, or to elaborate
possible routes towards such a future’, while descrip-
tive studies like scenarios describe plausible futures
based on changes in trends and drivers (McDowall and
Eames 2004). The backcast-based transition scenario
which entails knowledge and value transformation
plays the role of demand pull. Technology develop-
ment and innovation pushes the potential to achieve
sustainability. Institutional design coordinates, governs
and synchronizes feedback loops between the demand
pull and the technology push.

Fig. 3 Conceptual model of
technology transition process | e,
and transition principles
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Transition principles

In order to propel the management of technology
transition towards sustainability through this triangular
model, we propose eight transition principles (Fig. 3,
Table 3). As discussed in the previous section,
designing scenarios towards a sustainable future pro-
vides the basic framework of transition (principle P-1).
On the supply side, we consider technology develop-
ment and innovation essential to improving sustain-
ability (P-2), and identify six types of technology
transition (P-3): Type 1: Upgrading and Upscaling,
Type 2: Downscaling and Downsizing, Type 3:
Replacing and Substituting, Type 4: Coupling, Com-
bining and Synergizing, Type 5: Networking and

Table 3 Transition principles towards sustainability

Linking and Type 6: Enabling Wise Management and
Use. These types can be mapped using two differenti-
ating axes. The first axis relates to whether change is
promoted by the invention of technology or by the
selection of technologies. The second axis concerns
whether transition requires high coordination (Berkh-
out et al. 2004), or whether technology change is tightly
or loosely coupled to the system (Perrow 1999).

The management of technology transition also
acknowledges the potential of foundational technolo-
gies (nanotechnology, biotechnology, information and
communication technology and cognitive science). On
the one hand, the unification of science based on its
unity in nature and a holistic approach could lead us to
technological convergence and a more efficient societal

Common P-1. Transition Scenario Design

Designing scenarios towards a sustainable future should be the core of our initiative, and priority should be given to scientifically
prescribing a technological transition path to sustainability.

Supply Side P-2. Technology Development and Innovation

Technology development and innovation are imperative to improve sustainability.

P-3. Types of Technology Transition
Type 1: Upgrading and Upscaling

generation facilities, etc.
Type 2: Downscaling and Downsizing

services and businesses, etc.
Type 3: Replacing and Substituting

renewable energy sources, etc.
Type 4: Coupling, Combining and Synergizing
(e.g.) Fuel cell hybrid vehicles, etc.
Type 5: Networking and Linking
Type 6: Enabling Wise Management and Use

healing system

(e.g.) Energy efficiency improvement (factor 10). Large scale power 1\
(e.g.) Equipment downsizing, downscale of resources input in products,
(e.g.) Substitution of fossil fuel with H2 which can be produced from

(e.g.) Information and communication technology (ICT), cross industrial-
regional partnerships, product-chain, supply-chain, etc. N Type 6

(e.g.) Monitoring, navigation system, fault prediction technology, self-

Invention of technology

Type 1

Type 4

Type 2

High coordination/
tight coupling

A

Low coordination/
loose coupling

Type 5

Type 3

Selection of technology

Demand Side P-4. Sustainability-Driven Technology R&D

(a) Problem-solution orientation for global environmental issues (stronger linkage of elemental factors with upper concept)
(b) Linkage to the environment and sustainability in Asia (trade-off transactions, application and implementation in Asian countries)
(c) Strong ties with actual problems (e.g., urban-rural linkage issues, mega-cities management, human health risk)

(freedom, fairness, etc.)

(f) Holistic approach

P-5. Knowledge and Value Transformation to Sustainability
Assuming a clear orientation and visions like those listed below, address the balance of sustainability and other social standards

(a) Substitution of fossil fuels (reduce fossil fuel dependency)

(b) Resolution of various binary opposition issues (flow and stock, supply and demand, etc.)

(c) Zero-oriented approach with zero waste of resources, zero emissions, etc.

(d) Recycling process and reverse manufacturing approach (separation of technologies)

(e) Knowledge application by system integration rather than creation of specific novel ideas (knowledge re-arrangement)

Institutional tin Su

Design

P-6. Methodological Develop

bility Assessment
(a) Internalization of economic externality, extended producer responsibility and other economic measures
(b) Assessment of technology transition / transformation of society and environment

P-7. Multi-Scale and Multi-Sphere Management

(a) Reconsidering area boundaries from local to sub-global based on ecosystem backbone (basin)

(b) Taking into consideration long-term scale, future generations

(c) Socio-communication sphere: public decision-making on transition path to sustainability, information disclosure, information and
communication technology (ICT) as an interface to facilitate transition to sustainability

P-8. Resilience, Adaptability and Restorability
(a) Vulnerability analysis

(b) Adaptive management: “learning by doing” (Sartorius 2005)
(c) Human capacity building: improvement in technology literacy, promotion of universal wise use of technology
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structure for reaching human goals (Roco and Bain-
bridge 2003). On the other hand, health and safety,
environmental, ethical and societal risks or uncertain-
ties could also arise from the use of these technologies
(RS/RAE 2004).

Demand side principles emphasize sustainability-
driven technology R&D (P-4) and knowledge and va-
lue transformation to sustainability (P-5). Knowledge
and value transformation can work as drivers of tran-
sition as well as the results of transition. The principles
for institutional design relate to sustainability assess-
ment and management. The former involves develop-
ing indicator systems for the transition of production
and consumption (P-6) while taking into account
uncertainty, which is not only a matter of probability
distributions but also is characterized as ignorance in
the face of novel events (Sartorius 2005). Reconsider-
ing spatiotemporal scales and the socio-communication
sphere is another principle of institutional design (P-7).
The concept of the socio-communication interface
works as a medium for the transmission and interaction
of knowledge for sustainability. Moreover, a sustain-
able society should be resilient, adaptive and restorable
in response to unpredictable future changes and events
(P-8). In this sense, it requires vulnerability analysis,
adaptive management (UNEP/CBD 2000) and human
capacity building.

The RISS transition management approach for sys-
tem innovation is based on the three components of
technology push, demand pull and institutional design.

Based on these components and through future sce-
nario design, we will propose long-term visions and
mid-term strategies that will permit a smooth transition
towards sustainability (Fig. 4).

Key players and their interactions in system innovation:
the importance of networking and knowledge flow

The success of sustainability-oriented transition man-
agement depends strongly on the interactions and
performance of the involved players. This multi-player
network requires the application of systems thinking as
a dynamic and non-linear process that allows knowl-
edge flows and market transactions between users,
producers and developers. It also requires the creation
of windows of opportunities by supporting technology
and market niches, promoting options to overcome
technology lock-in and implementing the “‘substitution
principle”. It requires enhancing stakeholder partici-
pation by involving end-users in policy processes and
design outcomes while promoting upstream solutions.
It requires integrated measures that include market-
based instruments, market development measures,
support for R&D and demonstration and information
networks. Finally, it requires a continuous and dynamic
knowledge flow among the players of the sustainability
network. In this sense, sustainability communication is
vital for the promotion of a smooth and clear trans-
mission of the benefits of sustainability-oriented inno-
vations to society. Sustainability communication in this

Fig. 4 RISS system e q
innovation approach towards 2050 . .VlSlOI.lS. global oriented ' | Abst}:act
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2030 Concrete strategic goals ||
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case implies communication to link our efforts towards
sustainability not only through environmental reports
and other means by producers, R&D networks and
public authorities, but also via internal communication
within each player group or organization. Govern-
ments, societal groups and other institutions have a
central role to play in channeling the needs of both
technology push and demand pull actors and in trans-
forming these needs into integrated policy according to
the carrying capacity of the planet (Fig. 5).

The Research Institute for Sustainability Science

In order to promote a dynamic system innovation to-
wards sustainability, Osaka University RISS seeks to
devise a self-reforming research system for the existing
technological paradigm through active social interac-
tion. The shift to a more sustainable path requires that
human beings reconsider the current technological
paradigm, which tends to be blind to other techno-
logical possibilities (Dosi 1982). A technological para-
digm can result in technological lock-in, where
incumbent technologies create barriers to the adoption
of new technologies that could be environmentally
friendlier. Similarly, consumption is usually shaped by
certain behavior patterns that are very difficult to
change. Thus, the shift to a sustainability transition
must involve not only new technological possibilities
but also new consumption patterns. A new paradigm
for sustainability should stand closer to the problem-
oriented approach. The tackling of problems must be
future-oriented as well as global-oriented. In address-
ing this important issue, RISS sees its main responsi-
bilities as follows:

1) Construct an industrial and social management
model that envisages social sustainability through

Fig. 5 Multi-player networks

Communication/feedback

changes in consumption patterns and lifestyles and
the future science and technology to support that
sustainability.

2) Conduct research to design transition scenarios
towards a sustainable society formulated through
the design of appropriate roles and the functional
development of environmentally friendly basic
technologies with high eco-efficiency.

3) Design a R&D strategy which sets out, manages
and addresses the technological challenges in
achieving sustainability as well as related institu-
tional issues and which provides a set of sustain-
ability indicators, including economic/
organizational factors.

4) Design and establish the Sustainability Science
and Technology Development Laboratories (SST-
Labs), to be organized with institutional members
from among the universities and cooperating re-
search institutes of the IR3S, and create innovative
sustainable social technology through their activi-
ties.

This initiative focuses on designing an industrial
transformation that will implement natural resource
conservation and pollution prevention with eco-indus-
trial technologies. As shown in Fig. 6, industry in this
case implies a critical medium that interconnects
technology with society. Since the International Hu-
man Dimensions Program on Global Environmental
Change (IHDP) has been working on industrial
transformation (IHDP-IT) as one of four international
science projects (IHDP-IT 1999), RISS will seek fur-
ther development in this field through research in en-
ergy, bio(-refinery/material) and design for production
and consumption as three major research arenas for
sustainable industrial ecology. RISS will organize and
manage three focal R&D laboratories in collaboration
with the industrial sector:

Communication/feedback

and their interactions towards
a sustainability transition

Sustainable Innovation
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Fig. 6 RISS integral system:
technology development and
social system design

Technology Development

Eco-energy

Eco-refinery

Eco-design

1) Eco-energy: development of innovative energy
conversion and storage technologies (light, heat
and electricity), including thermo-electric materi-
als and hydrogen storage to substitute fossil fuel;
development and practical study of new energy
conversion devices; promotion of eco-energy net-
work systems.

2) Eco-refinery: technology system of eco-materials,
eco-biological and biochemical technologies (gas-
ification, pyrolysis, etc.); food production and en-
ergy systems based on biomass refinery.

3) Eco-design: technology design system based on a
sustainable society; environmentally friendly de-
sign of end-use products and industrial processes.

Since the development of eco-industrial technology
must be closely linked with societal change, we also
propose the development of social system innovations
through the following three areas:

4) Future scenarios: scenario design with sustain-
ability visions, strategic goals and accompanying
roadmaps, knowledge science and ontological
studies to understand the complex systems in the
human-environment sphere.

5) Institutional design: environmentally-oriented so-
cial systems, institutional and legal frameworks to
promote eco-industries, promotion of environ-
mental initiatives.

6) Sustainability assessment: analysis and solution of
technological problems within the frame of sus-
tainability assessment indicators, sustainability-
based technology management.

Finally, RISS proposes the conceptual analysis of
sustainability science making use of knowledge sci-
ence methodology including ontological science.
Through this process we hope to contribute to the

Comprehension and creation of the wisdom
(knowledge) of sustainability

Social System Design

Future scenarios

Institutional design

Sustainability assessment

establishment of a common base for sustainability
science.

Framework and functions of RISS

The Osaka University RISS will be composed of the
Design House for Sustainability Science (Design
House) and the Sustainability Science and Technology
Development Laboratories (SST-Labs). The Design
House is the core of the institute and is composed of
two units: the Scenario Design Unit for a Sustainable
Industrial Society (Scenario Unit) and the Strategy
Unit for Science and Technology Development
(Strategy Unit). The Design House is responsible for
creating new disciplines and knowledge of human-
environment interactions. Based on the technology
development goals set by the Design House, several
SST-Labs will be established to perform the related
R&D.

Design House

Newman (2005) summarized ‘“four core processes that
build on each other to provide a course of action that
leads toward a state of higher sustainability’” based on
the Natural Step concept (Nattrass and Altomare
1999). The steps are to (1) understand the principle of
sustainability, (2) locate unsustainable processes and
determine the gain in changing them, (3) form a vision
of how to change them by “‘backcasting’ from the final
goal and (4) identify a series of paths leading to that
goal, then pick a path. We will attempt to follow these
steps while acknowledging that it is difficult to control
the evolutionary paths of complex systems because,
among other reasons, technological evolution is par-
ticularly affected by lock-in and path dependence
(Sartorius 2006).
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The Design House will navigate and coordinate
these four processes with its two functional units, the
Scenario Unit and the Strategy Unit, working on steps
(3) and (4) respectively, while the Design House as a
whole will focus on steps (1) and (2) as its main agenda.
In other words, while the Scenario Unit will mainly
focus on making future sustainable society projections
and on setting technology development targets, the
Strategy Unit will handle the management of R&D
with a focus on the scientific features of the targeted
technologies.

SST-Labs

This project will begin with the selection of the most
appropriate research seeds based on the key technol-
ogy developments proposed by the Design House. The
SST-Labs will be organized to carry out development
research that specifically follows the sustainability
technology roadmap based on these seeds.

The Design House approach to scenario design
and roadmap strategies

The Scenario Unit will formulate a comprehensive vi-
sion of the mid-future technological transition to sus-
tainability and will organize and manage the research
labs to meet concrete R&D targets. In the scenario-
making, Japan will serve as a model for developed
nations, and Asian countries where rapid economic
growth is forecast will serve as models for developing
nations. We will conceive plans for a sustainable
industrial society system for Asia, where the popula-
tion is estimated to reach approximately four billion by
2050, and examine transition scenarios leading in this
direction. Various scenarios will be constructed by
changing the target regions and time periods and esti-
mating different types of driving forces and states of
the environment. In our research, high priority will be
given to designing scenarios for ASEAN nations plus
Japan-China-Korea and India.

Another objective of the Scenario Unit is to develop
a new theory or model that will enable us to measure
sustainability and to design a future industrial society
despite the uncertainty inherent in sustainability sci-
ence. This model will be based on the innovation sys-
tem explained in the section Innovation systems and
technology transition management. Environmental
sustainability can be determined by measuring the
soundness of coupled human-environment systems, the
level of reduction of human pressure on the environ-
ment and the ability to take care of the environment
under the driving force, pressure, state and response
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(D-P-S-R) framework. The Scenario Unit will work on
translating the sustainability concept into a more
realistic context for industrial society by developing
mid-21st century scenarios in Asia. These scenarios will
describe (1) supply and treatment infrastructures for
material resources, energy and food, (2) urban systems
and spatial composition of industrial cities and (3) the
closed-loop industrial system. Each scenario will be
drawn up with a different form, pattern, population
density, production, consumption and other human
activities, and will take into account anticipated wide-
spread repercussions and tradeoffs between regional
environments and highly efficient tools, devices and
infrastructures in industrial systems. We will also de-
velop analytical tools to assess and simulate the effects
of each scenario on the environment and human
quality of life (QOL). These tools are expected to
contribute to quantifying the requirements for sus-
tainability in Asia.

The economic value of the environment should be
reflected in the design of these scenarios. We will
therefore develop tools for measuring and predicting
the effects of macro-systems design in order to balance
environmental conservation and economic growth. At
the same time, we will develop a scheme to create
socio-economic incentives for technology development
by attributing contributions (property rights) to the
developers of innovative technologies for global
warming prevention.

Figure 7 illustrates a conceptual process model of
technology transition and the role of the Design House
within this process. The Scenario Unit, with its future
sustainable society projections and technology devel-
opment targets, and the Strategy Unit, with its tech-
nology roadmaps towards those targets, will constitute
the demand pull necessary to maintain dynamic tech-
nology management. In this process, the R&D of
Osaka University RISS as well as the contributions of
the other IR3S universities and research institutes will
constitute the technology push aspect by navigating
through the proposed six types of technology transi-
tion. In a concerted effort of both technology push and
demand pull, we will design and improve technology
management based on the continuous change, inno-
vation and interaction of R&D towards a transition to
sustainability.

The innovation and evolution process of the pho-
tovoltaic (PV) cell is a clear example of how a tech-
nology has to go through the different types of
technology transition until it reaches a level of maturity
and enjoys widespread application, as shown in Fig. 8.
Since the discovery of the photoelectric effect and the
invention of the semiconductor, the PV cell has passed
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Fig. 7 Conceptual process
model of technology
transition to sustainability
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Fig. 8 The innovation process of the photovoltaic cell

through five of the technology transition types pro-
posed in this article and now has many and varied
applications for the benefit of everyone.

In the context of a transition to sustainability, major
differences between modern (20th-century) science
and sustainability science are summarized in Table 4.

technology push Pull'

(Downsizing)

Technology push of other IR3S members

GW

Large stale to meet
increasing social
demand

Bevelopment of
basic technology to one million roof plan
promote large
scale production,
systematic
cooperation,
integral building
materials, etc.

Science and
technology towards
sustainability

Catalyst approach

‘A

Future

Type 3
(Replacing)

Type 1
/’ O/(m'

Type 4
Fusion with other
fields, technology
institutes

Push

Type 5 & Type 6

(Networking and wise management)

(@)

o Push and pull relations

Slow decrease in cost of silicon
solar cell, tightness of silicon
supply/demand, slowdown of
leading policies

Reduce costs and mass
production for SOG silicon
casting technology, silicon
recycling present state
technology, etc.

Development of new high-
efficient PV cell system
(chemicals, semiconductor, CIS,
organic material, nano material)

System and ppeduct

Aachem model (199
residential monitoring
system (Japan 1994),

Solar power satellites (SPS),
large scale power generation
in deserts, etc.

(USA 1997) Type 1

Intefdisciplinary
research

Type 4

Organic-compound
semiconductor technology,

nano materials, etc. Q

Space technology, microwave
power technology, long distance
power transmission technology

These differences are outlined according to the eight
principles proposed in this article to be associated with
the interaction of demand pull (demand side), tech-
nology pull (supply side) and institutional design. Both
types of science evolve within the change, innovation
and interaction framework, but since sustainability
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Table 4 Comparison of modern science and sustainability science

Dimension of principle

Modern science

Sustainability science

Common P-1. Transition scenario design

Linear trend prediction

Plural plausible future scenarios

Supply side

Demand side

Institutional
design

P-2. Technology development
and innovation

P-3. Types of technology
transition

P-4. Sustainability-driven
technology R&D

P-5. Knowledge and value
transformation
to sustainability

P-6. Methodological development
in sustainability assessment

P-7. Multi-scale and multi-sphere
management

P-8. Resilience, adaptability

Techno-centric approach,
linear model of technology
development

Technology management

based on economic efficiency

and marketability

Technology R&D to fulfill
economic development

Specialization (foxhole),
technique-oriented

Environmental impact
assessment (individual
project-based, sometimes
reactive)

Optimization of single
indicator based on
short-term vision

Low

and transition roadmaps,
self-control, subjective and
objective realization, decoupling
of economic growth from
environmental degradation

Contingent on essentiality,

extensibility, and reach ability
of technology; ‘“Mode 2”
R&D based on social demand

Technology transition management

for sustainability including
institutional design, decision-making,
and monitoring overall effects

and tradeoffs

Leading and guiding technology

R&D based on the principles
of transition towards sustainability,
paradigm shift from fossil fuel society

Knowledge and value transformation:

integration, trans-disciplinary,
problem-solving approach, ontology
assisted ICT, dynamic sustainability
(Newman 2005)

Development and application of

sustainability assessment:
vulnerability assessment,
carrying capacity assessment,
environmental efficiency
assessment, dynamic LCA, etc.

Multi-purpose/problem approach

based on mid- to long-term vision

High: systems approach to

and restorability

strengthen resilience,
adaptability and restorability

science is shaped by the final goal of sustainable
development, its management and development are
more ambitious. Rather than follow the linear model
and solely economic orientation of modern science,
sustainability science undergoes a continuous process
of learning and evolution that is nurtured by perpetual
interaction with the needs of the human-environment
system — a process that will enable us to reach the
ultimate goal of a sustainable industrial society.

Conclusion

While it is widely known that sustainable development
is the only sound and viable pathway for humankind’s
future, its attainment remains elusive despite intensive
efforts and some successes. This article has laid out the
initiative of the RISS to contribute to global sustain-
ability through reform and streamlining of the current
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technological paradigm. This reform is based on a fu-
ture-oriented and global approach. In this initiative,
industry plays a critical role as a link between tech-
nology and society. This article also proposed a tech-
nology transition towards sustainability through the
interaction of technology push (supply side), demand
pull (demand side) and institutional design. The pro-
posal is based on eight principles that will enable a
smooth transition towards sustainability. Of these
principles, that of technology transition types plays a
key role because it introduces six types of technology
which we believe are fundamental to the achievement
of sustainability. This article also introduced the seeds
for development of a new model that could allow us to
quantify progress in sustainability. For this model we
proposed that environmental sustainability can be
determined by measuring the soundness of coupled
human-environment systems, the reduction level of
human pressure on the environment and the ability to
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take care of the environment under the D-P-S-R
framework. Based on this model and considering such
factors as population density, production and con-
sumption and infrastructures in the industrial system, it
is possible to design a more realistic and sustainability-
oriented scenario for a future industrial society. Fi-
nally, we believe that the RISS initiative can make an
important contribution to the goal of sustainability and
we will pursue its development to that end.

Through the introduction of an innovation system
that seeks to streamline the current technological
paradigm and of a technology transition model, this
article has offered a framework for the transition to
sustainability. We believe that efforts like IR3S are
important to ensure for ourselves and future genera-
tions a planet that will provide us with the natural
capital essential for our development. While this ini-
tiative should be an important step in the journey to-
wards sustainability, more needs to be done in this
field. The design of a standardized model that could
enable us to quantify progress towards sustainability is
crucial for this journey. We need tools that will let us
measure the different sustainability initiatives and help
us concentrate our efforts and resources on the
development of the science and technology that will
contribute most to the goal of sustainability.
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