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ARTICLE INFO ABSTRACT

Assessing progress towards environmental sustainability requires a robust and systematic knowledge base.
Economy-wide material flow accounting (ew-MFA) is an established method to monitor resource use across
scales and its headline indicators are widely used in policy. However, ew-MFA is currently limited by its em-
pirical focus on annual flows of material and energy, because it neglects the pivotal role of in-use material stocks
of manufactured capital. Explicitly integrating in-use stocks enables new insights into a range of Ecological
Economics' topics, such as the biophysical assessment of socio-economic systems, the circular economy and
stock-flow consistent scenarios.

Herein, we conceptually and practically expand the ew-MFA framework towards jointly addressing material
flows, in-use stocks of manufactured capital and waste, using a fully consistent dynamic model of Material
Inputs, Stocks and Outputs (MISO-model). We review the stock modelling literature, propose a novel distinction
of stock-driven versus inflow-driven approaches and situate the MISO-model as the latter. We then investigate
the global dynamics of socio-metabolic flows and in-use stocks from 1900 to 2014, explore model sensitivities
and quantify and attribute uncertainty. Two exemplary scenarios are presented. Through these innovations for
ew-MFA, we enable a dynamic and comprehensive assessment of resource use, stocks and all wastes in the socio-
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economic metabolism.

1. Introduction

Developing and monitoring policies for sustainable resource use
requires a systems understanding about the dynamics of economy-wide
material and energy use, in-use stocks of manufactured capital, and the
resulting wastes and emissions (Bringezu et al., 2016; OECD, 2015;
UNEP, 2016). The concept of socioeconomic metabolism has been de-
veloped to investigate the biophysical basis of society from a systems
perspective (Ayres and Simonis, 1994; Brunner and Rechberger, 2017;
Fischer-Kowalski and Weisz, 1999; Pauliuk and Hertwich, 2015). The
framework of economy-wide material flow accounting (ew-MFA) is an
operationalization of this concept and is widely used to monitor re-
source use, inform policy and to assess progress towards sustainability
(Bringezu, 2015; Fischer-Kowalski et al., 2011; Haberl et al., 2004;
OECD, 2015; UNEP, 2016).

Conceptually, ew-MFA systematically covers the extraction of pri-
mary raw materials of biomass, metals, non-metallic minerals, and
fossil fuels, physical international trade, in-use stocks, and all resulting
wastes and emissions in a mass-balanced approach. Aside from the
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pioneering proof-of-concept study “Weight of Nations” (Matthews
et al., 2000), empirical efforts were focused so far mainly on im-
plementing and harmonizing the ew-MFA framework for extraction,
trade, apparent consumption and more recently, the so-called material
footprint or raw material equivalents of consumption (Fischer-Kowalski
et al.,, 2011; Martinico-Perez et al., 2018; Schandl et al., 2017;
Wiedmann et al., 2015). Research on in-use stocks, flows of secondary
recycled resources, and the systematic mass-balanced link to waste and
emissions have gained significance only in recent years (Dombi et al.,
2018; Fishman et al., 2014, 2016; Hashimoto et al., 2009; Kovanda
et al., 2007; Krausmann et al., 2017b).

Indicators on yearly resource flows derived from ew-MFA are re-
ceiving widespread adoption into policy since the first multi-national
studies were initiated by the World Resources Institute in the late 1990s
(Adriaanse and World Resources Institute, 1997; Matthews et al.,
2000). After a phase of methodological harmonization in the early
2000s (Eurostat, 2001; OECD, 2008), the framework was implemented
into official statistical reporting of national and international organi-
zations, among them the Japanese ministry of the environment, the EU,
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the OECD, and UNEP. Growing political awareness to environmental-
economic interrelations and the usefulness of ew-MFA indicators are
exemplified by, for example, the United Nations' Sustainable Develop-
ment Goal 12 on ensuring sustainable consumption and production
patterns (UN Economic and Social Council, 2016), OECD reporting on
green growth and material productivity (OECD, 2015) and reports by
the International Resource Panel of the United Nations Environment
Program (UNEP, 2016, 2011). In a number of countries, ew-MFA in-
dicators are also used in national policy formulation, such as the
EU2020 Flagship Initiative for a Resource Efficient Europe (European
Commission, 2011); the EU Circular Economy Action Plan (European
Commission, 2018a); a large number of European countries (Bahn-
Walkowiak and Steger, 2015); China's circular economy plans
(Mathews and Tan, 2016; Su et al., 2013); and Japanese 3R policies
(Ministry of the Environment Japan, 2016; Takiguchi and Takemoto,
2008).

However, it becomes increasingly clear that further advancements
in ew-MFA research are necessary to improve its relevance for science
and policy for a more sustainable resource use. This includes research
on in-use stocks of manufactured capital, the role of secondary material
flows within the socioeconomic metabolism, and the mass-balanced
assessment of all resulting wastes and emissions (Fischer-Kowalski
et al., 2011; Krausmann et al., 2017a). Such information will be useful
for a number of important topics in ecological economics:

For example, properly understanding the dynamics of in-use stocks
is crucial to provide meaningful and biophysically realistic pathways
for dematerialization and decarbonization (Hertwich et al., 2015;
Pauliuk et al., 2017) and efforts in developing ecologically grounded
macro-economic models are increasingly building on systematic bio-
physical descriptions provided by ew-MFA based assessments
(Dafermos et al., 2017; Haas et al., 2015). Assessing the societal out-
comes of economic development and resource use also becomes much
more robust when considering the specific history of societal resource
use (Mayer et al., 2017) and the in-use stocks available to society (Lin
et al., 2017; Miiller et al., 2011). Conceptually, this relationship has
been framed as in-use stocks providing services to society, for example
shelter or mobility, and continuous flows of energy and materials are
required to deliver these services (Haberl et al., 2017; Pauliuk and
Miiller, 2014). A sufficient and socially acceptable level of services
provided by a steady-state or even shrinking resource use and stock
patterns within ecological limits therefore constitutes an important
research frontier (O'Neill, 2015; O'Neill et al., 2018). However, sys-
tematic theory and knowledge on the nexus between Stocks-Flows-
Services is so far lacking (Haberl et al., 2017; O'Neill, 2015). Recently,
the concept of a circular economy is becoming more popular, which
makes a biophysical perspective on material and energy flows and in-
use stocks of manufactured capital a crucial component towards a
comprehensive assessment (Bruel et al., 2018; Geissdoerfer et al., 2017;
Haas et al., 2015; Pauliuk, 2018). For this purpose, the dynamics of in-
use stocks need to be explicitly addressed, because globally in-use
stocks of manufactured capital already require about half of global
resource use for their expansion and maintenance (Krausmann et al.,
2017b). Furthermore, stocks also lock-in energy and emissions for their
operation and their dynamics determine when and how much of the
large amounts of materials accumulated as manufactured capital be-
come available for re-use and recycling into secondary materials
(Krausmann et al., 2017b; Pauliuk, 2018).

Research into in-use stocks has increased substantially in the last
years, ranging from investigations of specific materials and substances,
different types of in-use stocks and local to global scales (see reviews by
Augiseau and Barles, 2016; Miiller et al., 2014a; Tanikawa et al., 2015).
Uncertainty and sensitivity assessments are also increasingly conducted
(Dzubur et al., 2016; Laner et al., 2014). However, for economy-wide
MFA, empirically incorporating and investigating the dynamics of in-
use stocks of manufactured capital is still in its infancy, where (some of)
the authors so far provided a “proof-of-concept” (Fishman et al., 2014)
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and the first comprehensive investigation of the global dynamics of all
in-use stocks in the socio-economic metabolism from 1900 to 2010
(Krausmann et al., 2017b). However, a proper conceptual and metho-
dological extension of the economy-wide material flow accounting
framework towards explicitly incorporating a dynamic modelling ap-
proach to investigating in-use stocks and all resulting wastes and re-
cycling flows, including a comprehensive quantification and attribution
of uncertainty, is still lacking.

Herein, we introduce the dynamic, inflow-driven, economy-wide
model of Material Inputs, Stocks and Outputs (MISO-model, version
1.0), which is developed as a fully consistent extension of the economy-
wide material flow accounting framework (ew-MFA), including sys-
tematic handling of uncertainty. In Section 2, we identify the research
gaps in ew-MFA which we address with this modelling approach, while
in Section 4 we review and evaluate available modelling strategies,
suggest a new classification of modelling approaches and identify and
situate the approach used for the MISO-model, which we then in
Section 5 describe utilizing the “overview, design concepts, and details”
(ODD) protocol for dynamic MFA (Miiller et al., 2014a).

We showcase the MISO-model by applying it to the global scale
from 1900 to 2014, covering all resource extraction and processing of
materials into specific uses, tracing 14 stock-building materials accu-
mulating in global in-use stocks of manufactured capital, and esti-
mating all resulting end-of-life wastes and recycling into secondary
stock-building materials (Section 6). Because validation and un-
certainty are crucial topics for economy-wide and dynamic MFA, we
extensively validate the MISO results against the literature and conduct
various sensitivity tests (see also SI). In Section 7, we quantify and at-
tribute sources of uncertainty to model results, utilizing the Spearman's
rank correlation coefficient for a first-order Global Sensitivity Analysis,
in order to identify the key parameters driving uncertainty and in-
forming next steps towards more robust estimates. We then showcase
the scenario capabilities of the MISO-model, by modelling some of the
quantitative implications of a hypothetical global stabilization of re-
source use versus a sustainable circularity scenario until 2050 (Section
9). Finally, limitations and next steps in the further development of the
MISO-model and ew-MFA, scenario efforts and improved uncertainty
handling are discussed (Section 9) and final conclusions are drawn.

2. Linking Accounting with Modelling: Integrating in-Use Stocks
into Ew-MFA

Ew-MFA has been designed to comprehensively account for material
and energy flows based on information from standardized statistical
reporting (e.g. agricultural, mining and energy statistics, trade statis-
tics, waste and emission statistics), usually provided by national sta-
tistical offices and international organizations (e.g. International
Energy Agency, Food and Agricultural Organization of the United
Nations, UN-Comtrade). Material and energy flows are accounted by
rigorously applying the mass-balance principle, to ensure a thermo-
dynamically correct representation of socio-economic systems. Ew-MFA
is designed to be part of the System of Economic Environmental
Accounting, and is therefore aligned with various socio-economic and
environmental indicators, most prominently with GDP (Eurostat, 2001;
OECD, 2008; Fischer-Kowalski et al., 2011; Krausmann et al., 2017a).
To allow for long-term and cross-sectional comparability of ew-MFA
results at any spatial scale, system boundaries and all derived indicators
have been clearly defined and internationally harmonized (Fischer-
Kowalski et al., 2011; Schandl et al., 2017).

So far, in most empirical research of the socio-economic metabolism
utilizing ew-MFA, the socio-economic system is simplified as a “black
box”, with a focus on flows into and out of the system, but neglecting
processes within the system (Krausmann et al., 2017a). Full descrip-
tions of materials' life stages have been developed for specific sub-
stances or materials, mainly for metals (Chen and Graedel, 2012; Miiller
et al., 2014a). Efforts are also ongoing which utilize physical (Altimiras-



D. Wiedenhofer et al.

Other socio-economic systems

Ecological Economics 156 (2019) 121-133

Domestic environment

‘ Socio-economic system

Import*

= |

DMI*

DE* bDMc*

Human population
Livestock

Stock changes

Biophysical structures of society
In-use stocks of manufactured capital

~! Export*

DPO

Fig. 1. The framework of economy-wide material flow accounting, adapted from (Eurostat, 2001; Fischer-Kowalski et al., 2011; OECD, 2008). Conceptually, all
socio-economic material flows are included to achieve mass balancing at the level of the socio-economic system, starting from ‘inputs’ covering domestic extraction
(DE) and import, to all ‘outputs’, including exports and all domestic processed outputs (DPO) of waste and emissions. Derived headline indicators are the domestic
material inputs (DMI) and domestic material consumption (DMC). However, empirical application is still partial (indicated with an asterix) and in-use stocks, their
dynamics and all domestic processed outputs are not systematically measured yet.

Martin, 2014; Giljum and Hubacek, 2004) and monetary (Eisenmenger
et al., 2016; Malik et al., 2018; Wiedmann et al., 2015) input-output
tables to open this black box, linking resource use with production and
consumption along (monetary) inter-sectoral relationships. However,
so far input-output based approaches also suffer from an incomplete
treatment of in-use stocks of capital and their dynamics and a fully
mass-balanced treatment of all waste and recycling resulting from
economy-wide resource use has only been achieved for specific cases
and materials (Majeau-Bettez et al., 2016; Nakamura and Kondo, 2009;
Pauliuk et al., 2015; Pauliuk and Miiller, 2014; Tisserant et al., 2017).
Ew-MFA research efforts meanwhile focused on developing and im-
plementing the comprehensive accounting methods across many dif-
ferent material flows and the derived indicators shown in (Fig. 1),
providing consistent time-series for all countries of the world
(Krausmann et al., 2017a; Schandl et al., 2017).

In current practice, ew-MFA databases cover domestic extraction of
primary materials, biophysical imports and exports, as well as derived
indicators (Fig. 1, linked flows marked with an asterisk). Economy-wide
material flows are classified into 45-50 material categories at the most
detailed level. These categories are usually presented at an aggregated
level of four major categories: biomass, metal ores, fossil energy car-
riers, and non-metallic minerals. The mass-balanced indicators of Do-
mestic Material Consumption (DMC = Domestic Extraction + Im-
ports — Exports) and Domestic Material Inputs (DMI = Domestic
Extraction + Imports) are routinely reported for nearly all countries of
the world and are widely used in policy and research (Krausmann et al.,
2017a; Schandl et al., 2017). Several international datasets with global
coverage have been compiled, with time series data from 1950
(Schaffartzik et al., 2014), 1980 (Giljum et al., 2014), and globally also
for the entire 20th century (Krausmann et al., 2018, 2009). Recently, an
internationally harmonized dataset for 1970-2013 (including fore-
casting until 2017) has been jointly compiled by the afore mentioned
research teams under the umbrella of UNEP (Schandl et al., 2017;
UNEP, 2016). This data can be freely accessed at http://www.
resourcepanel.org/reports/assessing-global-resource-use and is subject
to regular updating and reporting by UNEP.

While flows related to the in-use stock (gross & net additions to
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stock) as well as outflows from the socio-economic system (the
Domestic Processed Output to nature [DPO] indicator) are conceptually
included in the framework (Fig. 1, light grey boxes), they have so far
been addressed less frequently, due to lack of consistent data (Fischer-
Kowalski et al., 2011; Krausmann et al., 2017a). Consequently, stock-
related flows were mainly estimated as a net mass-balance between
inputs and outputs, suggesting full systems closure but actually ab-
sorbing any inconsistencies and uncertainties. As a consequence, in-
dicators and accounting methods for output flows are both less elabo-
rated and not standardized (Eurostat, 2001; Fischer-Kowalski et al.,
2011; Kovanda, 2017; Kovanda et al., 2007; OECD, 2008).

To further advance the ew-MFA framework, two major obstacles
need to be overcome. Firstly, a detailed analysis of each material or
substance and their transformations in the socioeconomic system seems
prohibitively time-consuming within a standardized economy-wide
approach, because currently no comprehensive data sources on primary
and secondary resource use throughout the socioeconomic system exist.
Recent research utilizing the general approach of material flow analysis
methods has instead focused on the quantification of case-specific
processes, end-uses, materials, and substances at various scales
(Augiseau and Barles, 2016; Chen and Graedel, 2012; Miiller et al.,
2014a; Tanikawa et al., 2015). However, a simplified and easily
transferable approach to cover all materials and whole economies
across space and time is necessary.

Secondly, there is a general lack of comprehensive information on
in-use stocks of manufactured capital and the related physical flows
(Augiseau and Barles, 2016; Miiller et al., 2014a; Tanikawa et al., 2015;
Weisz et al., 2015). Under the umbrella of dynamic material flow
analysis, different modelling approaches have been developed to in-
vestigate in-use stocks at different scales and with varying compre-
hensiveness and scopes (see next section). Until now, in ew-MFA in-use
stocks were not directly estimated. Rather, gross additions to and re-
movals from stocks are estimated as a material balance between ap-
parent consumption of materials and information on outflows sourced
from waste statistics — which has a range of limitations (‘stock changes’
in Fig. 1). While such a mass-balancing approach is a key conceptual
principle of ew-MFA, in practice it suffers from the fragmentary nature
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of international waste statistics and its lack of consistency with ew-MFA
system boundaries (Moriguchi and Hashimoto, 2016; Tisserant et al.,
2017). Such a flow-centered approach also does not provide direct in-
sights into the composition and dynamics of in-use stocks themselves,
which constitutes an important knowledge gap itself (Krausmann et al.,
2017a; Pauliuk and Miiller, 2014; Weisz et al., 2015). Against this
background, the extended ew-MFA framework presented herein has to:

a) respect thermodynamics and mass-balance principles across phy-
sical stocks and flows,

b) build upon the harmonized definitions and conventions of ew-MFA,

c) quantify in-use stocks of manufactured capital and their temporal
dynamics,

d) consistently quantify flows of secondary (re- or downcycled) mate-
rials in the socioeconomic system,

e) contribute to closing the knowledge gap in regards to domestic
processed outputs to nature.

2.1. Choosing the appropriate stock modelling strategy for extending ew-
MFA

Several reviews recently attempted to classify stock quantification
approaches (Augiseau and Barles, 2016; Miiller et al., 2014b; Tanikawa
et al., 2015). There seems to be a general agreement that methods and
models are either static or dynamic and that they are either top-down or
bottom-up. However, considerable fuzziness on exact definitions re-
main, not least because many studies use hybrid approaches. In prac-
tice, available data and research objectives often leave little choice for
method selection, regardless of the accuracy of the terms used to de-
scribe the model. Likewise, the objectives of the ew-MFA framework
and the availability of its data call for a certain type of stock-flow
model.

The information from ew-MFA on material consumption is derived
and harmonized from production and trade statistics in a static manner.
A given year's account is calculated independently from previous years,
rather than dynamically as a function of the values from previous years.
Static accounting methods have been utilized in stock modelling as
well. However, compared to resource extraction and trade, statistical
data on in-use material stocks are scarce, often of poor quality and often
cannot be linked to its physical properties. Some studies overcame these
limitations by utilizing inventories and surveys about goods, infra-
structure or buildings and information about their constituent mate-
rials. This can be done in a static bottom-up fashion, such as (Garcia-
Torres et al.,, 2017; Reyna and Chester, 2014) who sum individual
buildings to obtain the stock of cities. This is very data intensive and for
most countries these data do not exist in sufficient quality; therefore
very few attempts have been made to apply this approach at the na-
tional level (Tanikawa et al., 2015; Wiedenhofer et al., 2015). Some
authors have also applied a static top-down approach: for example,
(Ortlepp et al., 2015) disaggregated Germany's sum of floor space to
various construction types, while (Rauch, 2009) spatially allocated
shares of the national metal in-use stocks to areas, based on their local
GDP. Both static approaches can produce high-resolution stock esti-
mates, but their reliance on specific survey data and their static nature
cannot assure that the entire material stock and all flows are accounted
for. Indeed disparities between bottom-up and top-down accounts are
reported (Schiller et al., 2017). Static stock accounting can be done
even if inflow and outflow data are not available. However, this sup-
posed advantage also hampers harmonization with information on
physical inflows and outflows of waste (Augiseau and Barles, 2016;
Miiller et al., 2014b; Schiller et al., 2017; Tanikawa et al., 2015;
Wiedenhofer et al., 2015), as is one of the goals herein. Based on these
considerations, we find that static approaches are not that useful for the
purposes sketched out in the previous sections.

Another modelling approach, System Dynamics, seems quite at-
tractive because it incorporates flows, stocks, and their socio-economic
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drivers in a harmonized fashion. It can be used on multiple scales and
incorporates feedbacks to unravel non-linear and chaotic system be-
haviour. Indeed, it was one of the earliest methods used to model
country and global scale flows and stocks with the landmark “Limits to
Growth” study (Meadows et al., 1972). System Dynamics stock-flow
models for specific material markets like aluminum (Sverdrup et al.,
2015), rare earths (Nguyen and Imholte, 2016) and copper (Gloser-
Chahoud et al., 2016) have been developed. However, the requirement
of a full understanding of relationships between its components com-
plicates this approach. Efforts are ongoing to develop a fully functional
national-level Systems Dynamics stocks and flows model for the Aus-
tralian economy (Turner et al., 2011). However, the current level of
data aggregation in ew-MFA and the treatment of the economy as a
“black box” does not render the System Dynamics approach feasible
yet, because too much necessary information is not yet available.

A more simplified version of such a modelling approach is termed
‘dynamic material flow analysis’, which incorporates time is an active
model variable but does not incorporate feedback loops. Rather, dy-
namic MFA draws on the material balancing principle to complement
missing data, be it flows or stocks, using sets of time-dependent mate-
rial balance equations (Brunner and Rechberger, 2017; Miiller, 2006;
Miiller et al., 2014b). Differentiating between top-down and bottom-up
models is less trivial in dynamic MFA models but arguably also less
meaningful. Rather, the significant difference is which variables are
exogenous to the model (model input parameters, not to be confused
with biophysical inflows) and which ones are endogenous, i.e. calcu-
lated by the model (model outputs). Of the three variables (inflows,
stocks, and outflows), the model input parameters are either physical
inflows or stocks, while the remaining two variables are then en-
dogenously calculated. This distinction also suggests a more useful ty-
pology of modelling approaches: inflow-driven versus stock-driven
models, respectively.

In stock-driven models as popularized by Miiller (Miiller, 2006), the
stock is conceptualized as consisting of cohorts of service units which
have specific material compositions, for example vehicles or buildings
of differing age classes or cohorts. The development of these service
units are exogenous to the model and are based on surveys or other
statistical information. Because physical outflows are often not em-
pirically known, each cohort has its own failure curve to estimate its
outflows over time, or conversely, a survival or depreciation curve to
estimate the remaining stock (Miatto et al., 2017a). The cohorts' out-
flows in a given year are summed as the total outflow. Inflows are
endogenously calculated as the quantities required to maintain and
expand the exogenously determined level of in-use stock. This enables
not only to model the inflows that were required for historical stock
levels, but also the creation of what-if scenarios, i.e., what future in-
flows would be required to obtain a certain stock level, given a specific
survival curve. The exogenously given level of stock is often linked to
an exogenously given “driver”, such as population or economic devel-
opment and is thus sometimes referred to as demand-driven or activity-
driven modelling. This approach has been employed to a range of is-
sues, e.g. residential buildings (Heeren and Hellweg, 2018; Sandberg
and Brattebg, 2012), vehicles (Cabrera Serrenho and Allwood, 2016),
transport infrastructure (Yang and Kohler, 2008) and even sewage
systems (Lwin et al., 2017). The specific stock-driven approach by
(Miiller, 2006) has substantial conceptual benefits by directly linking
material stocks and flows with service units. However, modelling the
entirety of all in-use stocks and flows for a certain material in a socio-
economic system using this approach requires data covering all the
various end-uses and the related physical stocks and flows, making this
a highly data intensive approach. Because of these reasons, stock-driven
dynamic models as have rarely been applied to model economy-wide
stocks at the national level. Most national to global applications so far,
cover only certain fractions of in-use stocks (Augiseau and Barles, 2016;
Miiller et al., 2014b), or are only possible in countries which have long-
standing research efforts dedicated to building such databases (Schiller
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et al., 2016; Tanikawa et al., 2015). Stock-driven approaches are
therefore of limited use for the development of a comprehensive ap-
proach to integrating stock dynamics into ew-MFA which should be
applicable and transferable to many countries and over longer time-
periods.

Inflow-driven dynamic models on the other hand start with the
physical inflows as exogenous model inputs, information that can be
derived directly from existing ew-MFA and production statistics
(Fishman et al., 2014; Krausmann et al., 2017b). This means that the
cohorts, which are traced throughout the model, are the physical in-
flows into the stock in different time steps. The inflows then have an
exogenously given service lifetime and depreciate over time, becoming
physical outflows in the same fashion as in the stock-driven model. In
this method, the stock is an endogenously calculated output of the
model; it is the sum of all materials remaining in-use in the cohorts of
past inflows. Inflow data can be along socioeconomic end-uses car sales,
which are converted into mass of materials, which makes the account
more sector-oriented (Cabrera Serrenho and Allwood, 2016). However,
data can also be directly in terms of the mass of a material (e.g. steel or
concrete) and the allocation to end-uses is either then be calculated
within the model or not be calculated at all, treating the in-use phase as
a “black box”. Such a simplification adds flexibility to the types of
material flows and stocks that can be modelled; ranging from fabricated
products in various end-uses and scales such as steel (Daigo et al.,
2007), construction materials (Fishman et al., 2014; Krausmann et al.,
2017b), carbon in socioeconomic in-use stocks (Lauk et al., 2012), to
more specific issues such as carbon nanotubes (Bornhoft et al., 2016).
Such an inflow-driven approach also enables a what-if scenario design.
In this case, it explores the size of stocks as consequences of exogen-
ously given scenario assumptions about inflows and survival curves.
The inflow-driven model is therefore a compelling choice for the ew-
MFA framework, which reports flows at the material or even substance
level (e.g. concrete or steel) rather than the goods and end-uses that are
composed of these materials (e.g. I-beams, buildings, or cars), and the
specifics of end-uses are not a prerequisite — however they constitute an
important next step. This approach also lends itself well to the highly
aggregated character of ew-MFA, whose derived indicators are often
reported alongside other aggregate socioeconomic information such as
GDP.

2.2. The Dynamic Material Inputs, Stocks and Outputs (MISO) Model

In the following, we utilize the ‘overview, design principles and
details’ (ODD) protocol adapted for dynamic MFA (Miiller et al., 2014a)
(elements of the ODD are in bold). Due to space limitations, further
details on the data, sources, equations and specific procedures applied,
can be found in the SI 1.

Overview (MISO-model v1): The purpose of the model is to ex-
tend the ew-MFA framework by tracing the accumulation of processed
stock-building materials as in-use stocks of manufactured capital and
quantifying all processing, construction, and end-of-life wastes subse-
quently available for recycling. This requires a shift from differentiating
materials extraction and trade by their material properties, as is
common in ew-MFA, towards also characterizing key processing steps
and major uses. We utilize a two-step procedure, where we firstly apply
material flow accounting to characterize said uses, processes, occurring
losses and waste, to quantify all stock-building material flows. In the
second step, the model then handles primary and secondary stock-
building materials and the occurring manufacturing & construction
waste, within a dynamic inflow-driven framework, where annual co-
horts or cohorts of in-use stocks are traced. By utilizing service lifetime
distributions, end-of-life wastes from stocks are modelled, from which
secondary materials are estimated based on recycling rates.

Exogenous model inputs are: primary stock-building materials;
parameters on losses and wastes occurring in processing, re-manu-
facturing and construction; lifetime distributions; and recycling as well
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as down-cycling rates. Endogenous model outputs include: cohorts of
in-use stocks; end-of-life waste; as well as recycled and down-cycled
secondary material flows. We demonstrate our approach by tracing 16
of the 50 raw materials reported in ew-MFA (see Table S1 for details),
which are processed into the following 14 stock-building materials
(MISO-data v1.1, see SI).

® Biomass: solid wood and construction timber (1), paper and pa-
perboard (2),

e Metals: iron and steel (3), copper (4), aluminum (5), all other metals
(6,

® Fossil materials: plastics (7), bitumen and asphalt (8),

e Non-metallic minerals: cement and concrete (9), bricks (10), pri-
mary sand and gravel (11), down-cycled secondary construction
minerals (12), flat glass (13) and container glass (14).

The first step of expanding the ew-MFA framework consists of al-
locating all material consumption to selected major uses and further to
outputs of waste and emissions, in order to identify those material flows
related to stock-building, which are then in the second step directly
handled in the model. This means drastically simplifying the com-
plexity of material and energy flows through socioeconomic systems
and focusing on five key stages or processes in a first accounting step:
materials processing of domestically consumed materials into Energy
use and material use, stock-building and waste management. Please note
that items in italic represent stages, processes and flows in the systems
overview shown in Fig. 2. These stages are designed to be fully con-
sistent and complementary to information and indicators from ew-MFA
(items in grey, Fig. 2).

In the materials processing stage we summarize, simplify and quan-
tify the entirety of all industrial activities in which primary raw ma-
terials and secondary recycled materials are transformed for further
material-, dissipative- and energy use. Quantifying these flows is done via
accounting of ew-MFA data and various additional industry statistics
and literature sources (see SI), as well as combined information from
accounting and modelling of secondary end-of-life materials (green
items in Fig. 2). Materials processing covers the production of inter-
mediate goods (e.g. processing wood harvest into pulp or industrial
roundwood, smelting ores), as well as final products (steel bars for
construction, burning of bricks, refining raw oil into fuels and plastics).

Energy uses of materials cover all food, feed as well as technical
energy use, which are all ultimately subject to oxidation and catabolism
(combustion and digestion), from which emissions to air and the pro-
duction of liquid and solid waste necessarily result (Fig. 2). These
transformations and quantities of resulting waste flows can be esti-
mated from stoichiometric information, see Jacobi et al. (2018) and
Krausmann et al. (2018) for further information. Most of these flows are
subject to waste management in the broadest sense, e.g. ranging from
treatment of municipal household waste, filtering of exhaust fumes,
treatment of sewage, or in the future potentially even carbon capture
and storage technologies.

Considerable processing losses and waste are also explicitly quanti-
fied, e.g. waste rock and slags from smelting of primary ores and sec-
ondary end-of-life metals, CO, from the calcination of limestone for
cement production or water vapor losses during brick production
(Fig. 2). Please note that, for example, the recycling of manufacturing
scrap within industry is considered an internal flow of this aggregate
processing step, as it remains within the manufacturing process; it is
therefore not explicitly dealt with and subsumed within the mass-bal-
ance of this step. All processing losses and waste are subject to some
form of waste management, see below.

Material uses include all products not used as energy carriers and are
further subdivided into dissipative uses, short-lived products as well as
primary and secondary stock-building materials (Fig. 2). Dissipative uses
cover products such as fertilizer or salt for road maintenance in winter
and are by definition directly linked into the aggregate ew-MFA
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Fig. 2. System overview for the MISO-model as embedded into the extended ew-MFA approach. Items in grey indicate standardized indicators from ew-MFA. In the
two-step procedure used for the MISO-modelling, green items represent extensions of the accounting principles, which then yield information for the dynamic input-
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indicator Domestic Processed Outputs (DPO) (Fig. 2). Short-lived pro-
ducts typically remain in-use for a period shorter than one year and are
often discarded directly after use, e.g. newspapers, packaging, and
hygiene articles. Finally, all primary and secondary recycled stock-
building materials are identified and quantified (Fig. 2).

The stock-building stage is then handled directly in the dynamic
MISO model, which constitutes the second part of the two-step proce-
dure (blue items, Fig. 2). In this stage primary and secondary stock-
building materials go through an aggregate construction and (re-)man-
ufacturing process, where further losses and wastes can occur, while the
majority of materials become biophysical gross additions to stocks in the
form of annual cohorts of each material, e.g., as infrastructure, build-
ings, machinery or household goods (Fig. 2). Each cohort of in-use stock
is then subject to its specific service lifetime distribution, which re-
presents how long the specific stock-cohort remains in-use to provide
services to society. These lifetime distributions also determine when the
specific cohort turns into end-of-life waste from stocks.

Finally, in the waste management stage all physical flows from the
two-step procedure mentioned above are bundled and handled (com-
bination of blue and green in Fig. 2). We define this stage very broadly
and include all' societal efforts in managing and treating solid and li-
quid waste as well as gaseous emissions. Therein we quantify waste for
recycling and downcycling into secondary materials (Fig. 2, see SI for de-
tails and parameters), which are fed back into the materials processing
stage. We define recycling as the re-use and re-manufacturing of end-of-
life waste into the material of the same type and therefore it results in a
similar range of products as the primary material allowed for (e.g. re-
cycled steel, glass or paper). Downcycling covers materials that end up
in applications, which allow only for a much smaller range of further

1 Conceptually also oxidation and catabolism yield waste flows of emissions
and feces, which are subject to waste management in a broad sense (e.g. col-
lection, filtering technology in tailpipes and factories, sewage treatment).
However, we identified certain parts, where waste is not managed in any way
and can directly be allocated to outputs to nature, for example respiration or the
feces of free-range livestock. This is indicated in the flow from energy use to
DPO in Fig. 2.
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uses (e.g. crushing bricks and concrete into secondary aggregates,
which are used in the same manner as primary sand and gravel).

Materials that are not re- or downcycled are considered to be final
waste and comprise both actually landfilled and uncontrolled waste,
emissions into environmental media, e.g. from waste incineration or
after filtering of exhausting fumes and hibernating stocks. Hibernating
or ‘lost’ stocks are subject of ongoing research and cover all stocks
which are not used anymore but usually remain in place without
function and maintenance (e.g. abandoned buildings or other infra-
structure, landfills) (Daigo et al., 2015; Hashimoto et al., 2009). Due to
the lack of usable data on this issue, we treat these hibernating stocks as
a final waste in the MISO-model v1. Nevertheless, it would be very
interesting to quantify these hibernating stocks because they constitute
a secondary resource deposit (Krook and Baas, 2013). All final waste is
part of the ew-MFA indicator domestic processed outputs (DPO), which
also includes gaseous emissions from oxidation of fossil fuels and bio-
mass, human and animal excrements as well as dissipative uses of
products.

The two-step approach of the MISO-model can be applied at any
spatial scale; however, long-term ew-MFA data, usually longer than
the longest service lifetimes used, as well as all further required exo-
genous model inputs, are usually only available on the national to the
global scale (Supplementary Information 1 for details). In the example
below, we investigate the global scale. The model is fully-consistent
with system boundaries developed in ew-MFA in operationalizing the
socioeconomic metabolism (Fischer-Kowalski et al., 2011; Fischer-
Kowalski and Weisz, 1999). The temporal extent of the model appli-
cation ranges from 1900 to 2014, based on a spin-up period from 1820
to 1900 and two exploratory scenarios from 2015 to 2050. The tem-
poral resolution of the model is one year, which also yields the dif-
ference between short-lived products and in-use stocks — the latter are
in-use for more than one year (e.g. newspapers versus furniture).
Table 1 summarizes the design concepts used.

The key concept of dynamic material flow analysis and material
flow accounting also used in the MISO-model is mass-balance, where all
stock-building material flows sbm, manufacturing and construction
waste mcw, gross additions to stock GAS, stock change AS and end-of-
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Principles and concepts used for the MISO model, structured along the adapted ODD-protocol (Miiller et al., 2014a).

Basic principles

Comprehensive perspective of economy-wide material flow accounting, mass-balances across all processes and for the entire system

Modelling approach (static, dynamic)
Dissipation

Spatial dimensions

Uncertainty

Inflow-driven dynamic stock modelling for cohorts/vintages and materials

Dissipative processes are explicitly deducted before the inflow-driven modelling traces cohorts of in-use stocks.
Territorial system boundaries, mostly global to national, sub-national level is data limited, not spatially explicit.
Parameter uncertainty from literature and assumed.

Model output uncertainty quantified via Monte-Carlo Simulations.

Validation of results against available literature and via mass-balances.

Sensitivity assessments via several one-at-a-time tests and visual inspection of model behaviour.

Global Sensitivity Analysis approach used to attribute model output uncertainty to model input parameters.

life waste from stock EoL within each year t have to be balanced (Eq. (1)
and blue items in Fig. 2). Subsequently, mass-balance is also ensured
over the entire temporal extent of the modelling, which means that all
stock-building material inflows have to equal the in-use stock at the end
of the modelling, minus the total of all manufacturing and construction
as well as end-of-life waste, which occurred during the entire temporal
extent of the modelling.

(€Y

The second key concept is the use of service lifetime distributions,
which are widely used to model the rate of demolition for each cohorts
or vintages of in-use stock within a dynamic modelling framework
(Augiseau and Barles, 2016; Fishman et al., 2014; Krausmann et al.,
2017b; Miatto et al., 2017a; Miiller et al., 2014a) (Eq. (2)). In this case,
the in-use stock S of a given material at a time t is defined as the GAS
remaining over the entire temporal extent 7, from the start of the
modelling t, to the ‘current’ year t. This mathematical operation is a
discreet convolution. The CDF is then the cumulative distribution
function, yielding the probability that a cohort of material stock at the
time t is still in-use (t - 7). In the model, different survival curves with
different characteristics could be applied (Miatto et al. 2017), given
enough information for parametrization. In the MISO-model v1, we use
normal distributions, where p is the mean lifetime and o is the standard
deviation of the lifetime distribution of each cohort.

2 [GAS @) x (1 - CDF(W))]

=10

sbm, — mcw, = GAS, = AS, — EoL_waste_stock,

S
(2

Further details of the model ranging from fully documented equa-
tions along all materials, cohorts, time periods, to the implementation
of the Monte-Carlo Simulations framework, the specific data sources,
and a detailed documentation of our approach to sensitivity and un-
certainty can be found in the supplementary information 1. Table S4
also contains an overview of the main exogenous model input para-
meters used to quantify the results shown in the following sections.

3. Stock-Flow Consistent Dynamics of the Global Socioeconomic
Metabolism from 1900 to 2014

By applying the MISO-model extended ew-MFA framework, it is
possible to analyse the joint dynamics of stocks and flows in the so-
cioeconomic metabolism. We demonstrate these dynamics for the
global scale from 1900 to 2014, by extending previous work which
presented results until 2010 (Krausmann et al., 2017b). Additionally,
herein also glass materials are now included in the modelling, which
will yield slightly different results than in the previous study.

We find that materials processing, that is domestic extraction of
primary resources and all end-of-life recycling flows, increased globally
from 7.6 to 95.2 Gt/yr between 1900 and 2014, which is an annual
3.5% increase since 2010 alone (Fig. 3A). Secondary end-of-life re-
cycled materials only make up 6% of all materials processing in 2014,
indicating a continuously low degree of material loop closing (Fig. 3A).
This corroborates results of a recent ew-MFA based assessment of the
circularity of the global economy for 2005, which utilized only a

simplified delay-model to estimate the amounts of end-of-life waste
based on historical consumption of construction materials(Haas et al.,
2015). The quantitatively most important use of processed materials
has become stock-building, which increased from 1.2 to 49.8 Gt/yr, or
from 16% to 53% of annual globally processed materials between 1900
and 2014 (Fig. 3B). Global in-use stocks of manufactured capital
amounted to 928 Gt in 2014, a 26-fold increase since 1900 and an
annual 3.9% increase since 2010 (Fig. 3C). Please note, that the in-
clusion of glass materials results in slightly higher stock estimates than
in our previous study, with 802 versus 792 Gt for 2010 as shown in
(Krausmann et al., 2017b).These in-use stocks remain in service for
years to decades, therefore in 2014 end-of-life wastes from stocks were
at 16 Gt/yr much lower than gross additions to stock (Fig. 3D). The
model further calculated that in summary across all 14 materials ca-
tegories 39% of end-of-life wastes from stocks were re- and down-cy-
cled in 2014.

The results shown agree well with an extensive validation against
the available literature on in-use stocks of specific materials or sub-
stances (Cao et al., 2017; Gerst and Graedel, 2008; Geyer et al., 2017;
Gloser et al., 2013; Krausmann et al., 2017b; Lauk et al., 2012; Liu and
Miiller, 2013; Miiller et al., 2013; Pauliuk et al., 2013; Rauch, 2009;
Rauch and Graedel, 2007; Rauch and Pacyna, 2009). The detailed
comparisons can be found in the Supplementary Information 1.

4. Using Monte-Carlo Simulations and Global Sensitivity Analysis
to Quantify and Attribute Uncertainty

In our modelling framework we utilize Monte-Carlo Simulations
(MCS) to quantify uncertainty in model outputs due to variability in
model input parameters. We then apply several local sensitivity tests
and apply a Global Sensitivity Analysis to attribute sources of un-
certainty in model results to the respective model input parameters.

Based on an extensive literature review, uncertainty ranges for all
model inputs were derived and propagated to model outputs (see SI).
The required number of MCS to achieve relatively stable model output
results has been simulated at > 2000 simulations (see SI), herein we
used 10,000 simulations.

A number of methods for global and local sensitivity analysis are
available to better understand the behaviour of the model itself, to
consider variability in model outputs due to specific input parameters,
and ultimately to attribute all model output variations to different
sources of model input uncertainty (Borgonovo and Plischke, 2016;
Norton, 2015; Pianosi et al., 2016).

Herein, we investigate local model sensitivity, firstly by quantifying
the isolated effects of changes to the lifetime distributions on in-use stocks.
We find that even substantial changes to lifetime distributions, e.g. +50%
longer lifetimes, only increase stock estimates by 9% for the year 2014 (see
SI for a summary of 7 different sensitivity tests, Fig. S10). Secondly, we
check the sensitivity of stock estimates for each material against all re-
levant exogenous model input parameters, to check for non-uniform and
unexpected model behaviour (Pianosi et al., 2016). We conclude that there
seem to be no locally specific nor unexpected sensitivities of the model
outputs to certain parameter spaces (see SI, Fig. S10).
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be found in the SI.

Herein, in terms of Global Sensitivity Analysis, we utilize
Spearman's rank correlation coefficient to attribute first-order effects on
the uncertainty of in-use stocks and end-of-life waste from stocks to the
relevant exogenous model input parameters. This procedure under-
estimates higher order interaction effects between model parameters
(Borgonovo and Plischke, 2016; Saltelli and Sobol, 1995). However,
due to an insufficient empirical basis to properly quantify uncertainties
and probability density functions for all exogenous model inputs, we
would argue that more complex methods for Global Sensitivity Analysis
(Dzubur et al., 2016; Norton, 2015; Pianosi et al., 2016), are not yet
appropriate (see Section 9 on next steps).

We find that for total uncertainty of global total in-use stock estimates,
the most important materials are aggregates and bricks, and in the second
half of the 20th century also concrete and asphalt (Fig. 4A). In terms of
model input parameters, uncertainties about lifetime distributions and
primary material inflows are the major factors for overall in-use stock
uncertainty, while secondary material inputs and recycling rates, which

are partially dependent on each other, seem to be minor factors (Fig. 4B) —
however the potential for higher-order effects between these partially
dependent parameters should be checked with more complex Global
Sensitivity Analysis methods. We also find that for the uncertainty of end-
of-life waste from stocks, variability in lifetime distributions are the
dominant source of variation, while uncertainty of total in-use stocks are
only responsible for about 10% of total uncertainty (Fig. 4C), which is line
with previous research (Miatto et al., 2017a).

Similar tests for each of the 14 different materials under investiga-
tion show some differences in the main sources of uncertainty, which
are also changing over time depending on the accumulated level of in-
use stock of each material and the mean lifetime of each material (see
SI, Figs. S8-9). Uncertainties in lifetime distributions and in primary as
well as secondary material inputs to stocks are usually the most im-
portant model input parameters for the resulting uncertainty of in-use
stocks (see SI, Fig. S8). For end-of-life waste from stocks, uncertainty in
in-use stock estimates and variability introduced by the lifetime
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distributions are clearly the most important factors determining un-
certainty of end-of-life waste estimates provided by the model, also
when checking the individual materials (see SI, fig. S9).

5. Using the MISO-Model to Explore Possible Futures of the
Socioeconomic Metabolism until 2050: Two Exemplary Scenarios

The MISO-model is also designed to explore future option spaces for
the socioeconomic metabolism by providing stock-flow consistent and
biophysically feasible scenarios. Clearly, any desirable sustainable fu-
tures will require more services provided by in-use stocks of manu-
factured capital (e.g. adequate housing, clean energy, ...), while abso-
lutely reducing environmental pressures and impacts (Akenji et al.,
2016; Haberl et al., 2017). These multiple goals require careful as-
sessment and delineation, which go beyond the scope of this paper and
will require substantially expanded modelling capabilities. Herein, we
present two exemplary scenarios to showcase the MISO-scenario ap-
proach and show the importance of taking stock dynamics into account.

Firstly, we model a resource use stabilization of primary resource use
at the global scale. This is a key part of ongoing discussions about
contraction and convergence where industrial countries would reduce
their resource use to enable catching-up of developing countries while
keeping global environmental pressures stable (UNEP, 2011). Along
this line, in this scenario we assume that global primary stock-building
material consumption is stabilized and all other parameters of the
model remain at their levels in 2014, which would already constitute a
major effort in the face of continuous and unabated growth of global
resource use (Schandl et al., 2017).

In this Resource use stabilization scenario, end-of-life wastes from
stocks more than double until 2050, from 15.7 Gt/yr in 2014 to
34.5 Gt/yr in 2050 (Fig. 5D). These materials are partially recycled into
secondary stock-building materials (Fig. 5B). The increase in secondary
materials in combination with the constant inflow of primary stock-
building materials® (Fig. 5A) results in a slight increase of annual stock-

2 Please note that the demand for primary aggregates is calculated from the
gap between secondary aggregates available and the requirements for sand and
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building from 49.8 Gt/yr in 2014, to 54.1 Gt/yr in 2050. Subsequently,
global in-use stocks are projected to double from 928 Gt in 2014, to
1869 Gt in 2050. However, final waste remaining after recycling also
doubles to 23.2 Gt/yr in 2050 (Fig. 4E). Despite this assumed stabili-
zation of primary resource use, pressures on the environment are
therefore expected to further increase, because of the modelled dou-
bling of waste flows, which require treatment and management for
recycling and deposition. On the positive side, the projected doubling of
in-use stocks indicates substantially expanded capabilities to provide
services to society.

Secondly, we explore the role of stocks in a simplified sustainable
circularity scenario, where we assume that globally re-use and recycling
are strongly implemented, enabling an absolute reduction of primary
resource use. This scenario would go a long way towards ecological
sustainability due to massively reduced environmental pressures asso-
ciated with resource extraction and waste production. For this purpose,
we assume that re- and downcycling rates increase to 90% between
2015 and 2030 and primary material use decreases by —90%. Both
parameters are then held constant until 2050.

In this sustainable circularity scenario, final waste flows after re-
cycling are substantially reduced to only 2.8 Gt/yr in 2050, or 24% of
the modelled amounts in 2014 (Fig. 5E). Due to aging in-use stocks and
drastically improved recycling, increasingly more secondary materials
become available for stock maintenance and even expansion (24 Gt/yr
in 2050), in spite of the assumed absolute reduction of primary material
inflows to only 6.6 Gt/yr (Fig. 5A,B,D). Subsequently, global in-use
stocks still increase by 42% compared to 2014, to 1314 Gt in 2050
(Fig. 5C). Interestingly, these modelled levels of in-use stocks are only
1/3 lower than in the resource use stabilization scenario. This shows that
in this simplified sustainable circularity scenario, substantial progress
towards sustainability can be achieved if the circular economy is

(footnote continued)

gravel due to the quantities of asphalts, bricks and concrete, as well as sub-base
and base-course layers (see SI for details). Therefore, the global stabilization
scenario shows slight reductions of primary stock-building materials (Figure
5A), caused by the increased availability of secondary aggregates due to in-
creasing end-of-life wastes from stocks and their recycling.
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implemented with the goal to absolutely reduce resource use. At the
same time, a further expansion of in-use stocks required to provide
more services to a growing global population is easily possible.

These two examples show, how the MISO-model provides stock-flow
consistent scenarios on potentially more sustainable resource use pat-
terns and why taking stock dynamics explicitly into account is so im-
portant to understand potential futures. A number of additional sce-
nario parameters are available in the MISO-model: while obviously all
exogenous model input parameters can be used as scenario drivers and
the endogenous model outputs are then the scenario results, as in the
two examples above, these endogenous results could also be used as
‘targets’ to explore the respective biophysical stock-flow requirements,
however these efforts are beyond the scope of this paper.

6. Limitations and Next Steps

As shown, the MISO-model currently yields results on in-use stocks
of materials and the resulting end-of-life waste and recycling flows at
the global scale. Next steps include investigations of world-regions and
countries, using available ew-MFA databases and country-level in-
dustrial production statistics, as well as the development of more so-
phisticated scenarios.

In regards to the handling of uncertainty, in the MISO-model Monte-
Carlo Simulations are successfully used to propagate uncertainty about
exogenous model input variables throughout all endogenous modelling
results. Issues of uncertainty have been further assessed by in-
vestigating local and global model sensitivities and by attributing the
uncertainty of model results to input data and model parameters, in
order to inform next steps in data gathering and model improvements
(see section 7 and SI). Importantly, currently the uncertainty ranges for
exogenous model parameters are derived by combining available lit-
erature and expert judgements (see SI and (Krausmann et al., 2017b)
for details). This means that current results on uncertainty and sensi-
tivity are only a first step in method development and understanding
model behaviour. An improved empirical basis for uncertainty quanti-
fications needs to be developed, as part of a larger effort in system-
atically handling uncertainty in MFA and dynamic MFA modelling
(DZubur et al., 2016; Krausmann et al., 2017a; Laner et al., 2014). Both,
empirically derived uncertainty estimations and further differentiation
of physical flows and stocks by stock-types and spatial scale will be part
of these improvements. Applying more complex Global Sensitivity As-
sessment methods to quantify, analyse and assess uncertainty and
sensitivity would then become justified and insightful (Borgonovo and
Plischke, 2016; Dzubur et al., 2016; Laner et al., 2014; Pianosi et al.,
2016).

A more substantial next step is the introduction of a more functional
perspective on in-use stocks, for example by discerning machinery,
mobility infrastructure from residential and commercial buildings.
Practically, this requires information on the specific uses of stock-
building materials, e.g. clarifying which quantities are used to build
which kinds of stocks. A comprehensive implementation for all stock-
building materials covered herein can build on previous work for spe-
cific materials and stock-types (Cao et al., 2017; Cullen et al., 2012;
Cullen and Allwood, 2013; Liu and Miiller, 2013; Miatto et al., 2017b;
Pauliuk et al., 2013). Such a stock-type differentiation would enable
using not only normal lifetime distributions, but also log-normal,
Weibull, or Gompertz distributions, depending on the specific stock-
type and subject to available information for parametrization (Miatto
et al., 2017a).

While it has been shown that different functional forms used as
lifetime distributions do not substantially affect the results for in-use
stocks, modelled dynamics of end-of-life waste can differ substantially
(Miatto et al., 2017a). Because official waste statistics are often in-
complete and of poor quality (Moriguchi and Hashimoto, 2016;
Tisserant et al., 2017), the comprehensive and mass-balanced systems
approach presented herein would then provide more robust estimates
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for waste and recycling flows.

Such a mass-balanced economy-wide assessment of all socio-eco-
nomic stocks and flows could then be used to inform efforts in mon-
itoring and assessing the global to national biophysical circular
economy (Haas et al., 2015), which is currently being implemented by
the European Union as part of the Circular Economy policy package
(European Commission, 2018b; Jacobi et al., 2018; Mayer et al., in
print). The MISO-modelling could then provide consistent estimates of
the non-linear dynamics of end-of-life waste and recycling potentials
due to aging stocks, additional to incomplete information from waste
statistics and to provide estimates of future waste and circularity po-
tentials as well as scenarios.

7. Conclusions

Economy-wide material flow accounting and derived indicators
have so far focused on quantifying resource extraction, physical trade,
apparent consumption and so-called material footprints. Herein, we
present a systematic extension of the established ew-MFA framework,
utilizing a dynamic inflow-driven modelling of Material Inputs, Stocks
and Outputs (MISO-model v1). This model enables a fully mass-ba-
lanced tracing of materials from extraction, trade and consumption,
throughout stock-building, accumulation as in-use stocks of manu-
factured capital, as well as subsequent non-linear temporal dynamics of
end-of-life waste and recycling potentials. Monte-Carlo Simulations and
Global Sensitivity Analysis are used to quantify, evaluate, and attribute
uncertainty to model data and parameters. The model is designed in a
flexible manner and can be applied at any scale, given sufficient long-
term material flow data availability — which usually are available on the
national to global level.

In this paper, we applied the MISO-model to the global socio-eco-
nomic metabolism to estimate in-use stock, recycling and waste dy-
namics from 1900 to 2014, extending previous work beyond 2010
(Krausmann et al., 2017b). We find that since the year 2010, primary
resource use and secondary materials increased by 3.5% on average per
year, further eroding global sustainability. The share of secondary re-
cycled materials in total inflows is at around 6%, indicating a con-
tinuously low level of loop closing since a previous global assessment
for 2005 (Haas et al., 2015). At the same time, global in-use stocks of
manufactured capital grew at ~3.9% per annum since 2010, providing
more and more services to society, but also driving future resource and
energy use and waste potentials.

We further showcased how the MISO-model can be used for pro-
spective scenarios by taking the crucial role of in-use stocks of manu-
factured capital for the dynamics of the socio-economic metabolism
seriously. Interestingly, in an exploratory prospective sustainable circu-
larity scenario, a radical dematerialization of —90% reduction of pri-
mary stock-building materials, coupled with substantial improvements
in global recycling systems, still results in 42% in-use stock expansion
until 2050. This means that even absolute reductions of resource use,
which would be tremendous progress in terms of reducing environ-
mental pressures, still can go hand in hand with increases in global in-
use stocks of manufactured capital and therefore improved infra-
structure, continuing urbanization and an expansion of services pro-
vided by stocks (e.g. mobility, shelter, ...).

In conclusion, the MISO-extended ew-MFA approach can now make
substantial next steps towards fulfilling the systematic, mass-balanced
and dynamic systems perspective included in the theoretical basis of
this method (see Section 2 and (Fischer-Kowalski and Weisz, 1999;
Pauliuk and Hertwich, 2015; Pauliuk and Miiller, 2014). These new
capabilities then constitute a starting point for innovative contributions
to exploring the Stock-Flow-Service Nexus (Haberl et al., 2017) and
identifying biophysical option spaces towards a more sustainable so-
cioeconomic metabolism.
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