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Abstract: 1 

The complexity of data and methods in industrial ecology keeps growing and the demand for 2 

comprehensive and interdisciplinary assessments increases. To keep up with this 3 

development, the field needs a data infrastructure that allows researchers to annotate, store, 4 

retrieve, combine, and exchange data at low cost, without loss of information, and across 5 

disciplines and model frameworks.  6 

A consensus-building debate about how to describe the common object of study, 7 

socioeconomic metabolism (SEM), is necessary for the development of practical data 8 

structures and databases. We review the definitions of basic concepts to describe SEM in 9 

industrial ecology and related fields like integrated assessment modeling. We find that many 10 

definitions are not compatible, implicit, and sometimes lacking.  11 

To resolve the conflicts and inconsistencies within the current definitions, we propose a 12 

hierarchical system of terms and definitions, a practical ontology, for describing objects, their 13 

properties, and events in SEM. We propose a typology of object properties and use sets to 14 

group objects into a hierarchical, mutually exclusive and collectively exhaustive (H-MECE) 15 

classification. This grouping leads to a general definition of stocks. We show that an MECE 16 

representation of events necessarily requires two complementary concepts: processes and 17 

flows, for which we propose general definitions based on sets. Using these definitions, we 18 

show that the system structure of any interdisciplinary model of SEM can be formulated as 19 

directed graph. We propose guidelines for semantic data annotation and database design, 20 

which can help to turn the vision of a powerful data infrastructure for SEM research into 21 

reality. 22 

 Keywords: socioeconomic metabolism; systems theory; ontology; bipartite directed graph; 23 

socio-ecological system; semantic data annotation; intrinsic and extrinsic properties;24 
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<heading level 1>  Scientific context 1 

<heading level 2> A powerful data infrastructure for industrial ecology 2 

Industrial ecology researchers quantify socioeconomic metabolism and its interactions with 3 

the environment and society on many different temporal and spatial scales. Large amounts of 4 

data with increasing complexity, sometimes referred to as ‘big data’ (Xu and colleagues 5 

2015), are generated and used in different accounting frameworks and models across several 6 

scientific disciplines to describe society’s metabolism. The variety of data formats, storage 7 

formats, system definitions, and software implementations makes it labor-intensive and often 8 

impossible to re-use data in new projects or meta-analyses, to update datasets, and to re-9 

produce results. This is a major problem even within specific research fields, as recently 10 

demonstrated for life cycle assessment (LCA) (Speck and colleagues 2015; Ingwersen 2015; 11 

Ingwersen and colleagues 2015; Herrmann and Moltesen 2015). The lack of a common, 12 

formalized description of data and models in form of a ‘controlled vocabulary’ to describe 13 

specific system elements and the infrastructure to store and retrieve interdisciplinary data on 14 

industrial systems hampers the buildup of a cumulative knowledge base, which slows down 15 

scientific progress and leads to inefficient use of financial and personal resources. This 16 

problem is common to many scientific fields, but it represents a particular challenge in 17 

interdisciplinary research such as ecology (Madin and colleagues 2007) or industrial ecology. 18 

How could this situation change for the better? One can imagine a future where industrial 19 

ecology researchers are equipped with tools to browse the entire accumulated knowledge base 20 

of observed and modelled data, tools to combine these data in tailor-made models (Lenzen 21 

and colleagues 2014), routines to calculate indicators by treating these data with standardized 22 
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and well-documented formalization routines,1 and tools to document and share the model 1 

results so that each project contributes to the cumulative knowledge base of the community. 2 

These tools allow researchers to use consistent data and system definitions to compute a 3 

diverse set of performance indicators of industrial systems at different scales, including 4 

lifecycle performance metrics, system-wide material efficiency and recycling metrics, impacts 5 

on nature, or coupling between services generated and industrial activities. Beside harmonized 6 

data from many different sources, researchers are also provided with automatic updates or 7 

now-cast data estimated by established algorithms, and they use these raw data to determine 8 

indicators according to their own definitions and system boundary choices. The results of 9 

these calculations are exchanged and re-used with high degree of automation and traceability. 10 

Raw data, model calculations, and boundary choices are stored separately to allow for 11 

maximal transparency and re-usability of the model results. 12 

Two things are essential to turning that vision into reality: i) Researchers from different fields 13 

and methods need to identify the common basic characteristics of the system under 14 

investigation that can form a theoretical basis for an integrated data sharing and modelling 15 

approach  (Baumgärtner and colleagues 2008; Spash 2012). ii) Researchers need to unify and 16 

enrich their description of data, by adding so-called metadata, to prepare their system 17 

descriptions for automatic data handling (Madin and colleagues 2008). We describe both 18 

items in the following two subsections. 19 

<heading level 3> Socio-ecological systems (SES) and socioeconomic metabolism (SEM) 20 

It is widely accepted that human-nature interactions form a complex, nonlinear, and non-21 

deterministic socio-ecological system (SES), (Haberl and colleagues 2004; Ostrom 2007). The 22 

                                                           
1 An example for such a routine is the allocation or construct step that turns a supply and use table into an I/O 

model (Majeau-Bettez and colleagues 2014). 
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biophysical structures of human society describe the part of nature which is colonized by 1 

humanity to serve its needs (Fischer-Kowalski and Haberl 1998). These man-controlled 2 

structures are a central subsystem of the SES, and the complexity of the biophysical structures 3 

of human society has inspired researchers to use the concept 'metabolism' to describe the 4 

energy and material related processes that are under human control, including industry, 5 

agriculture, or final use of products (Fischer-Kowalski 1998; Baccini and Brunner 1991; 6 

Ayres and Simonis 1994). This analogy has been formalized by several authors by proposing 7 

to use socioeconomic metabolism (SEM) as paradigm to study the biophysical basis of human 8 

society (ConAccount 1998; Fischer-Kowalski and Hüttler 1999; Pauliuk and Hertwich 2015; 9 

Fischer-Kowalski and Weisz 1999). Referring to a paradigm can facilitate the development of 10 

a common systems understanding, and examples for common frameworks for accounting 11 

SEM published in this journal include Suh and Weidema (2010), Fischer-Kowalski and 12 

colleagues (2011), and Pauliuk et al. (2015). 13 

<heading level 3> The need for a common specification of concepts, terms, and 14 

definitions to describe socioeconomic metabolism 15 

Relational databases (Ramakrishnan and Gehrke 2000) and semantic annotation of data and 16 

models (Madin and colleagues 2008; Villa and colleagues 2009) are two major frameworks to 17 

facilitate exchange and reuse of data. As a first step towards their implementation in SEM 18 

research, practitioners need a common specification of concepts, terms, and definitions 19 

(Baumgärtner and colleagues 2008). This ensures that researchers from different fields can 20 

effectively communicate with each other and exchange data without loss of information or 21 

misinterpretation. This “explicit specification of a conceptualization“ is called ontology in 22 

computer science (Gruber 1993), and socioeconomic metabolism is the conceptualization of 23 

interest to us. An ontology is  “a formal model that uses mathematical logic to clarify and 24 
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define concepts and relationships within a domain of interest” (Madin and colleagues 2008), 1 

and it has an ordered, hierarchic structure (Spash 2012).2  2 

<heading level 2> Research gap 3 

A wide spectrum of accounting frameworks and models is available to study different aspects 4 

of the biophysical basis of human society from a systems perspective. The model families 5 

differ in scope, coverage, and physical or economic rigor. Purely physical models include 6 

material or substance flow analysis (MFA) (Baccini and Bader 1996; Graedel and colleagues 7 

2004; Baccini and Brunner 1991), material flow accounting (Eurostat 2001; Fischer-Kowalski 8 

and colleagues 2011), process-based life-cycle assessment (LCA) (EU JRC 2010; ISO 2006a), 9 

and physical input-output tables (Leontief 1941; Giljum and Hubacek 2009; Merciai and 10 

colleagues 2013; Duchin 2009). Models that combine an economic description of the 11 

industrial metabolism with physical information include environmentally extended input 12 

output analysis (I/O) (UN 2008; Miller and Blair 2009), integrated assessment models (IAM) 13 

(Loulou and colleagues 2005; Kelly and Kolstad 1999), and computable general equilibrium 14 

models (CGE) (Burfisher 2011).   15 

These methods do not evolve in complete isolation of each other; they are often combined 16 

because they allow users to study the system from different angles (Weidema 2011; 17 

Nakamura 2011) or because they use complementary data (de Haes and colleagues 2004; 18 

Nakamura and colleagues 2008; Suh and Lippiatt 2012; Majeau-Bettez and colleagues 2011). 19 

Many combinations were developed for both reasons. Examples include economically 20 

extended MFA (Kytzia and colleagues 2004), the waste-input-output model (Nakamura and 21 

Kondo 2002; Nakamura and colleagues 2007), MFA studies combined with LCA inventories 22 

                                                           
2 We acknowledge the longstanding tradition of the term ‘ontology’ in philosophy. In this work, however, we 

use the term ‘ontology’ in a more practical way as it is common in computer science. 
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(Venkatesh and colleagues 2009; Pauliuk and colleagues 2013; Graedel and colleagues 2012), 1 

CGE models combined with LCA inventories (Dandres and colleagues 2011, 2012), hybrid 2 

LCA (de Haes and colleagues 2004; Suh 2004; Strømman 2009), mixed unit I/O analysis 3 

(Hawkins and colleagues 2007), and hybrid I/O approaches (Nakamura and colleagues 2008). 4 

Despite their common subject of study, the biophysical structures of society, the different 5 

models have been developed mostly in parallel and they follow different academic traditions. 6 

It is therefore not surprising that they use [1] different vocabulary to describe similar 7 

concepts; [2] many incomplete and sometimes circular definitions derived intuitively from the 8 

tradition and the specific research questions addressed; [3] different ways to describe a 9 

system, including supply and use tables (Miller and Blair 2009), directed graphs (Loulou and 10 

colleagues 2005), boxes and arrows (Brunner and Rechberger 2004), and social accounting 11 

matrices (Burfisher 2011); [4] different semantics of quantitative data and data formats; and 12 

[5] different system boundary choices.  13 

Recent achievements regarding model and data harmonization have taken place within 14 

specific fields, including I/O (Lenzen and colleagues 2014), LCA (see Finnveden et al. (2009) 15 

for an overview, (Bertin and colleagues 2012; Ingwersen and colleagues 2015; Zhang and 16 

colleagues 2015)), and MFA (Krausmann and colleagues 2015). Still, there is no consensus 17 

on a single nomenclature and system structure even within specific fields like LCA 18 

(Ingwersen and colleagues 2015). Also lacking is a systematic overview and comparison of 19 

the terms and concepts used by the different models to describe socioeconomic metabolism, 20 

the identification of possible inconsistencies that can lead to confusion when combining data 21 

and models, and a common ontology that provides well-defined concepts and specifies how 22 

these concepts are related. 23 

 24 
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<heading level 2> Goal and scope 1 

The goal of this paper is to make researchers on socioeconomic metabolism aware of 2 

inconsistencies in the current disciplinary definitions of terms, to propose a practical ontology 3 

of socioeconomic metabolism that provides general definitions of terms suitable for 4 

interdisciplinary research, to demonstrate the usefulness of the ontology, and to discuss its 5 

future application.  6 

First, we compare the definitions and descriptions of basic terms used in MFA/SFA, supply 7 

and use tables for I/O (represented by the System of National Accounts (SNA), the System of 8 

Environmental-Economic Accounts (SEEA), and the FORWAST/CREEA system of supply 9 

and use tables), LCA (represented by the ISO standard for LCA and the definitions used by 10 

ecoinvent), IAMs, and CGEs. We identify inconsistencies and show how they can lead to 11 

confusion when exchanging data or combining models.  12 

Second, starting from the three basic ontological concepts ‘object’, ‘property’, and ‘event’, we 13 

propose a practical ontology of SEM by deriving the core concepts ‘stock’, ‘process’, and 14 

‘flow’ and by showing how they relate to each other. We provide general definitions for the 15 

concepts in the ontology, and show that the system structure of a model of SEM that uses the 16 

ontology is a directed or bipartite directed graph. 17 

Third, we apply the ontology to resolve conflicts between current definitions of terms. We 18 

demonstrate how using the ontology can facilitate semantic annotation of data and database 19 

development, and thus help researchers to develop a powerful data infrastructure for SEM 20 

research. 21 

 22 

 23 
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<heading level 1> Review: vocabulary to describe socioeconomic metabolism 1 

The review of existing definitions covers the model families and accounting frameworks 2 

listed above. It focusses on basic concepts related to objects such as products, goods, 3 

materials, resources, substances, etc; events like the transformation of objects into other 4 

objects, production or disposal of objects, or use of objects; and general terms to describe the 5 

system like system boundary, anthroposphere, technosphere, nature, biosphere, stocks, and 6 

flows. The review does not cover how causal relationships, model drivers, and other modeling 7 

assumptions such as allocation or constructs are dealt with.  8 

To illustrate the spectrum of available definitions, Table 1 shows the definitions for the 9 

central concept ‘flow’ across fields. In MFA, flows are defined as mass that flows per time 10 

through a conductor or cross-section. In economic accounting, however, a flow can also refer 11 

to a change in value, which would be called a stock change in MFA. In the first case a flow 12 

refers to something that moves, but is preserved, and in the second case, a flow refers to 13 

something that is created or destructed. Ecoinvent and FORWAST/CREEA both consider 14 

flows as entities that connect different elements or activities, but FORWAST defines flows in 15 

terms of an explicit time period whereas ecoinvent does not. The existing definitions of flows 16 

contain elements of movement, change in time, use, preservation, destruction, connection, or 17 

crossing of boundary. These definitions suit casual use of the term, since our common 18 

intuition of «flows» from every day experience is sufficient to get a rough idea of what is 19 

meant, but this common intuition is too vague to serve as a basis for data consolidation. When 20 

comparing the definitions of different fields we found the following recurring conflicts: 21 

 22 

 23 
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Table 1: The definitions of the concept ‘flow’ in the different fields. The full tables including the 1 

definitions of more than 20 terms from the different fields are included in section 1 of the 2 

supplementary material. 3 

Field Method Definition of “flow” 

MFA/SFA 

Material flow analysis 

(Baccini and Brunner 

2012) 

“Amount of mass that flows per time through a conductor.” 

Material flow 

accounting (Eurostat 

2001) 

Not defined, but used in connection with boundaries: input, 

output, inflow, outflow 

Supply-

and use 

tables 

System of National 

Accounts (UN 2008) 

“Flows measure changes in economic value over a period of 

time.”  “Economic flows reflect the creation, transformation, 

exchange, transfer or extinction of economic value; they 

involve changes in the volume, composition, or value of 

an institutional unit’s assets and liabilities.” 
System of 

Environmental-

Economic Accounts 

(European Commission 

2012) 

“Physical flows are reflected in the movement and use of 

materials, water and energy.” “The economic value and quantity 

of stocks of assets (e.g. buildings, natural resources, bank 

deposits) changes over time. These changes are reflected in 

flows.” 
FORWAST and 

CREEA systems 

(Schmidt and 

colleagues 2010, 2012) 

Physical flow: “Movement of material between activities or 

from/to the environment.” 

LCA 

LCA (ISO) (ISO 

2006a, 2006b) 

Not defined. Used to describe the crossing of system boundary or 

for objects entering and leaving a process 

LCA (ecoinvent) 

(Ecoinvent Centre 

2014) 

Exchange: “Two basic types of exchanges exist - elementary 

exchanges and intermediate exchanges” An intermediate 

exchange “is an exchange between two activities that stays within 

the technosphere and is not emitted to or taken from the 

environment.“ (else it would be an elementary exchange) 

IAM 

Markal/Times 

(Loulou and colleagues 

2005) 

 

Not defined. 

CGE CGE (Burfisher 2011) Not defined. 

 4 

1) When compared across fields, definitions of many common terms are incompatible. 5 

This applies especially to the concepts process, activity, material, resource, stock, and flows. 6 

The term ‘stocks’, for example, is defined as comprising human population, built environment 7 

and artifacts, and livestock and other domestic animals inside national boundaries in material 8 

flow accounting, materials stored within a process in material flow analysis, or positions in or 9 

holdings of assets or liability at a given point in time in the SNA (see supplementary material, 10 

section 1). Thus, in some fields, stocks comprise physical objects only, whereas in other, they 11 

also cover assets of non-tangible goods. Sometimes stocks are defined from a list, like in 12 
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material flow accounting, rather than from empirical rules. This lack of overlap is a problem 1 

for data integration: What data should be considered ‘stock data’ in a common database for 2 

socioeconomic metabolism? Similar conflicts for other terms are described in section 2 of the 3 

SI. 4 

2) Many definitions are implicit and therefore, practitioners have to rely on their 5 

intuition. Solely relying on intuition or common sense without the backup of sound 6 

definitions may lead to confusion when reaching out to practitioners of different modeling 7 

traditions, although we acknowledge that some level of assumed intuitive understanding is 8 

inevitable. Sometimes, terms are defined from a list of items they comprise, like the definition 9 

of material in material flow accounting. This is dissatisfactory from a theoretical viewpoint, 10 

since the rules that determine whether a given good or substance is included remain unclear. 11 

For data integration, clear definitions that hold across fields are indispensable. 12 

3) Terms that are central in some fields are not defined in others. This includes the 13 

concepts of agents, processes, industries, markets, products, and commodities. Some fields 14 

use different terms to refer to the same concepts, while others ignore certain aspects of 15 

socioeconomic metabolism. 16 

4) The abstract description of objects is often confused with, and not distinguished from, 17 

their position in the system. For example, a substance like CO2 can be considered a product, 18 

by-product, waste, or resource, depending on the systems context, but this classification 19 

depends on system definitions and boundary choices and does not reflect the intrinsic 20 

properties of CO2. This confusion of the ‘nature’ of an object and its ‘role’ or ‘position’ in the 21 

system clearly becomes problematic when combining data from studies with different system 22 

boundaries, as one and the same object may appear in different classifications. Some 23 
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definitions of terms depend on the choice of boundaries, for example, the concept ‘emissions 1 

to the environment’, which refers to flows that cross the boundary between SEM and nature. 2 

<heading level 1> A practical ontology of objects, their properties, and 3 

events in socioeconomic metabolism (SEM) 4 

<heading level 2> Epistemology and the pre-analytic vision of SEM: Objects, their 5 

properties, and events of interest 6 

Our starting point is the observation of phenomena that are part of an objective biophysical 7 

reality that exists independently of the individual observer, and a social reality that is 8 

constructed by humans (Spash 2012; Fischer-Kowalski and Weisz 1999). According to 9 

Schumpeter (1954), a pre-analytic cognitive act or vision precedes any scientific activity. This 10 

pre-analytic vision supplies humans with the ‘raw material for the analytic effort’ 11 

(Schumpeter 1954) (Figure 1 left). Researchers regroup and filter the ‘raw material’, using the 12 

basic ontological categories objects (or entities), properties (or attributes) of these objects, 13 

and events during which objects change or are transformed into each other (Casati and Varzi 14 

2006). These three concepts form the starting point of our ontology (cf. section 3.1 of the SI). 15 

Researchers identify objects (‘car’), they assign properties to them (‘mass of 1500 kg’, 16 

‘owned by Jane’), and they observe and identify events that happen to or involve objects (‘car 17 

being driven by Jane’). Researchers from different disciplines will have different ideas of 18 

which objects, properties, and events are worth studying, and we call those within the scope 19 

of a discipline objects of interest, properties of interest, and events of interest.  20 

 21 
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 1 

Figure 1: Graphical representation of the practical ontology. Epistemology: Researchers identify 2 

objects, properties, and events of interest that form the ‘raw material’ of analysis. Conceptualization 3 

and data modelling: (I) Objects are grouped into sets, and thresholds of intrinsic intensive properties 4 

are used to define a hierarchical, mutually exclusive and collectively exhaustive (H-MECE) object 5 

classification that is used by different scientific fields. (II) Events are modeled as processes or flows; 6 

neither of the two is sufficient to exhaustively describe all events. (III) In a final step, the object and 7 

event classifications are combined to form the system definition, using one of two canonical 8 

structures: directed or bipartite directed graphs. Data recording: With a directed graph as system 9 

structure, a model-independent database can record, first, the intrinsic intensive properties of objects 10 

and second, the extensive and extrinsic intensive properties of both stocks of objects in nodes and 11 

flows of objects between nodes. 12 

<heading level 2> A general classification of properties 13 

An ontology classifies objects based on their properties (Villa and colleagues 2009), and we 14 

need a classification of properties for SEM research. Properties can be divided into those that 15 

describe objects irrespective of their specific location in the system, which are called intrinsic 16 

properties, and those that depend on the specific allocation of the object in the system, which 17 

are called extrinsic (Lewis 1983). Furthermore, properties are divided into intensive 18 

properties, those that are independent of the amount of objects in the system, and extensive 19 

properties, those that are additive for different objects (Cohen and colleagues 2008). 20 

Moreover, one can divide properties into biophysical and social/economic, depending on 21 

which aspect of the socio-ecological system is studied. Because social/economic properties 22 
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like utility or value require the existence of a relation between a human agent and the object, 1 

there can be no intrinsic social/economic properties.3 Figure 2 shows examples for the six 2 

remaining property groups. Mass is an extensive intrinsic property, because it can be assigned 3 

to an object irrespective of its location in the system, and it scales with the amount of objects 4 

studied. Density is intensive because it does not scale. Weight and specific weight are 5 

extrinsic biophysical properties, because they depend on the local strength of the gravitational 6 

field.  7 

Figure 2: General classification of biophysical and social/economic properties into intrinsic and 8 

extrinsic vs. intensive and extensive properties. Main examples are printed bold. Red: intrinsic and 9 

intensive properties, which further describe the object and that can be used to refine the object 10 

classification. Blue: Extrinsic and intensive properties that describe the location of each object in the 11 

system and the relation to its surroundings. Green: Extensive properties that are used to quantify the 12 

system variables on different layers. 13 

Bio-physical 

properties 
Intensive properties Extensive properties 

Intrinsic properties 

Density, elemental composition, 

molar mass, chemical structure, 

absorption spectrum, molar heat 

capacity 

Mass (total or of specific 

chemical element), heat capacity, 

number of atoms or particles  

Extrinsic properties 

Specific weight, speed, 

characterization factor, location 

in the system: space, time, 

process, temperature 

Weight, kinetic and potential 

energy, impact on ecosystems, 

production capacity of an asset 

Social/ economic 

properties 
Intensive properties Extensive properties 

 

Intrinsic properties 

 

--- --- 

Extrinsic properties 

Price per kg  or unit, 

ownership and level of control 

by human agents 

Value, utility for human agents 

 14 

Extensive properties are used to quantify the system variables, like stocks, flows, or 15 

production capacities. For certain extensive properties, like mass or energy, a conservation 16 

                                                           
3 We therefore use the word « intrinsic » in the strictest sense of the term, excluding its use as ‘intrinsic value’ 

in ethics and the derived concept of ‘intrinsic value’ in finance (Schalow 2012). 
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law applies, which makes these properties especially interesting because their quantification 1 

facilitates consistency checks, allows for reconciling conflicting information, and enables 2 

researchers to fill data gaps via balancing equations. 3 

Intensive properties can be used to specify property thresholds to refine the system 4 

description and to specify the system boundary: Thresholds for intensive and intrinsic 5 

properties can be used to refine the object classification, by distinguishing, for example, 6 

between different grades of wood based on their density or different vehicle classes based on 7 

their engine volumes. Thresholds for intensive and extrinsic properties can be used to define 8 

boundaries: The location of an object can be used to decide to which spatial compartment it 9 

belongs, for example, in the spatial understanding of processes in MFA presented by Baccini 10 

and Bader (1996). Moreover, thresholds for ownership and level of deliberate control by 11 

human agents can be used to draw the boundary between socioeconomic metabolism and 12 

nature (Fischer-Kowalski and Weisz 1999). 13 

<heading level 2>  Data modelling I: The grouping process and the general definitions of 14 

stocks (Figure 1, middle, step I) 15 

To reduce the information obtained from ‘big data’ to a sufficiently aggregated and 16 

manageable level, objects are grouped into classifications, which are formalized by the 17 

concept of sets (Enderton 1977): 18 

Definition 1, Sets: A set is a collection of distinct objects.  19 

Sets can contain any object, not only objects of interest. A set can be defined in several ways: 20 

by listing the objects it contains, by specifying certain properties the objects must have to be 21 

in that set, or by specifying which event the objects are involved in. Sets can be empty and 22 

they can be conceived separately from their content: One can define the set of automobiles on 23 
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a small pacific island, irrespective of whether there are cars on that island or not. To facilitate 1 

interdisciplinary research on SEM, an object classification based on sets should be 2 

- hierarchical (H), to allow for branch classifications so that researchers from different 3 

disciplines can study the system at different levels of resolution while still being able 4 

to refer back to a common root classification at a higher level of aggregation, 5 

- mutually exclusive (ME), to avoid double-classification and double-counting and 6 

hence enable mass-balance consistency, and 7 

- collectively exhaustive (CE), to allow for a complete description of the system. 8 

Definition 2, Hierarchical, mutually exclusive and collectively exhaustive (H-MECE) 9 

object classification: An H-MECE object classification is a grouping of a given set of objects 10 

into an H-MECE collection of sets.  11 

The set containing all objects of interest represents the highest hierarchy level of the 12 

classification, and the most refined MECE breakdown of this set represents the lowest level. 13 

The use of set theory allows us to construct general object classifications by using intrinsic 14 

intensive properties of objects, which classify objects irrespective of their location in the 15 

system. For example, we can use the intrinsic intensive properties ‘cylinder capacity’ and 16 

‘motor type’ of motor vehicles to divide the Combined Nomenclature (CN) group 8703 17 

(‘motor cars for the transport of persons’) into an array of subgroups. Some of these groups 18 

are part of the six-digit CN, including 870321 (‘vehicles, with spark-ignition internal 19 

combustion reciprocating piston engine, of a cylinder capacity not exceeding 1000 cm³’) or 20 

870333 (‘vehicles, with compression-ignition internal combustion piston engine (diesel or 21 

semi-diesel), of a cylinder capacity exceeding 2500 cm³’) (EC 2013). 22 
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The use of sets in our ontology was inspired by the work of Faber and colleagues (2005), but 1 

our definition of sets is more general, as common in mathematics. Sets that contain objects of 2 

interest are of particular relevance, as they allow us to formally define stocks. 3 

Definition 3, Stock: A stock is a set of objects of interest.  4 

Similar to the one proposed by Faber and colleagues (2005), our definition of stocks 5 

formalizes colloquial expressions such as ‘building stock’ into ‘the set of all buildings’. The 6 

size of a stock is determined at a time point t0 by measuring extensive properties of the objects 7 

in the stock, like their number, mass, or value. A stock of objects persists through time, but is 8 

measured at a time. A stock can be empty.  9 

<heading level 2>  Data modelling II: Events and the process flow divide (Figure 1, 10 

middle, step II) 11 

After having classified objects into a property-based MECE scheme, we need to classify the 12 

same objects based on which events they are involved in, that is, we would like to group all 13 

objects into sets, so that each set contains the objects involved in an event of interest at a 14 

given time. To this end, we use the concept ‘process’: 15 

Definition 4, Process: A process is a set-based description of one or several events of 16 

interest, expressed in terms of the objects of interest that are involved in these events during 17 

their course. 18 

A process groups the objects associated with an event into a set. Objects of interest that 19 

become involved or cease to be involved in an event enter and leave the event set, 20 

respectively. Objects that persist unchanged throughout the duration of the event remain in 21 

that set, while others may be created or destructed. Our definition maintains a close 22 
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relationship between ‘process’ and ‘events’, which reflects the use of the term ‘process’ in 1 

modern natural and social science as “directed course of events”4 (Mittelstrass 1995).  2 

Both stocks and processes group objects into sets, and the difference between the two 3 

concepts is important to data modeling in SEM research. Stocks can be defined as comprising 4 

certain objects, irrespective of which events the objects are involved in. This allows us to 5 

group similar objects across multiple events and to capture inventories and other idle objects 6 

as stocks. Production processes often contain a large variety of objects that can be modeled as 7 

stock of matter or energy within processes (cf. section 3.2 of the SI).  8 

Any event can be modeled as process. They are therefore the most general formalization of 9 

events in our ontology. But processes alone are not sufficient to build an MECE event 10 

classification: When all events are modelled as sets of objects, we could still conceive the 11 

transfer of an object from one of these sets to another set as being yet another event, requiring 12 

the definition of one more set, etc. Hence, the MECE classification would be incomplete, 13 

which is a contradiction. Many of these boundary crossing events are of interest to specific 14 

disciplines only, as exemplified in Figure 3a. They include, for example, the events ‘car 15 

manufacturer takes ownership of raw material’, ‘raw material enters factory gate’, or ‘raw 16 

material enters the first production step’. (Figure 3a).  17 

Considering only processes/sets is therefore not sufficient when trying to build an MECE 18 

event classification. It seems that at least two concepts are needed, and below, we show that a 19 

division of all events of interest into two groups, processes and flows, allows us to solve the 20 

conflict identified above. We first provide a definition of the concept ‘flow’. 21 

Definition 5: Flow: A flow is a description of a particular type of event, where objects are 22 

preserved and move from one set a to another set b.  23 
                                                           
4  Translated from the original German definition «gerichteter Ablauf eines Geschehens».  
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A flow is, in our framework, a minimal event description that does not lead to the definition 1 

of a set for this particular event. The freedom of modeling some events as processes or flows 2 

will help to resolve some of the conflicts between current definitions outlined above and to 3 

build an MECE event classification. 4 

 5 

Figure 3: Different levels of abstraction of reality: a) The transformation of objects into each other 6 

and the movement of objects in space and between agents leads to a large number of events of interest. 7 

There is a discontinuity of input and output objects in transformation processes: At some point in time, 8 

neither of them exist and there is only ‘work in progress’. Each property change of an object, like 9 

changes in ownership, location, or tax level, can be modeled as the object moving from one set to 10 

another. b) The sequence of events shown in part a) is simplified to a sequence of processes (nodes) 11 

and flows (arrows). The left process transforms objects, and the right one distributes them by changing 12 

the properties of the car from {p1} to {p2}). Processes are shown as nodes and the life cycle of an 13 

object now becomes a sequence of nodes connected by flows. c) By representing processes as nodes, 14 

socioeconomic metabolism can be modeled as directed graph consisting of processes and flows (i) or 15 

as bipartite directed graph, where object nodes (grey) are shown in addition to process nodes (black) 16 

(ii). 17 

 18 
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 Both ways of modeling events are equally plausible and are used in practice: 1 

i) “There was a flow of objects from A to B.”: “There was a flow of coal from Australia to 2 

China.”  3 

Note that this simplified representation of an event omits the space between Australia and 4 

China.  5 

ii) “The objects went through a process that changed their location from A to B.”: “The 6 

coal went through a transportation process, which changed its location from Australia to 7 

China.” 8 

Case i) can be found in trade statistics; it is also quite common in LCA, especially when 9 

transport is neglected. Case ii) better reflects the view of the shipping company. In both cases 10 

the event described is the same, but the descriptions used by human agents differ (cf. sections 11 

3.3-3.5 of the SI).  12 

Processes and flows can be used to describe events irrespective of whether these events have a 13 

duration or are considered to happen instantaneously. In both cases the event descriptions can 14 

be constructed from observations of the affected parts of the system at two time points of 15 

accounting, one before and one after the event. 16 

<heading level 2>  Data modelling III: Event classification and system structure (Figure 17 

1, middle, step III) 18 

If one stipulates that processes can be connected to each other only by flows, the conflict of 19 

the boundary crossing events is resolved. Those events that describe how objects move from 20 

one process to another are simply modeled as flows. The resulting event classification is a 21 

network of alternations of event sets (modeled as processes) and flows, which is called 22 

directed graph (Diestel 2012), (Figure 3c, part i). The vertices of this graph are the processes 23 



22 

 

and the edges flows of objects between processes. The graph has the MECE property for a 1 

certain scientific field if a classification exists that groups each event of interest to that 2 

discipline into exactly one process or flow. The graph can be extended into a hierarchical 3 

event description, as single nodes and flows can be replaced by more detailed representations 4 

of these events, using a higher level of resolution of the H-MECE object classification. 5 

The event classification as directed graph allows us to describe processes indirectly in terms 6 

of flows of MECE objects entering and leaving them (Figure 3b). Instead of compiling a list 7 

of properties to exactly specify what it means that an object is involved in ‘car 8 

manufacturing’, for example, this event can be indirectly described as process by specifying 9 

the flows of objects entering and leaving this event set. The indirect process description as 10 

‘black box’ allows us to neglect the details of the event ‘car making’, like the time when 11 

neither the inputs to ‘car making’ nor the outputs exist (Figure 3a), and the semi-finished 12 

products and work in progress involved. These intermediate objects are typically not of much 13 

interest to SEM researchers, and are therefore poorly represented in MECE object 14 

classifications (e.g., by aggregated and vague categories such as “work in progress” and 15 

“others”). Still, they are important for the mass balance, for example. 16 

The objects exchanged between processes through flows are part of certain sets of the 17 

property-based HMECE object classification. Including these sets as ‘hubs’ for all flows of 18 

the same object type into the system graph gives a directed graph with two groups of nodes, 19 

process nodes and object nodes, which are linked by flows, a so-called bipartite directed 20 

graph (Figure 3c, part ii). Both directed and bipartite directed system graphs are common in 21 

models and databases of socioeconomic metabolism, and in Pauliuk et al. (2015) we explore 22 

the implications of choosing either structure in detail. Bipartite directed graphs allow 23 

researchers to record events in two separate classes: events that describe transformation of 24 

objects into other objects and those that describe the distribution of objects across the system. 25 



23 

 

Processes are used to describe the former class of events, and object nodes are used to 1 

describe the latter. The object nodes or ‘hubs’ in the bipartite directed graph allow 2 

accountants to monitor total input and output of certain objects across all entities within the 3 

system, irrespective of whether these entities show technological or geographical proximity. 4 

They may be interpreted as homogeneous markets for objects, which exist between 5 

transformation processes. The separation of events into transformation and distribution are of 6 

special interest to SEM researchers, as it allows different disciplines to use their own specific 7 

properties of interest and models to describe both transformation and distribution events, as 8 

illustrated in Figure 3a. We argue therefore that system descriptions of SEM as bipartite 9 

directed graphs can facilitate interdisciplinary studies of socioecological systems. For 10 

example, an engineering model could be used to describe the transformation of objects into 11 

other objects in industries, and economic models, like I/O or CGE models, could be used to 12 

determine how objects are distributed across consuming agents. The result would be different 13 

possible technology mixes, output levels, and trade flow patterns, all based on a physically 14 

reasonable description of the production process and an economically reasonable description 15 

of market processes. 16 

In Pauliuk et al. (2015) we show that the system graph that forms the basis of supply and use 17 

tables (SUT) is a bipartite directed graph and hence, an SUT always contains two groups of 18 

nodes: transformation processes (‘industries’) and distribution nodes (‘markets’). SUTs are a 19 

widespread accounting frameworks of SEM; they are, for example, at the basis of both I/O 20 

and hence also of CGE models (Miller and Blair 2009; Burfisher 2011). 21 

 22 

 23 

 24 
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<heading level 1> Application of the practical ontology 1 

The discussion has two parts. First, we return to the four conflicts among the existing 2 

definitions identified above, and show how our ontology can help to resolve these. We then 3 

comment on data modelling and storage and the structure of a common database for 4 

socioeconomic metabolism. 5 

<heading level 2> Basic definitions for socioeconomic metabolism 6 

<heading level 3> Conflicts 1-3 (incompatible, implicit, or lacking definitions): The 7 

general definitions of process, stock, and flow are based on sets, which makes them 8 

independent of specific disciplinary properties of the objects, like location in space or 9 

ownership, and hence suitable candidates for general definitions of terms for interdisciplinary 10 

research (Faber and colleagues 2005). If different disciplines can agree upon compatible H-11 

MECE object classifications, they can use these to define processes and flows and construct 12 

graphs that are compatible with the system structures of other fields. Recent work showed that 13 

Simapro and Gabi fail to implement a consistent matching of ReCiPe characterization factors 14 

to Ecoinvent emissions (Speck and colleagues 2015; Herrmann and Moltesen 2015), and that 15 

the root cause of the problem is a lack of H-MECE classifications for emissions and 16 

characterization factors, and a match between the two. The resulting matching conflicts 17 

include different levels of aggregation on the emissions side, different implicit hierarchy 18 

assumptions for environmental compartments, different matching decisions between rigid 19 

classification categories, and different assumptions on the oxidation state of metal ions in 20 

flows (e.g., antimony III vs. antimony V). 21 

By applying thresholds to intensive properties like mass or economic value per unit, objects 22 

and processes can be split into groups that are closer to common language use, like goods or 23 

services, or primary producers or recycling sectors (S1-3.7). Some of these refinements are 24 
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based on intrinsic properties and thus are valid in all disciplines, like the split of objects into 1 

those with and without mass. Others, notably those dependent on extrinsic properties, may 2 

change across the system and through time, like the declaration of byproducts as waste, 3 

emissions, or useful output, depending on their economic value or level of control by human 4 

agents. 5 

<heading level 3> Conflict 4 (confusion between object classes and specific instances): A 6 

central aspect of the ontology is the distinction between objects of interest and the way these 7 

objects appear in the system, measured through stocks or flows. Making this distinction 8 

explicit and clearly distinguishing between intrinsic and extrinsic properties helps to separate 9 

model-independent general information from specific disciplinary specifications and 10 

knowledge. This process would help to avoid the occurrence of redundant classifications and 11 

conflicting information on intrinsic object properties. The concept of services helps to further 12 

increase the flexibility of general object classifications, as shown in the supplementary 13 

material, section S1-3.6.  14 

<heading level 2>  Semantic annotation of socio-ecological data and the design of an 15 

interdisciplinary database 16 

In effective interdisciplinary research, harmonized data structures ensure that the quantitative 17 

information originating from the different scientific disciplines is analyzed, classified, and 18 

stored so that any user from any of the scientific disciplines involved can unambiguously 19 

evoke the phenomena described by the data and use this information in a new problem setting. 20 

This data modeling step is called semantic annotation, and it describes the ‘mapping of data 21 

to classes (concepts) in an ontology’ (Madin and colleagues 2008). Based on our framework 22 

of property classes, objects, and events, we propose guidelines for and features of future 23 

databases of interdisciplinary socioeconomic metabolism research: 24 
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 Widespread use of compatible H-MECE object classifications based on intrinsic 1 

properties can help individual research projects to keep a limited scope and high level of 2 

detail while contributing to the cumulative database of SEM. Presenting data inventories 3 

and case study results in a general object classification based on intrinsic properties could 4 

facilitate data exchange across projects and research fields. Already today, researchers 5 

from both physical and economic research fields refer to common classifications, such as 6 

the combined nomenclature (EC 2013). As a first step towards the common use of 7 

compatible object classifications, researchers publishing results should provide rich detail 8 

about the intrinsic properties of the objects studied to enable their peers to better 9 

understand the data and match them to their own classifications. For example, in a study 10 

describing the production of a specific car, it is more fruitful to record classification-11 

independent intrinsic properties of this car (mass, engine displacement, volume, etc.) than 12 

to speak vaguely of 'a typical car' or to merely record the category to which this car 13 

belongs in a given classification scheme. 14 

 Avoid ‘hard-coding’ of system boundary classifications that make distinctions based 15 

on extrinsic properties. These classifications include terms such as ‘emission’, ‘waste’, or 16 

‘byproduct’, and they are defined according to extrinsic properties (value, ownership, etc.). 17 

Instead, data should be recorded so that modelers from different disciplines can easily 18 

apply their own thresholds to classify objects, stocks, and flows into categories they find 19 

convenient to use (cf. S1-3.4).  The reason for that is that it seems unrealistic to many that 20 

there will be a science-wide consensus on how to define specific terms (‘waste’, ‘by-21 

products’, or ‘economic objects’), and how to draw system boundaries (What parts of an 22 

agricultural field are part of society and what parts belong to nature? Should water or air be 23 

included in society’s material consumption?). Explicit recording of the underlying extrinsic 24 

properties that guided researchers to apply a specific classification will allow others to re-25 
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classify objects and re-align system boundaries to produce tailor-made system descriptions 1 

and indicators that fit the research questions at hand. This avoidance of hard-coding also 2 

concerns the boundary between ‘nature and culture’, alias technosphere and nature, for 3 

example, in LCA, where practitioners have to decide on whether a landfill is part of one or 4 

the other (Sieferle 1997; Fischer-Kowalski and Weisz 1999; Scholz and Binder 2011; 5 

Fischer-Kowalski and colleagues 2011).  6 

 Better distinction between the abstract notion of objects and their position/role in the 7 

system. It is not correct to say that an object of interest is a stock or a flow, or that an event 8 

is a process, as stock, flow, and process are descriptions of objects in a systems context. 9 

Measurements quantify the objects’ properties and describe the appearance of objects by 10 

using stocks or flows in the system description. Measurements record extensive properties 11 

that quantify the system variables (how many cars in stock, how much value flowing) and 12 

extrinsic intensive properties (unit price, ownership, geographical location) (Figure 1 13 

right). Measurements also include assets (objects) within processes, for which extensive 14 

(production capacity) and extrinsic intensive (ownership, location, combustion efficiency) 15 

properties can be recorded. Often, however, extensive properties cannot be measured 16 

directly, but are derived from multiplying intensive properties with extensive properties 17 

that can be measured.5 Databases should separate extensive and extrinsic intensive 18 

properties (as recorded in measurements, cf. above) from intrinsic intensive properties of 19 

objects (molar mass, elemental composition). Redundant description of intrinsic intensive 20 

properties should be avoided. For example, the current practice in ecoinvent 3 is to define 21 

“Carbon dioxide, fossil, air, lower stratosphere & upper troposphere” (emission), “carbon 22 

dioxide, non-fossil, air, unspecified” (other emission), “carbon dioxide, liquid [kg]" 23 

(product), and “carbon dioxide, in air, natural resource” (input from nature) as separate 24 

                                                           
5 For example, the mass of some objects flowing from A to B can be derived from their value and unit price. 
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objects with separately recorded carbon concentration and molar mass. We recommend 1 

instead to reflect in databases of SEM the fact these occurrences are all variations of the 2 

same object in different contexts (extrinsic properties). From a data management point of 3 

view it seems preferable to describe only a single object CO2, with a unique record of its 4 

molar mass and other intrinsic properties (Figure 1, right). 5 

<heading level 1>  Conclusion 6 

Practitioners of different fields usually have a good intuitive understanding of the concepts 7 

presented here, and the lack of clear and non-contradictive definitions is often unproblematic 8 

as there is a common understanding and maybe even implicit definitions established by 9 

experience, accounting routines, and data formats. When working across fields, however, the 10 

conflicts we identified can lead to inconsistent redundancy of data, misunderstandings, miss-11 

classification of information, and ultimately, costly and inefficient research. A more 12 

sophisticated formal description of quantitative information will not only make it easier to 13 

read and process this information for humans and computers alike, it will also help to 14 

disseminate results and communicate with practitioners that are not used to the jargon that has 15 

evolved in different fields.  16 

The practical ontology can help data modelers to develop truly interdisciplinary system 17 

descriptions of socio-ecological systems and socioeconomic metabolism, which can be the 18 

basis for general accounting frameworks and databases.  19 
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