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Glossary
External End-Use Matrix (EUMEXT): A quantitative representation of the metabolic characteristics of
the virtual supply systems associated with the production of the imports consumed by a society. The
definition of these virtual systems depends on the definition of the sets of imported commodities
considered and the technical characteristics of the sets of productive processes required to produce
them. The matrix presents a characterization of the consumption of technosphere inputs—including
both “secondary flows”, such as energy, water and material, as well as “social funds”, such as
technology and labor—that are used outside the borders of the system to produce the imported
commodities. The EUMEXT provides a notional representation of the metabolic pattern associated with
the externalized technical processes, needed to reproduce the internal state of the system under
analysis, considering the role played by the imports.
External Environmental Pressure Matrix (EPMEXT): A quantitative representation of the primary flows
(which need primary supply and primary sink capacity provided by nature) required by technical
processes taking place in virtual supply systems to produce the imports outside the borders of the
system. The EPMEXT is a representation of the external environmental pressures on the biosphere,
needed to reproduce the internal state of a society, considering the role played by imports.
Externalization: The set of entangled social, economic and environmental effects resulting from the
displacement of extractive and productive industries outside of governance boundaries (which may
be regional, national or supranational).
Internal End-Use Matrix (EUMINT): A quantitative representation of the metabolic characteristics of
actual “internal supply systems” (a specified set of productive processes required to produce the given
supply of a specific commodity inside the border of the system) associated with the production of the
goods and services consumed by a society. The matrix presents a characterization of the consumption
of technosphere inputs—both secondary flows, such as energy, water and material, and social funds,
such as labor and power capacity—that are used inside the borders of the system to locally produce
the goods and services consumed by the society. The EUMINT provides a representation of the internal
technical processes, needed to reproduce the internal state, considering only the role played by the
internal supply.
Internal Environmental Pressure Matrix (EPMINT): A quantitative representation of the primary flows
(which require primary supply and primary sink capacity provided by nature) exchanged by technical
processes with the biosphere to produce the consumed goods inside the borders of the system. The
EPMINT is a representation of the environmental pressures inside the boundaries of the system,
needed to reproduce the internal state and considering only the role played by the internal supply.
Metabolic Processor: A term derived from the field of relational biology used here to refer to the
relations over profiles of fund and flow elements associated with specific metabolic patterns.
Metabolic processors are used to characterize the metabolic characteristics of both structural
(characterized using bottom-up information) and functional (characterized using top-down
information) components of a metabolic network. They have the peculiar ability to combine in a
coherent pattern data that are non-reducible to each other. Metabolic processors can be interpreted
as extended production functions, expressed in biophysical terms, that integrate a set of nonequivalent descriptions of the interactions that a given process has with the rest of the society (inputs
7
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and outputs exchanged within the technosphere) and with natural processes (input and output flows
exchanged with the biosphere).
Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM): A semantically
open accounting framework based on the relational theory of science (referred to as relational
analysis) and purposefully developed to address complex sustainability issues. MuSIASEM: (i)
preserves coherence in the quantitative description of the metabolic pattern of social-ecological
systems when interfacing non-equivalent descriptive domains; (ii) handles the existence of
impredicativity across scales; and (iii) provides transparency in relation to the semantic choice of the
accounting categories needed to integrate the use of non-equivalent metrics and the choice of data
sources for populating the accounting scheme.
MuSIASEM toolkit: A set of analytical tools, based on the MuSIASEM accounting framework, used to
integrate characterizations referring to various levels of analysis required to identify and study
relevant attributes of societal metabolic patterns. The MuSIASEM toolkit assists in the making of three
holistic checks on metabolic patterns: (i) on the external constraints in relation to the state-pressure
relation; (ii) on the internal constraints in relation to the stability of the dynamic equilibrium between
investments of secondary inputs in the anabolic part (household, manufacturing and service sectors)
and the catabolic part (primary sectors); (iii) on the degree of openness of the social-ecological system
determined by trade. It furthermore organizes a multi-level and multi-dimensional quantitative
characterization of a metabolic pattern in relation to different criteria of performance using four
matrices: the internal end-use matrix, the external end-use matrix, the internal environmental
pressure matrix and the external environmental pressure matrix.
Nexus Structuring Space: The semantic interface between analysts using the MuSIASEM toolkit and
users deliberating over sustainability concerns as characterized by a quantitative analysis of theirs. It
is, so to say, the ‘workplace’ where the analysis is tailored to the problem at hand. It is in the Nexus
Structuring Space that the analysts decide: (1) which descriptive domain to adopt for an analysis; and
(2) how to conceptualize the policy relevance of the relations quantified with the MuSIASEM toolkit.
Quantitative Storytelling: A novel approach that involves a quantitative exploration of multiple
narratives in a given policy domain. The selected narratives are critically examined for their plausibility
using predominantly quantitative methods, specifically, but not necessarily MuSIASEM. Rather than
try to compile evidence in support of a given narrative or determine the ‘best course of action’,
quantitative storytelling attempts to test whether or not the examined framings are congruent with
the quantitative analytical checks.
Social-Ecological System: A complex of functional and structural elements, combined in constituent
components, operating within a prescribed boundary that is controlled and determined by the
activities expressed by a given set of ecosystems (in the biosphere) and a given set of social actors and
institutions (in the technosphere). In order to preserve their identity, social-ecological systems must
be capable of (re)producing their multilevel organization of structural and functional elements while
adapting in time. A social-ecological system is larger than the socio-economic system functionally
depending on it. It requires the explicit analysis of the exchanges of biophysical flows between the
socio-economic system and its embedding ecosystems (within the given boundaries) plus the
exchange of flows (through trade) with other social-ecological systems.
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Summary for Policymakers
One of the main objectives of MAGIC has been the development of a coherent approach to assess the
quality of the processes underpinning the generation and use of scientific information in policymaking, with a focus on the resource nexus. This has involved two challenges: (i) how to check the
quality of the pre-analytical framing of the societal concerns to be addressed; and (ii) how to check
the quality of the quantitative representation of the identified problems. To this end, MAGIC has
developed quantitative storytelling, a novel approach to quantitatively explore multiple narratives in
a given policy domain. Three types of narratives have been considered: (i) justification narratives—
the motivation of why a given policy or innovation is needed (the goals); (ii) normative narratives—
what should be achieved with the policy/innovation; (iii) explanation narratives—the explanation of
how the proposed solution will achieve the goals. Quantitative storytelling has been developed within
the broader Post-Normal Science paradigm that advocates the replacement of the ambiguous concept
of ‘scientific evidence’ with more semantically-open approaches. The rigor implied in the notion of
scientific evidence relies on a pre-analytical endorsement of a given framing that prevents the
proverbial “thinking outside the box” further along the process. Quantitative storytelling, in contrast,
considers different framings of nexus issues in relation to different concerns, hopes, and the scales
and dimensions of analysis. This offers a way to escape the confines implied by any single framing.
The quantitative storytelling in MAGIC has been mostly supported by a dedicated analytical toolkit
based on Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM). Given
that MuSIASEM is a semantically open accounting framework, a ‘Nexus Structuring Space’ was
created. This structuring space represents the semantic interface between the analysts operating the
MuSIASEM toolkit and the users of the quantitative analysis deliberating over sustainability concerns.
It is here that choices and decisions are made about the lenses to adopt for the analysis and the policy
relevance of the relations quantified with the MuSIASEM toolkit. Thus, the Nexus Structuring Space is
where co-production takes place; either users decide from choices given by analysts, analysts
implement based on decisions by users, or best yet there is co-construction. The quantitative analysis
thus produced is used in quantitative storytelling to check:
 The quality of the original framing (justification narrative)—what process was used to prioritize
societal concerns?
 The plausibility of the chosen policy solution/innovation through an analysis of its feasibility
(external constraints), viability (internal constraints), openness (security & externalization) and
desirability (in relation to values and fairness);
 The robustness of the explanation narratives that were used to answer these questions—what
relevant pieces of information are missing?
A learning by doing approach was used to develop and test the Nexus Structuring Space across
different policy domains. The outcomes of this research showed the policy relevance of the approach
for performing consistency checks on dominant narratives:
1. Common Agricultural Policy—The use of the Nexus Structuring Space shows that increasing
competitiveness, feeding cities, preserving landscape and biodiversity in the existing formulation
of the CAP is a mission impossible. This may explain the success of agribusinesses in the EU, i.e.,
a massive dependence on feed import to sustain animal production. Analyses of scenarios of re9
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internalization of the production of imported commodities—compatible with a more circular EU
agricultural sector—clearly show that EU agriculture has a serious problem of dependence on
imports with significant security implications, a risk factor that should be addressed (especially
when looking at world food requirements in 2050). Given that current production systems within
the EU are already unsustainable, internalization of imports and the related environmental
burden shifting will exacerbate local environmental pressures.
2. Clean Energy Transition—The use of the Nexus Structuring Space shows that: (i) it is possible to
generate a more effective analytical framework to study the feasibility, viability and desirability
of energy scenarios (studying the relation across levels of the network of flows of different energy
forms); (ii) the EU dependence on imports for energy security is high and this would deserve more
attention in the energy models used to inform decision-making; (iii) the massive investment in
variable sources of electricity (e.g., Energiewende) can be understood as strategically flawed
where it is not coupled with massive investment in increased storage capacity and/or radical
changes in consumption patterns. In the current situation, variable electricity supply exceeding
the threshold of 30-40% of the total electric requirement cannot be utilized.
3. Biofuels—The use of the Nexus Structuring Space shows that: (i) the justification narratives in
official EU documents are inconsistent with the chosen policies: biofuels are not significantly
substituting fossil fuels, nor reducing emissions; (ii) the normative narratives are implausible: a
significant scaling up of biofuels is neither feasible nor viable; hence, (iii) the explanation
narratives currently used are not robust. It is evident that other narratives are keeping the
discussion alive in this policy domain.
4. Working time, the missing element of the nexus—In the EU, human activity represents an internal
constraint to economic growth (viability), which is as relevant as external biophysical constraints
(feasibility). Natural population growth does not necessarily solve this problem, as it does not
only lead to a larger supply of human activity but also an increased requirement of working time.
The EU can temporarily overcome an economic stagnation caused by a shortage of the supply of
working time compared with the requirement of working time through: (i) the use of more
technology and more energy to boost labor productivity (sharing the returns among capital and
labor); (ii) foreign migrant workers; (iii) the externalization of the requirement of (low valueadded) working time through imports; (iv) increasing domestic working hours or stably
decreasing unemployment. However, the challenge is huge: in 2011 the EU used 500 hours of
embodied work per capita per year in its imports. This is equivalent to more than 120 million
annual work units (virtual workers). In a zero-sum game (the human time available at the global
level is given), the externalization of labor requirements to maintain a high standard of living in
the EU raises ethical questions and has implications for the Sustainable Development Goals.
Results obtained with quantitative storytelling based on MuSIASEM point to a systemic problem of a
politically narrow framing of the narratives currently dominating the sustainability discussion.
Discussions appear to be based on the endorsement of policy legends about perpetual economic
growth, zero emissions, and decoupling of economic growth from natural resource consumption, as
well as unrealistic expectations about innovations, rather than on sound quantitative analyses. The
systemic reliance on rosy scenarios has eliminated uncomfortable knowledge from the official storytelling. MAGIC’s quantitative storytelling approach puts this uncomfortable knowledge in the
spotlight, suggesting that work on the ‘unknown knowns’ in sustainability science could improve the
quality of EU policymaking.
10
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Technical Summary
This deliverable summarizes the results collected while developing a novel method of accounting. The
aim of the method is to inform policy discussions on the WEFE nexus. Building on an existing
methodology, Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM), a
general procedure of analysis—the Nexus Structuring Space—was developed and implemented. The
use of relational analysis has been key in this effort, as it allowed for the integration of conceptual
insights from various disciplinary domains into a coherent theoretical foundation for the analysis of
social-ecological systems. These insights and corresponding scientific domains include:
1. A systemic definition of the state-pressure relation in the representation of metabolic patterns
across different levels of analysis—from the field of non-equilibrium thermodynamics;
2. The recognition that a complex system (such as social-ecological systems) can only be observed
across different scales of analysis—from the field of hierarchy theory;
3. The definition and quantification of concepts such as adaptability and evolution of the identity of
social-ecological systems—from the field of theoretical ecology;
4. The flow-fund model for the assessment of the inputs in the extended biophysical production
function, from Georgescu-Roegen’s biophysical economics.
The Nexus Structuring Space represents the semantic interface between the analysts operating the
MuSIASEM toolkit and the users of the quantitative analysis deliberating over sustainability concerns.
It is, so to say, the ‘workplace’ where the MuSIASEM analysis is tailored to analyze the selected policy
or innovation case. This is important given that MuSIASEM is a semantically open accounting
framework. The tailoring procedure involves a preliminary identification of the set of relevant
relations across scales and dimensions of analysis prior to the quantification. These pre-analytical
decisions culminate in the choice of the descriptive domains (‘lenses’) used for the analysis (i.e., the
macroscope, the mesoscope, the microscope and/or the virtualscope).
The MuSIASEM toolkit captures the developments in MuSIASEM made during the course of the MAGIC
project. The toolkit consists of an interrelated set of matrices obtained from the simultaneous
observation of the metabolic pattern of social-ecological systems through the different lenses of
analysis defined in the Nexus Structuring Space. The matrices characterize key features of the
sustainability of the metabolic pattern in relation to the WEFE nexus:
1. The internal state of the system—described by the Internal End-Use Matrix;
2. The pressure on the local environment—described by the Internal Environmental Pressure
Matrix;
3. The dependence of the system on production factors used in other social-ecological systems to
produce the imported commodities—described by the External End-Use Matrix;
4. The pressure on the environment of the social-ecological systems producing the imported
commodities—described by the External Environmental Pressure Matrix.
Four cases are presented that illustrate the definition and use of the WEFE nexus framing:
1. EU food security: In diagnostic mode, i.e., analyzing the existing situation, the case explores
tensions existing between the various objectives of the CAP. Despite their pre-existing strong
orientation towards a more sustainable European social-ecological system, the objectives of the
11
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CAP can, in practice, be seen to lead to mutually antagonistic actions. In anticipatory mode, the
exercise falsifies the plausibility of calls for a dramatic internalization of the production of
imported food by 2050.
2. EU energy security: A characterization of the performance of the energy sector in terms of the
required supply of energy carriers (mix and quantity) and production factors, in relation to the
availability of primary sources and nexus constraints.
3. EU Biofuels policy: Development of the grammars to support quantitative storytelling about
biofuels.
4. The role of human activity in nexus security: The concept of the metabolic pattern not only
determines an entanglement over the components of the nexus (energy, water, food/land uses,
environment), but also a dynamic equilibrium between requirement and supply of human activity
to produce and consume goods and services. This generates a lock-in in the internal state
associated with the societal practices in society.
The results show that it is possible to quantify the entanglement over the different components of the
WEFE nexus across different levels and dimensions of analysis. In diagnostic mode, applications of the
Nexus Structuring Space describe the feasibility, viability, desirability and openness/security of
metabolic patterns. In anticipation mode, impredicativity in the discussion of scenarios is handled
through the use of relational grammars. This involves a check on the possible reactions to introduced
changes (e.g., policies and innovations). These reactions typically involve a series of contingent
adjustments inside the system that make it impossible to predict the future state of the system. Yet,
MuSIASEM can identify what cannot happen and the factors determining the option space.
What we present is a biophysically grounded framework that captures the indivisibility of the nexus
in terms of both nexus components (water, energy, land/food, and environment) and scales of analysis
(regional, national, global). The issue of scale is particularly important for an analysis of EU
sustainability in relation to the openness of the EU system and therefore resource nexus security.
MuSIASEM not only offers a coherent conceptual framework, but also a solution for its practical
implementation through the Nexus Structuring Space.
While the results clearly demonstrate the potentiality of the proposed approach, they have also
revealed shortcomings. Data requirements are substantial. In particular, the need for disaggregated
data over various hierarchical levels of analysis has proven challenging as well as the need for
biophysical rather than economic/monetary data. Incompatibility of data categorization among
different data sources represents another obstacle.
Future research is needed to develop (i) software capable of handling the data in multilevel grammars,
(ii) more interactive and explorable visualizations of the results for use in participatory deliberations
over scenarios.

12
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1. Introduction
This report provides an overview of the Nexus Structuring Space: a semantic interface developed to
support the use of Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM)
in support of quantitative storytelling. The functioning of this interface is illustrated with several
applications from MAGIC case studies. In addition, in response to earlier project reviews, this
deliverable also provides a brief overview of the development of MuSIASEM during the project, the
novelties and its added value. The theoretical basis of MuSIASEM and the individual components of
the MuSIASEM toolkit have been explained earlier in MAGIC Deliverables 4.1 and 4.2.
Quantitative storytelling is a novel approach that involves a predominantly quantitative exploration
of multiple narratives in a given policy domain. Rather than trying to compile evidence in support of a
given narrative or determine a ‘best course of action’, quantitative storytelling operates ‘via negativa’;
it tests whether the examined narratives are incongruent with quantitative analytical checks. The
theoretical foundation of quantitative storytelling is the approach of post-normal science, which
explicitly acknowledges the unavoidable presence of scientific uncertainty and value plurality in the
sustainability discussion (Funtowicz et al., 1998; Funtowicz and Ravetz, 1990). Post-normal science
was developed in response to ‘wicked problems’ (Rittel and Webber, 1973) originating from societal
concerns or policy issues for which a variety of legitimate and often contrasting perceptions about the
‘truth’ of knowledge claims co-exist, thus creating irreducible uncertainty, even ignorance, about both
the problem and the solutions. Post-normal science shifts the focus of quality control from the
scientific information itself to the decision-making process and advocates the involvement of an
extended peer community to check the quality of the narratives used to frame the problem. The term
quantitative storytelling was first proposed in the MAGIC project proposal (Saltelli and Giampietro,
2017).
In MAGIC, the quantitative analysis supporting quantitative storytelling has been predominantly
provided by the accounting method MuSIASEM, though other quantitative methods can, and have
been used (e.g., deliverables D5.2, D5.3, D6.8). MuSIASEM is a semantically open accounting scheme
based on the relational theory of science (here referred to as relational analysis), purposely developed
for addressing complex sustainability issues of social-ecological systems (SES). Its key feature is that it
is capable of integrating quantitative data referring to different space-time scales and different
dimensions of analysis. It is designed to identify and analyze patterns in the societal use of resources
and the impacts this use creates on the environment. Various concrete tools have been developed
during the course of MAGIC—together referred to as the MuSIASEM toolkit—whose use will be
illustrated in this deliverable.
The concept of semantically open framework means that the MuSIASEM tool-kit must be tailored by
the analyst to the sustainability problem at hand. During the course of the project, it quickly became
evident that this is no easy task. For this reason, we devoted a substantial amount of time to
developing a semantic interface between the analysts using the MuSIASEM toolkit and the users of
the quantitative analysis in the cycle of quantitative storytelling. We refer to this semantic interface
as the Nexus Structuring Space (homonymous to the name of WP4). This interface guides the use of
the various MuSIASEM tools in relation to the purpose of the analysis.

13
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The content of this deliverable is organized as follows. In section 2, we give a brief overview of the
development of MuSIASEM and the novelties produced during the course of the project with regard
to both the theoretical framework and its practical implementation. Section 3 presents the Nexus
Structuring Space and explains how to use MuSIASEM for quantitative storytelling about resourcenexus related sustainability problems. In section 4, we summarize the conceptual advancements made
in the fields of complexity theory and biophysical economy through the developments of MuSIASEM
and the Nexus Structuring Space as well as the added value of MuSIASEM compared to ‘similar’
approaches. In section 5, four applications of the use of MuSIASEM in quantitative storytelling about
sustainability issues are provided. These applications illustrate distinguishing features of MuSIASEM
and consist of a selection of the case studies developed during the course of the project in WP5 and
WP6. Section 6 reports on the lessons learned in the practical use of MuSIASEM and quantitative
storytelling in policy-making. This section is based on the experiences gained in the collaboration of
MAGIC with the Swedish Environmental Protection Agency. Section 7 concludes and provides
recommendations for further work.

2. From MuSIASEM 1.0 to MuSIASEM 2.0
2.1 Brief history of MuSIASEM and new developments
MuSIASEM was first put forward as a multi-scale quantitative accounting framework by Mario
Giampietro and Kozo Mayumi in 2000 (Giampietro and Mayumi, 2000a, 2000b). The proposed
framework, fruit of previous work on the subject (Giampietro, 1997, 1994; Giampietro et al., 1997;
Giampietro and Mayumi, 1997), was grounded in hierarchy theory and Georgescu-Roegen’s
bioeconomics and aimed to provide a coherent analysis of the biophysical factors determining the
sustainability of social-ecological systems. Early applications of MuSIASEM focused predominantly on
either energy metabolism (Giampietro et al., 2013b, 2012, 2009; Ramos-Martín et al., 2009, 2007) or
food production (Giampietro, 2003). In 2012-13, a first attempt was made to extend its application to
the water-energy-food nexus through the implementation of the concept of the metabolic pattern of
social-ecological systems, with the financial support of the FAO and the German Corporation for
International Cooperation (GIZ) (Giampietro et al., 2014, 2013a). This endeavor revealed important
shortcomings in the initial framework related to the handling of the major epistemological problem
inherent in sustainability analysis: How to integrate quantitative representations originating from nonequivalent descriptive domains and different hierarchical levels that have different metrics?
Solving this challenge during MAGIC was essential in order to address the co-existence of different
sustainability concerns and permit the simultaneous adoption of different pre-analytical narratives in
the process of quantitative storytelling. Indeed, according to Ashby’s law of requisite variety1, an
analysis of sustainability, in order to be useful to inform policy, should provide a diversified

1

Ashby’s law of requisite variety: The larger the variety of actions that can be detected and expressed by a
control system, the larger the variety of perturbations it is able to compensate (Ashby, 1958).
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quantitative representation of key characteristics of the system we want to control (e.g., the different
factors determining the stability of the metabolic pattern of a social-ecological system).
Since its early applications, MuSIASEM distinguishes among three types of sustainability concerns
(criteria of performance), each of which requires specific and non-equivalent analytical tools:
1. FEASIBILITY: The analytic framework must be able to check the compatibility of the metabolic
pattern of society with the existence and severity of external biophysical constraints. This involves
constraints that result from the interaction of the social-economic system with ecological systems (i.e.,
the biosphere), both on the supply and sink side. On the supply side: What are the limits on the
availability of land, water, fertile soil, solar radiation, primary energy sources, and minerals? On the
sink side: What are the limits to the GHG emissions, solid waste disposal, leakage in waterbodies,
outflows of other pollutants? In MuSIASEM, these constraints are considered beyond human control.
The feasibility concern requires us to consider the metabolic pattern associated with the socioeconomic activity as a black box interacting with its context (other social-ecological systems) and to
characterize the ‘size’ of the metabolism of the social-economic system in relation to the size of the
processes providing supply and sink capacity for the primary flows exchanged. This involves the
identification and quantification of the different types of environmental pressures that the
metabolism is exerting on its context.
2. VIABILITY: The analytic framework must also be able to check the severity of internal biophysical
and economic constraints operating inside the socio-economic system (the ‘local technosphere’).
These constraints are determined by processes under human control and include (i) technological
capability; (ii) economic viability; (iii) labor supply/shortage (associated with socio-demographic
variables). This concern requires us to look at what is going on inside the black box in order to
characterize the state of the system.
3. DESIRABILITY: The analysis must also be able to capture the perceived acceptability of the living
conditions associated with the expression of the metabolic pattern. This is an elusive criterion to
analyze in quantitative terms, and has been food for much discussion in MAGIC. While it does include
attributes that are relatively easy to quantify, such as material standard of living, others are associated
with values (e.g., fairness), the assessment of which will always be contested. One of the solutions
adopted in MuSIASEM to deal with this predicament is to establish a bridge between the metabolic
characteristics of the social-ecological system under study (the actual state or a proposed change in
state) and the corresponding social practices that affect daily life within the system (see also section
4.2.2 and section 5.4). This approach facilitates the involvement of the users of the analysis in a
discussion about the factors associated with the desirability of the state of the system (either in
diagnostic or anticipation mode). Another solution adopted concerns an analysis of the winners and
losers at the global level in relation to the environmental and social (labor) burden shifting practiced
by the system under study (e.g., EU).
A fourth ‘concern’—especially for the analyst—emerged in the early phases of MAGIC, that is, the
openness of the system. Consideration of the openness of the system affects the evaluation of all
three previous criteria—feasibility, viability and desirability—and required a refinement of the
analytical framework. The assessment of openness is particularly relevant for an analysis of EU
sustainability as the EU heavily relies on imports.
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4. OPENNESS: SECURITY AND BURDEN SHIFTING: The analytic framework must be able to check the
degree of openness of the system, that is, the degree of domestic control over and responsibility for
the production processes supplying the inputs metabolized by the system. These inputs may refer to
both primary flows (supply and sink capacity made available by natural processes outside of human
control—feasibility) and secondary flows (made available by technical processes under human
control—viability). Hence, the openness of the system refers to the degree of dependence of a
society—both in terms of supply and sink capacity—on other social-ecological systems. This is
particularly important in today’s globalized world where only part of the production processes needed
to supply the internal consumption takes place within the borders of any one social-ecological system.
Note that metabolic security and burden shifting are two sides of the same coin (degree of openness).
This means that the analysis of openness is not only relevant at the national or EU level (for reasons
of security) but also at the global level in relation to the international agreements on climate,
biodiversity, sustainable development, and trade. Indeed, the concern for security and environmental
burden shifting has rapidly gained political significance in the last decade because of mounting
geopolitical tensions related to humanity’s encroachment on planetary boundaries (European
Environment Agency, 2019, 2015; IPBES, 2019a; Rockström et al., 2009; Steffen et al., 2015). The
current covid-19 pandemic has accentuated political interest in food security.
Note also that the desirability concern is an overarching one that encompasses the others (feasibility,
viability and openness) and spans all levels of analysis.
During the MAGIC project, important progress was made both in the theoretical framework underlying
MuSIASEM as well as in its practical implementation. The breakthrough on both the theoretical and
practical front came with the adoption and application of Rosen’s theory of relational science, a
cornerstone of complexity theory, and the operationalization of the concept of metabolic processor.
The theoretical framework of MuSIASEM has been detailed in deliverable D4.2. Development of the
theoretical framework during MAGIC also resulted in new insights in complexity theory. These are
reported in section 4.1 of this report.
As for the practical implementation, we solved the challenge of the analytical complications
introduced by the openness of the system. This progress resulted in the development of the
‘MuSIASEM toolkit’, a set of defined tools based on the MuSIASEM accounting framework that, used
in combination, effectively organizes a multi-level and multi-dimensional quantitative characterization
of a metabolic pattern in relation to the now four criteria of performance, feasibility, viability,
desirability and security. The toolkit consists of four matrices: the local end-use matrix, the external
end-use matrix, the local environmental pressure matrix and the external environmental pressure
matrix, which are detailed in Annex 1 and have already been explained to some extent in deliverables
D4.1 and D4.2. Note that there is no direct one-to-one correspondence between the four concerns
and the four matrices. Each concern requires a combined use of two or more matrices.

2.2 Formalization of the state-pressure relation
The resource nexus has attracted much scientific and political attention during the past decade and
several models have been put forward to analyze water-energy-food nexus (see Wicaksono et al. 2017
for an overview). However, none of these models provides an adequately comprehensive and
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coherent, biophysically grounded framework that addresses the indivisibility of the evaluation of the
nexus in terms of both nexus components (water, energy, land/food, and environment) and scales of
analysis (regional, national, global) (Giampietro, 2018). The issue of scale is particularly important for
an analysis of EU sustainability in relation to the openness of the EU system and therefore resource
nexus security. MuSIASEM not only offers such a coherent conceptual framework, but also a solution
for its practical implementation. MAGIC research has been instrumental in the formalization of this
conceptual framework, and in particular the state-pressure relation.
In MuSIASEM, the external referent for the entanglement between the flows of water, energy, food
and land uses observed in the nexus is the metabolic pattern of social-ecological systems (Giampietro,
2018). This means that the various processes of conversion of energy and material inputs—used to
reproduce structural elements and express the expected functions—impose a set of relations over the
profiles of the inputs and outputs (energy, water, food, other materials on the input side and waste,
emissions and pollutants on the sink side). The relation between the expression of a given metabolic
pattern and the requirement of a specific profile of inputs and outputs exchanged with the
environment follows from the conceptualization of the state-pressure for dissipative structures in the
field of non-equilibrium thermodynamics (Giampietro and Renner, 2020; Glansdorff and Prigogine,
1971; Prigogine, 1980). This conceptualization allows an operationalization of the DPSIR (Driving
forces, Pressures, States, Impacts, Responses) relation across different levels and dimensions of
analysis. Note that the DPSIR relation has been adopted by the European Environment Agency as the
causal framework for describing the interactions between society and the environment2.
In our operationalization, social-ecological systems are defined as “metabolic networks in which
constituent components stabilize each other in an impredicative (self-referential) set of relations in
presence of favorable boundary conditions” (Renner et al., 2020b). (For example, for a rabbit,
favorable boundary conditions or an admissible environment are availability of clean air, water,
suitable biomass to eat and protection from predators. For a contemporary society, favorable
boundary conditions refer to the required primary sources and primary sinks and protection from war
and violence.) The characteristics of the stabilized metabolic network represent the state of the
system and the characteristics of the favorable boundary conditions the associated pressure exerted
on the environment. Such a representation of the state allows for the analysis of characteristics such
as the relative size of constituent components, their metabolic rates, and, more in general, a definition
of societal identity (Renner et al., 2020b). More specifically, we define the state of a social-ecological
system as the specific combination of relations among structural and functional elements capable of
guaranteeing an internal dynamic equilibrium between the aggregate requirement of goods and
services that has to be metabolized by the various constituent components on the one hand and the
ability of the internal structural and functional elements to produce and/or import the goods and
services consumed by the system on the other hand.
Thus, a metabolic view studies the integration of the activities of both production and consumption
required for stabilizing the identity of the system and the required external conditions making this
stabilization (and adaptation) possible. The former relates to the social practices linked to the
functioning of the economic process, the latter to the dependence on the biosphere and imported
goods. In the jargon of non-equilibrium thermodynamics, the metabolic pattern inside a social2

See: https://www.eea.europa.eu/help/glossary/eea-glossary/dpsir.
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ecological system (the interactions among the internal components operating inside the system) can
be defined as “the identification of a local coupling over patterns of exergy degradation (state)
mapping onto fluxes of negative entropy (pressure) across different levels” (Renner et al., 2020b).
Hence the establishment of a metabolic pattern can be seen as a local matching of biophysical demand
and supply that is expressed across different levels of organization (the establishment of metabolic
network niches) (Giampietro and Renner, 2020).
In an analysis of the state of the system (viability seen from the inside), we can observe only the
metabolism of secondary flows (i.e., the energy carriers, food products and other goods consumed in
the economic process). To explore the interaction of the system with its local environment (feasibility
seen from the outside), we have to couple the state of the system (what is going on inside the
technosphere) with the set of environmental pressures resulting from the interaction of the system
with the environment (what is going on inside the biosphere). This requires the adoption of a different
descriptive domain and different metrics. The study of the state-pressure relation, defined at the
larger scale, requires an accounting system that can track primary flows: flows crossing the interface
between the technosphere and biosphere either extracted from primary sources (such as coal mines,
aquifers, rain) or dumped into primary sinks (such as GHG into the atmosphere, pollutants in the water
table, and solid wastes into landfills). Thus, the analysis of primary flows is needed to study the
environmental pressures and the related environmental impacts (feasibility).
As mentioned in section 2.1, the openness of modern economies (through international trade)
represents a major complication in the analysis of the state-pressure relation across hierarchical
levels/scales of analysis. We can define local feasibility in relation to the state-pressure relation
observed inside the boundaries of the system, but only a set of externalized pressures to the biosphere
outside the borders of the system. Openness is, therefore, a crucial piece of information for
deliberating about resource nexus security and burden shifting. In order to account for the openness
of the system in the analytical framework, we must identify and distinguish between:
i. internal or domestic supply systems operating inside the system, for which we can calculate both
feasibility and viability from observed data; and
ii. externalized or ‘virtual’ supply systems that are embodied in the imported commodities.
For the latter, we can only define notional representations (relevant for feasibility and viability) of the
inputs required for producing the imported commodities. The relative share of the internal
consumption that is produced internally provides an indication of the ‘metabolic security’ of a society
and hence its degree of water, energy and food security, as well as the burden shifting outside of its
boundaries.

2.3 Why a semantic interface?
MuSIASEM is a semantically open accounting framework and hence its application is not
straightforward. During MAGIC it quickly became evident that the development of a semantic
interface was needed between the analysts using the MuSIASEM toolkit and the users of the
quantitative analysis in the cycle of quantitative storytelling. The resulting Nexus Structuring Space
has three goals:
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1. Generate a useful quantitative characterization of the state of the system;
2. Generate a quantitative characterization of the state-pressure relation of the system with its
environment based on the coupling of two distinct metrics (secondary and primary flows);
3. Generate a quantitative assessment of how much the state-pressure relation is altered by trade.
1. A quantitative characterization of the state of the system. The Nexus Structuring Space provides an
operational definition of: (i) the system to which we want to apply changes; and (ii) the state-space of
the system that can be used to describe these changes, i.e. the set of attributes that is considered
relevant for studying the consequences of the changes. Two definitions are in place here:
i.

ii.

Semantic definition of the system: A system is a set of elements that expresses meaningful
interactions. In the case of sustainability analysis, the system is a social-ecological one expressing
a metabolic pattern desirable for the people living in it. A SES is a set of constituent components
(a set of parts represented by a combination of structural and functional elements) that because
of their coordinated interaction preserve and adapt the identity of the whole in time. Therefore
preserving the identity of the whole SES entails preserving: (i) its structural elements; (ii) its
functional elements; and (iii) the emergent property that makes it possible to preserve the
meaning of the identity and adapt, while providing a desirable standard of living for the people
living in the society (Giampietro and Renner, 2020; Renner et al., 2020b).
Formal definition of the state space: The state space is the set of relevant attributes that we must
consider (the choice of which depends on the purpose of the analysis) and encode in proxy
variables to generate a useful quantitative representation. In sustainability analysis, the
attributes characterizing the performance of the system may refer to different criteria (e.g.
quality of life, environmental pressure and environmental impact, economic and technical
viability, level of openness) and, therefore, can only be observed across different dimensions and
levels of analysis. These attributes are needed not only to describe the current situation
(diagnostic mode), but also for defining targets and developing models exploring potential causal
relations over expected changes (in anticipatory mode). For instance, to answer questions such
as: “if A is changed then how will B be affected?” or “assuming an input X in a given process what
is the expected output Y?” or “what else can happen?”

2. A quantitative characterization of the state-pressure relation. Because socioeconomic systems are
not in thermodynamic equilibrium—they are open dissipative systems whose identity depends on the
expression of a metabolic pattern—the internal process of dissipation (the state) has to be compatible
with the existence of favorable boundary conditions in their environment (admissible environmental
pressures). To study the state-pressure relation associated with a realization of a social-ecological
system we have to establish a link between the representation of the processes under human control
inside the system (on the socioeconomic side) and the representation of processes beyond human
control going on outside the technosphere (on the ecological side). Therefore, the state-pressure
concept entails an important complication for the quantitative analysis of scenarios, as we have to
adopt two non-equivalent descriptive domains: one to characterize internal processes (e.g., social
practices and technological processes inside the socio-economic system/technosphere—the state—
must result desirable, economically and technically viable), and one characterizing the interaction that
the system has with its local environment (e.g., the processes taking place on the interface
technosphere-biosphere—the environmental pressures—must be sustainable while adapting). This
entails characterizing in an integrated way the factors determining coherence over two interfaces:
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i.

ii.

The interface between metabolized flows inside the technosphere and the primary flows coming
from and going to the biosphere. The secondary flows metabolized by human activities (energy
carriers, food products, blue water) require an adequate availability of primary flows, i.e. they
depend on the existence of an adequate supply and sink capacity provided by the biosphere. On
this interface, the size of societal funds3 and their specific metabolic activity define environmental
pressures, i.e. the requirement of supply and sink capacity from the environment.
The interface between metabolized flows inside the biosphere and the primary flows coming from
and going to the technosphere. Ecological processes in the embedding ecosystems are essential
to sustain the required supply and sink capacity associated with the stabilization of primary flows.
Therefore, the size of the societal funds and their specific metabolic activity (determining the
environmental pressures) have to be compatible with the size of the local ecological funds and
their metabolic activity. Thus, on this interface, we translate the assessment of internal
environmental pressures into an assessment of internal environmental impacts. This requires a
check on whether the available metabolic activity of ecological funds can handle the quantities
and types of primary material and primary energy flows metabolized by the SES (both on the
supply and sink side) without incurring damage.

3. A quantitative assessment of how much the state-pressure relation is altered by trade. The option
of importing allows a country to ease both the internal requirement of economic production factors
(by avoiding the labor and technology required for the production of the imported goods thus
overcoming potential viability constraints) and environmental pressures (by avoiding the local use of
natural resources and sink capacity for the production of imported goods, thus overcoming potential
feasibility constraints). The practice of externalizing the required production factors to other SES has
become so common that there no longer is a direct relation between what is produced and what is
consumed inside the borders of a country. This represents a serious complication for sustainability
analysis as the pressure (e.g., the GHG emissions) associated with the consumption of goods and
services in a given SES is no longer directly related to the end-uses associated with the production of
goods and services in that SES. The same problem applies to the analysis of viability. For example, a
SES can increase its population with 20%, keep the same pattern of consumption per capita and nullify
the resulting increase in local environmental pressure simply by increasing its imports through making
debts. Note that the state-pressure relation of a social-ecological system not only depends on the
relative size of the imports, but also on how the added value for paying the imports is generated (e.g.,
by the primary production sectors, industrial sector, or financial sector). Paying imports by making
debts generates less environmental pressure than paying imports by producing goods of an equivalent
economic value. The assessment of the level of openness of the system, tracking the different uses of
the imports inside the metabolic pattern, is essential to address this problem.

3

We use the distinction made by Georgescu-Roegen (1971) between flows and funds in order to improve the
accounting for sustainability issues in SES. While flow elements identify what the system does, fund elements
represent what the system is. Fund elements maintain their identity over the course of time of the analytical
representation to which they pertain. Examples of typical fund elements include human activity, land and
sustainably managed aquifers. On the other hand, flow elements change their identity during the analytical
representation—they either enter (inputs) or leave (outputs) the representation to which they pertain during
the course of time of the representation. Examples of typical flow elements include energy, food and water.
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3. The Nexus Structuring Space
In this section, we present the semantic solutions adopted in the Nexus Structuring Space that allow
a systemic application of the analytical framework provided by MuSIASEM to concrete sustainability
problems. A detailed presentation of the various elements of the MuSIASEM toolkit (the formalization
of the expected quantitative relations) is available in Annex 1. The Nexus Structuring Space offers
solutions for using the MuSIASEM toolkit in: (1) diagnostic mode, to identify and characterize in
quantitative terms the factors that affect the sustainability of the metabolic pattern of a given socialecological system; (2) in anticipatory mode, to check the plausibility of proposed policies and
strategies for change, as well as to identify potential problems in scaling up proposed innovations.
As mentioned in section 2, the principal epistemological challenge associated with complexity is the
simultaneously use of non-equivalent and non-reducible descriptive domains (Giampietro, 2003;
Giampietro et al., 2012, 2006). Analysts implementing a quantitative analysis are forced to make a
pre-analytical choice of scale, i.e., the choice of grain and extent for the representation of relevant
attributes. In the analysis of complex systems, this choice entails that the analysts can only ‘see’ a
limited number of relevant attributes of the process they want to observe. In order to handle this
problem, the Nexus Structuring Space proposes the use of different “lenses” (pre-analytical choices of
levels/scales) for observing the characteristics of the metabolic pattern of a social-ecological system:
1. Macroscope: The macroscope is used to observe and describe the state of the system through a
characterization of the metabolic characteristics of its constituent components (the parts inside the
black box), as observed from the inside. It characterizes the sizes (absolute and relative) of the
individual constituent components, their interactions, and the role they play in the expression of the
observed metabolic state. Quantification of the relative size of the constituent components
(determined by the size of their fund elements) and the paces of their metabolized flows (the flow per
unit of fund or flow/fund ratio) permits us to identify the relations between functional and structural
elements inside the metabolic network. The macroscope provides insight in the end-uses in the
economy, and links them to the social practices associated with the current material standard of living.
Put another way, it provides insight into what the various structural and functional elements do and
how (in diagnostic mode) and the option space of possible re-adjustments of the set of relations (in
anticipatory mode).
The macroscope uses a given set of accounting categories (metric #1) associated with a quantitative
analysis based on secondary flows. For example, for the nexus element energy, we look at energy
carriers and use three generic accounting categories—liquid fuels, process heat and electricity.
Although they can all be measured in MJ, they are kept separate in the accounting to recognize the
differences in their quality. For food, we distinguish two generic accounting categories of ‘nutrient
carriers’: animal products and plant products (expressed in MJ). For water, we use cubic meters of
blue water use, divided into subcategories, such as drinking water, irrigation water, cooling water, and
industrial water. This approach can be extended to include other flows of materials and wastes.
2. Mesoscope: The mesoscope is used to describe the openness of the system. It allows us to identify
how much of the total internal consumption of commodities is produced domestically and how much
is imported. In this way, we can assess the dependence of the system on imports for a given set of
commodities and define a series of ‘virtual’ supply systems (operating elsewhere) required for
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producing what is imported (this information is then used in the virtualscope). Imports may refer to
primary sources (e.g., crude oil or animal feed) or secondary sources (e.g., gasoline or meat) and
therefore the information gathered with the mesoscope is closely linked to the information gathered
with both the macroscope and the microscope.
This lens uses a set of accounting categories (metric #2) that is based on the definition of commodities
in trade statistics and hence is different from metric #1. In using the mesoscope, quantities of specific
forms of energy and food defined with metric #1 have to be converted into an equivalent
categorization used for traded commodities. For example, generic quantities of electricity (in metric
#1) can be mapped onto three categories of energy commodities (in metric #2): baseload electricity,
peak electricity and intermittent or “variable” electricity. Generic quantities of fossil fuels (in metric
#1), can be mapped onto five categories of energy commodities: gasoline, diesel, fuel oil, kerosene
and others (in metric #2). Note that in establishing this interface, it is mandatory to maintain closure
of the accounting. The total amount of energy or nutrients assessed with metric #1 has to map onto
an equivalent amount of energy or nutrients in metric #2 (this is important for the operation of the
virtualscope explained below).
Note that in the calculation of the internal end use matrix and internal environmental pressure matrix
we do not discount the secondary inputs and primary flows associated with the production of
exported commodities. The exports of the system under analysis are not subtracted from the balance
of internal consumption, because their production is considered an activity contributing to the Gross
Value Added and therefore a constituent component of the economic process. At EU, national or
lower level, the requirement of inputs for producing exports forms part of the requirement of inputs
to stabilize the state of the system. Clearly, if the analysis is carried out at the level of the global
economy, then imports and exports should be considered part of a zero-sum game and balanced out.
3. Microscope: The microscope describes the state-pressure relation at the local scale. This description
provides the set of expected profiles of: (i) funds associated with processes under human control, such
as human labor, land uses, power capacity, that define a size for the structural and functional
elements; (ii) flows associated with processes under human control, i.e., secondary inputs
transformed into secondary outputs by the local end-uses; and (iii) flows associated with processes
beyond human control, i.e., primary flows derived from and wastes dumped into the biosphere by the
local end-uses. The microscope uses the concept of metabolic processor to organize the quantitative
representation. Therefore, the microscope permits us to identify at the chosen scale: (i) the
requirement of fund elements needed to express the local process of end-uses; (ii) the profile of
secondary flows needed to express the local process of end-uses; and (iii) the resulting environmental
pressures (associated with the profile of primary flows on both the supply and the sink side) on the
embedding ecosystems needed to express the local process of end uses.
Given that the focus is on local transformations, the microscope requires a finer resolution in the
analysis (metric #3) than the use of the macro- and mesoscope. Local metabolic processes are
described in the form of a profile of secondary inputs and outputs derived from and going into the
technosphere and a profile of primary inputs and outputs derived from and going into the biosphere.
These patterns of transformations are described with the concept of the metabolic processors (see
Annex 1 and the glossary). The degree of detail achieved at this level can or at least should allow a
site-specific description of the environmental pressures (spatial localization of the analysis), which is
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essential for the assessment of the environmental impacts associated with the environmental
pressures. It allows the analyst to contextualize the assessments of environmental pressures against
the characteristics of the local ecological funds and/or availability of stocks of non-renewable
resources. Obviously, when using the microscope, the number of relevant accounting categories
further increases. This is illustrated for energy in Figure 1. Other examples (related to agriculture) are
provided in Annex 1.

Figure 1: The two interfaces between metrics in the Nexus Structuring Space
4. Virtualscope: The virtualscope describes the characteristics of a notional set of ‘virtual processes’
that would be required to produce the imported goods and services. Combining the information
obtained through the mesoscope and the microscope we can calculate the overall requirement of
secondary and primary production factors used by ‘virtual supply systems’ to produce the imported
goods. These production factors are used outside the borders of the SES under analysis. The use of
the virtualscope requires the definition of ‘virtual supply systems’, i.e., a notional definition of a given
set of production processes associated with a given quantity of imported commodities. Once the
imported primary and secondary flows in the form of goods have been identified (adopting metric #2)
and the quantities of flows in and out of the metabolic processors associated with their production
assessed (adopting metric #3), we can calculate both the amount of externalized end-uses (referring
to funds and secondary flows used in processes under human control outside the system) and the
environmental pressures externalized by the system (referring to primary flows associated with
processes outside of human control and taking place outside the system). Finally, we can reconvert
these assessments into metric #1 to study their relevance in relation to the state described by the
macroscope. For example, to assess how much the current state depends on virtual end-uses taking
place elsewhere.
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Figure 1 illustrates that for a given quantity of imported commodity, we can define a given mix of
production processes carried out by different types of plants (a given combination of hydro, gas
turbine and diesel). Therefore, given an amount of imported peaker electricity (e.g., measure in kWh)
we can define a notional mix of production processes that allows the assessment of a set of virtual
quantities of end-uses (energy carriers, hours of work, and other secondary inputs) needed for the
operation of the various typologies of power plants assumed to have produced it, and a set of virtual
quantities of environmental pressures (primary flows on the supply and sink side). These two sets of
flows (secondary and primary) are associated with the notional representation of the required virtual
supply systems. They can be used to estimate the quantities of externalized end-uses and
environmental pressures embodied in the import.
We can adopt three different rationales to assess the metabolic processors of virtual supply systems,
depending on the purpose of the analysis: (1) track the countries of origin of the imports and use the
observed identities of the metabolic processors of the producing (exporting) countries; (2) generate a
notional identity for the metabolic processors of imports based on a representative (average) mix of
production processes used to supply that commodity on the global market; (3) use the identity of the
metabolic processors of the system under study (the local supply system) to calculate the amount of
secondary flows (end-uses) and primary flows (environmental pressures) that would be needed to
internalize the production of the imported commodities. Further details are available in Annex 1.
The relation among the information obtained through the application of the MuSIASEM tool-kit in the
Nexus Structuring Space is illustrated in Figure 2 and can be combined into an integrated
characterization of the metabolic pattern of the social-ecological system using the following four steps
(not necessarily sequential):
1. In most cases, the quantitative analysis starts from a diagnostic round characterizing the state of
the system through the macroscope. In fact, it is recommendable to start with a diagnostic
analysis characterizing the relative importance of the various constituent components of the
system and the variety of activities expressed by each of them in relation to the different tasks
(end-uses) required for reproducing the existing state. This is important to give a holistic view on
the viability and desirability of proposed changes. By associating end-uses to the expression of
social practices we can identify the consequences that changes in the metabolic pattern will bring
about in the life of the people living in society either when explaining existing situations or
exploring scenarios.
2. The mesoscope provides the characterization of the degree of openness of the system by
assessing the reliance on imports.
3. The microscope provides the information required for characterizing the state-pressure relation
at the local level—an analysis that can be geo-localized for studying the potential impact of these
pressures—and the information needed to make the calculations for the virtualscope.
4. The analysis provided by the virtualscope assesses the level of internal nexus security and the
burdening shift that the terms of trade impose on other social-ecological systems. Given the
assessment of the traded commodities defined in the mesoscope, we can decide on a set of
notional identities for the virtual “supply systems” needed to produce them. A virtual metabolic
processor can be defined using a chosen mix of production processes required to produce a given
quantity a specific commodity. To obtain this result we have to specify in quantitative terms the
relations in Figure 1 between the quantities expressed in metric #2 and those expressed in metric
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#3. In this way we can scale-up the characteristics of the various processors defined at the local
scale (the profile of end-uses and environmental pressures associated with a given supply), i.e.
local production processes. Different structural elements can be aggregated into functional
elements using ad hoc grammars (see examples Annex 1).

Figure 2: The information given by the macro, meso, micro and virtual scopes
The same approach can be used to define the characteristics of the metabolic processors of the
‘observable’ supply systems operating inside the borders of the studied social-ecological system. Data
on the technical characteristics of local supply systems can be obtained by looking at their functional
(benchmarks) and structural (technical coefficients) elements. The difference between the two
methods of assessment is evident: the characteristics of the supply systems that operate locally are
observed, whereas those of the virtual processors implied in the production of imported commodities
and operating elsewhere are based on ‘ghost images’ of the various supply systems involved.
A visualization of the integrated quantitative characterization of the various end-uses and
environmental pressures in the form of data arrays—the outcome of combining the diversity of
descriptive domains in the Nexus Structuring Space—is shown in Figure 3. Secondary flows refer to
the technosphere and are represented in the upper half of the plane (the inputs required from the
technosphere and the outputs going to the society). Primary flows refer to the interaction with the
biosphere (to the requirement of primary sources and primary sinks) and are represented in the lower
half of the plane. Quantitative assessments based on observed (internal) metabolic processors are
shown on the right side, whereas those based on notional (external) metabolic processors on the left
side. The four integrated sets of data in this overall representation correspond to the four analytical
tools of the MuSIASEM toolkit, and supply useful information in relation to the three goals described
earlier in section 2.3:
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 Internal End-Use Matrix (EUMLOC)—characterizes the consumption of secondary inputs (flow and
fund elements) used inside society for expressing social practices across levels (the local technical
processes needed to reproduce the internal state);
 External End-Use Matrix (EUMEXT)—characterizes the consumption of secondary inputs (flow and
fund elements) used in the technosphere outside the border of the system to produce the imports
(the externalized technical processes needed to reproduce the internal state);
 Internal Environmental Pressure Matrix (EPMLOC)—characterizes the quantity of primary flows
exchanged with the biosphere inside the system’s border (the local ENVIRONMENTAL PRESSURES
associated with the reproduction of the internal state);
 External Environmental Pressure Matrix (EPMEXT)—characterizes the quantity of primary flows
exchanged with the biosphere to produce imports outside the border of the system (the
externalized environmental pressures associated with the reproduction of the internal state).

Figure 3: Assessment of secondary and primary flows in the internal (observed) and externalized
(notional) metabolic pattern provided by the four tools of the MuSIASEM toolkit
This integrated information space allows a better-informed discussion on policy scenarios as it allows
users to select ad hoc indicators according to the purpose of the analysis while avoiding the risk of
falling into a silo governance attractor. Moreover, the semantic openness of the analytical framework
allows the tailoring of the assessment by the users of the results of the analysis (e.g. the choice of the
criteria used to calculate the characteristics of the virtual supply systems), thus guaranteeing the
transparency of the process. The added value compared to other methods is further detailed in section
4.3 of this deliverable. Applications of the Nexus Structuring Space and the MuSIASEM toolkit are
presented in section 5.
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4. Conceptual advancements, insights and added value
The conceptual development of the MuSIASEM accounting framework (i.e., the underlying theoretical
framework) has been instrumental in the generation of new insights in the functioning of complex
adaptive systems. These insights draw on and integrate advancements in several scientific domains,
including relational analysis, non-equilibrium thermodynamics, hierarchy theory and theoretical
ecology, and are summarized in section 4.1. On the other hand, the applications of the MuSIASEM
toolkit in the Nexus Structuring Space have contributed to advancements in the field of biophysical
economics. These are summarized in section 4.2. The added value of MuSIASEM compared to other
approaches in the field of sustainability is described in section 4.3.

4.1 Insights in the functioning of complex adaptive systems
Conceptual advancements in the analysis of complex adaptive systems achieved during the course of
MAGIC have been presented at the Tenth International Conference on Complex Systems, 27-31 July
2020, organized by the New England Complex Systems Institute, and are documented in the
conference proceedings (Giampietro and Renner, 2020; Renner et al., 2020b). These advancements
have greatly benefited from the input of Aloisius Louie, who serves on MAGIC’s Advisory Board, during
a work visit to the Universitat Autònoma de Barcelona in 2019. Salient features of the functioning and
analysis of complex systems consolidated through the work in MAGIC are:
1. The metabolism of a social-ecological system is not a metaphor but a fact. Social-ecological systems,
such as human society, belong to the class of metabolic-repair systems as described by Rosen’s school
of relational biology. They can maintain and adapt their identity because of a process of replication,
metabolism and repair based on an iterative alternation between a recorded notional representation
of their organization (blue prints and semiotic controls applied to a cybernetic representation of their
functioning) and a tangible process of production of realizations of the structural elements capable of
expressing an integrated set of tasks determining the reproduction of the system and its learning. This
iterative alternation between notional and tangible identity is at the basis of the semiotic process used
by society to test the validity of knowledge claims used for normative purpose (to guide action)
(Giampietro, 2018). The narrative of the mechanism stabilizing the metabolic pattern of a socialecological system is consistent with the representation of metabolic patterns across different types of
systems. The generic rationale of the basic mechanism of self-organization of complex adaptive
systems has been proposed several times by great scientists such as: Herbert Simon (Simon, 1962)
described as: “recipes → processes → recipes →”; Ilya Prigogine (Prigogine, 1980) described as:
“genetic information → metabolism → genetic information →”; Howard Odum (Odum, 1971)
described as informed autocatalytic loops of energy transformation; and Ramon Margalef (Margalef,
1968) described as a process in which ecological systems send messages to themselves into the future.
2. The four Aristotelean causes permit an integrated analysis of the notional and tangible aspects of
complex systems. By adopting relational analysis (Louie, 2009a; Rashevsky, 1954; Rosen, 1985) we use
the four Aristotelean causes to study the process of iterative alternation between: (i) a notional
representation (needed for the definition of blue-prints and operation of the cybernetic control); and
(ii) a tangible realization of a metabolic network (needed to verify the validity of the recorded
27

D4.4 – Nexus Structuring Space

information). This process of resonance serves as the essence of modelling relation. It guarantees selfreferentiality to the process of definition of identity and allows the verification of the usefulness of
the information used in the process. More specifically it allows to deal with the dialectic between
realization and representation (Rosen, 1978). The use of the four causes provides a strong semantic
tool to identify the relation over structural and functional elements and properly scale quantitative
information across levels and scales. The final and the efficient causes refer to the functionality of the
elements (the relevance of types to be included in the notional representation) for the preservation
of the identity and therefore are intrinsic to the notional representation – why you do something and
how. On the contrary, the formal and the material causes refer to the realization of existing structural
elements (the feasibility and viability of the processes to be realized on the biophysical side) and are
extrinsic to the definition of the identity—what is used to achieve the goal and how the relative
information is preserved in the process. What we have learned in MAGIC from the analyses of the
quality of the narratives in the various policy domains, is that we can use the four causes by associating
the identification of final causes with justification narratives, efficient causes with normative
narratives, formal causes with explanation narratives, and the definition of material cause (linked to
the availability of the requires resources) to study the feasibility of proposed solutions – to check the
severity of external constraints. Examples of this type of applications are given in the following section
(4.2) and in section 5.
3. Study the establishment of a cascade of state-pressure relations to link quantitative representations
across scales and dimensions. The accounting system provided by MuSIASEM and implemented in the
Nexus Structuring Space represents a solution to the problem of how to assess the feasibility, viability
and desirability of the metabolic pattern of a social-ecological system as well as its degree of
dependence on imports from other social-ecological systems. In fact, it allows to combine data
obtained from different sources and referring to non-equivalent descriptive domains in a
representation of the expected relations over the metabolic processors describing the functioning of
structural and functional elements inside the metabolic pattern. This integration entails the ability of
using simultaneously different metrics that cannot be integrated (reduced to each-other) in formal
terms. By combining the macroscope, mesoscope, microscope and virtualscope we establish an
impredicative set of relations over non-reducible data that can only be handled in semantic terms.
However, even if the accounting is semantically open in terms of definition of categories of accounting,
the resulting quantitative relations have to respect congruence constraints: they are subject to a
‘sudoku effect’ (Giampietro and Bukkens, 2015).

4.2 Insights in the biophysical roots of the economy
The MuSIASEM toolkit and Nexus Structuring Space have seen a continuous development in response
to the specific analytical problems posed by the policy and innovation case studies of WP5 and WP6.
This iterative process has not only contributed to advancements in the methodological framework,
but also to important insights in the biophysical roots of the economy. We briefly summarize these
insights below and refer to the specific applications in section 5 and other documents where they have
been elaborated in more detail.
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4.2.1 The openness the EU metabolic pattern in relation to feasibility
As mentioned in section 2, significant efforts in MAGIC have been dedicated to assessing the openness
of the metabolic pattern of the EU. The profile of inputs and outputs associated with the local and
virtual supply systems needed to produce what is consumed by the EU has been assessed and it has
been found that EU dependence on imports is substantial. The EU relies to an important extent on
externalization of its primary resource requirements, both on the supply and sink side, and in this way
manages to overcome ‘local’ feasibility constraints. Indeed, one of the main findings of MAGIC is that
concern for EU nexus security, as well as environmental burden shifting, should be taken more
seriously.
For example, an analysis of the European agricultural system, covering the EU-27 plus UK and Norway,
shows that it is implausible that the EU could domestically produce the currently imported agricultural
commodities (Cadillo-Benalcazar et al., 2020). A detailed analysis of this issue is also available in
Deliverable 5.1. In addition, any significant move in that direction would dramatically increase the
already too high environmental pressures on local ecosystems in relation to the abstraction of water,
quality of water (NP leakage), and use of pesticides (Renner et al., 2020a). The application of
MuSIASEM to the EU agricultural system is presented more in detail in section 5.1.
Similar results were found for the EU energy sector. When considering the primary energy sources
and energy carriers imported by the EU, the externalized carbon emissions of the energy sector raises
total GHG emissions of the sector in the EU by 60% (Ripa et al., 2021). This has important implications
for assessing progress toward meeting international agreements on climate and SDGs. The use of the
Nexus Structuring Space in assessing the energy metabolism of the EU is explained more in detail in
section 5.2.

4.2.2 The openness of the EU metabolic pattern in relation to viability and desirability
As explained earlier in Deliverables D4.1 and D4.2, in MuSIASEM the size of the socio-economic system
and its sub-sectors is assessed in terms of the fund human activity. As a result, the relative sizes of the
functional and structural elements of society are directly linked to the profile of allocation of human
activity (time use) across the various social practices (inside and outside the paid work sector). The
metabolic perspective adopted in MuSIASEM thus allows us to address the entanglement over the
various factors (demographic, cultural, socio-economic, technical and biophysical) that affect the
option space of desirable, viable and feasible profiles of human time allocation. Any human society
simultaneously generates and requires human activity for its reproduction. When considering both
the requirement and the supply of hours of work per capita per year in a society, it becomes evident
that the demographic structure and the social practices in society define a forced dynamic equilibrium
between supply and demand. Therefore, shortage of human time—in one or more critical functional
elements of the socio-economic system—can constrain the trajectory of economic growth, in the
same way that other biophysical production factors, such as water, energy, and land, do. Indeed, in
post-industrial societies shortage of human activity represents an internal constraint to economic
growth (viability) which is as relevant as external biophysical constraints (feasibility). Natural
population growth does not necessarily solve this problem, as it does not only lead to a larger supply
of human activity, but also an increased requirement of working time (assuming a decent level of
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equity in society). Post-industrial countries can (temporarily) avoid economic stagnation caused by
shortage of working time through the use of technology and energy boosting labor productivity,
through immigration of adult workers—notably seasonal and temporary workers—and through the
externalization of the requirement of working time in the form of imported goods and services.
Among the applications of MuSIASEM in MAGIC focusing on the externalization of human labor are a
comparison of the metabolic pattern of China with that of the EU (Velasco-Fernández et al., 2020) and
an assessment of the virtual hours of labor embodied in imports in the EU (Pérez-Sánchez et al., 2021).
For instance, in 2011 the EU used 500 hours of embodied work per capita per year in its imports that
are equivalent to more than 120 million annual work units (virtual workers; assuming a work load per
unit/virtual worker of 2,000 hours/year). Similar results were found for the USA. Note that the large
import of hours of embodied work in the EU is possible only because of the small size of its population
compared to the world population. Note that while the global limits to primary resource supply and
sink capacity are difficult to assess, the human time available yearly at the global level has a welldefined limit: population size × hours in a year. Given the fixed time budget at the global level, the
reproduction of EU (and US) consumption levels that the emerging economies of China and India are
striving for, is simply implausible. This raises important ethical issues and questions the EU’s
commitment to the SDGs (desirability concern).
These applications show the relevance of the MuSIASEM framework in informing sustainability
discussions with regard to the viability and desirability concerns and are further detailed in section
5.4. A detailed theoretical exposition on the profile of time allocation as an emergent property of the
metabolic pattern is forthcoming (Manfroni et al., 2020).

4.2.3 The concept of state-pressure: methods for assessing environmental impacts
As discussed in sections 2 and 3, the state-pressure relation is operationalized in MAGIC by the EndUse Matrices (in relation to the state) and the Environmental Pressure Matrices (in relation to the
pressure). It is important to recall here that the Environmental Pressure Matrices provide an
assessment of pressure and not of impact. As already set out in Deliverable 4.1, the impact depends
on the characteristics of the ecological funds affected by the pressures, i.e., whether they can handle
the pressure without damage. This analysis requires geographic localization of the pressures.
Within the MuSIASEM framework, an indicator of impact was developed for selected terrestrial
ecosystems based on the rationale of non-equilibrium thermodynamics (the negentropic cost). It
characterizes the degree of alteration of ecological systems for different biomes (tropical and boreal
forests), making a distinction between undisturbed forest, tree plantations, and crop cultivation
(Lomas and Giampietro, 2017). This indicator describes the expected metabolic characteristics of the
ecological fund (standing biomass) and allows the detection of alteration of the ‘healthy state’ (the
most probable metabolic state found in undisturbed terrestrial ecosystems). This indicator is relevant
for the discussion of the impact of a large-scale biomass cultivation for energy purposes.
A similar approach has been developed in relational analysis to the concept of nexus networks. This is
relevant in relation to intensive crop production for exportation in arid landscapes, because it
elucidates interconnected causal mechanisms for groundwater overexploitation and profiles different
social-ecological patterns on a spatially-explicit basis (Cabello et al., 2019). A spatially-explicit analysis
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of the environmental pressures (GHG emission and produced water) related to conventional oil
exploitation in an oil-exporting country (Parra et al., 2020) illustrates the use of relational analysis to
assess externalized environmental pressures of the EU system.
The concept of metabolic processors allows an integrated water-energy-food nexus assessment also
when applied to the local scale as demonstrated by the Canary Islands case study on alternative water
sources, reported in Deliverable 6. 7 and (Serrano-Tovar et al., 2019).

4.2.4 Fundamental conceptual flaws in grand narratives: the circular (bio)economy
The incompatibility between the complexity of the sustainability issue on the one hand and the
simplicity of the available narratives and models to study it on the other hand has generated an
enormous confusion around the definitions and interpretations of basic concepts in the sustainability
discourse. A striking example, explored in detail in MAGIC, is the concept of bioeconomy. Two
diametrically opposite interpretations of the term bioeconomy co-exist: (i) an entropic
(thermodynamic) narrative that reflects on the limits on economic growth imposed by nature; (ii) a
new economic paradigm based on technological progress (the economics of technological promises)
that seeks perpetual economic growth. The former interpretation dates back to 1918 and was
developed into a conceptual framework of analysis (bioeconomics) by Georgescu-Roegen in the
1970’s to show the impossibility of decoupling economic growth from the dependence on natural
resources. However, in official EC documents, the latter interpretation prevails and foments the ‘green
growth’ envisioned by the European Green Deal. The study of metabolic patterns in MAGIC clearly
shows that the required level of productivity of biophysical production factors in contemporary
developed economies such as the EU (flow throughput per hour of labor and per hectare of land use)
is orders of magnitude larger than the pace and density of supply and sink capacity of natural circular
processes. Indeed, the industrial revolution represented a linearization of material and energy flows
that permitted to overcome the low pace and density of biological transformations typical of the preindustrial circular economy. As has been shown in MAGIC, relying on nature to ‘close the loop’ will
simply slow down the economic process (Giampietro, 2019; Kovacic et al., 2020). “The success of the
term circular economy can be seen as an example of socially constructed ignorance in which folk tales
are used to depoliticize the sustainability debate and to colonize the future through the endorsement
of implausible socio-technical imaginaries. A strategy that can lead to an irresponsible management
of expectation: implausible master narratives are impossible to govern” (Giampietro and Funtowicz,
2020). Rather than continuing to impose technocratic plans, as if we knew the optimal thing to do, the
approach adopted in MAGIC suggests that it is much more effective and responsible to adopt a flexible
management approach, exploring the ability of self-organization of social-ecological systems.

4.3 Added value compared to similar approaches
As explained in sections 2 and 3 and earlier deliverables, MuSIASEM is based on a sophisticated
combination of theoretically concepts that, integrated into a coherent framework, can deal with the
epistemological challenges associated with the analysis of complex social-ecological systems. When
considering the typology of quantitative results obtained as output, MuSIASEM shares certain
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similarities with two families of other quantitative approaches: input-output analysis and metabolism
studies. We highlight below the added value of MuSIASEM compared to these approaches.

4.3.1 Input-output analysis
The main difference between MuSIASEM and other analytical tools belonging to the family of
conventional input/output analysis (Daly, 1968; Duchin, 1992; Lenzen, 2011; Leontief, 1970, 1966;
Stone and Croft-Murray, 1959) is relatively easy to pin-point. Conventional input/output assessments
are based on an analysis of how input/output ratios change in time (for example, from year to year)
assuming that the given input/output represents a robust external referent for studying selected
future states of the system or for explaining causal relations of the past. This is also the epistemological
stand of the analytical tools used to calculate the family of footprints tools (Giljum et al., 2013;
Hoekstra, 2011). This assumption has severe limitations, as we will illustrate below with simple
examples, and points at an important epistemological conundrum about our ability to predict the
future: "The fact that econometric models of the most refined and complex kind have generally failed
to fit future data—which means that they failed to be predictive—finds a ready, yet self-defeating,
excuse: history has changed the parameters. If history is so cunning, why persist in predicting it?"
(Georgescu-Roegen, 1976) p. xxi-xxii

Figure 4: Estimating the change in height of a person on the basis of past records
Assume that for 10 years we monitor the height of a given person who is 5 years old at the onset of
the study. We can estimate the growth rate from the slope of the linear relation observed between
age 5 and 15 (Figure 4, left-hand graph). If we would use this information to infer the height of that
person at the age of 45, we would find that he/she will measure 350 cm. In this example, the
assumption that the relation over the variables time (in years) and height (in cm) will remain valid in
the future is obviously wrong.
The same type of problems can occur when extrapolating the relation between inputs and outputs of
metabolic systems into the future. For example, even if we know that a baby of 2.5 kg needs 150 ml
of milk per day per kg of body weight, can we use this information to predict that this person will drink
12 liters of milk per day when a weight of 80 kg has been reached? As observed by Georgescu-Roegen
(Georgescu-Roegen, 1971), “the notions of input and output do not make sense if the underlying
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process is not specified and considered”. Assessments of input/output ratios can only be done at a
given scale (over a defined period), and therefore the validity of the external referent of the inference
has an expiration date.
How do we know if the chosen time scale is robust enough to guarantee reliable inferences? In the
example of Figure 4, the analyst cannot know whether the period of observation (10 years) is
sufficiently long to capture all the relevant characteristics of the system. Moreover, other factors may
cause a change in the relation between inputs and outputs. Again, assume that we study for 30 years
the changes in the metabolism of a person who, at the beginning of the study, is 18 years old, weighs
80 kg, and has a height of 180 cm. We detect a reduction of 3% per year in the intake of food over
the period of observation. Can we use these results to estimate her metabolism when she will be 90?
Our previous information can become useless not only because of non-linear physiological changes in
basal metabolism (e.g., menopause), but also because of changes in the level of physical activity
independently from the change in basal metabolism.
MuSIASEM avoids these problems by adopting a metabolic approach that triangulates different
external referents (i.e., different flow-fund metabolic rates) defined at different scales. In this way, we
combine the observations of a special instance of a type at the local scale (e.g., a given person over a
given period of time) with other sources of information referring to known typologies of metabolic
behavior observed at a larger scale (e.g., the growth curves of human beings and the profiles of
physical activity per age class). This triangulation provides a better insight into the usefulness of
empirical data. For example, returning to the example shown in Figure 4, by combining different
sources of information gathered at different scales, we can infer that: (i) the data set used for the
extrapolation refers to an instance of a human being that is observed during the growth spurt; and (ii)
the observed instance will be subject to changes associated with changes in the typology to which it
belongs. Empirical data, gathered at the local scale, may perfectly fit the expected growth curve
defined at a larger scale for the typology in question, however they do not provide the information
required for anticipating future height. It is not the observed data set, but the information about the
expected growth curve (knowledge about the type) that permits us to anticipate the height at the age
of 45. MuSIASEM studies expected metabolic characteristics whose robustness is given by the
entanglement of metabolic relations over the functional and structural elements of the socialecological system and across different levels of analysis. Observed (empirical) data are important, but
only if they fit in the multiscale representation.
Note that the rationale of relational analysis leads us to the same criticism. Relational biology
distinguishes between ‘simulations’—based only on the observation of specific output/input ratios
totally unmindful of the issue of scale—and ‘models’, based on the analysis of the causal entailment
between output and input implied by a given process determining the output/input relation. This
second approach can be contextualized in multi-scale analysis by recognizing not only that the
output/input ratio has to be associated with a representation of a specific process (the external
referent), but also that this representation depends on the pre-analytical choice of scale. To solve this
problem, MuSIASEM defines metabolic flows (e.g., a flow of food in kcal/year) over a given time
duration in terms of:
i. A fund element that is consuming it (e.g., the size of the population consuming food × food
requirement in kcal/year per capita);
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ii. A fund element that is producing it (e.g., number of hectares of land × yield of food crop per
hectare per year); and
iii. The expected relations between consumption and production in the metabolic pattern, i.e., the
process (e.g., are we studying a closed subsistence society or a society trading feed and food?).
In this way, we can explore the forced relations of congruence among the relative sizes of the funds
(pace and density of production and consumption) and identify the factors that affect the validity of
the external referent, such as the role played by the imports and exports in balancing the requirement
and supply of flows. Thus, MuSIASEM does not generate predictions based on the ceteris paribus
hypothesis applied to observed flow/flow relations (observed data out of context), but on contingent
definitions of the option space of expected metabolic relations between fund and flow elements
considering their relative size and metabolic rates.

4.3.2 Metabolism studies
There are various quantitative applications of input/output flows that are labeled under the name of
socio-metabolic research in sustainability (Fraňková et al., 2017) (p. 10). These include substance flow
analysis (SFA), physical input-output (PIOT), life cycle analysis (LCA), and material and energy flow
analysis (MEFA). MuSIASEM and MEFA in particular have been considered similar approaches (Gerber
and Scheidel, 2018; Haberl et al., 2019). However, we do not agree that whatever accounting of flows
of matter and energy associated with the functioning of a society should be categorized as ‘metabolic
studies’. The study of the set of transformations of food going through a person or the set of
transformations of a primary energy source going through a society belongs to the field of metabolic
study only if it addresses quantitative and qualitative relations between the characteristics of the fund
elements and the flow elements. Measuring flows of water, gasoline or apple juice going through a
pipe does not belong to the domain of metabolic studies. The concept of metabolism applies only
when what is metabolized (the flow) does affect and is affected by what is metabolizing it (the fund).
Metabolic relations are extremely specific. Hay is food for a mule but not for a person, chicken breast
is food for a person but not for a cow, ham is food for a protestant person but not for a Muslim. This
entails that one cannot use “generic” definitions of “energy” or “matter” for the accounting of flows.
In the pre-analytical phase, we must tailor the taxonomy of categories of energy forms and materials
to the purpose of the analysis.
The concept of metabolism has been well defined in several scientific fields like physiology (Engelking,
2012; Frayn and Evans, 2019; Kim and Gadd, 2019), non-equilibrium thermodynamics (in relation to
the pressure-state relation of metabolic systems/dissipative systems, see Prigogine, 1980), relational
analysis (in relation to the functioning of M-R systems, see Louie, 2009b); Georgescu-Roegen´s
bioeconomics (Giampietro et al., 2012; Mayumi, 2001) and, more in general, in complexity theory (in
relation to the functioning of complex adaptive systems, see Giampietro and Renner, 2020). Hence,
there is an uncontested semantic interpretation of the concept of metabolism: Metabolism refers to
the functional coupling of two sets of biophysical transformations carried out in a dissipative system
(metabolic network) capable of self-reproducing:
i.
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Catabolic transformations that destroy favorable gradients (primary inputs) available in their
context, thereby transforming them into secondary inputs for use in the anabolic process;
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ii.

Anabolic transformations that use these secondary inputs to express expected functions and
maintain and reproduce the structures required to stabilize the metabolic process.

In thermodynamic jargon (used in a semantic way), a metabolic pattern is defined as the ability of a
network of energy transformations to couple a set of catabolic transformations taking advantage of
an available flux of negative entropy to a set of anabolic transformation expressing a set of functions
associated with a defined set of processes of exergy degradation.
Examples of metabolism can be observed at different levels of analysis:
 Metabolism of societies—the catabolic processes of the primary sectors of society use primary
sources (e.g. minerals, crude oil, wind, arable land) to generate secondary inputs (e.g., useful
materials, energy carriers such as electricity and fuels, food products) that are used by the
anabolic processes inside its constituent components to express the required functions and
reproduce the structural elements.
 Metabolism of human beings—the catabolic process of the human body uses food (e.g., apples,
chicken breast, ice cream) as primary flows to generate secondary inputs (e.g., carbohydrates,
fats and proteins) that are used by the anabolic processes inside its tissues to stabilize the work
of cells;
 Cellular metabolism—Inside the cells of the tissues of a human being, the catabolic process uses
molecules such as glucose, fatty acids and amino acids (derived from carbohydrates, fats and
proteins, respectively) as primary flows to generate secondary inputs (e.g., energy rich molecules
such as ATP) that are used in the anabolic processes inside the cells to express their expected
functions and maintain and reproduce their structures;
Therefore, if we want to characterize in quantitative terms metabolic patterns, the use of nonequivalent descriptive domains is a must; simplistic definitions of ‘energy’ and ‘material’ flows cannot
be used for identifying the various tasks, let alone quantifying them.
Note that none of the other quantitative approaches included in the above-quoted category of “sociometabolic research” acknowledges the existence of this epistemological problem. These approaches
are based on simple flow/flow relations and therefore belong to the class of input/output analysis
described in section 4.3.1 that uses observed relations over flows as an external referent. They
systematically ignore the constraints associated with the benchmarks (bottlenecks) of flow/fund ratios
(e.g., metabolic rate per hour, and metabolic density per hectare). These accounting approaches tend
to aggregate different energy and material forms across levels (often without making a distinction
between primary and secondary flows) without selecting appropriate accounting categories apt for
characterizing: (i) the effects on social practices (desirability); (ii) the relative dimension of the various
structural and functional metabolic elements in society (viability); (iii) the potential impacts on the
environment (feasibility); (iv) the implications of the openness of the economy (metabolic security).
In this regard, MuSIASEM is unique in that it uses not only land, but also the fund human activity—
identified as a key limiting resource in society—to contextualize water, energy and food flows in
society. When mapped against the different categories of accounting of energy and material flows
across structural and functional elements, the dendrograms of human activity provide a powerful
integrative framework across different levels and dimensions of analysis (for more details, see section
5.4 and in particular Figure 17).
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5. Applications of MuSIASEM and the Nexus Structuring Space in
quantitative storytelling
5.1 Agricultural sector
5.1.1 Introduction
This section serves to illustrate how a nexus information space was created for the EU agricultural
system (EU-27 plus the UK and Norway) and how it was used to support a valuable quantitative
storytelling exercise. Running in diagnostic mode, our work aimed to explore tensions existing
between the various objectives of the CAP. Despite their pre-existing strong orientation towards a
more sustainable European SES, the objectives of the CAP can, in practice, be seen to lead to mutually
antagonistic actions. Running in anticipatory mode, our exercise aimed to verify the validity of calls
for a dramatic internalization (we used a radical hypothesis of 90%) of the production of imported
food by 2050. Admittedly dramatic, such efforts are, for example, compatible with the storylines
espoused by the circular bioeconomy goals referenced within the European Green Deal. The choosing
of a 90% target in the long-term is our rough interpretation of the rhetoric currently used, but it should
be noted that our provocative choice is also reflective the fact that no precise targets are currently
specified. Both modes, diagnostic and anticipatory, proved highly novel and informative to discussions
of what is socially wanted (desirability) and what can be done (feasibility and viability).
In the pre-analytical phase, it was established that the CAP objectives of “increasing competitiveness”
and “preserving landscapes and biodiversity” can be understood to be in biophysical tension
(European Commission, 2019a). Since agriculture is both the main producer of food and the main
driver of land-use change—a primary driver of biodiversity loss and environmental impact (European
Court of Auditors, 2020; Godfray and Garnett, 2014; IPBES, 2019b, 2016)—the tension between such
objectives represents a major conundrum. Increasing the food supply by increasing agricultural
production generally translates into a greater impact on embedding ecological systems. Concerning
the attribute of competitiveness, more ecologically friendly production systems tend to have lower
yields than conventional systems (de Ponti et al., 2012) while demanding a greater amount of work
(European Commission, 2013). The goals of economic competitiveness in the international market
represent a further confounding aspect of the CAP when contrasted with its objective of “supporting
generational renewal”. In the case of that generational renewal, the primary aim is to avoid that rural
youth move to urban areas, something which typically occurs due to the draw of higher-income jobs
(European Commission, 2019b). At present, the European food system is stabilized by the production
of high-value products (e.g. animal products), as sustained by the import of low-value products (e.g.
livestock feed). The production of those low-value products results in serious damage to the ecological
systems of exporting countries. Hence, the issue of food security in Europe is complex and is related
to the pressing issue of global food security.
In the following sub-sections, the experiences had regarding information structuring and accounting
framework design summarize key points made in (Cadillo-Benalcazar et al., 2020). The experiences
had regarding anticipation and quantitative storytelling summarize key points made in (Renner et al.,
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2020a). Note that the two articles in question are complementary, viz. (Renner et al., 2020a) explore
an anticipation that builds on the diagnostic described in (Cadillo-Benalcazar et al., 2020).

5.1.2 Structure of the information
The nexus information space created in support of our agricultural analysis was designed in parallel to
the Nexus Structuring Space. This synergistic experience leads to a solidification of the unified
approach described in other sections of this deliverable. Figure 5 presents a general layout of the
agricultural accounting scheme and in the lens descriptions that follow Figure 5, symbolic sections A,
B, C, and D of Figure 5 are referred to.

Figure 5: A grammar from (Cadillo-Benalcazar et al., 2020) illustrating the expected relations over the
structural and functional elements of a food system, including interactions with other food systems
1. The macroscope is indicated by the symbol A. In the diagnostic, we observed a heterogeneity in
dietary profiles due to a mix of local food availability and cultural factors. In short, we observed
that Alpine, Western, British Isles, and Nordic countries have the highest caloric intake per capita,
with grains, roots, and tubers presenting the highest caloric contribution. Intriguingly, those
countries also have the highest consumption of animal products in the EU. On the other hand,
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countries such as Romania (South eastern), Poland (North eastern), and Lithuania (Eastern) have
a higher consumption of grains, roots, and tubers in absolute terms.
2. The mesoscope is indicated by the symbols B and C, looking towards the right. Regarding vegetal
products, most Eastern, South eastern, and North eastern countries have a level of selfsufficiency greater than 50%. In contrast, countries such as the Netherlands (28%) and Norway
(24%) have a low level of self-sufficiency. For animal products, the highest rates of self-sufficiency
are achieved by Poland (75%), Norway (62%), Finland (60%), and Ireland (56%). Overall, most
countries do not reach a 50% self-sufficiency rate! What’s more, when analyzing feed products,
we observed that all EU countries, apart from Ireland, have a self-sufficiency rate lower than 30%.
3. The microscope is indicated by the symbol D. At the microscope level, we described the interface
between processes within the local technosphere of the system under study and ecological
systems. The effects of those processes can be interpreted as the environmental pressures that
agriculture exerts on the ecosystems it exploits.
4. The virtualscope is indicated by the symbols B and C, looking towards the left. When using the
types of information indicated, we can generate realizations such as: when assuming the
internalization of the status quo imports, the Netherlands and Belgium would need to increase
their agricultural land by roughly 14x and 8x, respectively. Countries such as Romania, Poland,
Hungary, and Bulgaria would require, under the current conditions of production and the
availability of required land, to increase NPK fertilizer usage by roughly 50%. On the other hand,
countries such as the Netherlands, Belgium, and Malta—countries with limited land and
substantial food imports—could expect an increase in NPK fertilizer usage of over 90%!
Obviously, such a drastic increase is not foreseeably possible—a realization that goes to simply
indicate the implausibility of the scenario.

5.1.3 Quantitative storytelling
The agricultural diagnostic described in the previous sub-section provides a biophysically consistent
information space uniquely suited for the exploration of pressing concerns such as those resulting
from the cross of absolute resource scarcity and value pluralism. Such concerns would be exceedingly
tricky to explore using conventional methods, such as those used in general or partial equilibrium
models. In summary, our quantitative storytelling results raise several exceedingly uncomfortable
pieces of knowledge—concerns that will have to be tackled by decision-makers working with policies
such as the CAP and the Farm to Fork strategy. Figure 6 presents a snapshot of a small sample of our
results, viz. those related to anticipated local blue water and human activity demands. Note in
interpreting Figure 6, it should be kept in mind that roughly half of the agricultural trade in Europe
occurs between European states.
Concerning blue water use, a majority of the anticipated increase is due to internalization of primary
and secondary vegetal trade, less so livestock feed. Blue water use (primarily irrigation water) in feed
production is relatively low. Notwithstanding, in countries such as those in the Mediterranean region,
serious hydrological issues could be expected. Acute freshwater over-exploitation is indeed already a
reality at the 2012 baseline in many agrarian regions of the Mediterranean, due to arid climates and
high irrigation levels. Further agricultural concerns present themselves when considering human
activity requirements. Although the highest median anticipated value of human activity for 2050—
some 240 hour/capita/annum in Eastern Europe—is not remarkably high when compared with the
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standard in Europe a generation or two ago, it represents a fourfold increase from the present-day
benchmark. This reality is particularly worrisome when we contextualize it against the existence of
societal hysteresis and lock-in, as well as the agricultural labor trend in recent decades—a trend
characterizable as monotonically decreasing for essentially all of our communal memory. In just the
past twenty years alone, labor in the EU27 plus the UK, measured in annual work units, declined by a
full 40%. Such realizations support notions such as that of the European Environmental Bureau (EEB,
2020), which, contrasting mainstream popular rhetoric, found “no evidence to support the statement
that ‘the transition into more sustainable food systems [...] is ongoing.’”

Figure 6: Long-term (2050) anticipations of blue water use and human activity in the agriculture
sectors of the EU27 plus the UK and Norway reflecting a 90% internalization of imports, from (Renner
et al., 2020a). Dashed reference lines show 2012 baseline estimates, plot boxes range 25th to 75th
percentile, plot whiskers extend up to 1.5x the interquartile range. The Netherlands and Malta are
excluded from blue water estimates for readability purposes (both high-end outliers).
Exploring and anticipating human activity demands is an enlightening exercise in its rare ability to
portray uncomfortable knowledge in the social desirability domain in a clear manner. Although an
agricultural labor demand of 240 hour/capita/annum may result in an environmentally feasible and
economically viable system state, reaching that state would demand an unprecedented social
transformation. Cochrane’s (1958) agricultural treadmill—the disruptive introduction of innovations
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into agriculture with the hope of eliminating farmers, a well-established practice—is not easily shifted
into reverse. If such biophysical considerations are not considered in a robust manner, an unworkable
and non-enforceable policy will result.
When performing quantitative storytelling, indeed when exploring complexity in general, it is terribly
unwise to colonize valuable epistemic policy space with an assertion of a paradigm-endorsed
“scientific optimization”. This realization is well known in anticipation science, which admits that
futures are generated, consumed, and co-created in the present. Instead of adding yet another
optimized quantification to the stack, we explored what Börjeson et al. (Börjeson et al., 2006) would
classify as an exploratory scenario—an explanation of what can happen and what cannot happen. In
what may or may not come as a surprise, several elephants in the room were thereby unveiled amid
agricultural initiatives such as those detailed in the European Green Deal.

5.1.4 Reflections on the lessons learned
The creation of a biophysically consistent agricultural information space is an immense undertaking
entailing the gathering and making congruous of a vast array of high-dimensional data. In overly
general terms, particularly tricky is the semantic representation of livestock systems, the calculation
of virtual resources embedded in traded commodities, and the estimation of human activity
coefficients. That said, even a crude system representation yields immense value in the face of
contemporary global megatrends and environmental concerns and contrasted against conventional
economic modelling efforts. In many cases, translation of the prose used in policy documents such as
the Farm to Fork strategy or the European Green Deal into diagnostics and anticipations results in the
uncovering of clear impossibilities—uncomfortable knowledge that will need to be addressed moving
forward.
At the heart of this realization is the fact that cheap agricultural imports are an essential part of
modern European agribusiness. They play a critical role in explaining why countries like the
Netherlands have a level of economic export of agricultural products equivalent to that of Argentina
and Canada combined, irrespective of the fact that Argentina and Canada together have roughly 75x
more arable land than the Netherlands (FAO, 2017). Measures such as tariff escalation and inward
processing (European Commission, 2015; Polet, 2017) prove effective ways of maintaining a
competitive European agri-business. That said, besides the food security concerns felt in Europe as
Europe moves into an increasingly uncertain future, measures such as tariff escalation and inward
processing prove problematic for less developed countries and, by extension, for global food security
and the delivery of global public goods. One result of those two EU measures is, in less developed
countries, fragile agri-business and the forced opening up of markets “for European surplus
production which has been stimulated by generous CAP support”—marginalizing farmers and food
processors in those countries (Fritz, 2011). These troubling issues, and many more, will need to be
systematically addressed if Europe is to attain a sustainable food system role model such as that
envisioned by the Green Deal.
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5.2 Energy sector
5.2.1. Introduction
This section summarizes methodological advancements in the analysis of the energy sector with
respect to other nexus elements, as well as practical applications of quantitative storytelling. Following
the content of section 3, section 5.2.2 briefly explains how the energy sector is viewed and analyzed
across different descriptive domains: the macroscope, the mesoscope and the microscope. Section
5.2.3 presents applications of the conceptual advancements through three case studies. First, a
complete description of the energy sectors of Sweden and Spain, for the year 2018, is provided. The
multi-scale description, including both local and externalized processes, is suited to address policy
questions relevant to different scales. Section 5.2.3.2 shows how the metabolism of the energy sector
of EU-19 countries can be described locally and externally. Differently from the previous case, here a
broader view is provided, pointing to trends at the EU level. Finally, the third application is concerned
with the narratives of decarbonization of the European electricity sector. For this, an analysis of the
electricity demand curves of two countries with advanced levels of variable electricity in their grids—
Spain and Germany—are used to estimate the scale of grid storage that would be required to maintain
current societal expectations. While the first study is unpublished, hence explained in more detail
here, the second and third are published and available in open access. We conclude by summarizing
overarching lessons learned (section 5.2.4).
Methodological advancements in the analysis of the energy sector during the early stages of the
project have been documented in (Di Felice et al., 2018, 2019; Parra et al., 2018).

5.2.2. Concepts & implementation
As explained in Section 3, complexity requires the use of multiple non-equivalent lenses. Each lens
requires a different informational input (data used) and provides a different informational output
(quantitative results). In line with hierarchy theory (Allen and Starr, 1982), we suggest that a minimum
of three lenses is needed to describe the energy sector in a way that is satisficing with respect to
salient policy questions. In addition to an adequate description at each level, we propose a metabolic
view that bridges each lens. This does not entail condensing all views into a single one (they are nonreducible), but using a system of representation that allows navigating the relations among different
lenses in a coherent way. The three lenses used for the description of the energy sector are:
The microscope. Here, energy processes are described structurally (what we also refer to as structural
processors). For each energy process, a set of inputs and outputs connects it to the biosphere (with
relations to primary sinks, stocks and funds) and to the technosphere. This is the level that builds on
a previous one of technological assessments (i.e., structural descriptions expressed in intensive terms,
before being applied to a specific case or country). Within the microscale, two descriptions can be
carried out: one for the local microscope and one for the externalized one (i.e., the energy processes
taking place outside of the system boundaries), what we also refer to as the virtualscope. In both
cases, the description is structural.
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The mesoscope. The mesoscale bridges the microscale description to the metabolic pattern as a
whole. This bridge is provided by a functional description: structural processors are aggregated
hierarchically based on which function they carry out. The functional description can be coarse or finetuned, depending on the goal of the analysis. Examples of functional aggregations include the split
between electricity, heat and fuels; the split between baseload, peak and variable electricity; the split
between extraction processes and conversion processes. In terms of openness of the system, the
mesoscale is where data on imports is available (which can be either primary energy sources or energy
carriers). These import quantities are mapped down onto a structural description at the level below
to provide their representation in terms of externalized (or virtual) supply systems.
The macroscope bridges the representation of the energy sector as a whole with the rest of society’s
metabolic pattern. At the macroscale, the flows and funds connecting the energy system to the
biosphere and the technosphere can be quantified, and their dynamic equilibrium with the sets of
funds and flows allocated to other societal compartments can be explored.
In practical terms, analyses can move in either direction (disaggregating from the macroscale or
aggregating from the microscale). Moreover, additional intermediate levels can be included
depending on the goal of the analysis. In the following sub-section, an application building the
description of the energy sector from the bottom-up is provided, maintaining a simple functional
distinction between electricity, heat and fuels.

5.2.3. Case studies
5.2.3.1 The energy sector of Sweden and Spain across scales
In this case study (currently being prepared for publication), we build a bottom-up description of Spain
and Sweden’s full energy sectors, for the year 2018. All local and externalized energy processes are
included (excluding transport, transmission and distribution). Moreover, a full set of nexus inputs and
outputs is included, accounting for flows of primary energy sources, energy carriers, water, GHG
emissions, human activity and land use. Figure 7 and Figure 8 show the structures and functions
considered, for each country. At the microscale, the analysis starts with a set of nodes (processors),
each with an associated set of inputs and outputs connecting them to the biosphere and to the
technosphere. These nodes are connected to one another through sequential pathways, with the last
node in the pathway providing an energy carrier, either consumed by society or exported. Within the
same sequential pathway, there may be both local and externalized processes. In order to build the
mesoscale description, aggregating from the microscale, these sequential pathways are broken up and
nodes are duplicated. This can be seen in the case of Spain, for example, where oil extraction is
aggregated both onto the fuels sector and onto the electricity sector (since Spain produces a part of
its electricity with petroleum products). Breaking down the sequential pathways allows building a
purely hierarchical organization, as shown in Figures 7 and 8 (with legends in Figure 9). Note that this
mapping is hierarchical, not semantic: this means that the lower level is occupied by structural
processes, which may be refineries (converting primary energy sources to energy carriers) or
extraction processes (e.g., mining of a primary energy source).
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Figure 7: Hierarchical network of Spain’s energy sector, 2018.

The two networks show the different composition of Spain and Sweden’s energy sectors, with Spain
having a more complicated electricity sector, and Sweden having the addition of heat. Different
structures are mapped differently for each case: CHP, for example, is aggregated onto electricity for
Spain and onto heat for Sweden (since in Sweden, the primary material output of CHP is derived heat).
At the structural level, nodes in blue are local processes, and those in red are externalized. The
accounting of externalization here follows the logic of tracking import provenance: both primary
energy sources and energy carriers can be imported, but in both cases their sequential pathways are
mapped all the way down to primary energy source extraction (where we truncate). Fuels imported
both into Sweden and into Spain, for example, rely on oil extracted elsewhere, which is included in
the externalized oil extraction nodes of each country (direct and virtual imports are aggregated into
externalized structural nodes). For import provenance, we use EU-level benchmarks (e.g., looking at
import provenance of crude oil into the EU), and then build the structural mix for the exporting
countries (e.g., looking at the share of on-shore vs. off-shore crude oil extraction in Russia).
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Figure 8: Hierarchical network of Sweden’s energy sector, 2018.

LEGEND - SPAIN

LEGEND - SWEDEN

Level 4, local

Level 4, local

Level 4, externalized

Level 4, externalized

Level 3
OE: oil extraction
RFS: refineries
BRFS: biorefineries
UM: uranium mining
PP: power plants
CE: coal extraction
OTH: other
OE: oil extraction
GE: gas extraction
Level 4
phs: pumped hydro storage
chp: combined heat and power
op: open-pit
ug: underground
dcc: deep conversion w/ coking
mc: medium conversion
hs: hydroskimming
dch: deep conversion w/ hs
nfe: nuclear fuel element
ons: on-shore
ofs: off-shore

Level 3
OE: oil extraction
RFS: refineries
BRFS: biorefineries
UM: uranium mining
CHP: combined heat and power
PP: power plants
CE: coal extraction
OH: other heat
HB: heat boilers
OE: oil extraction
GE: gas extraction
Level 4
phs: pumped hydro storage
op: open-pit
ug: underground
dcc: deep conversion w/ coking
mc: medium conversion
hs: hydroskimming
dch: deep conversion w/ hs
nfe: nuclear fuel element
ons: on-shore
ofs: off-shore

Figure 9: Legends of Figures 7 and 8.
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Figures 7 and 8 show the hierarchical mapping of the two country’s energy sectors, the relative
contribution of each structure to their functional node, and the relative contribution of each functional
node to the energy sector as a whole (represented through the weight of the network edges, while
the size of the nodes reflects the hierarchical level). The aggregated sets of inputs and outputs, then,
can be used to generate matrices (EUM and EPM, local and externalized) both at the functional level
and at the level of the energy sector as a whole. The legends of Figure 7 and Figure 8 are given in
Figure 9.
Figure 10 represents part of the EPM results, by showing local and externalized GHG emissions of the
energy sector as a whole, for Sweden and Spain, and the relative contribution of each functional sector
(maintaining the split between local and externalized). Note that here the GHG emissions of the
electricity sector for Sweden are null, since we are only considering electricity generation, and Sweden
produced its electricity through nuclear power and hydro, processes for which emissions are
considered to be negligible. Figure 11 shows part of the EUM results, with the amount of human
activity invested in the local and externalized energy sector, and in each functional sub-sector.

Figure 10: GHG emissions per capita, local and externalized, for the energy sector and its functional
components (Spain on the left, Sweden on the right).

Figure 11: Human activity, local and externalized, for the energy sector and its functional
components (Spain on the left, Sweden on the right).
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This sub-section of results gives us an idea of how different the two energy sectors are. In terms of
GHG emissions, for example, for both cases accounting for externalized emissions significantly
increases the total emissions of the energy sector. While the biggest contributor to emissions in Spain
is the local electricity sector, Sweden’s emissions are associated to its heating sector. In terms of
human activity, the relative share of externalized vs. local labor is higher for Spain than it is for Sweden.
Sweden, on the other hand, invests approximately double the amount of hours per capita in its total
energy sector, compared to Spain.
This methodological case study sets fertile ground for future quantitative storytelling exploration. The
types of questions that may be addressed through this organization of the Nexus Structuring Space
include, for example:






Questions of multi-scale governance: looking at the different nexus patterns not only within
functional groups, but within groups of countries. An example of this is provided in the next
sub-section;
Trade-offs through scenario building: looking at how nexus patterns change when building
bottom-up or top-down scenarios. An example of this is provided through the decarbonization
case study (Section 5.2.3.3);
Connections to consumption patterns: looking at the interactions of the energy sector, and its
functional compartments, with the metabolism of the countries as a whole (addressing the
dynamic budget shared by each sector).

5.2.3.2 Externalization of the energy sector in the EU-19
As mentioned throughout this deliverable, an assessment of externalization is central to describing
the behavior of different sectors of society. In this study, published in the journal Energy (Ripa et al.,
2021), the externalized inputs and output of the energy sector of the EU-19 were calculated and split
into functional groups.
Following the same logic outlined above, we made the distinction between three descriptive domains:
the macroscope, mesoscope and microscope. The methodology was applied to analyze the energy
sector of EU19 countries, looking at local and externalized relationships. In relation to the three
methods for externalization accounting outlined in Section 3, here we followed the third method,
using EU processors and applying them to externalized processes. The results showed that imported
primary energy sources and energy carriers within the EU19 are associated with important
externalized pressures and impacts. For example, accounting for the externalized carbon emissions of
the energy sector raises total GHG emissions of the sector by 60% on EU average. This has implications
for the assessment of the effectiveness of global sustainability policies. By not accounting for
externalized effects, energy models at different scales can miss relevant information for decisionmaking.
5.2.3.3 Decarbonization of electricity: an application of quantitative storytelling
This case study presents a practical application of quantitative storytelling, questioning whether a full
and rapid decarbonization of Spain and Germany’s electricity sector is possible under the current set
of societal expectations that result from the endorsed sociotechnical imaginary. The study focuses on
the economic costs associated with the storage that would be required to back-up high levels of
variable electricity generation. The full study has been published (Renner and Giampietro, 2020).
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The procedure of quantitative storytelling adopted in this case study includes: (1) identification of the
narratives used to inform policy; (2) identification of the relevant factors determining the feasibility,
viability and desirability of expected results; (3) a quantitative analysis which falsifies at least one of
these three factors, indicating an implausibility of the expected results; and (4) identification of
knowledge gaps in the existing discussions over the issue. This study identifies the reasons of the
failure of the Energiewende in Germany (the massive use of intermittent or “variable” alternative
energy sources to replace fossil energy and nuclear energy). By analyzing the differences between
requirement and supply of electricity in the electric grids of Spain – for 12 years at interval of 10
minutes – and Germany – for 9 years at intervals of 60 minutes – the amount of storage capacity that
would be required by the grid if the system were to be operated only using variable sources was
assessed. In this way, “the” capital sin of the original idea could be pinpointed: after reaching 20% of
the supply from variable sources, without an adequate storage capacity, additional power capacity
relying on variables sources is either highly problematic or no longer useful. At the moment, the
required back-up is not available (no adequate technology, not enough raw materials). The modern
European energy system does need an urgent and radical transformation. However, before imposing
drastic and ambitious policies, it is essential to check the quality of the diagnosis. The analysis flags
the existence of a few reasons for concern with regard to the current story-telling.

5.2.4 Reflections on lessons learned
Conceptually and methodologically, substantial advancements in the analysis of energy have been
made since the start of MAGIC. These case studies show that: (i) the accounting of energy across scales
has been formalized; (ii) protocol to account for externalization has been developed; and (iii) these
descriptive approaches can be used as the basis for quantitative storytelling analyses.
In terms of data analysis, organizing types of information into the Nexus Structuring Space allows for
coherent assessments across a range of scales and scopes. Moreover, a database of structural
metabolic processors has been generated, linking each local process to the requirement of inputs
(production factors) and output from and to the technosphere, while tracking at the same time the
input (primary flows from primary sources) and wastes (primary flows to primary sinks) in the
biosphere. This database, building and expanding on existing ones, is crucial to the development of
nexus assessments, and may be used as a tool by researchers to conduct integrated assessments of
the performance of the energy sector.
More broadly, when it comes to the use of this kind of scientific information within decision-making
spaces, the different types of information produced by this new approach generating complex
analyses may generate “uncomfortable knowledge” for policymakers. Bridging numbers across scales,
accounting for externalization and bridging multiple nexus dimensions together builds an information
space which does not allow for: (i) problem shifting across scales and domains (“out of sight, out of
mind”); and (ii) using implausible assumptions about the power of technology to solve energy
problems (energy cannot be produced by technology). In turn, this prevents the use of simplistic
“scientific evidence” to justify politically controversial decisions when uncertainty and the coexistence of legitimate but contrasting views among social actors entail the clear existence of political
conflict. Complex analysis tends to re-politicize analysis that is de-politicized by simplistic optimizing
models. When dealing with wicked issues there are not optimal solutions! Crucially, this type of
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holistic assessment tends to go against the notion of win-win policy solutions. This may also mean that
the tools generated here are difficult to implement directly at the science-policy interface, because
they eliminate the grey area of ambiguity keeping alive the hope to generate win-win-win solutions.
Thus, ambiguity is essential in order to achieve a compromise agreement on controversial policies.
This is especially true if these policies, as in the case of those addressing sustainability concerns, will
negatively affect the stability of the status quo. However, the existence of this hurdle does not make
complex analysis any less valuable. As suggested by MAGIC instead of producing “policy-based
evidence” that is unavoidably associated with a pre-analytical epistemic box (preventing the
proverbial thinking outside the box), scientific input should come in the form of quantitative
storytelling capable of analyzing the given policy issue across different timescales, dimensions of
analysis and considering the various narratives relevant for the diversity of social actors.

5.3 The nexus and biofuels
5.3.1 Introduction
The biofuels case is a neat example of a wicked problem involving the resource nexus and has been
explored in detail. However, given the scope of this deliverable, we focus here on the activities
developed in the Nexus Structuring Space, i.e., the tailoring of the quantitative analysis to the specific
requirements of the case (section 5.3.2), and only briefly summarize the quantitative storytelling
exercise done for the Netherlands and the EU (section 5.3.3). The lessons learned from this case are
summarized in section 5.3.4.
The findings of the biofuel case are presented in detail in two papers, one focusing on the conceptual
framework (Ripa et al., 2020) and one on the quantitative storytelling, including narrative analysis
(Cadillo-Benalcazar et al., 2021). In addition, the findings have been partly presented in Deliverable
6.3 “Report on quality check of biofuels assessment”.
The biofuel case has also been used in WP3 as a key reference in the development of a general purpose
MuSIASEM software, notably during the final phase of the development of the "NIS-backend"
component (see https://github.com/MAGIC-nexus/nis-backend and deliverable D3.3).

5.3.2 Tailoring the analytical framework for quantitative storytelling about biofuels
During the past 20 years, ‘biofuels’ have been subject to constant spin4. This has generated a systemic
confusion about: (1) the meaning of the term ‘biofuels’; (2) the factors relevant for characterizing their
identity; (3) the criteria relevant for assessing their performance. This situation may explain the coexistence of contrasting ‘scientific evidence’ about their feasibility, viability and desirability. In an
attempt to solve this impasse, an analytical framework—based on the rationale of the Nexus
Structuring Space—was developed to support quantitative storytelling about biofuels. This framework
integrates the four sustainability concerns of MuSIASEM in a coherent information space:

4

See the EASTT/4S 2020 conference presentation by MAGIC researchers Kovacic and Ripa: https://magicnexus.eu/documents/eastt4s-2020-conference-presentations.
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1. Feasibility: The natural constraints limiting their production—what are the limits imposed by the
availability of natural resources?
2. Viability: The technical and economic constraints affecting the production on the supply side—
how can we produce biofuels (available technology)?
3. Desirability: The societal needs determining the requirement of biofuels on the demand side—
why do we want to produce biofuels in the first place?
4. Openness: Are imports being used to overcome the local limits to the biofuels system, thus
externalizing the requirement of natural resources and/or technical production factors (e.g.,
labor)?
We illustrate below, step by step, how the analytical framework is set up to generate quantitative
storytelling about biofuels.
STEP #1: Development of a pertinent taxonomy of accounting categories to frame an analysis of
energy systems.
Any quantitative analysis begins with a pre-analytical phase where the system under study is defined
and a taxonomy chosen to represent the (energy) flows. Figure 12 shows—in general terms—that at
least three non-equivalent accounting categories of energy are needed to characterize any one energy
system. These categories relate to the following three ‘what are’ questions:

Figure 12: Expected relations over categories of accounting in the description of an energy system in
a given social-ecological system.
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i.

ii.

iii.

What are the available gradients (primary energy sources, such as wind, falling water, coal,
solar radiation) outside of human control that must be exploited for the production of
secondary energy (energy carriers)? This information is relevant to study the feasibility of
energy transformations (i.e., compatibility with natural constraints).
What are the energy carriers (i.e., forms of energy under human control such as electricity,
biofuels, and process heat) that should be considered useful energy forms for society? Note
that not all secondary energy forms are necessarily useful for a given end-use. For example, 1
MJ of biofuel does not power a lap-top, 1 MJ of electricity does not power a Jumbo jet. This
information is relevant to study the viability of energy transformations (i.e. compatibility with
internal constraints).
What are the end-uses that combine energy carriers, typologies of power capacity and human
control in the right mix for expressing the functions/tasks required by society? This
information is relevant to study the desirability of the energy transformations (i.e.
compatibility with social values, expectations and practices).

Note that in the last definition (‘what 3’), energy form is no longer related only to the technical aspects
of the conversion, but also to the nature of the activities taking place in society: why are the energy
transformations needed? This aspect is essential because the existence of expected tasks requiring
specific end-uses provides a reference for assessing the performance of the energy system. As shown
in Figure 12, the three energy forms depend on each other in an impredicative way (chicken-egg
relation).
STEP #2: Developing a meta-grammar to conceptualize the analysis in relation to the criteria of
performance.
This step involves the development of a meta-grammar to conceptualize the analysis with regard to
the criteria of performance: feasibility, viability, desirability and openness. This is illustrated in Figure
13. The use of the accounting categories (defined in Figure 12) helps to conceptualize the quantitative
analysis. Primary energy sources (ecological funds allowing the production of biomass) are essential
to study the feasibility of the biofuel supply system, i.e., the constraints determined by the availability
of gradients outside of human control (according to thermodynamic principles “energy” cannot be
produced by human technology). Energy carriers are under human control and are used to describe
the activities of production and consumption of goods and services in society. They are needed to
study the viability of the biofuel supply system (considering both economic and technical constraints).
In the case of biofuels viability refers to the relation between technical funds (labor, power capacity)
and the flow of energy carriers used in the biofuel system. The supply of goods and services made
available to society is meaningful only in relation to the end-uses expressed by society. The end-uses,
reflecting the existence of purposes (why the energy system is useful in the first place), are used to
describe the desirability of the energy supply system. For instance, the biofuels supply system is
needed to provide an expected supply of biofuels that can guarantee ‘sustainable transport’ in society.
Finally, we have to also consider the openness of the system. The biofuel supply made available to
society by the energy system is not only determined by the availability of primary energy sources (local
environmental constraints) and the characteristics of the conversion process of primary energy
sources into energy carriers (local economic and technical constraints), but also by the quantity of
inputs getting into the process through imports.
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Figure 13: Meta-grammar of a biofuel system showing the relation between required data and
relevant criteria of performance (PES: primary energy sources, EC: energy carriers, EU: end uses).

STEP #3: Setting up a specific grammar relating the structural elements to functional elements.
The meta-grammar illustrated in Figure 13 provides a general indication of the logic of the assessment.
However, in order to proceed with the quantification, specific grammars are needed that identify, case
by case, the relation between structural elements—i.e. local processes of energy conversion—and
functional elements—i.e., functional units made up of a combination of structural elements (local
processes). This is illustrated in Figure 14. A more detailed description of the logical structure of this
kind of grammar has been presented in section 5.1 (Figure 5).
STEP #4: Characterizing the state-pressure relation by studying the impredicative relation between
the characteristics of the energy supply that can be provided by the biofuel system and those of the
energy demand from the society using the biofuels.
Having established an effective taxonomy and a pertinent grammar, we can identify the attributes
relevant for characterizing the performance of the biofuel system under study. To this purpose, we
have to contextualize the compatibility of the state-pressure relation between:
i.

ii.

The metabolic profile of the biophysical supply associated with a given notional identity of a
typology of biofuel systems. This is the representation of the state of the metabolic node defined
by a given combination of structural elements – from the inside. Its metabolic profile consists in:
(a) the biofuels it can supply; and (b) the required inputs from society (capital, secondary inputs
and labor); and (c) the required inputs from nature (primary sources/material cause).
The metabolic profile of the biophysical demand associated with a given instance of socioeconomic system. This is the state of the metabolic niche defined from the outside. This profile
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is determined by the inputs desired by the society and the investments the society is willing
and/or able to make to obtain these inputs. Its metabolic profile consists in: (a) the biofuel supply
desired; and (b) the capital, secondary inputs and labor made available for realizing and operating
the typology of biofuel systems (what the society is willing to invest in biofuels).

Figure 14: A specific grammar structuring the relation between the metabolic characteristics of
structural and functional elements (UCO: used cooking oil).
This impredicative definition of identity from both the inside and outside is typical of metabolic
systems (chicken-egg relation) and it defies quantification according to the paradigm of reductionism.
Yet we can check the compatibility between the two metabolic profiles. If the two sets of
characteristics are compatible—if they can match each other’s characteristics in a compatible way—
the biofuel system is feasible and viable (its desirability will depend on the prevailing concerns and
values in society). If they are not, then we can identify why.
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Figure 15: The characteristics of the metabolic node (metabolic profile) on the left versus the
characteristics of the metabolic niche (metabolic profile) on the right.
The combination of the chosen taxonomy (Figure 12 and Figure 13) and the chosen grammar (Figure
14) allows us to define the inputs and outputs associated with the processors illustrated in Figure 15
and to define the condition of compatibility associated with the state-pressure relation. On the left
side of Figure 15, we have the profile of the inputs (from the technosphere on the top and from the
biosphere on the bottom) and the outputs (the supply of biofuel to the technosphere guaranteeing its
reproduction and the wastes and emissions to the biosphere) of the biofuel system. This system can
provide a given supply of biofuels. This representation reflects the characteristics of the “node” of the
metabolic network, assuming that it is possible to realize an instance of this typology of biofuel system.
On the right hand side of Figure 15, we have the profile of inputs that the society is requiring (the
supply of biofuels desired) and the outputs (funds and secondary flows) that the society is willing
and/or able to invest in the biofuel production system for the expression of its function (the
characteristics of the “niche”). Note that the flows referring to the external constraints (the exchange
of flows with nature—feasibility), shown at the bottom of the figure, can be obtained through imports
and therefore, the economic perception of viability of the biofuel production (whether it is technically
and economically viable) does not coincide with the definition of feasibility (whether there are enough
primary energy sources inside the boundaries of the system to realize and sustain the production).
Figure 15 emphasizes the importance of the WEFE nexus. Indeed, besides primary energy sources
(needed to power the system), other types of primary inputs (provided by nature) must be included
in the analysis in order to evaluate the feasibility of the energy supply system. In the case of biofuels,
this concerns the land, soil and water associated with the production of feedstock, and the sinks
absorbing waste flows. Note that these resources are also needed for and hence compete with other
functions expressed by society, such as producing food and protecting biodiversity. Regarding the
inputs under human control (viability), besides energy carriers (such as electricity and fuels) other
flows are relevant, such as blue water, fertilizers and pesticides. Relevant input funds include labor
and power capacity. The WEFE nexus is also relevant in the generation of outputs. Besides the outputs
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desired by society—the supply of biofuels—there are undesired outputs, such as nitrogen and
phosphorus (NP) leakage in the water table and GHG emissions in the atmosphere, that have to be
absorbed by the ecological funds.
The metabolic pattern associated with a metabolic processor (illustrated on the left side of Figure 15)
is expressed at the level of individual structural elements, such as a field of rape-seed (used for
producing biodiesel), but can also be assessed in notional terms at the level of functional elements (at
a higher hierarchical level of organization). For example, as shown in Figure 14, we can aggregate the
various different processes used in the production of biodiesel to obtain the functional element
‘biodiesel production’ (bottom-up assessment). However, in order to study the potential
environmental impacts, it is always necessary to study the individual structural elements (i.e., the local
production processes).
STEP #5: Characterizing the pressure-impact relation: tracking the location of structural elements
through the use of a specific grammar.
To assess the relation pressure-impact, the environmental pressures (the requirement of primary
sources and primary sinks) of the biofuel supply system must be related to the local ecological funds.
These local funds may be situated either inside the system boundaries or, in the case of imported
biofuels or feedstock, outside the system boundaries. The pressure-impact relation can only be
obtained from the observation of the structural elements through the microscope lens at the local
level. In fact, it is only at the level of local processes (where metabolic patterns reflect the information
associated with the formal cause) that it is possible to identify an external referent—i.e. an observable
pattern of inputs and output flows associated with the operations of organized structures (the
expected characteristics of the process).
STEP #6: Tailoring the quantitative analysis to different applications of quantitative storytelling.
Once the analytical framework has been tailored and the grammars populated with data, we can check
the plausibility of prevailing narratives in the policy domain of biofuels. For example, to check whether
biofuels reduce GHG emissions, we can use the grammar shown in Figure 14 in diagnostic mode, using
the current methods of production of biofuels based on the use of fossil energy as an energy carrier
input in the process. However, to check whether biofuels can substitute fossil fuels, we have to use
the grammar in Figure 14 in anticipatory mode, assuming that the output of biofuel is used as input in
the production process (an internal autocatalytic loop of energy carriers to produce energy carriers).
This analysis entails a major complication in the accounting because of a non-linear effect on the ratio
between gross and net production of biofuel. Especially when the output/input ratio (biofuels
produced/biofuels used in production) falls below 2/1 (and this is extremely common for agrobiofuels) the difference between gross and net can become significant. For example, if the
output/input ratio equals 1.5/1, one needs to produce 3 liters of biofuel (gross) for every net liter of
biofuel supplied to society. If the output/input ratio equals 1.2/1, one needs to produce 6 liters of
biofuel (gross) to provide a net supply of 1 liter to society. In the latter situation, the requirements of
land, water, labor as well as the environmental impact per liter of net biofuel supply are likely to
become unfeasible and undesirable.
In conclusion, when carrying out an exercise of quantitative storytelling it is essential to check: (i) the
proper selection of a taxonomy and grammars in order to characterize the attributes relevant for
assessing the feasibility, viability, desirability of prevailing narratives as well the level of openness of
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the metabolic pattern; (ii) the assumptions used in anticipatory mode, which have to be agreed with
the users of the analysis.

5.3.3 Quantitative storytelling about biofuels in the Netherlands
We performed quantitative storytelling in relation to the EU biofuels policy at the national (in the
Netherlands) and at EU level, using the analytical framework outlined above. The full study is available
in (Cadillo-Benalcazar et al., 2021). The results obtained are briefly summarized below:
Macroscope – diagnostic mode: The actual contribution of liquid biofuels (biodiesel and bioethanol)
to the transport sector in the Netherlands and at EU level is still insignificant compared to that of liquid
fossil fuels.
Mesoscope – diagnostic/anticipation modes: In the Netherlands, the current use of biofuels in the
transport sector is possible only because feed-stocks are imported from elsewhere; in 2017, not even
10% of the biofuels used was produced from local feedstock (Tweede Kamer der Staten-Generaal
Nederland, 2018). Given the constraints on the availability of land in the Netherlands, it is simply
impossible to produce an amount of biofuels that can cover a significant share of the existing demand
for liquid fuels for transportation. This is not only true for first generation biofuels, but also for
advanced, cellulosic-based biofuels (Holmatov et al., 2019). Nor are there sufficient local primary
sources for a significant production of biofuels from food waste (used cooking oils and animal fats).
Therefore, the current EU biofuels policy is simply causing a shift in the Netherlands from a
dependence on imported fossil fuels to a dependence on imported biomass (feedstock needed for
making biofuels). This does not improve the country’s energy security.
Microscope – diagnostic/anticipation modes: At the level of the EU, the vast majority of the current
supply of liquid biofuels (biodiesel and bioethanol) still consists in first-generation biofuels. This in
spite of the fact that agro-biofuels do not reduce emissions. In addition, the production of the
feedstock entails a high pressure on the EU environment in terms of use of technical agricultural
inputs. Yet in 2016, agro-biofuels still accounted for the vast majority of the subsidies paid in support
of EU biofuel policy. Meanwhile, the production of bio-ethanol cellulosic biofuels, the original class of
advanced biofuels and the great promise keeping the justification narrative alive, is still irrelevant.
Existing attempts to apply this technology to reutilize crops residues seem to be quite far from
achieving any target (Holmatov et al., 2019; Padella et al., 2019).
Virtualscope – diagnostic mode: Considering the effects of indirect land-use change, EU biofuel policy
not only failed to reduce emissions, but also exacerbated the problem of biodiversity loss. Several
countries of Southeast Asia deforested their forests in order to expand the agricultural frontier of oil
palm (about 2.9 million hectares (Speechly and Ozinga, 2019)), a much sought-after feedstock for EU
biofuel production. In this way, an economic dependency on this product was generated in those
countries. For example, for Indonesia, crude palm oil and palm kernel oil are the second most
important component of its exports (ibíd). However, media pressure and pressure from different
social organizations are forcing the EU to take action and limit the use of biomass from these countries.
Hence, a policy proposal oriented to protect the environment, ended up not only damaging it, but also
fomenting an economic crisis in other societies.

55

D4.4 – Nexus Structuring Space

Our quantitative storytelling exercise shows that the vast majority of the current supply of liquid
biofuels (biodiesel and bioethanol) still consists of first-generation biofuels. These biofuels must be
gradually phased out according to current EU directives. Advanced biofuels do not seem to be able to
fill the void anytime soon. The production of biofuels from used cooking oil and animal fats (“other
biofuels”) relies on a limited waste supply and their contribution to the 2030 target has been capped
in response to fraud. Our study shows that the current explanation narratives used to inform policy
lack the systemic thinking that would be required for structuring the quantitative analysis of the
metabolic pattern of biofuel production and consumption when looking for effective and meaningful
targets. The embarrassing assumption that the first generation of agro-biofuels represents a feasible,
viable and desirable alternative for replacing a significant fraction of liquid fossil fuels while reducing
emissions simply indicates a poor semantic framing of the quantitative analysis. The current hopes
vested in the new generations of biofuels seem equally unrealistic.

5.3.4 Reflections on the lessons learned
Three main lessons have been learned from this case study:
1. The relation analysis of biofuel supply systems over different levels of analysis and including
different dimensions of analysis (social, technical, economic and ecological) requires a significant
amount of data. This information is not always readily available for all years and when available it is
not always produced with the same system of categorization. For these reasons, it would be essential,
for improving the quality of quantitative sustainability analysis, that the different institutions in charge
of collecting and processing data in different disciplinary domains—the national statistical institutes,
the ministries of energy, agriculture, labor offices—coordinate their choice of categories of accounting
(i.e. taxonomies of data to be used in meta-grammars), so that the same activity carried out in a society
is categorized in the same way when coming to its assessment in terms of energy, land, water, human
labor, etc. The MuSIASEM approach uses redundancy in the accounting method (the generation of
mutual information a.k.a. “sudoku effect”) and it can cope, to a certain extent, with this problem by
making inferences about missing data and interpolation. However, a more coherent data base across
disciplinary knowledge will definitely improve the quality of sustainability analysis.
2. The semantic openness of the system of relations allows the handling of impredicativity (chickenegg relations) and the analysis of double contingency (what happens if two sub-systems are affecting
each other in reaction to changes and try to anticipate each other moves). However, this requires
doing quantitative analysis in a different way. Considering that the analysis of the set of relations
addressed by MuSIASEM requires the handling of huge quantities of information, exploring the option
space in terms of contingent results requires the support of computer tools. Computer tools are not
only needed for the crunching of the numbers, but also for the production of interactive analytical
tools (i.e. serious games, interactive decision support) and effective visualization of the results. This
task has to be addressed in future research and the Nexus Information System developed in WP3 of
MAGIC is a first step towards this goal.
3. A transdisciplinary analysis of the metabolic pattern of society addressing the relevance of social,
economic, technical and ecological factors and assessing their entanglements across levels requires a
multidisciplinary team of analysts capable of understanding the assumptions behind the different data
and the relations over them. Moreover, the check on the different justification narratives of biofuels
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policy—improving energy security, reduction of GHG emissions, or supporting rural development—
requires the simultaneous use of different analytical tools and different indicators.

5.4 Time allocation as an emergent property of the metabolic pattern
5.4.1 Introduction
This application shows how the accounting of human time is handled in MuSIASEM as well as the
crucial role time use budgets play in the metabolic pattern of society, notably in regard to its viability
and desirability. The focus is on two of the MuSIASEM tools, the internal and external end-use matrix,
and their use through the adoption of, respectively, the macroscope and virtualscope in the Nexus
Structuring Space.
In section 5.4.2, we first explain the basic rationale behind the conceptualization and
operationalization of time budgets in MuSIASEM, how time budgets are analyzed across scales and
how they can be related to the elements of the resource nexus through the construction of an internal
end-use matrix. Following, in section 5.4.3, we present case studies that illustrate the use of the
internal and external end-use matrices in the Nexus Structuring Space. Finally, section 5.4.4 provides
suggestions for further work. Note that time use in MuSIASEM is generally denoted as human activity,
but the two terms can be used interchangeably.

5.4.2 Allocation of human activity and the End-Use Matrix
The profile of human time allocation in society is the object of study of various different scientific
disciplines focusing on a variety of issues, such as labor productivity, unpaid work, quality of life or
gender inequalities. MuSIASEM is unique in that it analyzes the profile of time use as an emergent
property of societal organization, thus encompassing the entanglement over all the factors—
demographic, cultural, socio-economic, technical and biophysical—affecting its option space (see
Figure 16). A society simultaneously generates and requires human activity for its reproduction.
Therefore, it is reasonable to assume that shortage of human time in one or more critical functional
elements of the society represents a relevant internal constraint to the viability of the metabolic
pattern.
Figure 16 illustrates the allocation of human activity (expressed in hours per capita per year) to an
integrated set of activities associated with the expression of the EU metabolic pattern. As shown, the
total human activity (THA) available in society is divided into two broad categories: (i) household
sector, i.e., human activity outside of the economic process, and (ii) human activity in the paid work
sector, also referred to as jobs in the economy, working time or labor. The human activity in the paid
work sector is described on the basis of the categories available in socio-economic statistics. It is first
subdivided into ‘service and government’ (the tertiary sector) and the ‘primary and secondary sectors’
in charge of the production of goods. At a lower level, each of these is further subdivided as shown in
Figure 16.
Note that in MuSIASEM the allocation of human activity to the selected set of activities must be
mutually exclusive (time can only be devoted to one activity at the time) and exhaustive (all time must
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be accounted for) in order to provide closure in the accounting. The total time available in society on
a year basis is limited and amounts to: population size × 8760 hours/year (24 hours/day × 365
days/year). Most post-industrial societies will manifest a metabolic pattern similar to that observed
for the EU in Figure 16: less than 10% of the available human activity is allocated to paid work, that is,
less than 800 hours per capita per year. In the EU, around 6% of the human activity allocated to paid
work is allocated to the primary sectors of the economy (agriculture, fishing, forestry, energy and
mining) (less than 50 hours per capita per year), about 25% (less than 200 hours per capita per year)
to the secondary sectors (manufacturing and construction) and around 70% (more than 520 hours per
capita per year) to the tertiary sectors (services and government).

Figure 16: The dendrogram characterizing the profile of human time allocation associated with the
expression of the EU metabolic pattern (elaborated from EUROSTAT data for 2012).
The bottom row of Figure 16 indicates that the final profile of allocation of human activity is affected
by four different types of factors:
1. The demographic structure of the population, which determines the dependency ratio or
‘physiological overhead’ on human activity. This overhead consists of all the activity (time) of the
people that are not active in the economic process, and hence dependent on those that are, and
the hours of sleep and personal care (maintenance) of the economically active part of the
population.
2. The social practices in the residential/household sector, which depend on cultural factors and
household economic conditions and determine how the disposable time (time outside of paid
work minus the time required for sleeping and personal care) is spent;
3. The level of economic development of society, which determines the acceptability of the services
(e.g., education, health care) available in society. The expectation about the minimum material

58

MAGIC – GA 689669

standard of living creates a certain ‘pressure’ in society that translates into the need to invest a
relatively large fraction of the available working time in the services and government sector.
4. The boundary conditions, which determine the availability and quality of the natural resources
for the primary sectors (agriculture and energy and mining) as well as the option for importing
goods that require a relatively large amount of human activity (and other production factors) for
their production.

Figure 17: The entanglement over extensive and intensive metabolic characteristics determined by
the forced congruence between the dendrograms of human activity and energy carriers

In Figure 17 we establish a link between the dendrogram describing the profile of human activity (HA,
on the left) and a dendrogram describing the profile of energy throughputs (ET, on the right). The
categorization is the same for the two dendrograms and so is the rule of accounting (guaranteeing
closure across levels). For the sake of simplicity, we show in Figure 17 only the entanglement between
one intensive variable—flow of energy per hour of human activity or energy metabolic rate (EMR)—
and the two extensive variables on which it is based, i.e., the quantity of human activity and the size
of the energy flow allocated to the societal compartment in question. Similar relations can be
established for other flows, such as water, food, and emissions.
The forced congruence between the dendrograms of human activity and energy carriers permits us to
calculate the energy metabolic rate (per hour) across the different levels of analysis. This multi-scale
analysis permits us to study the factors that determine the sustainability of the whole metabolic
pattern. In this way we can move inside the representation of the system (across levels and scales)
and check the plausibility of the quantitative representation against different external referents. For
example, is it plausible that the compartment of ‘disposable time outside of work’ uses so much
human activity? Will it be possible to maintain an elevated energy throughput per hour in the services
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and government sector? This exercise can also be done for other funds and flows. For example, we
can set up dendrograms for the distribution of land (fund) and water (or other flows) over different
socio-economic sectors and check whether water flow densities per hectare of land are sustainable in
the sectors interacting with natural processes (e.g., agricultural sector).

Figure 18: End-Use Matrix for the EU28 for the year 2015, applied to energy analysis
The information space shown in Figure 17 represents one possible visualization of the internal enduse matrix, one of the four tools of the MuSIASEM toolkit. Figure 18 shows a tabular visualization of
this matrix for the EU, including the different types of energy carriers, value added and human activity
across levels of analysis (defined by socio-economic compartments). The internal end-use matrix
organizes the representation of secondary flows (e.g., energy and food carriers, blue water) across the
different socio-economic compartments and maps them against the relative size of the fund elements,
such as human activity or land use. In this way, metabolic flow-fund indicators can be generated to
characterize the metabolic pattern of social ecological systems, such as the energy metabolic rate per
hour of labor or the energy metabolic density per hectare of land (see also Annex I). It thus provides
a set of impredicative relations (sudoku-effect) over the values taken on by the selected fund and flow
elements associated with the identity of the structural and functional elements of society. This
quantitative representation refers to the state of the metabolic pattern of a social-ecological system
and is linked to the macroscope in the Nexus Structuring Space. The data of the internal end-use matrix
are expressed in metric #1. Its use can be complemented with a representation of the external end60
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use matrix. The internal end-use matrix lends itself for cross-sectional comparisons as well as
longitudinal studies of the metabolic pattern of social-ecological systems.
A software ecosystem called NISys5 has been constructed allowing to automatically generate the
internal end-use matrix (as well as the other matrices)—after entering the adequate inputs (a network
of metabolic processors and quantitative information), for EU countries and the EU as a whole (for
more details, see Deliverable 3.3 and https://aware.nis.magic-nexus.eu/Shiny-NIS3/).

5.4.3 The different meanings of human activity across levels
The analysis of time use (human activity), and notably working time requirement, is a distinguishing
feature of MuSIASEM and a key variable connecting the different scopes in the Nexus Structuring
Space. Indeed, human activity is an essential component of any MuSIASEM-based case study.
Nonetheless, as the crucial role of externalization of labor requirements in key sectors of the EU
economy quickly became evident during the project, dedicated work on time use allocation was
performed in WP4. The outcome of these studies are summarized below:

Figure 19: Profile of time allocation of the dependent and productive population of Spain, 2009-2010.
1. A detailed quantitative characterization of time allocation patterns at the national level was
performed for selected EU countries using socio-demographic variables (i.e., dependency ratio).
Figure 19 shows the results for Spain. Time allocation patterns are shown for various segments of the
population, based on socio-economic variables. This figure clearly shows that a high standard of living
characterized by a long education period, early retirement and low work-load (acquired ‘rights’ such
as vacation, sick leave, parental leave, etc.) comes at the cost of a sensible reduction of the working

5

To start, check https://github.com/MAGIC-nexus/nis-backend first.
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time available per capita in the economy. In addition, a comparison of working time was made
between the EU and China for the period 2000-2016 (Velasco-Fernández et al., 2020). In the year 2012
the average number of hours allocated to the paid work sector (national level) in China was 1,245
hours per capita per year while in the EU it was only 720 hours per capita per year (i.e. China: + 173%!).
A publication with a more detailed discussion on the crucial role of working time is forthcoming.
2. A detailed comparison of the working time and energy requirements of the main economic sectors
in EU and China for the period 2000-2016 was also performed. This study started in the Horizon2020
project EUFORIE and was refined and completed with the tools developed in MAGIC. This study shows,
for example, that the evolution of the metabolic pattern of society follows trajectories that are
determined by the ‘internal entanglements’ (attractors) among the allocation of energy throughput
and human activity to the primary and secondary sectors, the energy metabolic rate (EMR) and the
economic job productivity (EJP) (see Figure 20). This characterization permits to have a rich biophysical
understanding of metabolic patterns at the national level. For a more detailed illustration of this study,
see (Velasco-Fernández et al., 2020).

Figure 20: Evolution in time (2000-2016) of the energy metabolic rate (EMRi) and working time
requirement per capita (HAi) for main paid work sectors of EU28 and China. Bubble size represents
energy use (ET) per capita expressed in joules of thermal equivalent.
3. Given the openness of the EU economy, it is essential to study the implications of labor time
constraints. As is the case with natural resources, such as land and energy (previously discussed), local
shortages of human activity can be overcome by externalizing labor requirement in the primary and
secondary sectors through imports. This type of analysis has been performed by using the
macroscope, mesoscope and virtualscope. We assessed the overall amount of work required to
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produce the goods and services consumed by an average US citizen, EU citizen and Chinese citizen,
and found the following values: (i) 1,435 h p.c./year in the USA; (ii) 1,125 h p.c./year in the EU; and (iii)
985 h p.c./year in China (Pérez-Sánchez et al., 2021). As for the actual quantity of hours of paid work
allocated to the economy of these countries, we found that the USA allocates 790 and the EU 700 h
p.c./year of paid work, whereas China allocates 1,050 h p.c./year to the paid work sector (see Figure
21). As shown in Figure 21, China is the only country of these three presenting a positive work balance
(part of the hours of its internal work goes in exports) while the USA and the EU almost double the
hours of labor used in relation to those available, thanks to trade.

Figure 21: Working time per capita (h/cap·year) in exports, production, and imports by region in
2011. ROW stands for ‘rest of the world’.
This analysis shows that post-industrial countries can (temporarily) avoid economic stagnation caused
by shortage of an internal supply of working time, not only through the massive use of technology and
energy to boost their internal labor productivity, but also through the externalization of the
requirement of working time through imports. Developed countries externalize labor-intensive (and
often also energy-intensive) activities or economic activities that generate low added value to less
developed countries. As a consequence, they can afford to invest more time in their own human
capital (education, research and innovation) and in services thus stabilizing a high material standard
of living. Therefore, the favorable terms of trade enjoyed by developed countries determine a lock-in
in the current international division of labor.
As discussed earlier, given that the total amount of working time available in the time budgets of the
various countries of the world is fixed, the comparative advantage of a global division of labor is a
zero-sum game: winners do imply losers. The strategy adopted by developed countries (e.g., EU, USA)
of externalizing significant amounts of the working time required in their primary and secondary
sectors (using surplus of work available in other countries) is possible only because of their relatively
small population size. If China and India would adopt this same strategy, the game would be over. For
a more detailed discussion see (Pérez-Sánchez et al., 2021).
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5.4.4 Recommendations for further work
In addition to the advances summarized in the previous sections, ideas have been developed to
integrate the concept of social practice into the internal end-use matrix (see Figure 16). This idea was
discussed in a focus group organized by MAGIC during the 2019 conference of the Energy Modelling
Platform for Europe (EMP-E). In the focus group, it was argued that main energy models
predominantly focus on technical issues while social drivers, if considered at all, are at best
approximated as patterns of consumption and investment (more details in the minutes of the event:
https://magic-nexus.eu/events/integrating-social-practices-energy-models). Social practices theory
could help in solving this problem by providing a new entry point in the analysis. The characterization
of human activity patterns currently observed through the macroscope could be formally connected
with a lower-level characterization based on the narrative of social practices. This would require
integrating the various time budgets of types and instances of individuals within the time budgets of
types and instances of households in order to establish a link between demographic variables and the
profile of distribution of social practices in society. Social practices outside of the paid work sector
represent the equivalent of the microscopic view of the technological process of production inside the
paid work sector. A first step to implement these ideas has been made in the study performed in
collaboration with the Swedish Environmental Protection Agency (see section 6).
Another important aspect implied in the concept of social practices is related to desirability, that is,
the explicit acknowledgment of the existence of feelings and emotions associated with human agency
(Roeser, 2020). In this sense, social practices theory provides an interesting alternative to the
dominant behavioral economic approach representing individuals as rational consumers. Many
sustainability policies appeal to the rationality and reflexivity of citizens as consumers, e.g., consume
less meat or take the bicycle. Social practices theory refreshes this framing by putting the focus on
unconscious everyday life choices (Shove, 2010). Hence, the integration of this concept/theory into
MuSIASEM would have potential for informing policy at different scales, from societal metabolic
patterns
to
social
practices
and
lifestyles
(more
details
in:
https://magicnexus.eu/documents/towards-low-carbon-lifestyles-conference-may-2020).
Last but certainly not least, an important problem in this type of analysis is represented by the data
requirements for describing the profile of human time allocation in society. These data are not readily
available in a coherent and organic way. There is a considerable confusion in the accounting of labor
time especially when these data must be used in dendrograms describing also the use of energy and
other biophysical flows. Different statistics tend to use different choices of categorization. Two
additional problems are: (i) the accounting of ‘shadow labor’ in informal economic activities; and (ii)
an incoherent categorization of human activities when considering the profile of time spent outside
of the economy. For all these reasons, it is difficult to re-construct a complete quantitative analysis of
the profile of human time allocation from data gathered at different levels (e.g., individual time
allocations, labor statistics, and demographic statistics). Relevant characteristics of the household
level, essential to study the option space of changes in social practices, tend to be ignored and can
only be estimated by triangulating data derived from different sources. Solving these problems
requires collaboration among statistical agencies as well as the development of a coherent
interdisciplinary approach to time allocation by the scientific community.
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6. The Nexus Structuring Space in practice: collaboration with SEPA
6.1 Background
On 15 May 2018, MAGIC organized a workshop at the European Environment Agency on “EU
Environmental Policy Frameworks through a Resource Nexus Lens”. The workshop gathered EEA and
JRC staff, EU policy makers, EIONET members and the MAGIC team and focused on narratives
embedded within the following EU policies: Circular Economy, Bio-economy, Common Agricultural
Policy, and Biodiversity Strategy, with particular emphasis on their ability to address
interdependencies between water, energy, food, land, material and ecosystems and their services. In
response to this workshop, in 2019, the Swedish Environmental Protection Agency (SEPA) sought a
collaboration with MAGIC, through the Universitat Autònoma de Barcelona, to contribute to their
Sweden 2050 project. This section reports on this experience. The reader should be aware that this
collaboration does not represent an engagement in the context of the quantitative storytelling cycle
of MAGIC’s policy or innovation case studies (WP5-6), but a pilot study for the potential uptake of the
nexus approach developed in MAGIC by the SEPA6. This pilot study took place while the project was
still ongoing and therefore this experience has been relevant for the work in WP4 as it provided new
ideas for improvements in the analytical framework as well as insights into the pros and cons of the
use of the Nexus Structuring Space in practice, notably with regard to the pre-analytical phase of coproduction and the communication of results.
The main objective of the Sweden-2050 study is to explore, using scenarios, what a “good life” in
Sweden could look like in 2050, respecting ecological integrity and the finiteness of resources. The
project is organized in three lines of research covering three broad areas of concern: (i) climate
change; (ii) ecosystems (abiotic and biotic resources); and (iii) circular economy (critical resource
flows, resource turnover, etc.), each area being covered by a specialized SEPA team. The UAB team
was asked to demonstrate pertinent applications of the approach developed in MAGIC, as one of the
potential methodologies to be adopted in the study. Although the accounting for these applications
has been largely carried out by the UAB team, SEPA experts provided the necessary inputs in the preanalytical phase for understanding the key features of the Swedish system and for identifying
potentially relevant trade-offs and synergies. The outcomes of this co-production will be discussed at
the SEPA in autumn 2020.

6.2 Analyses performed using the Nexus Structuring Space
A first encounter took place in August 2019, in which results from MAGIC were illustrated (building on
the available analyses from WP4). This concerned a general diagnostic analysis of the Swedish
metabolic pattern at the national level using the macroscope, complemented by a local (lower-level)
analysis focusing on special features of the Swedish economy (e.g., see also section 5.2.3.1 and Figures
8-11). These presentations served as a demo of the type of analysis that could be offered. Following
the workshop, a PhD researcher from the UAB spent two weeks at the SEPA to define the further

6

This pilot study drew on resources from both SEPA (6 person months of a PhD student) and MAGIC.
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analyses (pre-analytical phase) with the SEPA colleagues. In these and following interactions, the
factors (and data) relevant for characterizing the state of the system were identified, which are to
serve as a reference for checking the plausibility of proposed scenarios in relation to feasibility,
viability, desirability and openness. Understanding the relevant characteristics of the existing state is
a prerequisite for making sensible hypotheses about the standard of living in the future. Indeed, how
do you define a “good” life? This very question emphasized the relevance of the desirability criteria in
MuSIASEM and led to the decision to link the analysis of the state of the system to an analysis of social
practices in the residential sector (see also section 5.4.4).
At the end of this first phase, in October and November of 2019 respectively, the outcomes of these
further analyses, focusing on the specificity of the Swedish case, were presented. This concerned an
analysis of the metabolic pattern of the residential sector (internal end-use matrix of the household
sector) and an analysis of the metabolic pattern (internal end-use matrix) of the paid work sector.
The analysis of the residential sector highlighted the importance of considering family types and
demographic factors. Work and other activities in the households are organized in family units and
their configurations affect resource use. The fact that Sweden has a very high percentage of single
households is relevant in this regard. Cultural viewpoints, such as autonomy of individuals (on both
ends of the age range) play an important role in defining a “good life” in Sweden (an ageing society).
Note that more conventional analyses of the residential sector generally revolve only around technical
aspects and energy efficiency of buildings.
The analysis of the paid work sector provided a broad perspective, including where people are working
(relevant for commuting) and the material use and generation of the different subsectors. The
characteristics of selected economic sectors were compared to the performance of other EU countries
as external referent. The specificity of the Swedish situation was characterized in relation to the
structure of its economy (high added value industry, metallurgy, pulp and paper industry, financial
sector) and in terms of boundary conditions (ample availability of hydropower and forest for biomass
extraction, cold weather and sparse population).
The reports produced on these analyses were used to kick off the debate about further work. These
discussions resulted in the request for: (i) a more in depth explanation of the theoretical concepts
used in the analysis and the logic and use of the Nexus Structuring Space; and (ii) a specific application
of quantitative storytelling (using the MuSIASEM toolkit) to Sweden based on a given set of scenarios
of decarbonization in the land transportation sector. This work has also been completed. The latter
study, An Application to Transport and Mobility – Scenarios for Sweden 2050, provides a quantitative
storytelling about mobility covering the factors determining its energy consumption and the
plausibility of the given scenarios of decarbonization. The corresponding reports produced, in April
and June 2020 respectively, will be discussed with the SEPA in the autumn of 2020.

6.3 Lessons learned in co-production
Transdisciplinary work is difficult in general and especially in a co-production of academic and nonacademic experts. Not surprisingly, some hurdles had to be overcome. The first one relates to the
communication of the results and resides in sustainability issues being “wicked problems”. During the
identification of relevant trade-offs and synergies it quickly became evident that multiple perspectives
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and non-equivalent dimensions coexist and should be considered simultaneously. These different
perspectives and dimensions entail tensions among policy goals and at times intrinsic political
conflicts. Indeed, one of the goals of the Sweden 2050 project is to discuss, within SEPA, the
implications of the existence of goal conflicts. The unavoidable existence of trade-offs between criteria
of performance makes that social problems have no optimal solution. Nonetheless, the rhetoric of
“scientific evidence” pretends that policy options are chosen because they represent the “best course
of action”. The result generally is a forced optimism. Government agencies are therefore in a difficult
position to handle uncomfortable knowledge, i.e., information that challenges the official story-telling
about the plausibility of rosy scenarios such as a quick decarbonization of the economy reaching zero
emissions or a full circularization of the economy. While the formal discussion of the analyses provided
will only take place in autumn 2020, in the informal exchanges about the results with the SEPA
members closely collaborating with the UAB team, signals were received about the need to carefully
formulate the conclusions. The colleagues from SEPA, more used to work in a mixed environment of
academics, civil servants and politicians, could clearly see that eliminating asperity in the language will
facilitate a fruitful discussion about the implications of the content of the reports.
A second difficulty has been generated by the institutional silo structure of SEPA. Each of the three
teams contributing to the Sweden 2050 study, and to whom we presented the first results, dealt with
specific topics: (i) climate change (team composed by natural scientists); (ii) circular economy (team
composed mainly by economists) and (iii) ecosystem services (a mix of economists and ecologists).
Therefore, these three groups were only partially interested in engaging with and processing the
information we produced (because outside their own terms of reference or field of expertise). This
was also due to the academic style of our reports that is quite different from the type of documents
processed in their daily work. Moreover, some of the people involved in the Sweden 2050 project are
not researchers, but civil servants for which innovative research work might be difficult to digest. The
MAGIC approach, which addresses complex issues, presupposes some familiarity with the theoretical
concepts underlying the analysis. Clearly, the need of undergoing such a preparation is not always
possible for many of the people working at SEPA dealing with daily tasks less demanding in terms of
analytical effort. Last, but not least, if what is needed is a change in the attitude of people—i.e. learn
how to frame the analysis of sustainability problems in a radically different way—it is obvious that a
one-year project is, in any case, a too short period of time. Let alone if the change of attitude should
affect also the institutions.
Third, in a large organization as is SEPA, carrying out several activities simultaneously, the practical
management of such diverse and large teams is a challenge. This included both time allocation set for
this project, time pressures from other projects and the setting of meeting days. The collaboration
lacked of resources in terms of time and transdisciplinary research experience of some of the people
involved. Moreover, some members of the SEPA teams changed work and new members substituted
them. Even during the most important meeting in Stockholm two senior members were in their last
week of work in the Agency. In such working conditions it is not even thinkable to achieve the level of
acquaintance, mutual trust and personal collaboration required for effective transdisciplinary
research.
The experiences with the SEPA echo some of the problems encountered in the stakeholder
engagement of the quantitative storytelling cycle of the policy and innovation cases reported on in
the deliverables of WP2, WP5 and WP6. They also point at potential problems in the uptake of the
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approach developed. As emphasized throughout this report, the MuSIASEM toolkit is based on a
semantically-open accounting framework and involves a pre-analytical phase of co-production to
tailor the analysis to the user’s needs through the use of the Nexus Structuring Space. This phase of
co-production guarantees transparency in the assumptions and transfers (some of) the responsibility
of shaping the analysis from the ‘modeler’ to the user. The SEPA collaboration has shown that this
feature is not necessarily a good thing for the user as it requires time, resources and commitment and
involves a certain risk (what if the assumptions and choices are wrong?).
The use of the Nexus Structuring Space requires a certain level of prior knowledge that may not readily
be available among some of its targeted users (e.g., government agencies). This stresses the need for
improving the communication of basic concepts and the illustration of the tools. Communication
would best be adapted toward two different types of users, those crunching the numbers with the
MuSIASEM toolkit (academic community, think tanks) and those only involved in co-production, i.e.
the pre-analytical phase (government agencies, NGOs). For the latter, one possibility could be the
production of short videos in open access, illustrating the concepts and practical applications that
users can watch at their own convenience.
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7. Conclusions and recommendations for further work
The past decade saw an explosion of interest in the concept of resource nexus. This interest has though
rapidly faded in favor of other buzzwords, such as bio-economy, circular economy and circular bioeconomy. Experiences gained in the MAGIC project provide possible explanations for the short-lived
interest in the resource nexus:





Scientific inquiry is currently not providing the quality of inputs needed for a meaningful
discussion of the resource nexus. Virtually all nexus models address and fix one issue at the
time. However, entanglement of resource flows is rooted in the complex metabolic pattern of
social-ecological systems, the analysis of which requires a complex systems approach and
relational analysis across levels and scales. This is exactly what the concept of nexus is about.
Contemporary reductionist models simply make the nexus invisible to the analyst
(Giampietro, 2018).
The inconvenient message of the resource nexus is difficult to get across, it being incompatible
with the currently dominant rosy narratives about sustainability.
The existence of silo structures in existing institutions of the EU (e.g., the specialized
Directorate-Generals of the EC) represents a problem for governing the nexus.

MAGIC has tried to overcome these problems by developing a transdisciplinary methodological
framework for assessing the resource nexus based in complex systems theory and developing an
interface for using it in quantitative storytelling involving policy makers from various EU governance
institutions. We have been successful to some extent as demonstrated by our stakeholder
engagements and project outcomes. Nonetheless, the uptake of this transdisciplinary approach in the
quantitative storytelling of the various policies and innovation cases in MAGIC has been limited
because the anticipated timing of tasks in the project was unrealistic. The development and
assimilation of MuSIASEM 2.0 and the Nexus Structuring Space took more time than anticipated at
the time of writing the proposal. The experience within the consortium has provided an important
lesson of what may be expected at the EC level with transdisciplinary approaches to the resource
nexus: genuine change takes time, resources and commitment. On the positive side, the dynamics
inside the consortium show that toward the end of the project the post-normal paradigm underlying
MAGIC’s scientific inquiry had been assimilated by the entire consortium and the expected synergy
eventually materialized.
MuSIASEM is a semantically open framework and, therefore, should be considered a work in
continuous progress. Specific recommendations for further work include:
1. The user-friendliness of MuSIASEM must be further improved.
Before the onset of MAGIC, most applications of MuSIASEM (i.e., MuSIASEM 1.0) were based on
intuitions and not fully formalized. The need for sharing analytical protocols with the MAGIC
consortium encouraged the formalization of the conceptual framework, the analytical tools and the
set of relations for moving across metrics (Nexus Structuring Space) and, hence the becoming of
MuSIASEM 2.0. These developments also helped to better define the data requirements. While the
material presented in this deliverable represents an important step in making MuSIASEM more user
friendly and results reproducible—in as far this is possible for a semantically open framework—further
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work is needed. At the same time though, it is important to keep in mind the quote attributed to
Einstein: “make it as simple as possible, but not simpler”. The very definition of complexity in
mathematics resides in the impossibility of compressing the description of a mathematical object
without losing some of its relevant aspects. Indeed, any simplification in the analytical framework
should be tested for the potential loss of relevant content for concrete cases (applications) and with
relevant social actors.
While the development and use of software would be a logical solution to support and simplify the
operations of the Nexus Structuring Space, the experiences gained in MAGIC in WP3 show that
capturing the semantic structuring of MuSIASEM into software is still problematic. Notoriously,
machines are no good at dealing with semantics. The MAGIC colleagues in charge of the software
development have faced a formidable challenge in dealing with an analytical framework that not only
is semantically-open but that underwent continuous development during the course of the project.
Nonetheless, the results of this deliverable and those of Deliverable D3.3 show that it is possible to
develop a user-friendly interface for MuSIASEM 2.0 for analysts interested in using it.
2. Closer collaboration with statistical offices is needed to solve data requirements.
The amount and the diversity of data required for the various levels of analysis in MuSIASEM presents
a substantial challenge. MuSIASEM uses several different metrics at the same time and while it is often
possible to find data from different sources referring to different levels and different dimensions of
analysis, two problems are frequently encountered: (i) the years are not the same; (ii) the
categorization (e.g., by economic activities, farm types) and granularity are not homogeneous. In
MuSIASEM, the categories used to define socio-economic sectors, subsectors and sub-subsectors
must be the same for the accounting of human activity (labor), land, energy, water, etc. Fixing this
problem would require active collaboration from statistical offices to make disaggregated data
available. For example, the public FADN database often provides data for farm types in the form of
monetary assessments (e.g., energy inputs, pesticide application and nitrogen application per crop
types are only given in euros). On request, a detailed, non-public version of the FADN data base7 was
provided for use in the MAGIC project. This data-base showed that disaggregated biophysical data are
available for some production processes, e.g. better for crops having yields rather than livestock
systems with only counts. This greatly improved the MuSIASEM analysis. The data problem is not
unique to MAGIC. It is essential for any integrated analysis across disciplinary knowledge domains to
have a coherent set of data across different levels and dimensions of analysis. If we are serious about
understanding the sustainability predicament, the choice of the categorizations and granularity used
when building data sets should be discussed at the level of statistical offices. Transdisciplinary analysis
requires disaggregated data that should be made available publicly.
3. Further development of the MuSIASEM tools in response to specific challenges.
Future development of the analytical tool-kit has three priorities:
i.

7

Implementation of the pressure-impact relation in response to the growing environmental
concerns. The logic in MuSIASEM is clear: the characterization of a given environmental
pressure allows the identification of the ecological fund (for flow-fund exploitation) or natural

For unknown reasons the database provided was limited to 600 out of 4800 variables.
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ii.

iii.

stock (for flow-stock exploitation) that is affected by that pressure. Then knowledge from
various specialized disciplines (e.g., ecology, eco-toxicology, soil science, hydrology, etc.) has
to be used to assess the type of impact associated with the pressure in relation to a specific
situation. However, in practice, the quantification of the relation between pressures and
impact is often hampered by the data on pressures and impact being only available on
different scales. For example, in the study of the EU agricultural and agri-food system reported
in Deliverable D5.1, data on impacts might get to field level but pressures from land
management are at best available for types in regions. Nonetheless it would be important to
attempt a systemic characterization of the pressure-impact relation within MuSIASEM by
defining categories of ecological funds and stocks, categories of pressures and categories of
impacts in relation to a procedure for tracking the relation across the different descriptive
domains.
Expanding the accounting framework to include lower levels in the internal end-use matrix,
notably in relation to the disposable human activity invested ‘outside of the paid work sector’
(household sector). This analysis is essential to better understand the link between specific
innovations developed in the paid work sector (e.g., viability and feasibility of electric cars)
and their uptake in the household sector (desirability/viability of social practices associated
with mobility). This is the part of the metabolic pattern where the desirability aspect could be
explored more in detail in relation to concepts such as gender, cultural identity, exclusion and
marginalization, and sufficiency.
Further development of analyses involving the external end-use matrix. The finding that the
EU is using more than 120 million worker-equivalent for its imports flags the importance of
considering in a systematic way the implications of the biophysical production factors (water,
energy, land, labor) used elsewhere for producing what is imported in the EU. While we have
developed several applications involving the external end-use matrix for specific key sectors
of the economy (agricultural sector, energy sector), the continuous development of the
protocols used in the virtualscope during the course of the project has delayed a
representation and visualization of the economy as a whole. This aspect is extremely
important in relation to international agreements on climate change, biodiversity and the
Sustainable Development Goals.

4. The concept of desirability deserves further elaboration.
How to define the concept of desirability has been food for much discussion within the consortium.
The focus in the first generation MuSIASEM was on the characterization of an indicator of well-being
and living conditions inside the society under study (i.e., the socio-economic component of the socialecological system), called bio-economic pressure. However, most of the consortium partners
considered that this indicator was too limited in scope and argued that desirability also encompasses
broader ethical concerns, such as the outsourcing of environmental impacts and low-income laborintensive activities to other (mostly developing) countries. Some considered the issue of security (e.g.,
food and energy sovereignty) an essential component of the definition of the desirability of a given
state of society. Yet others suggested it includes aspects such as freedom and justice. As one MAGIC
partner put it eloquently: “desirability is everywhere”. Indeed, most of the outcomes of the
quantitative storytelling in MAGIC question the desirability of the solutions of externalization adopted
by the European Union in relation to both ethical acceptability and lack of security, especially when
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considering global boundaries. The link between the concept of (lack of) ‘desirability’ and the
generation of ‘uncomfortable knowledge’ is evident and offers scope for further exploration.
The experiences gained in MAGIC indicate that the concept of desirability provides a valuable entry
point for the co-production of sustainability analysis with social actors. Deliberative processes can
elucidate perceived concerns and the factors that should be considered for defining fairness and in
this way inform the framing of the analysis in the Nexus Structuring Space. However, as pointed out
in Deliverable 5.1, where a full cycle of quantitative storytelling was carried out in relation to the CAP,
the co-production of knowledge depends on the success in establishing an effective engagement.
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ANNEX 1: The working of the Nexus Structuring Space
In this annex, the various elements of the MuSIASEM toolkit are illustrated through the lenses of the
macroscope, the mesoscope, the microscope and the virtualscope.

A1. The macroscope: relations between the whole and its parts
The ‘macroscope’ is a term first proposed by H.T. Odum in 1971 (in the description of his emergy
graphs) to flag the need for analytical tools capable of capturing ‘the big picture’ (Odum, 1971, p. 2).
Contrasted against the microscope, the macroscope represents a “detail eliminator”, thus focusing
the analysis on relevant relations instead. In relational biology we find a similar concept. Rather than
focusing on the material aspects of a system (the matter of which a system is made) a relational
analysis looks at the functional relations needed to maintain the state of the system.
In the MuSIASEM tool-kit, the state of a metabolic system (a country in this example) is characterized
using a macroscopic metric to describe:
1. The set of constituent components (e.g., the various sectors of an economy, such as the service
sector, the agricultural sector, the industrial sector, including final consumption) generating the
“emergent property” of the country and their relative sizes (measured in hours of human activity
per year);
2. The level of resource consumption per unit of size of the constituent components: a profile of
predictable metabolic rates of the various sectors (e.g., in relation to energy flows, the MJ of
electricity, fuels heat; in relation to nutrient flows, the MJ of plant and animal products; in relation
to funds, the amount of power capacity and labor hours required on average over the year);
3. The set of impredicative relations they have with each other in terms of exchange of secondary
flows: the constituent components are producing and consuming each-other’s input flows (see
Figure A1).
As illustrated in Figure A1 and observed by Georgescu-Roegen (1971), when considering biophysical
transformations, the economy does not simply produce goods and services, but it produces and
consumes goods and services in order to reproduce itself. Indeed, the production and consumption of
secondary inputs is only relevant if this process is capable of expressing the emergent property typical
of complex adaptive systems: reproducing itself while learning how to adapt to the changing
conditions in its context. The set of impredicative relations shown in Figure A1 generates selfreferentiality across levels, i.e., mutual information or, in the jargon of thermodynamic network
analysis, “a notional network niche”. It is comparable to the “sudoku effect” of the popular puzzle
game (Giampietro and Bukkens, 2015). The given characteristics of a functional node can be defined
by looking at the established structural characteristics observed in the incumbent and the expected
functional characteristics determined by the relations established in the rest of the network. This
robust quantitative characterization is used to check the quality of scenarios. In this check, we use two
congruence constraints: (i) the sum of the sizes of the constituent components is equal to the size of
the whole society: THA = HAi (where the size of the components is measured on the basis of the
hours of human activity invested in them); and (ii) for each secondary flow the sum of its consumption
by the various constituent components is equal to the total consumption of that secondary flow in the
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whole society. Using secondary energy flows as an example, we have: TET = ETi. The relation between
the size of the constituent parts (HAi) and the whole (THA) and the relation between the flows of the
parts (ETi) and the whole (TET) generate a third type of constraint: (iii) the specific metabolic rate of
consumption of secondary flows per unit of size of the constituent components (EMRi = ETi/HAi) must
be congruent across levels. In a zero sum game there is a “sudoku effect” over the relations among
the metabolic characteristics of the various structural and functional elements TET = HAi x EMRi).

Figure A1: The impredicative relation over exchanged secondary flows in an economy.

The set of forced relations illustrated in Figure A1 can be operationalized by either dendrograms or an
end-use matrix.
A representation based on a dendrogram is sketched in Figure A2. This dendrogram splits the fund
and flow elements over the various constituent components of the socio-economic system as we
move down in the hierarchy of observed levels. This particular example refers to the analysis of energy
metabolism and hence only the various throughputs of energy carriers (ETi) are represented (as flows
of energy: electricity, fuels, heat). Other flows of secondary inputs (e.g., blue water, nutrient carriers)
can be included. More examples have been provided in Figures 16 and 17 of the main text.
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Figure A2: A dendrogram of funds and flow elements across levels in the metabolic pattern of a
developed country.

Figure A3: Organization of the data about the metabolic characteristics of functional elements in an
end-use matrix guaranteeing closure on the size across levels of analysis.
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A representation based on a matrix is shown in Figure A3. By combining the various strings of data
(characterizations of end-uses in specific constituent components, as shown in Figure A1) observed
across the hierarchical levels defined in the dendrogram (Figure A2), we can generate an end-use
matrix (Figure A3). This matrix puts the sudoku effect better in evidence: the extensive variables (HAi
and ETi) belonging to the same column must sum across levels (vertical constraint), whereas the
intensive variables (EMRi) determine an expected relation in horizontal terms (constraints determined
by the expected value of the relative benchmarks). In this way, we obtain a set of expected relations
of congruence over the values of the various cells of the matrix. These values are affecting and are
affected by each other according to the existence of two directions of causation: (i) downward
causation: expected values associated with a desirable expression of final causes by the end-uses
(desirability); (ii) an upward causation: the biophysical limits imposed by external and internal
constraints (feasibility and viability). Once a certain number of cells are filled, the constraints on the
expected values propagate in the matrix because of the impredicative relations that mutually
constrain them, in analogy with what happens when solving a Sudoku puzzle.
For example, in Figure A3, the combination of metabolic characteristics describing the end-uses in the
subsectors “services and government without transport” and “transport services” (on the bottom left
of the matrix, at level n-3) does affect and is affected by the metabolic characteristics of the end-uses
in the sector “service and government” (at level n-2), which in turn affect and are affected by the
metabolic characteristics of the end-uses in the paid work sector (level n-1). The latter affect and are
affected by the metabolic characteristics of the society as a whole (at level n).
Using the information space of the end-use matrix, we can generate two relevant indicators:
1. The Bio-Economic Pressure (BEP), an overall indicator of material standard of living. This indicator
is related to the relative share of the metabolic activity of the household (HH) and the service
(SG) sectors (the size of the fund elements in HH and SG multiplied by the average level of
metabolic rate of the society) over the total metabolic activity (the total size of fund elements
THA, multiplied by the average level of dissipation). In MuSIASEM jargon: BEP = EMRSA x
THA/(HAAG + HAEM + HAMC) (Giampietro et al., 2012). The high value of BEP observed in developed
countries translates into a larger fraction of the end-uses being expressed in the sectors of
household and services and government and a higher material standard of living compared to
developing countries. In fact, this indicator has been proven to correlate well with conventional
indicators of development (Pastore et al., 2000, Giampietro et al. 2012). The BEP drives the
downward causation by forcing a continuous expansion of the diversity of activities in society
(more end-uses in HH and SG sectors) thus reducing the supply of work hours in the primary and
secondary sectors of the economy. Obviously, this pressure requires a similar increase in the
value of the Strength of the Exosomatic Hypercycle, i.e., the supply of goods and services
generated by the end-uses in the primary and secondary production sectors.
2. Specific indicators of material standard of living determined by the benchmarks/metabolic rates
characterizing the various end-uses (EMRi). That is, benchmarks of the amount of energy
consumed per hour for accomplishing given social practices can be used as benchmarks tailored
to the cultural and geographic characteristics of societies. Thus, we can characterize the specific
metabolic characteristics of the residential sector or private mobility for a specific country and
compare them with the values found in other countries. Note that the metabolic characteristics
defined through the macroscope can also be studied through the microscope (at a lower
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hierarchical level) to better understand the factors that determine the benchmarks and the
implications that the changes induced by policies may have on the material standard of living.

A2. The mesoscope: interactions between social-ecological systems
The openness of the metabolism of a social-ecological system (a country in this example), is studied
through the lens of the mesoscope by looking at the differences between:
 the flows of secondary inputs consumed in the country (domestic consumption);
 the flows of secondary (and primary) inputs that are imported (and exported) by the country;
 the flows of secondary inputs that are produced by the country.
This concerns an analysis based only on flow relations. The focus here is not on the characterization
of the processes of conversion (the metabolic process) but on the tracking of traded commodities.
This involves a quantitative analysis that depends on the available statistics about trade. Whereas the
use of the macroscope focuses on the kcal of food products (animal products, vegetables) consumed
in the diet, here we deal with the tons or kg of imported commodities (e.g., kg of beef, kg of cereals,
kg of fruits). Therefore, the integration of the quantitative information obtained through the
macroscope and that obtained through the mesoscope requires the analyst to establish an interface
between these two metrics. For example, the total amount of animal products consumed as assessed
through the macroscope in kcal must match (with a certain approximation) the total of beef, pork,
poultry, eggs, and dairy products consumed as described by the mesoscope in kg. Congruence
constraints are used to match the assessment of the flows measured in metric #1 (macroscope) and
in metric #2 (mesoscope) as illustrated in Figure A4.

Figure A4: The semantic bridge between flows expressed in metric #1 and metric #2.
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Note again that the setting up of the information space in the Nexus Structuring Space is not
sequential. This implies that the gathering and the integration of the data across the macro, meso
and microscope is not necessarily sequential and can be done by iterations in which the definition of
the relations over categories of accounting can be adjusted.

A3. The microscope: the characteristics of structural elements
The use of the microscope provides the local view that consists in a description of the interaction of
structural and functional elements among each other and with the local environment.
Rather than looking at the big picture (as done through the lens of the macroscope) or the level of
openness of the system (as done through the lens of the mesoscope), here we focus on the technical
characteristics (the technical coefficients) of the various production processes in the supply systems.
This is a more detailed analysis that requires us to move down the hierarchy. This analysis allows the
identification of the specific profiles of inputs and outputs associated with the local production
processes. At this level, we can identify the effects generated by the adoption of a given technology
on the existing local STATE-PRESSURE relations. To achieve this result, we use the metabolic processor,
an analytical tool organizing quantitative information in the form of a data array, developed in the
field of relational analysis. Further details on the conceptual features of the metabolic processor and
practical examples of its ability to transfer quantitative information across levels of analysis are
available in González-López and Giampietro (2017; 2018), Serrano-Tovar et al. (2019), and CadilloBenalcazar et al. (2020).
Briefly, we can say that any metabolic element of a social-ecological system, whether a functional
compartment or a structural element, is an open system in itself that expresses an expected pattern
of ‘behavior’ in terms of: (i) consumption of inputs (coming either from the technosphere or the
biosphere); (ii) expression of a useful function coinciding with the supply of useful output(s); and (iii)
generation of unwanted by-products. The basic idea is that a specific profile of inputs used in a local
process of production can be associated to the generation of a specific pattern of outputs.
As illustrated in Figure A5, a metabolic processor conveys five sets of inputs/outputs:
 internal inputs – required flows under human control (e.g., electricity, fuels, blue water, food,
monetary flows);
 internal inputs – required funds under human control (e.g., hours of human labor, hectares of
land use, power capacity);
 internal outputs – useful flows or funds generated by metabolic elements and used by other
elements in the technosphere (e.g., the useful products of functional and structural elements,
such as the supply of charcoal, rice, disposable cash);
 external inputs – primary flows extracted from the biosphere (e.g., green water, water extracted
from aquifers to generate blue water, ecological services);
 external outputs – primary flows discharged into the biosphere (e.g., pollutants, nitrogen from
fertilizers, solid waste, GHG emissions).
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Figure A5: The data array organization in a metabolic processor.

A4. The virtualscope: virtual supply systems
The virtualscope generates notional representations of functional elements (virtual supply systems)
by means of metabolic processors that are useful to study the effect of externalization. These
representations quantify both the end-uses and environmental pressures embodied in imports. This
type of analysis is based on expected relations over funds and flows established over processors.
Quantitative representations based on metabolic processors can be aggregated within and across
hierarchical levels of analysis (see Figure A6). The aggregation can be based on:
 the identification of sequential pathways, i.e., a series of metabolic processors operating in the
same sequential pathway of a given production process (lower part of Figure A6) where the
output of a process becomes the input of the next one; or
 the identification of a functional or holarchic aggregation in a functional unit (e.g., cereal
production) whose characteristics depend on those of the lower-level functional units composing
it (e.g., wheat production, rice production and corn production) and expressing the same function
in a different way (upper part of Figure A6).
This operation moves the analysis one level up. In both cases, the overall characteristics of the
resulting functional unit can be represented as a single metabolic processor by summing the various
homologous inputs in the corresponding data arrays (e.g., summing kg of nitrogen fertilizer to kg of
nitrogen fertilizer, hours of labor to hours of labor, etc.). In the case of functional/holarchic
aggregation, the possibility of summing different types of production (specific crops of cereals) into a
85

D4.4 – Nexus Structuring Space

higher-level accounting category (e.g. cereals) depends on the definition of the latter. That is, the
outputs of the lower-level functional units (defined with their own categories of accounting and own
metric) can be aggregated into a different category and metric through the use of a semantic interface,
following the logic of ‘semantic entailment’ as illustrated in Figure A4. Note that in the
functional/holarchic aggregation process, relevant data not only include the profiles of inputs and
outputs of the individual processors (at the lower level) making up the functional unit, but also the
relative contribution of the lower-level functional units to the overall supply of the chosen category
of commodity at the higher level (i.e., the xi in the upper part of Figure A6).

Figure A6: Scaling quantitative representations of metabolic processors across levels.
Thus, by integrating the information derived from the macroscope, mesoscope, microscope, and
virtualscope we can simultaneously characterize: (i) domestic supply systems observed through the
microscope, i.e. the processors required for guaranteeing the domestic supply of part of the consumed
commodities (locally produced and locally consumed); and (ii) virtual supply systems assessed with
notional metabolic processors (benchmarks), i.e. the functional units required for guaranteeing the
external supply of the rest of the consumed commodities (locally consumed but not locally produced)
(virtualscope). The quantitative characterization of the relative sizes of the supply systems
(domestic/internal versus imported/external) expressed in a common metric (the profile of secondary
inputs, and primary flows used in the specific mixes of production processes, i.e., metric #3) provides
the quantitative characterization of the level of openness of the metabolic pattern.
As explained in the main text (section 3, p. 24), the choice of the combination of production processes
for representing the virtual supply systems is arbitrary. It can be based on: (i) the actual mix of
production processes used to produce the imported commodities (provided this information is
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available for all the exporting countries); (ii) a ‘standard’ mix of production processes reflecting the
‘average’ profile of the production systems operating in the global market; and (iii) the actual mix of
production processes observed in the system under analysis. The choice will depend on the research
question. With the first method, it is possible to assess the environmental pressures of imports on the
exporting countries. The second method is useful to assess the contribution of the externalization to
the saturation of planetary boundaries. The third method is useful to study internalization and
metabolic security (e.g., food or energy security), i.e., it quantifies the end-uses and environmental
pressures that would be required if the system had to produce the imported commodities internally.
An example of the definition of a processor of a notional supply system (“crop production”) is shown
in Figure A7. This system, supplying different commodities, is represented as a combination of a set
of lower-level production systems (oilseeds; grains, roots and tubers; pulses, vegetables and fruits),
each of which, in turn, is composed of a set of crop production processes (shown only for grains, roots
and tubers). The production processes, in turn, can be characterized using sequential pathways
(shown only for corn and soybeans). Hence, in this example, the notional processor of the supply
system “crop production” is obtained by a functional (or holarchic) aggregation of lower-level
processors describing both production systems and production processes, while the processors of the
individual production processes are obtained by aggregating the processors of the individual
production steps (tilling, seeding, etc.) in a sequential pathway. The processors are quantified using
benchmarks that can be obtained with either of the three methods described in the previous
paragraph.

Figure A7: Definition of the processors associated with the virtual supply system of “crop production”.
Thus, after having identified the total amount of commodities consumed by the social-ecological
system, we can identify the size of the “domestic (internal) supply systems” (referring to the
87

D4.4 – Nexus Structuring Space

commodities produced inside the borders of the country) and the size of the “virtual (external) supply
systems” (referring to the imported commodities). For the commodities locally produced we calculate
the local requirement of resources under human control (internal secondary flows, technology and
labor) using the internal end-use matrix and the requirement of local resources beyond human control
(primary supply capacity and sink capacity) using the internal environmental pressure matrix. For the
imported commodities, we calculate the resource requirements (under and beyond human control)
of the virtual supply systems that are “externalized” to other social-ecological systems using the
externalized end-use matrix and the externalized environmental pressure matrix.

A5. Integrating the information space of the MuSIASEM tool-kit
Finally, by combining the different pieces of quantitative information generated with the toolkit we
can produce robust results for scenarios of sustainability. Again, note that the semantic bridges across
quantitative results derived from the use of the different lenses do not represent different resolutions
of the same dataset, but rather a set of non-equivalent quantitative characterizations of the
considered metabolic pattern. This means that the Nexus Structuring Space does not reduce different
data into a single quantitative representation (collapsing the complexity of the original information
space into a simple index as is done for example in cost-benefit analysis), but utilizes and integrates
them as non-equivalent representations complementing each other. An overview of the set of
relations that can be established in this way is sketched in Figure A.8.

Figure A8: An overview of the existing relations in the information space created through the use of
the different lenses of the Nexus Structuring Space. (Abbreviations: PAS: primary agricultural sources,
PES: primary energy sources, NC: nutrient carriers, EC: energy carriers).
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Figure A9: The process generating the integrated information space (from left to right): (A)
representing the state of the system (macroscope); (B) establishing a link across metrics #1 and #2;
(C) describing the level of openness (mesoscope); (D) identifying local and virtual supply systems
(needed for assessing externalization of end-uses and environmental pressures).
The process for obtaining the integrated information space shown in Figure A8 is summarized in
Figures A9 and A10. Note that Figures A9 and A10 should both be read from left to right, in line with
the description of the steps below:
A. Through the lens of the macroscope we define the state of the system in biophysical terms. This
concerns an identification of the set of relevant secondary flows consumed at the level of society
(e.g., energy carriers, nutrient carriers) measured with metric #1. This definition is relevant for
socio-economic analyses and needed to obtain a baseline for assessing the desirability of changes
in the existing state.
B. In the second step, we identify the set of commodities (measured with metric #2) (e.g., grain,
baseload electricity, etc.) corresponding to each typology of secondary flow considered
(measured with metric #1). The second step links the macroscope to the mesoscope.
C. Here, we describe how the process of production and consumption of goods and services
associated with the current state depends on imports. The imports can be calculated from: (i) the
share of the total consumption that is produced locally; (ii) the share of the total consumption
that is imported; and (iii) the share of the local (domestic) production that is exported. Hence, a
diagnostic analysis through the lens of the mesoscope provides information about the current
level of openness of the system, and allows us to identify “sensitive” imports that may threaten
the food or energy security of the country. Understanding the implications of the level of
openness and changes in the mix of imports is also important in relation to international
agreements on climate and the SDGs. Are we meeting goals by externalizing socio-economic and
environmental pressures to other social-ecological systems?
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D. In this step, we relate the commodities consumed, either domestically produced or imported, to
specific sets of supply systems (local and virtual). This information is needed in the virtualscope
and the microscope (see the interrelated steps D and E in Figure A10) to describe the processors
of the internal (domestic) and external (virtual) supply systems.
E. Each of the supply systems, either domestic or external, is mapped onto lower-level supply
systems and corresponding production processes (as shown earlier in Figure A7).
F. For each one of the production processes we define notional processors describing the required
end-uses and resulting environmental pressures. The distinction between the domestic (internal)
and virtual (external) supply systems makes it possible to generate the internal and external enduse matrices and the internal and external environmental pressure matrices (see also Figure A11).
Through the lens of the microscope, spatially-explicit analyses of the environmental pressures
can be performed to study their effect on local ecological funds (impact). In the case of external
environmental pressures related to imports, this is only possible if the supply systems set up refer
to the actual production systems in the exporting countries or to internalization of the supply
systems in the importing country.
Thus, the use of the different lenses of the Nexus Structuring Space allows us to establish a notional
link between the consumption of secondary flows (macroscope), the imports (mesoscope), the
internal (domestic) and external virtual supply systems (virtualscope) and the characteristics
(metabolic processors) of the local production processes (microscope).

Figure A10: The process generating the integrated information space continued (from left to right):
(E) mapping the mix of required commodities onto a set of supply systems; (ii) linking supply systems
to specific sets of production processes; (iii) geo-localize production processes to check the
compatibility of local pressure with local ecological funds (potential impacts)
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Obviously, in practical applications not all the possible relations over all the processes taking place in
society, nor all the possible details of selected processes will be considered in the analysis of scenarios.
The fine graining of the metabolic pattern (the definition of metric #3) will depend on the research
questions (the pre-analytical choices in the macroscope and the mesoscope). This is especially evident
in the operation of the virtualscope (Figure A11). This is what we mean with the procedure being
semantically open. Note that this simplification of the representation of the “perceived reality” is
never neutral.

Figure A11: The overall assessment of the local and externalized state-pressure relation.

A6. Theoretical synthesis
The application of the MuSIASEM tool-kit through the semantic interface provided by the Nexus
Structuring Space allows the implementation (in quantitative terms) of the elusive state-pressure
relation defined in non-equilibrium thermodynamics. This is illustrated in Figure A12.
An effective relation between structural and functional components across levels of organization
determines the expression of a metabolic network (the emergent property of self-reproduction) and
identifies a set of integrated processes based on energy and material transformations that can be
considered as the generation of positive entropy. Using a formal representation based on the
definitions of identities of the internal parts across different levels of organization (i.e., constituent
components, supply systems, production processes and sequential pathways) we can describe this
process of positive entropy generation as a continuous process of degradation of exergy (using the
formal definition of the different metabolic patterns expressed within their admissible environment).
At a larger scale, when defining the system as a bounded entity (a black box) we can identify what
type of flows are required to maintain the metabolic pattern – the resulting formal identity of an
admissible environment. These flows of energy and matter represent a flux of “negative entropy”
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(term coined by Schrödinger [1967]) that can only be defined in relation to the previous definition of
the identity of the metabolic system. The choice of the heterodox label “negative entropy” [negative
entropy is not possible within the framework of conventional equilibrium thermodynamics] indicates
a peculiar feature of metabolic systems: they have a path dependent identity that entails a “specific
perspective” about what should be considered as an admissible environment. Given the definition of
an internal pattern of exergy degradation associated with the expression of its identity (using a pathdependent definition of identity), a metabolic system perceives as favorable all the gradients – either
in the environment or in the flow of imports – that help to stabilize its metabolism. In this way complex
adaptive systems use their own identity to learn about their dependence on the environment in order
to improve their long-term sustainability.

Figure A12: The integration of non-equilibrium thermodynamics in the analysis of the sustainability of
social-ecological systems.
One of the main conclusions of MAGIC is that within the prevailing economic narratives, this type of
learning, although badly needed, is not possible. We strongly believe that by integrating the analysis
of sustainability across different disciplinary domains it becomes easier to complement their specific
insights in sustainability as well as their narratives (economic, social, demographic, technical, and
ecological) and generate more robust analyses of the current sustainability predicament.
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