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We propose and illustrate a multi-scale integrated analysis of societal and ecosystem
metabolism (MUSIASEM) as a tool to bring nexus thinking into practice. MuSIASEM
studies the relations over the structural and functional components of social-ecological
systems that determine the entanglement of water, energy, and food flows in a complex
metabolic pattern. MUSIASEM simultaneously considers various dimensions and multiple
scales of analysis and therefore avoids the predicament of quantitative analysis based on
reductionism (one dimension and one scale at the time). The different functional elements
of society (the parts) are characterized using the concept of “processor,” that is, a profile
of expected inputs and outputs associated with the expression of a specific function.
The processors of the functional elements of the social-ecological system can be either
scaled-up to describe the metabolic pattern of the system as a whole, or scaled-down
by considering the characteristics of its lower-level parts—i.e., the different processors
associated with the structural elements required to express the specific function. An
analysis of functional elements provides insight in the socio-economic factors that pose
internal constraints on the development of the system. An analysis of structural elements
makes it possible to study the compatibility of the system with external constraints
(availability of natural resources and ecological services) in spatial terms. The usefulness
of the approach is illustrated in relation to an example of the use of charcoal in a rural
village of Laos.

Keywords: charcoal, metabolic pattern, relational analysis, social-ecological system, MuSIASEM

INTRODUCTION

Multi-scale integrated analysis of societal and ecosystem metabolism (MuSIASEM) is a general
accounting framework for the analysis of the metabolic pattern of social-ecological systems
(Giampietro et al., 2009, 2014). MuSIASEM allows the simultaneous consideration of water, energy,
and food flows over various hierarchical scales of analysis, and therefore is a potentially powerful
tool to bring nexus thinking into practice. Indeed, according to UNU-FLORES (https://flores.unu.
edu/en/research/nexus) a nexus approach “examines the inter-relatedness and interdependencies
of environmental resources and their transitions and fluxes across spatial scales and between
compartments.” The potential use of MuSIASEM to study water-energy-food nexus problems has
been explored earlier (Giampietro et al., 2014), but not in relation to charcoal production in tropical
social-ecological systems. In this work we illustrate a refinement of the MuSIASEM approach as
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recently developed in the EU Horizon2020 project MAGIC. This
particular approach relies on the use of software and the creation
of an ad-hoc database. For reasons of space, these technical
aspects are not presented here. However, detailed technical
descriptions of other pilot case studies, representing various types
of social-ecological systems at different hierarchical scales, are
available in deliverable D4.1 of MAGIC (http://magic-nexus.eu/).

Charcoal production plays an important role as a source of
energy and cash income for populations of many developing
countries, notably in Africa. However, charcoal production is
increasingly being associated to deforestation and environmental
degradation (Mwampamba et al.,, 2013) and therefore is now
often included in the list of “dangerous” activities (Zulu, 2010).
In order to seek sustainable solutions, it is important to recognize
that charcoal production forms an integral part of a complex
network of activities that operates at different scales establishing
a bridge between ecosystem services and the supply of key
resources such as food, energy, and water (Chidumayo and
Gumbo, 2013). Moreover in many socio economic circumstances
charcoal production is associated with a rich diversity of
stakeholders across its supply chain (Butz, 2013; Ghilardi et al.,
2013; Zulu and Richardson, 2013). These various aspects make
charcoal production a perfect case study for MuSIASEM.

In this work, we adapt the MuSIASEM approach to study the
water—energy-food nexus in charcoal-producing rural systems.
We use a novel concept, that of “processor” (defined below) that
brings the relations among the system’s elements into sharper
focus. The concept of processor has been specifically developed
by the second author within the context of the project MAGIC
for the application of the MuSIASEM accounting scheme to
the water-energy-food nexus. Using this idea of processor, we
show in this paper how to characterize the metabolic pattern
of water, energy and food of charcoal-producing systems by
establishing a relation—in qualitative and quantitative terms—
among: (1) the various functional components (e.g., subsistence
production, cash crop production, charcoal production, off-farm
work) associated with the survival/reproduction of the village
(guaranteeing food, energy, and water security); and (2) the
related structural elements (e.g., typologies of land-uses, aquifers,
off-farm jobs) used to express the functions.

In the next section, we first provide the basic features of
MuSIASEM. In the following Sections The Idea of Processors,
Relational Analysis Over Functional Elements, and Relational
Analysis Over Structural Elements we go more into the details
of the methodological approach, and in Section Discussion and
Conclusions we discuss the approach in relation to the specific
problematics of charcoal-producing systems using a case study in
Laos as an example.

GENERAL FEATURES OF MULTI-SCALE
INTEGRATED ANALYSIS OF SOCIETAL
AND ECOSYSTEM METABOLISM

The MuSIASEM accounting framework organizes quantitative
information in reference to different dimensions of analysis—
i.e,, social, economic, technical, biophysical, ecological—and

different hierarchical scales of analysis referring to both socio-
economic narratives and an ecological narratives (Madrid-Lopez
and Giampietro, 2015). In this way, the information generated
can be used to check three dimensions of sustainability:

1. Feasibility—This dimension sees the system (society) as a
black-box interacting with its context. Feasibility thus refers
to the compatibility of the metabolic system as a whole with
processes beyond human control, that is, external constraints
imposed by the availability of natural resources and ecosystem
services. This dimension involves (i) checking whether the
metabolism of the system (seen as a black box) is compatible
with the boundary conditions, and (ii) checking the level
of openness of the system in terms of trade with other
social-ecological systems (the extent of externalization to or
dependence on other social-ecological systems);

2. Viability—This dimension looks at the workings inside the
black-box to check the interactions among its parts. Viability
thus addresses the compatibility of the system in relation
to processes under human control (e.g., economic viability,
technical viability) by checking whether the interaction of
the parts inside the black box is compatible with available
technology and know-how;

3. Desirability—This ~ dimension  checks  whether the
characteristics of the metabolic pattern are acceptable to
those living inside the system (the desirability of the metabolic
pattern directly affects the stability of the social fabric).

MuSIASEM basically consists of a relational analysis of the
functional and structural elements of a social-ecological system
that together determine its metabolic pattern of water, energy,
and food. The concept of metabolism is commonly associated to
the human body to represent the complex processes converting
food into the energy and building blocks required to maintain its
structure and functions. However, the concept of metabolism can
also be and indeed has been applied to social-ecological systems
(Ostwald, 1907, 1911; Lotka, 1922, 1956; Soddy, 1926; Zipf,
1941; White, 1943; Cottrell, 1955). Complex societies exhibit a
mechanism of reproduction and maintenance similar to that of
the human body. They extract and use a mix of energy and
material inputs from their environment to express the functions
required for preserving their identity. Along these premises,
a new scientific field has emerged that is based on the study
of “societal (or social) metabolism” (Wolman, 1965; Martinez-
Alier, 1987; Fischer-Kowalski and Hiittler, 1998; Daniels, 2002;
Swyngedouw, 2006; Giampietro et al., 2009; Broto et al., 2012;
Giampietro, 2014). Metabolic pattern refers to the expected
profile of inputs (taken from the environment) and outputs
(discharged into the environment) associated to the set of
functions required to reproduce the identity of a given social-
ecological system (Giampietro et al, 2011). The concept of
metabolic pattern neatly shows that the nexus between water,
energy, and food is determined by forced relations among
the structural and functional elements of a complex system.
The term “relational analysis” (Rosen, 1958, 1985; Louie, 2009,
2013) indicates the existence of expected patterns of relations
over the elements of metabolic networks that are capable of
self-reproduction and self-maintenance. It implies a distinction
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FIGURE 1 | Hierarchical organization of the system: the definition of the function of the whole (on the left) translates into a definition of functions for the functional
compartments in the middle, using structural elements to carry out their tasks at the level n-2 (on the right).

between: (i) inputs and outputs remaining inside the self-
organizing system; and (ii) inputs and outputs exchanged with
the context. MuSIASEM also borrows from hierarchy theory
(Koestler, 1968; Whyte et al., 1969; Allen and Starr, 1982; Salthe,
1985; Ahl and Allen, 1996) in that it explains the complex
and impredicative relations among structural and functional
elements across different hierarchical levels of organization. In
particular, we consider functional elements as the parts of the
“black-box” that define the interaction with the embedding
context (black-box is level n, functional parts are at level n—1I,
the context is level n +1). Each functional compartment is
determined by a series of structural elements that are not
necessarily homogenous or similar in their biophysical processes
(see Figure 1). For example, a functional compartment (vegetable
production) may be composed of different combinations of
structural elements (processes producing tomatoes, egg-plants,
zucchini).

The assignment of structural elements to a given functional
element is a semantic decision: the structural elements must
share the same final objective (final cause in the jargon of
relational analysis) with the functional element to which it is
assigned. For example, in Figure 1, vegetable production and
rice production belong to the same functional compartment
(cash crop production). Different structural elements—that is,
processes associated with a defined land-use typology—mapping
onto the same final cause will be accounted in the same functional
compartment. The structural elements are considered as sub-
parts of the functional components as described in Figure 1
(structural parts are defined at level n—2, functional parts at level
n—1, and the black-box at level n).

Note that the semantic definition of the relation between
structural and functional compartments is subject to a certain
level of ambiguity. For example rice production can be mapped
onto two different functional compartments, “subsistence
production” and “cash crop/commodity production”; charcoal
production can be mapped onto “energy production” or “cash
crop/commodity production.” In the same way, the final cause—
getting disposable cash—can be obtained in two different ways,
relating to two structural elements of different nature: on-farm
production requiring land use allocation and off-farm work
not requiring land allocation within the system boundaries.
All these “bifurcations” can be handled by the accounting
framework of MuSIASEM. In fact, MuSIASEM accounting
entails a constraint of congruence to avoid double counting (and
a messy representation). The sum of the relative sizes of the flows
(energy, water, food, and money) and the funds (hours of human
activity and hectares of land use) associated with the functional
compartments and structural elements (defined at levels n—1 and
level n—2, respectively) must be equal to the total amount of
flow and fund elements defined at level n. For example, when the
process of charcoal production generates an input (energy flow)
consumed by the village, we must include the funds and the flows
associated with this production to the final cause of producing
energy. On the contrary if the charcoal is sold on the market then
the funds and flows associated with this process are included in
the functional compartment “getting disposable cash.” In fact,
when charcoal is produced and sold it does not belong to the
energetic metabolism of the village, it becomes just a commodity.
In relation to this point, the conditions of congruence—the size
of all the flows and funds must remain the same when moving
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across different levels of analysis—guarantee coherence in the
analysis.

Thus, an important feature of MuSIASEM is that the
simplification of the information space in a given set of
categories of accounting—required to generate a quantitative
representation—is not semantically closed, as is the case with
conventional models. The framework of accounting allows an
exploration of the option space generated by the complex set
of impredicative relations between structural and functional
elements across hierarchical levels and scales: it does not deny
the existence of chicken-egg paradoxes or ambiguities in the
definition of the parts and sub-parts, rather it handles them.
MuSIASEM deals with impredicativity through the use of
grammars, that is, a set of expected relations over functional
and structural elements that is semantically open. In fact, it
may be that changes in external constraints will affect the
characteristics of internal processes (top-down causality) or that
changes in the internal characteristics of the system will redefine
the external constraints (bottom-up causality). In this sense,
we prefer the term quantitative storytelling over quantitative
analysis to stress that numbers generated in this way only have
meaning if properly contextualized in relation to: (i) the special
characteristics of the environment; (ii) the special history of the
social-ecological system in question; and (iii) the special research
question considered.

MuSIASEM can be used in a diagnostic mode, by analyzing
the actual metabolic pattern of a system, or in simulation
mode, by examining scenarios (e.g., population growth, technical
innovation, changing terms of trade).

In conclusion the innovative features of this approach are:

1. Itis based on an analysis of relations over patterns (processors
are profiles of expected inputs and outputs) and not on
relations over numbers (e.g., inputs or output) as is the case
in conventional models;

2. It integrates quantitative information referring to different
hierarchical scales (describing and combining relevant aspects
of the system originating from non-equivalent descriptive
domains);

3. It integrates quantitative attributes defined according to
different dimensions of analysis (economic, social, technical,
ecological) and allows the use of geographic information
systems;

4. It handles “impredicativity,” that is the ambiguous relation
between structural and functional types (chicken-eggs
paradox) typically encountered in the analysis of the
functioning of complex self-producing systems.

THE IDEA OF PROCESSORS

An important novel aspect of the approach proposed here
compared to earlier work is the use of processors to assign
an identity to the metabolic elements of the system. 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; (ii) expression of a useful

function coinciding with the supply of useful output(s); and (iii)
generation of unwanted by-products. The semantic analog of
the “processor” of social-ecological systems is the enzyme for
biochemical systems or the production function for economic
analysis. The basic idea is that a specific pattern of inputs can
be associated to the generation of a specific pattern of outputs.
Depending on the scale considered, the expected behavior may be
either: (i) reproducing itself (if we are considering the metabolic
system as a whole); (ii) expressing a useful function needed
to stabilize the larger metabolic system to which the element
belongs (if we are considering a functional element); or (iii)
transforming a profile of inputs into an expected profile of
outputs (if we are considering a structural element making up
a functional element). Metabolic elements can be defined as
functional elements, when their characteristics are determined by
processes taking place on the level above (top-down causality), or
structural elements, when their characteristics are determined by
processes taking place on the level below (bottom-up causality).

Thus, we describe each metabolic element (either functional
or structural) as a processor that establishes a relation between: (i)
internal inputs and internal outputs, and (ii) external inputs and
external outputs. “Internal” refers to two different typologies of
elements that are consumed or produced (flows) and maintained
(funds) by the society (societal metabolism). In the jargon of life
cycle analysis (LCA), internal elements are described as operating
in the “technosphere” and therefore they refer to inputs and
outputs determined by processes that are under human control
and remaining within the borders of the socio-economic systems.
“External” refers to flows that are produced or received by
processes outside human control, that is, natural processes and
ecosystem services (ecosystem metabolism). In the jargon of LCA
these flows are considered as “coming from” or “going to” the
biosphere.

As illustrated in Figure 2 a processor is therefore associated
with five sets of inputs/outputs:

e n;:Internal inputs—required flows under human control (e.g.,
electricity, fuels, blue water, food, monetary flows):

e ny: Internal inputs—required funds under human control
(e.g., hours of human labor, hectares of land use, power
capacity):

e nj3: External inputs—required flows extracted from ecosystems
(e.g., green water, water extracted from aquifers to generate
blue water, ecological services):

e ny: External outputs—flows that must be discharged into
ecosystems (e.g., pollutants, nitrogen from fertilizers, solid
waste, GHG emissions):

e ns: 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—supply of charcoal, rice, disposable cash).

The terminology funds and flows refers to the flow-fund model of
Georgescu-Roegen in relation to bioeconomic analysis (Mayumi,
2002). A processor (Figure 3), is made of fund elements (inputs
of human activity, managed land, power capacity), and this
amount of fund elements will remain constant over the time
duration of analysis (usually on a year basis). This information
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flows

funds

n;

i

n3 l ny

flows

FIGURE 2 | Conceptualization of the expected pattern of inputs and outputs
in a processor. Inputs and outputs remaining in the technosphere are internal,
those getting from and to the biosphere are external.

can be used to define the size of the processor. The flow elements
describe what the processors do: consuming and producing
inputs and outputs (energy, food, water, monetary flows). Flows
either appear or disappear during the analysis. Therefore, by
using the concept of processor we can define: (1) the size of
the functional and structural elements looking at quantities of
fund elements; and (2) the qualitative characteristics of these
elements (benchmark values) looking at the values of flow/fund
ratios—e.g., energy per hour of labor, food per hour of labor, etc.

A representation based on processors makes it possible to
describe social-ecological systems across different scales. In
fact, the characteristics of the different processors of functional
elements can be scaled-up to describe the characteristics of
the whole village. This translates into defining a higher-level
processor by scaling-up the relative quantities of inputs and
outputs. The characterization of the given set of relations across
scales is illustrated in Figure 4. In order to obtain the scaling,
it is essential that the sum of the sizes of funds and flows
described in the functional elements is equal to the size of funds
and flows (per category) described at the level of the whole.
The identification and definition of functional elements requires
assigning an identity to the different socio-economic sectors or
activities (a definition of why are they needed).

RELATIONAL ANALYSIS OVER
FUNCTIONAL ELEMENTS

In Figure 5 we propose a set of functional elements associated
with a charcoal producing village. As discussed earlier (see
also Figure 1), functional elements describe the social-ecological
system top-down. They explain what the system does in terms
of socio-economic activities (what/why): charcoal production
(either energy supply or getting disposable cash through
commodity production), oft-farm work (getting disposable cash

through wages), and residential activities (reproducing the
fund element “people”). Since this method of representation is
semantically open, other functional elements may be added to
this set (e.g., cultural, religious activities). What is important is
to re-adjust, after the introduction of a new set of functional and
structural element, the profile of allocation of funds and flows in
order to maintain the congruence of the relative sizes and relative
paces and densities across the different representations across
levels. As a matter of fact, the “identity” of the social-ecological
system in terms of a set of functional elements should be defined
on the basis of participatory processes involving the inhabitants
of the system.

The definition of the set of functional elements, the definition
of their relative sizes, and the definition of the metabolic profile
of the various flows (e.g., water, energy, money) in each of the
functional elements generate mutual information in the system,
also called a “Sudoku effect” in analogy with the Sudoku game
(Giampietro and Bukkens, 2015). Sudoku is a popular number
puzzle in which one can infer the solution based on a set of
congruence constraints and the information already given. Note
that the size of the funds and the flows in the processor of
the different functional compartments must be compatible with
the size and the flows of the set of processors making up the
whole (system closure). The quantification of the characteristics
of the various processors in relation to the processor of the whole
(after considering imports and exports) permits us to study the
existence of sets of forced relations (“playing the Sudoku game”

Using the concept of processor, we can define the total size
of the funds, in this example: total human activity measured
in hours per year (THA = population x 8,760) and total
available land within the geographic boundaries (TAL), measured
in hectares (see Figure 5). This is the overall size of the village
(at level n) should be divided among the lower-level functional
elements (level n—1). Both THA and TAL must be distributed
over the different functional elements (the categories of human
activity and land uses associated with the different processors) in
accordance with the socio-economic organization. This entails a
competition for the use of these funds across different functional
compartments. Therefore, each investment in any one of the
functional elements can be considered to have an “opportunity
cost” for society (the same amount of funds could be used for a
different purpose).

An additional constraint is represented by the qualitative
characteristics of the functions expressed by the functional
elements. For instance, crop production can only take place on
arable land. So additional categories, such as managed land (land
uses) and non-managed land, need to be used for organizing
the accounting (see Figure5). This explains why an analysis
of functional elements requires also a simultaneous analysis of
structural elements carried out to a finer grain (at a smaller
scale). The same applies for the fund human activity: Human
beings need a given amount of sleep and personal care (non-
working time), heavy work requiring a high level of power can
only be carried out by male adults or animal power, etc. It should
be noted that by looking at the analysis of functional elements,
we can get a diagnostic analysis of the relations between funds
and flows inside and across different functional elements. For
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Diesel: 152.6 L
Money: 280 $ Human activity: 92 hr  Land Use: 0.1 ha
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-Heat Energy: 30000.0 MJ
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Wet fuelwood: 7.0 T
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FIGURE 3 | Schematic representation of the charcoal production processor. Data are made up for the purpose of illustration.

Scaling the characteristics of processors of functional elements into the
characteristics of a processor describing the whole

Processors functional element

[J| ||| bous ,
\l/\l/\l/ \L\I/\I/ Food \ﬁ(\,/ VVV _ ofwork Processor of the whole
. Tt —_— Self-reproducing and
bssence =~ ——> Residential
Su | | | Self-maintaing system
- AU
\|/\|/\|/ v|\|/\|/ \AA% \A"AY
$ N
Cashcrops ——3 > v >

n-1

FIGURE 4 | The characteristics of a processor describing the whole society (on the right) are explained using the characteristics of the processors describing
functional elements (on the left).

example, one can calculate how much water (flow), managed  of a relational analysis of functional elements only, one cannot
land (fund), and human labor (fund) is required or how much  define the exact location of the associated activities. To have the
pollution is generated by a given processor. However, on the basis  exact location in space of a specific biophysical process (described
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FIGURE 5 | Representation of the functional elements for a charcoal-producing village. Each activity is associated with a processor determining a set of expected
relations between inputs, outputs, wastes and emissions. The overall metabolic pattern can be assessed against the constraints provided by the limited availability of

hectares
year

TAL <—

by its specific processor) we should look at the corresponding
structural element(s). This can be achieved using a layer in GIS
of all the land uses (e.g., typologies of crop production) mapping
onto a same functional type (e.g., commodity production). In
this way, we can handle a typical predicament of integrated
assessment: (i) the accounting of economic flows (internal inputs
and outputs coming and going into the techno sphere) can be
“translated” into economic variables considering the costs and
revenues—prices. But this accounting is not directly associated
to specific locations; (ii) the assessment of environmental impacts
requires us to locate the exact position of the land use.

In Figure 5 we can also see the inflows and outflows resulting
from market transactions. Note that this graph is just a skeleton
for the organization of the accounting. The various flows are
indicated in semantic terms, but can be quantified adopting
different choices of proxy variables. For instance, food may be
quantified in terms of kg of food products (potatoes, beef, papaya,
etc.) or kcal of nutrients (proteins, carbohydrates, calories). The
same applies to water (blue water and green water) or energy
(charcoal, gasoline, or wood). In MuSIASEM, benchmarks, such
as charcoal produced per hour of labor, money earned per
hectare, food required per person per day, water extraction from
the aquifer per day, are used to assess the relative flows. In
this way it becomes possible to summarize the balance of the
system (whole vs. the sum of all the functional elements—see
Figure 4) in relation to the chosen metric for quantifying energy,
food, water, human activity, land use, and money flows. This
balance has to consider the distinction between flows derived
from inside the village and those from outside (imports). This

diagnostic analysis is a good starting point to have the big picture
of the factors (drivers, states) determining the sustainability on
the socio-economic side.

RELATIONAL ANALYSIS OVER
STRUCTURAL ELEMENTS

Structural elements are elements expressing an expected
metabolic pattern of inputs and outputs associated with a known
process. They have an external referent independent of their
function guaranteeing the reliability of the expression of the
pattern (e.g., a common blueprint or know-how determining the
characteristics of the process). Examples of structural elements
are: a hectare of rice cultivated with a given technology, a job
providing a known wage, a pattern of behavior of members of a
household when out of work. Structural elements are associated
with the expression of a specific typology of process and therefore
with the expression of an expected profile of inputs and outputs
at a given scale. In general the scale of the structural elements is
smaller than that of the corresponding functional type.

Indeed, several structural types can feed into one functional
type. For instance, as illustrated in Figure 6, all the hectares
of crop-land used to cultivate rice with a specific technique
(e.g., rain fed) and all the hectares of crop-land used to
cultivate rice with another technique (e.g., irrigated) can
be aggregated into another category of accounting that is
“rice production.” In turn, the two structural elements “rice
production” and “vegetable production”—referring to actual
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FIGURE 6 | Scaling the representation starting from the characteristics of production techniques (on the left) scaled into the characteristics of structural elements (in
the middle) scaled to the characteristics of functional elements (on the right). The scaling can go in the two directions.

processes taking place in specific locations (hectares of land
use) with known modalities (yields and labor productivity)—
can be aggregated into the functional element “cash crop
production.”

For the operation of scaling down (moving from right to
left in Figure 6) it is necessary to obtain information on the
characteristics of the structural elements at the local scale. In
this way it becomes possible to generate the analysis shown in
Figure 6 in which different land uses map onto a same category
of structural elements. This procedure allows us to study the
existence of external constraints—availability and suitability of
land, availability of water, effect of pollution, destruction of
habitat, etc.

Vice versa, in order to be able to interpret the information
given by technical coefficients defined at the local level of
land uses—the characteristics of structural elements defined by
processors—we have to scale them up to the level of functional
elements (moving from left to right in Figure 7. For instance, in
this way we can examine how the flows observed at the local level
of structural elements “translate” into economic flows associated
with imports and exports of inputs and outputs at the level
of the whole village. At this point, the importance of handling
impredicativity becomes evident. We can use the established set
of relations either: (i) to assess the characteristics that would be
required by the mix of processors of structural elements (the
pattern of production) to achieve the economic performance
required by the functional elements, or (ii) to assess what type
of economic performance can be achieved by the functional
element, given the characteristics and the mix of lower-level
structural elements.

The multi-scale analysis permits us to elucidate the nature
of costs and benefits at the local scale (e.g., between different

technologies to extract water: water pumps powered by wind or
diesel), the relevance of these costs in the overall budget of the
households at a mesoscale, to finally arrive at how the different
performances of households affect the characteristics of the whole
village.

In simulation mode, processors can be used to compare
the effect of changes in the relative size of structural types
that feed into the same functional type. For example, we can
compare the profiles of inputs and outputs associated with 1
ton of rice produced by different techniques (a0 vs. B) and
make projections on how a different mix of the production
techniques will affect the land use and overall flows of energy,
water, food at the village level. Trade-offs (e.g., 1 ton of rice
o requires more energy than rice B, but less water) can then
be evaluated within a larger analysis of the metabolic pattern
in relation to the indirect effects that an adjustment in one
functional element (rice production) can have on the others
in terms of changes in the allocation of land-use, overall
production of food for self-consumption or generation of cash
income.

An analysis based on structural types and land-use analysis
makes biophysical constraints better visible (Serrano-Tovar and
Giampietro, 2014). For example, flooded areas are good only
for rice production but not for vegetable production. Also,
distance to the fields is an important factor in determining labor
productivity because commuting diminishes the time available
for other activities. Finally an analysis of land use and structural
elements allows us to better appreciate how the flows of energy,
water, and biomass metabolized by processes under human
control affect (in negative ways) the ability of the embedding
natural ecosystems to express their metabolic pattern of flows of
energy, water, and biomass (Lomas and Giampietro, 2017).
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different input requirements.

FIGURE 7 | Representation of structural elements (green squares) for a hypothetical charcoal-producing village. For each activity, we show different typologies having
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DISCUSSION AND CONCLUSIONS

In relation to charcoal production in rural villages MuSIASEM
can result extremely useful in that it characterizes the functional
elements in relation to human time (activity) allocation
(the hours of labor/activity required to express the different
functions). In many charcoal-producing subsistence villages the
opportunity-cost of human time is a key factor determining
the observed pattern of activities. Examples are the trade-offs
between subsistence vs. cash-crops, and child labor vs. education.

For instance, in the case of the Dong Khuai village in Laos
(Yokoyama et al., 2014), an increasing share of the villagers goes
working outside the village to bring money inside. The same
final cause “getting disposable cash” can be obtained from two
different functional elements: producing commodities (that may
include charcoal!), something requiring land-uses, or working
outside the village, not requiring land uses. Population growth
and the movement to a market economy reduce the amount
of land available inside the village to collect wood and produce
charcoal and increase the opportunity cost of labor. When
pressured by these two drivers, villagers tend to invest relatively
more human time in earning money through oftf-farm work
and then use the money generated in this way to buy LPG
gas. The trade-offs of this substitution can also be assessed by
considering the final cause of the functional element “producing
energy” and comparing the two structural processes “charcoal
production” vs. “generation of income to purchase LPG” that

can fulfill the same function. Buying LPG has a much lower
opportunity cost of human time than making charcoal, but it
increases the dependence on the availability of off-farm jobs
and the risk in case of fluctuations in gas prices. These two
conditions are beyond the control of the villagers and therefore
this trade-off can only be properly assessed at a larger hierarchical
level considering a larger scale (the relation between the village
and its socio-economic context). The same dilemma is faced in
relation to food security. Abandoning self-sufficiency, obtained
through the functional compartment “subsistence production,”
in favor of a fully monetarized economic process—getting cash
through wages to buy food—may provide an improvement in
living conditions but it may also increase the risks for the
villagers.

In this example, we see that the production of charcoal and
food can be considered in relation to different perspectives
(“food and energy” vs. “disposable cash”). The analysis of the
resulting trade-offs depends on the set of relations between
the size and the characteristics of the structural and functional
elements in the metabolic pattern. How much charcoal and
food can be sold, what is the “opportunity cost” of the land,
labor and other inputs to be invested in their production, how
much land and labor is available. The internal competition
for production factors can be related to the problem of
children forced to help their parents to collect wood (Yuichiro
et al,, 2009). When the time of the children is needed to
collect wood, we deal with a community constrained by the
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requirement of labor to remain at a low level of education and
leisure.

In conclusion, we illustrated that the main logic of the
approach consists in establishing a relation among different
hierarchical levels and different dimensions of analysis.
Characterizing functional elements in relation to the whole
system (levels n+1, n, n—1) the approach bridges the biophysical
and economic dimension of sustainability. Characterizing
structural elements (levels n—2, n—1, n) the approach links
the technical and ecological dimension of sustainability. The
proposed quantitative representation organized over a specified
set of functional and structural elements forces the analyst to
address the “why, what and how questions”: What is produced
and consumed? How are goods and services produced and
consumed and by whom? Why these goods and services and
why these modalities? Why does the society express this specific
pattern of functions and not another? A transparent analysis
of the what, how and why questions represent an effective
application of nexus thinking in the form of quantitative
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