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Central Ideas of Complex Systems

• Interactions between heterogeneous agents 
and the environment

• Emergence and self-organization
• Importance of non-linearity and scaling
• Use of simple rules
• Emphasis on dynamics and feedback
• Notions of adaptation, learning, and evolution
• (Furtado and Sakowski, 2014)



Earth’s Life Support System for Economy and Society

Griggs, et al. (2013) 3
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Planetary Boundaries

Steffen, Grinevald, Crutzen and McNeill (2011) 6



Current Situation of Planetary Boundaries

Steffen, et al. (2014) 7



Sustainability: Integration of Ecological, Economic, and 
Social Dimensions

Voinov (2008)8



Multifaceted Aspects of Sustainability Science

• The challenge of sustainability requiring 
effective use of knowledge and information 
on diverse aspects, ranging from natural 
environment and artifacts to economy and 
culture

• Broad range of academic disciplines required, 
including natural sciences, engineering, social 
sciences, and humanities.

• Wide variety of concepts, methodologies, and 
practical tools



Characteristics of Sustainability Science

• Systemic aspects
– Many issues are connected and interdependent, e.g. 

climate change and biodiversity
– Requiring systemic understanding and interventions

• Long-term time framework
– Impacts and influences in the future
– Dynamic process of change
– Equity of different generations

• Action-oriented
– Implementing knowledge for actions to address the 

pressing sustainability challenges our societies face
10



Systems Science Approach to Sustainability Science (1)
• Sustainability science aimed at understanding the 

fundamental character of complex interactions 
between natural and social systems (Kates, Clark, et al., 
Science, 2001, Komiyama and Takeuchi, Sustainability 
Science, 2006)

• Dynamic interactions between natural, human, and 
social systems

• Vulnerability or resilience of the nature-society system
• Scientifically meaningful limits or boundaries
• System of incentive structures, involving markets, rules, 

norms, and scientific information
• Integration of operational systems for monitoring and 

reporting on environmental and social conditions



Systems Science Approach to Sustainability Science (2)

• “Complexity of Coupled Human and Natural 
Systems” (Liu, Lubchenco, Ostrom, Schneider, et al., 
2007)

• Reciprocal effects and feedback loops
• Nonlinearity and thresholds
• Surprises
• Legacy effects and time lags
• Resilience
• Heterogeneity

• Characteristics of the coupled human and natural 
systems



Coupled Human and Natural Systems

Liu, et al. (2007)



Core Subsystems in a Framework for Analyzing Social-
Ecological Systems

Ostrom (2009)



Second-level variables under first-level core subsystems

Ostrom (2009)



(Gunderson and Holling 2002) 6

Reorganization

Conservation

Adaptive Cycle: Heuristic Model of Ecological Dynamics

Mechanisms of dynamics not clearly elaborated, with little empirical support
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Panarchy: Hierarchical Cycles of Persistence

(Folke 2006) 7

Metaphorical, qualitative and structural characteristics missing



System Sustainability and Renewal of Subsystems

• Systems are parts of hierarchies where systems of higher 
levels are made up of subsystems from lower levels.

• Renewal in components is an important factor of 
adaptation and evolution.

• If a system is sustained for too long, it borrows from the 
sustainability of a super-system and rests upon lack of 
sustainability in subsystems.

• By sustaining certain systems beyond their renewal cycle, 
we decrease the sustainability of larger, higher level 
systems.

• Schumpeter's theory of creative destruction posits that in a 
capitalist economy, the collapse and renewal of firms and 
industries is necessary to sustain the vitality of the larger 
economic system (Alexey Voinov and Joshua Farley, 2007).
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Socio-Ecological Systems as Complex Adaptive 
Systems of Networks

• A continuous process not as a static state of the system
• System's capacity to endure and maintain vital 

functions
• Key structural aspects

– organization, configuration, disposition
• Properties of complex adaptive systems

– Autocatalysis
– Self-organization

• Systems understood as networks of flows and 
exchanges of materials, energy, information, people, 
etc.
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Collapse of Sustainability in a Network System

(Goerner, Lietaer, and Ulanowicz, 2009)



Understanding Integrated Social-Ecological Systems
• Balancing the trade off between embracing all possible 

explanatory variables and theories versus giving high 
attention to a limited set of hypothesized variables of 
importance naturally

• More challenging if theories from both the social and 
the natural sciences are used to define the pool of 
potentially relevant variables to chose from

• Choose, align, combine and integrate different social 
and natural science theories and assumptions in  
coherent way, and

• Use that to quantitatively analyze empirical data in a 
generic, transparent and informative way.

• (Bodin and Tengo, 2012)
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(Bodin and Tengo, 2012) 22



Theoretical Frameworks

• Two broad fields of theories of particular importance in 
resource governance

• Common-pool resources management (e.g. Ostrom, 
1990)

• Problem of fit in SES (Folke et al., 2007).
• From an ecological perspective we draw from the 

overarching insight within ecology that the levels of 
interdependencies among ecological components have 
substantial functional implications not only for the 
components themselves, but also for the larger 
ecosystem wherein these components are embedded 
(e.g. Allen and Hoekstra, 1992).
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(Bodin and Tengo, 2012) 24



(Bodin and Tengo, 2012) 25



Institutional Gaps and Institutions-Ecosystem Fit

• Institutional gaps
– Links in the target ecosystem that are not accounted for in 

any institutional arrangement; more gaps create a lower fit 
(thus a higher degree of misfit)

• Potential institutions–ecosystem fit
– Links in the target ecosystem accounted for by one or 

more institutions; the more links accounted for by 
institutions, the greater the potential for institution–
ecosystem fit.

– “Potential” fit because several other factors may 
contribute to the degree of fit between institutions and 
the ecosystem, such as temporal and spatial dimensions, 
overlapping jurisdictions, enforcement, and other 
governance features.)

• (Ekstrom and Young, 2009)
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(Ekstrom and Young, 2009) 27



(Ekstrom and Young, 2009) 28



Quantifying Sustainability: Ecological Footprint Approach

Hill Clarvis, Halle, Mulder, and Yarime (2014) 29



UNEP Financial Initiative (2012) 30



Previous Approaches to Quantifying Sustainability

• Accounting approaches focused primarily on:
– Availability of resources
– Amount of consumption
– Efficiency

• Concerned about how to increase a system's 
efficiency

• Not considering sufficiently negative effects 
from excessive increases in efficiency

• Sustainability also requiring an assessment of 
the resilience of the system to disturbances
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Accounting vs. Ecological Information-Based 
Approaches

Approach Message Good For Assessing
Accounting Approaches 
(Quantity)

Increase Efficiency,
Consume Less

Amount of Resource
and Use
Extensive Dimension

Ecological Information-
Based Approach 
(Topology)

Balance Efficiency 
and Resilience

Resilience
Intensive Dimension
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Quantitative and Qualitative Change in the System: 
Growth and Development

• Growth
– Quantitative change in a system property as measured by 

an extensive variable such as total system throughput, 
which is the sum of all exchanges within the system and 
between the system and its outside (imports, exports)

• Development
– Qualitative change in the system as measured by an 

intensive variable such as information or network 
connectivity or cycling

• Total capacity as the combination of how much and 
what quality, an extensive variable times an intensive 
variable

• (Fath, 2014)
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Sustainability as Balance between Efficiency and Resilience

• Sustainability of a system as a balance between 
efficiency and resilience (Lietaer, Ulanowicz, and  
Goerner, 2009).

• Efficiency
– Network’s capacity to perform in a sufficiently 

organized and efficient manner as to maintain its 
integrity over time

• Resilience
– Networks reserve of flexible fall-back positions and 

diversity of actions that can be used to meet the 
exigencies of novel disturbances and the novelty 
needed for on-going development and evolution.



Diversity and Connectivity

• Diversity
– Existence of different types of agents acting as “nodes” in 

the network
• Connectivity

– Number of pathways between agents
• Diversity and connectivity playing a central role in both 

efficiency and resilience, but in opposite directions
• System’s resilience enhanced by more diversity and 

more connections
– more channels to fall back on in times of trouble or change

• Efficiency increasing through streamlining, usually 
reducing diversity and connectivity



Sustainability as a Balance between Efficiency and Resilience 

•Diversity: Existence of different types of agents acting as nodes in network
•Interconnectivity: Number of pathways between agent

Lietaer, Ulanowicz, and  Goerner (2009)
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Window of Vitality in the Optimal Position between Efficiency 
and Redundancy

Fath (2014)
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Efficiency vs. Resilience

• Efficiency
– Absolute amount of resources limited and may not be 

sufficient to maintain the system, which will lead to 
unsustainability

– Inputs of resources such as energy, materials, and 
information, compared with the performance of the 
system

– Conventional methodologies applicable for measurement
• Resilience

– System not able to cope with large fluctuations in the 
environment, which will lead to unsustainability. Financial 
system as an example

– Short-term adjustment of the operation of the system for 
coping with abrupt and unexpected events

– Long-term transformation of the system for dealing with 
structural changes 38



Ecological Information-Based Approach

• Derived from graph & probability theories  
(Shannon, 1948)

• Holistically analyzing the structure of network 
systems

• Well established in ecology
– Food webs (Wulff et al., 1989) 
– Stress levels in an ecosystem (Baird et al., 1996)

• Previously not been empirically applied to 
socio-ecological networks

39



• Average constraint in the 
network

• Average freedom in the 
network

Ecological Information-Based Approach

40



Tradeoff between Size, Efficiency & Resilience

(Goerner et al. 2009)
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Analysis of Global Economic Resource Flows

• Economic resource flows signify a critical 
dimension  of complex human-environmental 
interactions

• The data represents highest traded resources 
critical to our socio-economic well being

• Most of the data is publicly available 
– FAO, UN, and OECD Statistics
– Virtual  water data (collaborated with Dr. Taikan 

Oki, University of Tokyo)
• Kharrazi, Rovenskaya, Fath, Yarime, and 

Kraines (2013)
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Data – 14 Economic Resource Flow Networks Years
Coffee – SITC (UNCOM) 1962-1989
Coffee – HS (UNCOM) 1990-2011
Corn – SITC (UNCOM) 1962-1989
Corn – HS (UNCOM) 1990-2011
Cotton – SITC (UNCOM) 1962-1989
Cotton – HS (UNCOM) 1988-2011
Crude Oil – HS (UNCOM) 2007-2011
Global Commodity – SITC (UNCOM) 1962-1989
Global Commodity – HS (UNCOM) 1990-2010
Gold – HS (UNCOM) 1990-2011
Iron and Steel – SITC (UNCOM) 1962-1990
Iron and Steel – HS (UNCOM) 1991-2011
Natural Gas – HS (UNCOM) 1990-2011
OECD+BRIC Commodity (OECDSTATS) 1988-2010
OECD+BRIC Foreign Direct Investment (OECDSTATS) 1985-2009
Silver – SITC (UNCOM) 1962-1989
Silver – HS (UNCOM) 1990-2011
Sugar – SITC (UNCOM) 1962-1989
Sugar – HS (UNCOM) 1990-2011
Virtual Water (Oki Labs + FAOSTATS) 1986-2001
Wheat – SITC (UNCOM) 1962-1989
Wheat – HS (UNCOM) 1990-2011
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Global Virtual Water Trade (2011)
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US Virtual Water Trade (2011)
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Findings

• Ecological information-based approach 
assesses the resilience of a system based on 
the balance between efficiency and 
redundancy.

• Does not, however, offer a normative 
criteria for this balance

• Bio-mimicry as one possible criteria

Kharrazi, Rovenskaya, Fath, Yarime, and Kraines (2013)
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Comparison of Natural Networks to Economic 
Resource Networks

Kharrazi, Rovenskaya, Fath, Yarime, and Kraines (2013) 49



Bio-Mimicry

• Economic resource networks have lower 
efficiency than natural networks

• If bio-mimicry is the normative criteria, 
increasing efficiency may make economic 
resource networks more resilience, hence 
sustainable

50



Limitations of Bio-Mimicry

• Biomimicry can be a normative criteria for 
sustainability

• However, evolutionary forces are forceful, 
cruel, and brutally effective. 
– Achieving similar dynamism in a human socio-

economic system may not be possible or 
desirable.

Kharrazi, Rovenskaya, Fath, Yarime, and Kraines (2013)
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Biomimicry vs. Data-intensive

• Natural networks have evolved for millennium 
and have reached maturity

• Economic resource trade network are a more 
recent phenomenon and perhaps cannot be 
compared to natural networks

• Resilience should be examined based on a 
networks historical trend 
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Data-Intensive Approach

• Data-intensive approach as the fourth 
paradigm of research (Hey et al., 2009)

• A phenomenological approach: rather than 
test a hypothesis let the data-speak for itself 

• No need for a normative criteria in advance

Kharrazi, Yarime, Kraines, Rovenskaya &  Iwata (2014) 53



Coffee trade (1990 -2011)
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Basins of Attractor: An Indicator of Robustness

Kharrazi, Yarime, Kraines, Rovenskaya & Iwata (2014) 54



An Argument for Basins of Attractions

• From an evolutionary perspective, economic 
trade networks evolve 

• The data illustrates a phase of maturity or 
plateau of the observed network 

• Despite slight disturbances the network 
configurations remain  in a certain range

• A basin of attraction could be seen as a range 
for robustness 

Kharrazi, Yarime, Kraines, Rovenskaya &  Iwata (2014) 55



Multiple Basins of Attractors: A Landscape for 
Resilience

• A basin of attraction signifies configurations that 
remains within a certain range when disturbed

• A critical disturbance may force the system to seek 
an alternative basin

• Multiple basins can be viewed as  a landscape for 
resilience 

56



Dimensions of Sustainability in Energy Systems

• Efficiency
• Resilience

– Diversity
• Renewable energy sources

– Networking
• Distributed energy systems

– Feedback
• Smart energy demands

57



Promoting Resilience in Energy Systems

• Limits and challenges in the conventional 
centralized energy systems

• Potentials in establishing distributed energy 
system, and off-/mini-grid approaches

• Managing a variety of energy sources, equipment 
and appliances at a variety of scales, reflecting 
local contexts and conditions

• Exploration of smart systems in developing 
countries

58



Structural Dimension of Risk
• For considering resilience, it is of critical importance to 

consider locational factors, particularly in the case of water, 
compared with carbon emissions.

• When Country A imports 100 litters of water through 
agricultural products, the risk to Country A will be very 
different between the case of importing 100 litters of water 
from just one country and the case of importing one litter 
of water from 100 countries.

• Risk of relying on Country B where water is abundant will 
be different from the risk of relying on Country C where 
water is scarce.

• A case study of tracing the flows of various types of natural 
capital embodied in traded goods, including energy, water, 
and other resources, for examining the network structure 
and evaluating the resilience and sustainability of the 
current system

• Locational implications for evaluating risk assessments
59



Promoting the Sustainability of Energy, Water, 
and Resource Systems through Networks

• Absorbing shocks and disturbances in energy 
systems globally through trade networks 
connecting different regions with diverse 
resources and environments
– Analogy to virtual power plants

• Ecological information-based approach is 
applied for analyzing the structure of 
networked systems together with the flow of 
energy and materials inside these networks

Yarime, Sato, Kharrazi, and Nakayama (2014) 60



Virtual Power Plants
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Bottom-up Footprinting Accounting and Top-
down Input-Output Analysis

• Distinguish between the bottom-up water footprint accounting 
approach (e.g. Water Footprint Network, WFN) and the top-down 
approach based on input–output analysis.

• Distinguish the top-down approaches between Water Embodied in 
Bilateral Trade (WEBT) and Multi-Regional Input-Output analysis 
(MRIO) (Peters et al., 2011b).

• Differences in the bottom-up and WEBT approaches capture inter-
sectoral cut-off effects, because the bottom-up approach does not 
trace the entire industrial supply chain, while the WEBT calculates 
the water footprint by tracing whole domestic supply chains.

• Differences in the WEBT and MRIO approaches capture inter-
regional cut-off effects, as the WEBT approach only traces domestic 
supply chains, whereas the MRIO approach traces the whole global 
supply chains.

• (Feng, et al., 2011)
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Analysis of the Sustainability of Global Energy Systems

• Using the concept of virtual-energy based on 
Multi Regional Input Output (MRIO) tables, this 
research quantitatively evaluates system-level 
metrics relevant to sustainability including 
efficiency and resilience among 57 economic 
sectors in 134 countries

• The ecological information-based approach 
applied for analyzing the structure of networked 
systems together with the flow of energy inside 
these networks

• Yarime, Sato, Kharrazi, and Nakayama (2014)
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Country A

Natural 
Resources

Economic System
Production

Consumption/
Export

Wastes
Export

Export

Country B

Natural 
Resources

Economic System
Production Consumption

/Export

Wastes
Export Export

Country C

Natural 
Resources

Economic System
Production

Consumption
/Export

Wastes
Export Export

Exports of goods 
and raw materials

Exports of goods and 
raw materials

Exports of 
goods and 
raw 
materials

Consumption-based Indicators

64



Estimation of interregional input coefficients based on international 
trade flows and input-out tables of each country

Outputs based on multi-regional input-output tables (MRIOT)

Multi-Regional Input-Out (MRIO） Model



Environmental burden in production

Environmental burden embodied in exports

Environmental burden embodied in imports 

Environmental burden in consumption

International balance of environmental burden



①Environmental burden 
embodied in imports

A B C Own

Raw 
materials

Intermediate 
inputs

A B C Own D E

Own D E

Intermediate 
inputs or final 
consumption

②Environmental burden embodied in 
exports

Final 
consumption

③Environmental burden in production

④Environmental burden 
in consumption
＝③＋（①―②）

Intermediate 
inputs

Intermediate 
inputs

Intermediate 
inputs

Intermediate 
inputs

Intermediate 
inputs

Intermediate 
inputs

Raw 
materials

Final 
consumption

Raw 
materials

Pattern 1

Pattern 2

Pattern 3



Supply Chains for the Production of Vehicles in U.S.
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Supply Chains for the Production of Vehicles in Japan
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Supply Chains for the Production of Vehicles in Germany
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Supply Chains for the Production of Vehicles in China
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Quantification and Visualization of Resilience in 
Supply Chains
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Mapping and Visualization of Supply Chains with 
Environmental Burden
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Extraction of Environmental Burden in Supply Chains

1-3 steps

4-6 steps

Beyond 7 steps
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Strategic Resource Logistics for Sustainability Innovation
• Collection and analysis of data on resource materials, including 

science, technology, economy, society, and environment
• Development and Deployment of Methodologies for Visualization

– Material Flow Analysis
– Total Materials Requirement
– Supply Chain Analysis based on Input-Output Tables

• Functions of relevant actors with specific incentives and their 
strategic interactions involved in the different stages of exploration, 
mining, processing, use, and recycling in resource flows

• Platform creation for encouraging information sharing and 
collaboration between stakeholders through mutual understanding 
based on visualization of data

• New model of creating innovations through designing and 
implementing platform creation with relevant stakeholders to 
address societal challenges
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Implications for Network Governance
• Utilizing network approaches to developing policy tools 

for managing resilience in energy systems
• Potentially leading to new dimensions in promoting 

energy goals in-line with sustainable development 
goals (SDGs)

• Addressing a general issue of global governance of 
various resources through networks

• Incorporation of the locality and interdependencies of 
natural capitals, including energy reserves, water stress, 
biodiversity, etc.

• Network governance to address the grand challenge of 
global sustainability through identifying potential 
problems in the networks and coordinating our 
technologies and behavior collectively

Yarime, Sato, Kharrazi, and Nakayama (2014) 76
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