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Executive Summary
Modern society depends upon a reliable supply of a wide spectrum of different materials.
Some important minerals or raw materials in that spectrum have an increased risk of
supply shortage due to resource exhaustion or trade barriers, and these are called critical
materials. Examples of critical materials include indium, tantalum, or rare earth metals.
To assess whether a material is critical or not we need to understand both its importance
for society and its supply risk.
Critical materials are typically used in small quantities in particular applications. Their
production volumes are much smaller than those of the bulk materials concrete and steel
and production statistics alone may therefore not be good indicators of a material’s
importance for society. Current market prices of materials may not reflect future supply
risk. To assess material criticality and to identify how to mitigate it we need to develop
indicators of a material’s importance and supply risk that are more sophisticated than
production flows or price data. These criticality indicators are new and not readily
available from statistical sources, and we need models to determine them. These models
should include the following features:
High level of detail: Many critical materials are used in small to moderate quantities in
very specific but important applications. The spectrum of their application is rapidly
expanding due to scientific and technological progress.
Global scale: Critical mineral resources are often located in a few countries only, and
trade restrictions or political instability in those countries may limit other countries’
access to these resources. A material’s supply risk also depends on global demand,
which in turn depends on economic development in all world regions.
Material cycles: Today’s in-use stocks represent a domestic resource that contains the
material resources of tomorrow. In order to understand to what extent recycling can
mitigate criticality we need models of anthropogenic material cycles that include the
growth and ageing of in-use stocks, management of end-of-life products, and recycling
industries.
Long-term dynamics. Prospective assessments of material criticality require
understanding of long-term trends in technology development and deployment,
development of mineral resources, dynamics of in-use stocks and end-of-life product
flows, and geo-political changes.
Material criticality assessments require solid knowledge about the physical stocks and
flows of the materials in different regions and their development over time. The system
of anthropogenic stocks and flows is called socio-economic metabolism. This framework
considers the economy as complex system where material and monetary flows are
exchanged and transformed by different agents. Socio-economic metabolism provides
the methodological basis for assessing the physical aspects of material criticality.
We reviewed the different established model families that fit under the umbrella of socioeconomic metabolism regarding their suitability for criticality assessment. We found that
none of the established modelling families including material flow accounting; material
flow analysis (MFA); life cycle assessment (LCA); multi-regional input-output analysis
(MRIO); integrated assessment models (IAM); and system dynamics models include all
four features listed above. All of them, however, include at least one of the four features
or have other properties that make them interesting for determining criticality indicators.
We extensively reviewed different extensions and applications of the general model

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 5 of 65

families and found substantial overlap regarding their underlying system definitions and
system coverage. The review included material flow accounting and analysis (MFA),
integrated hybrid life cycle assessment (LCA), multi-regional input-output analysis
(MRIO), mixed unit input-output analysis (MUIO), and waste-input-output models (WIO).
We propose how some of the model families and extensions can be merged into a
common framework for determining criticality indicators. This new model framework is
called dynTHEMIS, which is an acronym standing for ‘dynamic Technology-Hybridized
Environmental-Economic Model with Integrated Scenarios’. It consists of three modules.
(1) The first module contains all inter-industrial flows, industrial activities, and markets.
It combines mixed unit input-output models, waste input output models, and
multiregional input-output models. It contains a representation of the entire global
economy including all waste treatment and recycling activities. It allows the user to add
process-specific data where necessary, while at the same time, it maintains an economywide scope.
(2) The second module is a dynamic stock model of the use phase that contains all
anthropogenic products and materials stored in households, industrial and organisational
assets, government institutions, and public infrastructure. The use phase module is
connected to the flow module in three ways: 1) all final demand of products from the
flow module is consumed by products or agents in the use phase, 2) all post-consumer
waste from the use phase is sent to waste treatment activities in the flow module, and 3)
the assets in the use phase provide capital service to industrial activities in the flow
module.
(3) The third module is a scenario engine which contains time series of exogenous model
drivers taken from established scenario families. It also contains routines to add detail to
the model drivers such as specific choices for technology deployment, and it has
functions that determine how the products and processes descriptions in the stock and
flow modules change under different scenarios. When implementing dynTHEMIS, we
draw upon many years of experience in the different modelling fields above that is
present at CML and NTNU.
The three modules of dynTHEMIS are described in detail. They will be implemented in the
open-source programming language Python that is increasingly used in science. This
choice can facilitate the wide-spread use of dynTHEMIS or parts of it within the research
community. To efficiently compile data for the different material cycles and to integrate
them into dynTHEMIS we developed and describe a set of templates for MS Excel.
The aim for DESIRE work package 6 is to build a first running version 1.0 of dynTHEMIS
and to use it to quantify the socio-metabolic criticality indicators defined in D6.1 for the
materials indium, tantalum, and copper.
dynTHEMIS brings together different physical extensions of input-output analysis,
including waste-input-output models; mixed units input-output models; and multiregional input-output models. These models were developed independently of each other,
and some of them show substantial overlap, as the FORWAST and the WIO model. The
systematic overview of different IO models presented here may help to view these
models from a broader point of view, to understand their specific features, and to design
combinations of the different models for specific applications. dynTHEMIS is a
combination of different physically extended IO models that is especially suitable for
material criticality assessment.
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1

Introduction

1.1

Socio-economic metabolism as modelling paradigm for
assessing material criticality

Human activities including nourishing; residing and work; transportation and
communication; and waste management form the physical basis of human well-being
(Baccini and Brunner, 1991; Brunner and Rechberger, 2004). The man-made material
and energy flows and the processes that constitute these activities are called the
anthropogenic or socio-economic metabolism. It can be broken down into the use phase
that comprises all man-made artefacts; industries and markets whose main purpose it is
to transform natural resources into useful products and to distribute them; and waste
treatment activities and markets that treat and distribute all accruing waste flows (Figure
1) (Pauliuk et al., 2014b).
In-use stocks play a central role in the socio-economic metabolism. They provide direct
services to people, e.g., dwelling space, transport, entertainment, as well as indirect
service in form of capital service to industries. They represent significant material stocks
and their turnover determines both the speed at which new technologies can be
implemented and how much material can be recycled (Pauliuk and Müller, 2014). To
assess material criticality one needs to quantify domestic material stocks and model how
they may evolve over time according to different scenarios. Then one can build a model
of the domestic material cycles that include the production and recycling infrastructure
that is required to build up, maintain, operate, and recycle in-use stocks. In a final step
one can estimate future demand for domestic and imported mineral resources and
quantify the physical criticality indicators from the scenario results.

Figure 1: Generic system definition of a materials cycle. Adapted from: (Mao and Graedel, 2009; Mao et al.,
2008; Müller, 2006; Pauliuk, 2013).

Critical materials are generally only ever used in moderate to small quantities and
material and monetary flows related to critical materials are hidden in the noise of salient
socio-economic indicators like domestic material consumption (DMC) or gross domestic
product (GDP). Assessing material criticality therefore requires detailed models of the
socio-economic metabolism to understand the anthropogenic cycles of critical materials
and to quantify criticality-specific indicators. In particular, the following central aspects
need to be considered (Deetman et al., 2014):
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High level of detail: Many critical materials represent critical linkages in the
socio-economic metabolism as they are used in very specific and important
applications. Examples include permanent magnets (Nd, Pr), flat screens (In),
solar cells (Ga, Te), and catalysts (Pt, rare earth metals).
Global issue: Ultimately, material criticality is determined by the interplay of
global demand and global resource availability. This interplay is strongly
influenced by the geopolitical conditions such economic development in different
world regions, political instability in regions with significant mineral resources, or
trade restrictions between regions.
Full material cycles: To quantify resource use and environmental impacts
associated with a specific material, it is necessary to include all important drivers
of material demand and abatement options. One therefore needs to describe the
entire anthropogenic material cycle of production, use, and end-of-life treatment.
Long-term dynamics. Technologies take time to mature and once deployed,
they determine the patterns of material consumption in certain economic sectors
for several decades. Understanding material criticality therefore means
understanding long-term trends in technology development and deployment,
discovery and development of mineral resources, dynamics of in-use stocks and
end-of-life product flows, and geo-political changes.

Outline of this report

This report covers tasks 6.2 and 6.3 of the DESIRE Project:
Task 6.2 - Identification of data availability and issues on metal use and supply
Task 6.3 - Connecting the SFA model with the IOA model
It prepares the main report of work package 6 on assessing the criticality of selected
materials. It has four sections:
In section 1 (Introduction) we
• review previous approaches of quantifying stock- and flow-based indicators under
the umbrella of socio-economic metabolism (1.3)
• identify gaps in previous research and outline how we intend to fill these (1.4)
In section 2 (The dynTHEMIS model framework) we
• introduce the system definition of the dynTHEMIS model family (2.1)
• present the components of dynTHEMIS 1.0 (2.2)
• describe the exogenous model drivers of dynTHEMIS 1.0 (2.3)
• present the central model equations of dynTHEMIS 1.0 (2.4)
• comment on the treatment of uncertainty (2.5)
• comment on how the results of dynTHEMIS are used to determine the material
criticality indicators listed in D6.1 (2.6)
In section 3 (Data requirements and availability) we
• provide a list of required and available data on both the macro and micro level
In section 4 (Implementation and work division) we
• present our selection of tools for implementing the model (4.1)
• present our selection of data classifications and the data collection templates (4.2)
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Review of modelling families that determine sociometabolic indicators

We first discuss to what extent the main model families that describe the socio-economic
metabolism are suitable to quantify material criticality (section 1.3.1). We then review
specific extensions of those families that were developed for other purposes than
criticality assessment regarding their usefulness for the task at hand (section 1.3.2). In
section 1.3.3 we review several specific approaches to quantify criticality-related sociometabolic indicators that are of direct relevance for this work package.
Covering the long-term dynamics of material cycles requires anticipation of the future
development of material use, production, and recycling. It is therefore the one of the four
criteria specified above which is most difficult to include, and special attention will be
given to how the different model families handle dynamic development. The socioeconomic metabolism sees the anthroposphere as complex adaptive system (FischerKowalski and Weisz, 1999; Pauliuk et al., 2014b) and this type of system can contain a
multitude of feedback mechanisms and potential tipping points (Barnosky et al., 2012;
Lenton and Ciscar, 2012). Scenario modelling acknowledges this complexity (1) by
explicitly breaking up feedback loops or linearising systems, and (2) by stating that the
results do not have predictive character or are realistic or likely. Instead, scenario results
should be seen as possible future outcomes, because they are feasible under the
constraints that were maintained when the system description was simplified. The aim of
scenario modelling is not to forecast development or to identify most likely future
outcomes, but rather to develop a set of storylines and determine possible future
development of the model parameters under that storyline. Those aspects of the system
that are sufficiently well understood, such as mass balances and other physical
constraints or information on the different processes, are included into the model and are
not part of the story line. The well-known mechanisms and facts include the turnover
speed of industrial assets (Davis et al., 2010); the potential for material recycling (S
Pauliuk et al., 2013a); mineral reserves; and the coupling between energy demand for
mining and decreasing ore grades (Elshkaki and Graedel, 2013; Graedel et al., 2012;
Nassar et al., 2012; Norgate, 2010). In addition some less well understood parameters,
effects, and potential feedbacks need to be considered to make the scenario analysis
valid and robust. These include the relation between human well-being and in-use stocks
or consumption levels and the effect of material substitution and other technological
processes on future material demand.

1.3.1

The model families related to socio-economic metabolism
and their relation to material criticality assessment

Summary: None of the established modelling families material flow analysis (MFA),
material flow accounting or economy-wide MFA, life cycle assessment (LCA), multiregional input-output analysis (MRIO), integrated assessment models (IAM), and system
dynamics models can provide physical criticality indicators that include all four aspects
specified in section 1.1. All of them, however, show features that a model for determining
criticality indicators should have. The dynTHEMIS model presented in section 2 will take
up those features and merge them into a common framework.

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 9 of 65

Material flow analysis (MFA) analyses the stocks and flows of specific materials in a
well-defined system (Baccini and Bader, 1996; Baccini and Brunner, 2012; Brunner and
Rechberger, 2004). Most published models of the anthropogenic cycles of different
materials are MFA models that follow the general system definition in Figure 1. This
general system setup can be used in static models, where the flows and the additions to
stock are quantified for a specific year and region, and dynamic models, where the flows
and stocks within the system are tracked over many consecutive years (Elshkaki, 2005;
van der Voet et al., 2002). MFA studies focus on a specific metal or product and often,
they cover the entire anthropogenic cycle of the material studied. The selection of which
processes are to be included within the system boundary depends upon the metal or
product studied, and often, the definitions of processes and goods do not match the
established industry or product classifications. This can make it difficult to compare the
results of different MFA studies and to combine MFA studies with other models of similar
scope, such as IO models. The processes in MFA models always respect the mass balance
for the metal studied, but little or no detail on other requirements and emissions is
included. Scenario analysis for possible future metal cycles is commonly applied, and
sometimes, it includes simple assumptions on technological change for the different
industries. Müller and colleagues (2014) provide a detailed overview of the research in
this field.
Scenarios that describe possible future metal cycles need to be built with models that
consider in-use stocks of metals and their dynamics (Pauliuk and Müller, 2014). Dynamic
stock models that track different age-cohorts and their respective lifetime are state of the
art in dynamic MFA, which makes this model family very suitable for scenario modelling.
They are also common in capital stock modelling and system dynamics, where this model
type is called ‘perpetual inventory method’ (Pauliuk et al., 2014c). There are two
common ways of building scenarios using dynamic stock models with age cohorts and
lifetimes: The first way is to extrapolate the inflow into the stock into the future by
coupling it to an exogenous model driver such as GDP per capita. The lifetime model is
then used to calculate the outflow of products of the historic age-cohorts, and the
difference of inflow and outflow in a given period represents the net addition to stock,
which is accumulated to yield the time series of the total stock. The second way is to use
stock driven modelling, as presented by van der Voet et al. (2002), Elshkaki (2005), and
Müller (2006). Here, the time series for the stock itself is derived from a regression
model based on different socio-economic indicators such as per capita GDP or population
growth as explanatory variables, or development patterns of in-use stocks that were
observed in other countries or for other metals. The lifetime model is then used to
determine the outflow from historic age-cohorts, and the mass balance is used to
determine the required product inflow (the current age-cohort) so that the inflow
matches the gap between the remaining stock of historic age-cohorts and the target
stock level specified by the driving variables. This work package builds on rich experience
in scenario modelling of dynamic material stocks and material cycles (Milford et al.,
2013; S Pauliuk et al., 2013a, 2013b; Pauliuk et al., 2012a, 2012b).
Material flow accounting or economy-wide MFA provides information on extraction,
consumption, trade, and disposal of broad material categories including biomass; fossil
fuels; metal ores and industrial minerals; and construction materials in a given region
(Fischer-Kowalski et al., 2011). This approach is suitable to obtain an overview of the
resource and waste flows into and out of a national economy, and to see how these
major physical flows change over time or with GDP. It is not suitable for the assessment
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of criticality however, because the underlying system definition of material flow
accounting is too aggregated both in terms of material categories and industry sector
resolution: With the present classification of materials all critical minerals are lumped
together in a single category (Fischer-Kowalski et al., 2011), and all industrial and enduse processes are aggregated into a single process representing the entire economy of
the region studied. In-use stocks of products or metals are not considered and therefore
material flow accounting is much less suitable for estimating the future development of
final demand and the recycling potential than the more detailed models of material flow
analysis.
Environmentally extended multi-regional input-output analysis (EE-MRIO,
shortly IO) is a representation of the global industrial metabolism in a linear system,
where the world is divided into different regions, and each industrial activity can
purchase their supplies from producers all over the world. An EE-MRIO model represents
a combination of a description of industrial technology, international trade patterns, and
environmental stressors associated with industrial activities. Industries and commodities
are grouped into established classifications. The input structure and specific emissions of
industries and the quality and unit price of the commodities within the same group vary
across regions.
In reality, each industrial sector decides by itself where in the world it purchases its input
requirements. To reflect this situation in empirical data would require that international
trade flows would have to be specified by commodity, region of origin, region of
destination, and destination industry. With such data at hand, one could construct a socalled inter-regional IO model (Miller and Blair, 2009), where all industries in all regions
have a region-specific supply mix for each of the commodities they use. Such specific
trade data are not available, however, and therefore, different simplifications have to be
made. One common simplification is to not specify the destination industrial sector or
end-use category of each a trade flow. When constructing an IO model from this kind of
data one has to assume that all industrial sectors and end-users purchase the same mix
of domestically produced and imported goods for each product category. This
simplification is called multi-regional IO model in a narrow sense (Miller and Blair, 2009).
Both the inter-regional and the multi-regional IO model in the narrow sense form the
ends of a spectrum of an IO model family, which today is commonly called MRIO in the
wider sense. UN trade data (U.N., 2009), which are the most common source of trade
information, contain records of commodity trade between regions, and allow to
distinguish between broad economic categories of use, e.g., the distinction whether a
trade flow consists of intermediate goods or is for final use (UN Statistics Division, 2014).
This allows us to construct IO models that lie between the interregional and the multiregional IO models in terms of industry- and region-specific import mix. Other statistics
contain information about the share of imports in intermediate use by industries, but do
not specify the region of origin of these import flows. This information can also be used
to refine MRIO models.
In imputational, attributional, or footprint analysis one can model the impact of
purchasing different products from different regions that are part of the same product
category, but that are not perfectly substitutable for each other due different quality. The
use of multi-regional IO analysis (MRIO) for prospective or dynamic modelling implies the
assumption that the products from different regions within the same product category
are identical and perfect substitutes for each other.
An MRIO model in the narrow sense with n regions can be seen as a combination of n
mono-regional IO models where each industry is described with region-specific technical
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coefficients, and a trade pattern that specifies the mix of supplying regions in the market
mix of each consuming region. Combining both the technology and the trade description
yields the MRIO model, and the region-specific A-matrix is the sum of the MRIO-Amatrices that specify the input requirements from each region per unit of output. MRIO
allows for computing resource and emissions footprints of final demand with a global
scope. Waste accounts are part of some MRIOs, for example EXIOBASE (Tukker et al.,
2013). The material layer of economic transactions can be covered by physical
extensions or more directly by entirely physical tables. A physical MRIO table is currently
being compiled as part of the CREEA project (Schmidt et al., 2012).
The currently available resolution of MRIO tables within the DESIRE project is 49 regions
x 163 industries x 200 products for EXIOBASE 3.0, whereof 35 industries are waste
treatment processes and 35 products are waste types (EU DESIRE Project, 2013). A time
series of MRIO tables with the resolution given above is currently under preparation in
work package 5. It will cover the period 1995-2011. IO models that contain a
comprehensive description of waste treatment activities cover all flows within the global
industrial metabolism, including trade between regions on a quite high level of detail, and
allows practitioners to determine environmental footprints of final products with worldwide scope (Tukker and Dietzenbacher, 2013; Tukker et al., 2013; Wiedmann et al.,
2011). Due to the use of monetary units and the aggregation over many different
production technologies within one industrial sector, it is not possible to consider
technological change of specific processes or technologies, to track material flows of
specific chemical elements, or to assess the material content and potential for recycling
of both existing and future industrial assets. Stocks are not considered in general, neither
is the coupling between industrial assets and technical coefficients in the A-matrix. There
are several approaches to include capital stocks in dynamic IO analysis (Duchin and
Szyld, 1985; Idenburg and Wilting, 2000; Lennox et al., 2005; Pan, 2006; Ryaboshlyk,
2006), but these concepts have not yet been applied to MRIO.
The DESIRE time series of MRIO tables will allow us to estimate the stock accumulation
across all products categories over the last two decades. A large fraction of all specialty
metals ever produced was produced during that time, and hence large fraction of the inuse stocks of these metals will be represented by the stocks obtained from the MRIO
time series, albeit in monetary units and aggregated sectors. Information on capital
stocks deployed in different industries is also available from the EU KLEMS project
(O’Mahony and Timmer, 2009).
Resource use and emissions are included in form of stressor matrices. These are
multipliers that determine the environmental impact, e.g., the CO2 emissions, per unit of
sectoral output. The stressors add the physical information to monetary flow data. It is
not made sure, however, that the industrial process are mass balanced. The level of
aggregation of the physical stressors in EXIOBASE does not allow us to track the mineral
resources and waste flows associated with most critical materials.
Life cycle assessment (LCA) is defined as the compilation and evaluation of the
inputs, outputs and the potential environmental impacts of a product system throughout
its life cycle (ISO, 2006). An LCA of a product contains a quantification of the resource
flows and emissions that can be associated with the production, operation, and disposal
of the reference flows required to deliver the product system to its end user (EU JRC,
2010). Such type of assessment requires very detailed process descriptions, a feature
that is also necessary to understand material criticality. It is common to connect the
product-specific activities and processes to a large database of unit processes that
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represent the many different industries in the product system’s supply chain, and to
arrange the combined system in form that resembles a Leontief IO model. Examples of
process inventory databases include EcoInvent (Ecoinvent Centre, 2010), GaBi (GaBi,
2014), and several publicly available databases that are distributed via the OpenLCA
network (OpenLCA, 2014).
The process inventories in those databases represent the average input/output structure
of a representative sample of industrial assets in a given region and year. In reality this
average changes permanently due to technical upgrade, commissioning, and
decommissioning of the real assets that the average represents. Often, however, average
process inventories are available only for a few regions and points in time. LCA
practitioners use these static inventories as proxy for the industries that supply the
product and the material and energy flows required to operate the product during its
entire useful life. Using static process inventories therefore implies that there are no
changes in the industrial background system during the useful life of the product, and
that all industrial assets and infrastructure to make, operate, and dispose of the product
are built using the industry technology of a fixed historic year. This assumption is
problematic when modelling scenarios for future development, because the electricity
mix or the split between primary and secondary material production will change over
time, and this change can lead to substantial changes in energy requirements or carbon
emissions from industrial processes over time. Nevertheless, the static process
inventories contain information that is useful for material criticality assessments. This
information includes yield loss rates or specific energy demand and emissions. There is
no requirement that process inventories in LCA databases have to be balanced, however.
The flows in the inventories are typically recorded in their nominal units only, that means
substance flows are typically recorded in kg, service flows in $, or wastewater flows in
m³. Additional checks and refinements may therefore be necessary when using process
inventories from LCA databases for material criticality assessment, and in section 4.2.3
we present a template for process inventorisation that allows us to balance the processes
on multiple layers.
When using process inventories in scenario modelling it may be necessary to modify
them to consider likely or possible changes in technology or quality of the input
materials. Examples of technological change include efficiency improvements in energy
conversion technologies such as solar cells or gas-fired power plants (NEEDS project
consortium, 2014), and an example for changing process efficiency due to lower input
material quality is the correlation between ore grade and energy requirements for ore
beneficiation (Norgate, 2010).
Typical LCA studies consider very specific products and limit their scope to product
systems that are very small compared to society-wide product flows. For example, one
kilometre driven with a passenger car is a common functional unit both for LCAs of
passenger transportation (Hawkins et al., 2013) and transportation fuel (Cherubini and
Strømman, 2011). The small-scale scope allows modellers to make the simplifying
assumption that the life cycle requirements of the product studied will not change the
industrial system that provides these flows. This includes assumptions about the
electricity mix, process energy demand, or the ratio between primary and secondary
metals used for making the product. When assessing material criticality we have to
consider the entire use of a material in society and its development over time, and we
can expect the level of secondary production or the specific energy use by mining
industries to change over time. To assess material criticality by studying society-wide
material cycles it is therefore not sufficient to simply scale up life cycle inventories of

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 13 of 65

various products, because the underlying assumptions of the different LCA studies may
turn invalid when applied to large-scale systems that evolve over time. When scaling up
an inventory one has to consider that building and using the product system studied may
have economy-wide impacts. Arvesen and Hertwich (2011) give a good example for this
approach. They scale up the life cycle inventory of a single wind turbine to model the life
cycle impacts of the global wind turbine stock that would have to be installed to reach a
low-carbon energy future according to the BLUE-MAP scenario (International Energy
Agency, 2010). In their model they consider that this installation would change the global
electricity mix, including the electricity required to manufacture the wind turbines
themselves.
Integrated Assessment Models (IAM) The most comprehensive approach to scenario
modelling is taken by integrated assessment models, which represent physical models of
consumption, technology, and the climate system to assess feedback mechanisms
between consumption, energy use, emissions, climate and agriculture. Economic aspects
are considered by demanding cost minimisation when making simultaneous decisions on
investment, operation, and trade (Loulou et al., 2005).
Dynamic stock models are common in IAM, and the TIMES model provides a good
example (Loulou et al., 2005). There is a general lack of transparency in IAM so that is
difficult for the outside community to assess the degree of detail of those stock models.
The technology description in those models often lacks detail regarding infrastructure and
material demand. This means that the potential for material recycling cannot be linked to
the turnover of energy converting and other industrial assets, which is essential for
modelling material criticality. An example is the POLES model, where the availability of
steel scrap as resource for future steel making plants is taken for granted (Hidalgo et al.,
2005). That means that steel recycling is coupled to steel demand, and not to the supply
of end-of-life products as the major source of scrap. Another gap is the lack of detail
regarding environmental impacts, which is much higher in process-based LCA than in
IAM. Most importantly, critical materials, which are only used in small quantities
compared to the bulk materials steel or concrete, are usually not represented in those
models, as IAM lack sufficient detail in both technology description and product
resolution.
System dynamics
System dynamics is a broad field that applies numeric models to dynamic problems in
various fields such as policy analysis, management problems, or dynamics in constrained
systems. Its general description allows for considering IAM and dynamic MFA as system
dynamics models, but the academic tradition that cultivates the concepts of system
dynamics uses more specific approaches, software tools, and publishes in a number of
dedicated journals (Richardson, 2013). The central difference between stocks and flows
has long been recognized in this field. Stocks represent levels or states in the system:
“Stocks (accumulations, state variables) are the memory of a dynamic system and are
the sources of its disequilibrium and dynamic behaviour” (Richardson, 2013). Flows, on
the other hand, are considered natural entry points to control the feedback loops and
stock dynamics, e.g., by policy instruments. Age-cohort based models for capital stocks
are commonly used in this field. Because dynamic MFA contains the central features of
system dynamics and applies them to material stocks we do not consider system
dynamics as separate category in our review.
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Extensions of IO and combinations with MFA and LCA

Several extensions of IO models that allow for better representation of physical
information have been suggested over the last decades. We present and discuss them
here because the dynTHEMIS model will build heavily on these approaches:
An important example of combining IO and MFA is the waste-input-output model
(WIO) (Kondo and Nakamura, 2002). This model can be seen as combination of two
Leontief-type input output models, one for the industries that transform natural
resources into useful products, and one for the waste treatment sectors. Its underlying
system definition is shown in Figure 2. WIO models show several features that make this
type of model very attractive for the assessment of criticality:
a) The markets for waste and useful products are cleared simultaneously.
b) The reference flow of the main industries is their useful output, and the reference
flows of the waste treatment sectors is the amount of waste flowing in/treated by
the sector.
c) Two types of recycling can be modelled: Recycling by main industries, whose level
is proportional to the output of useful products and recycling in the waste
treatment sector, whose level is proportional to the total available scrap.
d) The model allows for direct combination with a dynamic stock model. The outflow
of useful products represents the inflow to the stock, and the flow of end-of-life
products leaving the stock is directed to the waste markets. Figure 2 shows the
underlying system definition of the WIO model and the model equations, which
can be read from the market balances (processes i and k).
The WIO model represents a very general description of both main industries and waste
treatment activities within the Leontief IO framework. It comprises all industrial activities
upstream and downstream of the use phase. Its underlying system definition in Figure 2
corresponds with the one in Figure 1, except that the use phase is not included here.
Four types of interactions between the system of upstream industries and the waste
treatment system exist:
a) The supply of waste from main industries to waste markets. Positive elements in
GI.
b) The use of waste from the waste markets in main industries. Negative elements in
GI.
c) The use of main products in the waste treatment sector. Positive elements in AI,II.
d) The supply of main products by waste treatment industries. Negative elements in
AI,II.
In the setting proposed by Nakamura and Kondo (2002), the main industries and
markets are modelled using monetary units and the waste treatment sectors and
markets are modelled using physical units. The matrices that couple the two systems
then have the unit kg/$ (GI) and $/kg (AI,II).
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Figure 2: System definition of the waste-input-output model. J denotes the main industries, W the waste
treatment activities. i the product markets, and k stands for the waste markets. The final demand of useful
products is called yI, the supply of post-consumer waste is denoted by yK. The total industry output xI is
distributed by the product markets to other industries (inter-industry demand aijxj), to the waste treatment
sectors (aI,II_iwxw), and to final demand yI. The total accruing waste w consists of the net waste supplied by
industries GI_kixi, waste generated by other treatment activities gII_kwxw, and waste from end users yK. The total
accruing waste w is distributed to the treatment activities via the waste allocation matrix S.
Main industries and product markets on the upper side and waste treatment activities and waste markets on
the lower side form their respective Leontief input-output model. Both models are coupled via the AI,II and GI
matrices. The model equations can be directly read from the system definition, they are the balancing
equations for the product and waste markets. A single dash across an arrow indicates that it represents a
vector of flows, and a double dash indicates a non-square of flows between to different process groups.
Source: Adapted from Pauliuk and Müller (2014a).

The WIO model considers waste generation as physical extension to a monetary
representation of an industrial process. Therefore, the main industries are not physically
balanced. The material balance, however, is central to quantifying material losses and
resource demand form production and manufacturing. The waste input output model was
therefore modified to allow for tracking materials through industrial processes and waste
treatment activities. This WIO-MFA method (Nakajima and Nakamura, 2006) represents
a novel approach of linking material flow data to IO tables. It includes a balanced
representation of industrial processes that is obtained by assigning a yield factor to each
flow that enters an industrial sector. The physical yield factor denotes the fraction of the
input that ends up in the product, and the complement of that fraction becomes solid
waste or is emitted to nature. WIO-MFA allows for tracking materials through the supply
chain of products. It was applied to estimate the mass flows of different ferrous metals
and alloying elements in steel-containing products (Nakajima and Nakamura, 2006). One
needs to know the correct unit prices that each industry paid to its suppliers to make an
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accurate conversion from monetary to physical flows in an IO table. Yield ratios are
physical ratios, but Nakamura and Nakajima (2006) apply them to a monetary table, and
price inhomogeneities and inhomogeneities in the output of industrial sectors contribute
to the uncertainty of their results.
The industrial metabolism can be quantified on different layers: monetary; mass;
energy; specific elements; etc. The FORWAST hybrid model provides a framework of
supply- and use tables (SUT) where the flows in the industrial metabolism can be
accounted for in different units (Schmidt et al., 2010). This is a generic approach to
quantify the industrial metabolism in a way that an arbitrary number of balances can be
respected for both markets and industries. The FORWAST hybrid SUT includes waste
generation, trade, and treatment in both monetary and physical units. Figure 3 shows
the system definition behind the FORWAST approach. Industries (J) produce output g,
which is mapped into product categories i by the supply table V. Domestic supply and
imports q together form the total product q, which is split on the markets i into exports
e, final demand y, industrial use U, and additions to stock S+. New to the FORWAST
framework is a complete consideration of all socio-metabolic flows that are connected to
industries. To establish the industry balance not only in monetary but also in physical
units the FORWAST model considers different forms of value added v, resource use R,
emissions B, additions to stock ΔS, waste supply WV and waste use WU. The supply and
use table can be transformed into an IO model by applying a specific construct (MajeauBettez et al., 2014; Miller and Blair, 2009).

Figure 3: System definition of the FORWAST hybrid supply and use tables (SUT). The system consists of a
group of industries (J) and markets (i). The different flows and their symbols are explained in the text. A single
dash across an arrow indicates that it represents a vector of flows, and a double dash indicates a non-square of
flows between two different process groups. Source: Adapted from Pauliuk and Müller (2014a).

After including a technical description of the different waste treatment activities, the
FORWAST framework can be used to build an IO model of upstream industries and waste
treatment. The structure of the IO model built by the FORWAST team is largely identical
with the one of the WIO model. A few major differences remain: 1) The FORWAST model
departs from an SUT and makes the choice of construct explicit (by-product technology
construct) whereas the WIO model for Japan uses a square transaction table from the
national statistical office. 2) In the FORWAST model the requirements of waste treatment
activities were compiled from detailed bottom-up studies on waste management
(MFA/LCA studies), whereas the WIO model by Nakamura and Kondo uses aggregated
nation-wide statistics on the requirements of waste treatment activities (top-down). 3)
The way both models are introduced, applied, and documented differs a lot. The WIO
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model is described in a number of journal articles (Nakamura and Kondo, 2002;
Nakamura et al., 2008, 2007) and a book (Nakamura and Kondo, 2009), whereas the
FORWAST model is documented in non-peer-reviewed project reports only (Schmidt et
al., 2010). It is maybe this point that has hindered comparison between these very
similar model families so far. The main challenge in implementing the FORWAST
approach lies in data gathering, especially physical data. When assessing materials
criticality indicators it is sufficient to compile physical detail for those industries and
product categories that dominate the anthropogenic cycle of that material.
Physical input-output tables have the same system definition as monetary IO tables,
but contain the total mass rather than the monetary value of the inter-industry flows
(Dietzenbacher et al., 2009; Duchin, 2009; Giljum and Hubacek, 2009; Hubacek and
Giljum, 2003; Weisz and Duchin, 2006; Wood et al., 2009). The total mass of flows
between aggregated industry categories lacks the detail that is required to accurately
identify the flows of specialty metals and materials. In addition a purely physical table
does not represent service flows very well, which, however, may significantly contribute
to energy and carbon footprints of consumption via the indirect use of office space,
electronics, or travel.
Compiling monetary IO tables has a long tradition in statistical offices and there are
established routines for data compilation and balancing of monetary IO tables. The
situation differs for physical IO tables because the corresponding mass flows between
industries are often not recorded and have to be estimated from unit process inventories
and average prices. We are therefore in a paradox situation where it is easier and more
systematic to use monetary IO tables rather than a purely physical model to track interindustry flows to determine physical impacts on the environment. Physical IO tables have
only been compiled for a few countries, whereas monetary tables are compiled and
published for most major countries. This lack of geographical coverage represents an
additional limitation to the use of physical tables for criticality assessment.
Both monetary and physical IO tables contain highly aggregated representations of
industries and products, and hence, the output of each sectoral may consist of a very
diverse mix of products within one category. In reality, different industries buy very
specific products or materials at individually negotiated prices, but in physical and
monetary IO analysis, all purchasers and end-users are assumed to buy the average
market mix for each commodity class. The group of non-ferrous metals is an example for
such aggregation. While from an economy-wide perspective it may be sufficient to group
all non-ferrous metals into one category, this aggregation is a drawback when trying to
assess the criticality of specific metals. The suitability of IO models for determining
criticality indicators depends on whether one is able to disaggregate existing IO tables
with high accuracy.
A last important contribution to modelling physical layers in an IO framework is inputoutput analysis with mixed units (Hawkins et al., 2007) or other types of models that
combine process knowledge with IO analysis, including the tiered hybrid approach to LCA
(Heijungs and Suh, 2002; Suh et al., 2004); integrated hybrid LCA (Suh, 2004; Suh et
al., 2004); and the hybrid model presented by Nakamura and colleagues (2008).
The motivation for building these models is twofold: a) to utilize detailed physical process
data available in LCA studies and databases to refine or even disaggregate IO tables, and
b) to use the aggregated but comprehensive IO data to fill gaps in process data and to
model the more remote links in the supply chain of the product studied.
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The general concept of these models is to divide the economy into two sections, of which
one represents the industrial activities that are directly or very closely related to the
products or materials studies, and the other represents the rest of the economy. These
sections are called foreground and background system. The background system is
typically described in monetary units, and the foreground in physical units, e.g., in kg.
There is a two way exchange between foreground and background: 1) the foreground
uses inputs from the background system, which are converted using price information. 2)
The background uses the output of the foreground in some processes. Again, units are
converted using price data. Nakamura and colleagues (2008) point out that this type of
model not only allows to consider production of useful output, but that it can also be
used to model waste treatment activities. Nakamura and colleagues then describe a
combination of the mixed unit approach and the waste-input output framework, which is
central to our own approach and will be discussed in detail below.
We first describe an example of the mixed unit approach to disaggregating IO tables,
which is adapted from Hawkins (2007): Suppose the IO table of a country contains a
non-ferrous metal sector, which represents an aggregation of the dedicated industries for
more than 20 nonferrous metals such as aluminium, copper, tin, lead, etc. This sector is
very inhomogeneous both regarding the unit prices of its output and process emissions.
Let now a researcher be given the task of building a physical model of the lead industry
to better understand process efficiencies, waste flows, and options to improve the
system. But the task shall also include an assessment of how the other industries impact
the lead producers, and an estimation of the lead footprint of different final goods. While
the first tasks could be dealt with using standard material flow analysis (MFA), the latter
require an approach that covers the whole economy. The mixed unit IO model is suitable
to tackle these tasks; it can be built as follows:
Once a sufficiently detailed model of the foreground system was compiled, the mass
balance was established, and price data on all major inter-industry flows with a market
value were compiled, the modeller now needs to map all foreground flows to the
background industry and product classifications. This information is conveniently stored
in correspondence tables. The foreground model is then combined with a region-wide
supply-and use table. First, the supply table is adjusted by correcting the output of each
background process that supplies nonferrous metals for the output that is now assigned
to the foreground processes. This is done by removing the monetary equivalent of the
production flows in the foreground system from the background supply table using the
correspondence tables. Then the use table is adjusted in three steps. The monetary use
table of the original model contains all use of nonferrous metals (NFM). In the mixed unit
IO model, we have four possible interactions: a) the use of background NFM by
background industries; b) the use of foreground NFM by background industries; c) the
use of background NFM by foreground industries; and d) the use of foreground NFM by
foreground industries. The matrices that correspond to options b, c, and d are separate
entities in the disaggregated model and they need to be subtracted from the original use
table using price data and the correspondence matrices. This procedure is described in
detail in Hawkins (2007). If background and foreground together are collectively
exhaustive and mutually exclusive in terms representation of industries and commodities,
there will be no double-counting of flows in that system. However, the accuracy of the
separation between foreground and background will vary across different sectors. The
reason is that the product categories can be quite inhomogeneous, cf. the example of
nonferrous metals. In standard Leontief IO, each product class is considered
homogeneous, and hence, all industrial sectors and end users buy the same product mix.
In reality, however, both the product mix bought and the prices paid are
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inhomogeneous: a) Some sectors may spend more money on copper than on aluminium
compared to the economy-wide average, and hence, the actual physical flows between
industries may deviate from the average market mix. b) Different industries may have
negotiated different prices for the same product, and average market prices do not
correctly reflect this. In the general case, neither sectoral output nor prices will be
homogeneous across consumers. Average market prices are the default coupling factors
between background and foreground systems, but modellers can use specific price data if
they know that a sector’s purchases deviated from the market average: For each
industrial sector that buys nonferrous metals one can specified how much of this
monetary flow was associated with the foreground metals and what quantities were
bought. Using these data will increase the accuracy of the disaggregation. When no such
information is available, the default case applies: it is assumed that the industry bought
the remaining average mix, which consists of all background and foreground output that
was not bought by any of the sectors with more information available.
The mixed unit IO model developed by Hawkins contains a disaggregation of aggregate
economic sectors. Disaggregation requires a modification of the underlying sectoral
boundaries so that no foreground processes are contained in the background system
anymore. For example, the non-ferrous metal sector can be disaggregated into a
foreground sector for lead and a background sector for ‘non-ferrous\Pb’ metals, which
comprises all non-ferrous metals expect lead. When the output of the activities in the
foreground model represents a significant share of the output of certain sectors in the
background system, the two models should be combined using disaggregation to
preserve the macro-economic balance and to avoid double-counting. Final demand can
be placed both on the background and the foreground systems.
Closely related to the mixed unit approach is the integrated hybrid approach to LCA. An
important difference between mixed IO and integrated hybrid LCA is that in the latter,
final demand is placed on the foreground system only. The foreground industries in an
integrated hybrid LCA may have to fulfil intermediate demand from the background
system. This backward coupling between foreground and background is recorded in a
“downstream cutoff term” (Peters and Hertwich, 2006; Suh, 2004). The necessity for
including this type of coupling into the model depends on how the boundary between
background and foreground systems in chosen and on the magnitude of the reference
flows in the foreground system relative to the background sectoral output.
LCA models where the foreground system places a demand on background activities, but
not vice versa, are called tiered hybrid LCA (Peters and Hertwich, 2006). They represent
the simplest version of a coupling between two IO systems, where one system places
demand on the other, but not vice versa.
For further illustration, Figure 4 presents the system definitions behind the WIO model
family (a), mixed unit IO models (b), and MRIO models, here for the two region case (c).
The similarity between the three systems is striking. In each case we can separate the
comprehensive IO model into two separate IO models with coupling between the two. As
for all Leontief IO models, the coupling coefficients can be attributed to industrial
activities: For each unit of output, industries produce or use a certain amount of waste
(in WIO), require a certain amount of background products (in hybrid and integrated LCA
and in mixed unit IO models), or acquire a certain amount of a product from another
region (in MRIO). Despite the same underlying model structure, the meaning of the two
IO model parts is different in each case: In WIO, the upper IO model represents the
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industries producing useful output (index p), and the lower system represents the waste
treatment industries (index w). Note that for the latter system, all flows have reverse
direction, because the physical flows of waste for treatment point from the waste
markets to the treatment processes. In mixed unit IO there is no explicit distinction
between producing and waste treating industries. The industries are split into a physical
foreground (index f) and a monetary background (index b), as explained above. In MRIO,
the different sections represent IO models for the different regions (indices r1 and r2).
WIO, Hybrid IO, and MRIO hence use a common systematic approach to refine the
standard Leontief IO model in specific ways: by adding waste treatment activities, by
adding detail to aggregated industrial sectors, or by adding information on international
trade. For assessing material criticality, all three aspects are equally relevant, and
because the separate models have a similar structure, we will exploit this potential and
propose and extended model framework that covers all three aspects.

Figure 4: a) The structure of the A matrix and the system definition of the WIO model, here combined with a
dynamic stock model. b) The structure of the A matrix and the system definition behind mixed unit IO models
and integrated hybrid LCA models. c) The structure of the A matrix and the system definition of MRIO models,
here for a two-region model.
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The extensions and modifications of the standard model families that were reviewed
above allow modellers to consider specific aspects related to material criticality: WIO
allows us to model recycling activities, MRIO allows us to assume a global scope while
keeping regional detail, and mixed unit models allow for combining high level of detail
with generic, but comprehensive representations of the industry background. Below we
describe how these different approaches can be combined into a comprehensive and
detailed global model of the entire industrial metabolism including production of useful
output and waste treatment.

1.3.3

Review of previous methodologies for material criticality
determination

The methodologies and outcomes of the following projects are directly relevant to our
work package, either because they are thematically very close, such as the work done by
the STAF project, or because the results and data are available to us, such as the
AERTOs and THEMIS models. We describe each of them in detail.
The STAF project at Yale
Researchers in the ‘Stocks-And-Flows’ (STAF) project led by Tom Graedel at Yale have
been working on compiling metal cycles for the last ten years, using the generic cycle
diagram of Figure 1 as starting point. A large number of static country-level cycles have
been published, and a summary can be found in Graedel et al. (2010). The motivation
behind this research is to evaluate ‘current and historical flows of specific technologically
significant materials, determine the stocks available in different types of reservoirs and
the flows among the reservoirs, develop scenarios of possible futures of metal use, and
assess metal supply and demand’ (Mao and Graedel, 2009).
Some static MFAs of individual metals were extended by different research groups to
cover the historic development of different anthropogenic metal cycles and the build-up
of in-use stocks. Examples include the steel cycle (Müller et al., 2006; Wang et al.,
2007), the aluminium cycle (Liu et al., 2012), or the copper cycle (Glöser et al., 2013).
An overview of the available literature on dynamic material stock modelling can be found
in Müller et al. (2014). The group at Yale has also been leading the assessment of
material criticality, and report 6.1 provides a review of their approach of assessing
criticality based on contemporary metal cycles, technologies, geo-political constraints,
and reserves.
In a recent paper by Elshkaki and Graedel (2013) scenario analysis is applied to build
story lines for future deployment of electricity generation technology and to estimate the
metal stocks in the installed assets. Elshkaki and Graedel (2013) use dynamic MFA to
determine the impact of the technology deployment and metal use scenarios on mineral
resources. The central result is a scenario-dependent comparison of the expected
cumulative metal demand with the reserve base. They find that under the ‘policy-first
scenario’ all photovoltaic solar technologies have a metal supply constraint. Elshkaki and
Graedel demonstrate that a sound assessment of in-use stocks and their dynamics with
high level of detail is indispensable to understanding the long-term development of
material criticality. Their assessment focuses on electricity generation technologies and a
few selected materials as a proof of concept. A comprehensive assessment of technology
and its metal requirements and the impact of technology deployment on metal supply
and mining activities is currently in preparation. Their approach to assessing material
criticality consists of a tailor-made model fed with an extensive compilation of available
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and new data on metal use and supply. This approach fits well the competitive advantage
of the group, and we will use the published results from the STAF project as data source
and reference for our own assessment.
AERTOs
Under the ‘value from waste’ branch of the AERTOs project (Heidekamp, 2012),
researchers at TNO compiled an extensive data set on metal end-uses, product
composition, and refined end-use data. We have access to these data and in section 3 we
will list the information that will be useful for us. Data on the metal content of products
were combined with time series for apparent consumption of about 420 product
categories to estimate the additions to in-use stock of the 5 specialty materials rare earth
metals, silver, cobalt, indium, and gallium in 42 countries or world regions. The countries
chosen are comparable to the EXIOBASE country list: they include the European
countries, 13 large world economies, and the rest of the world. The approach falls short
of the state of the art of MFA, however, because apparent consumption was estimated
based on trade statistics only, and production statistics, which are available at least for
the European countries (ProdCom), were not used. In standard MFA, apparent
consumption equals production plus import minus export. Domestic production was
estimated by some crude rule-of-thumb calculations, and we will investigate how these
estimates can be improved within the scope of this work package.
The THEMIS model
The databases behind integrated assessment models often do not contain detailed
information about the material demand of different industrial technologies and the
scenarios generated by IAMs lack detail on resource requirements and environmental
impacts. To refine the scenarios generated by IAMs regarding material use, resource
consumption, and emissions, researchers at NTNU developed the THEMIS model that
combines IAM scenarios with life-cycle inventories and economy-wide IO tables. The
acronym stands for ‘Technology-hybridized environmental-economic model with
integrated scenarios’. The THEMIS model is based on a tiered hybrid MRIO model
(Stromman et al., 2009). It is a combination of up-to-date inventories of electricity
generation technologies, the EcoInvent LCA database, the EXIOPOL multi-regional inputoutput (MRIO) table for 2000, and IEA’s energy scenarios (BLUE MAP) (International
Energy Agency, 2010). The basic version of the hybridized MRIO table that reflects the
current industrial metabolism is modified to represent a snapshot of the future industrial
energy mix for the benchmark years 2030 and 2050. The EcoInvent 2.2 (Ecoinvent
Centre, 2010) and EXIOBASE (Tukker et al., 2013) databases were modified using
information from a number of external sources, including the NEEDS project 1 (NEEDS
project consortium, 2014), the International Energy Agency’s scenarios presented in
Energy Technology Perspectives 2010 (Intenational Energy Agency, 2010), and the
CLRTAP EU27 databases 2 (European Environment Agency, 2013). The THEMIS model
allows for a consistent analysis of technologies in physical and monetary terms. Results
of THEMIS include various environmental impact categories including climate change;
toxicity; eutrophication; and particulate matter emissions, and material requirements for
iron; copper; aluminium; and cement for different regions and years (Gibon et al., 2014;
Hertwich et al., 2014). The THEMIS model is of central importance to us as many
important elements of the new model framework are already considered here.
1
2

New Energy Externalities Developments for Sustainability
Convention on Long-Range Trans-boundary Air Pollution
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Research gap and outline of the approach taken here

We now list the different model families regarding their coverage and suitability for the
features that were identified as central to understanding criticality. Table 1 shows a
summary of the review. We see that no model family meets all four criteria. The
important connection between a high level of detail and long-term stock dynamics has
only been implemented in the STAF scenario work. Only the STAF scenario model and
dynamic MFA cover the full metal cycles. The STAF and THEMIS models were rated ‘(X)’
for level of detail, because they cover detailed material inventories for electricity
generation technologies only. Dynamic stock models were rated ‘(X)’ for global coverage
because only a few global studies exist, and most stock models have regional or countryspecific coverage (Müller et al., 2014).
Table 1: The suitability of the different models for long-term scenario analysis for assessing material criticality.
‘X’: State of the art in that model. ‘(X)’: Considered by some studies. ‘—‘: Not considered by this model or this
model family.

Material
flow
accounting
Dynamic Stock
models (MFA)
EE-MRIO
LCA
IAM
WIO
FORWAST
PIOT
MUIOT
STAF-scenario
Aertos
THEMIS

Sufficiently high
Global coverage
Long-term
level of detail
stock dynamics
General model families
—
X
—
—

X

—
X
X
(X)
—
X
Specific extensions of the general model
—
—
—
X
—
X
X
—
Approaches directly relevant to our work
(X), only electricity
X
generation
X
—
(X), only electricity
X
generation

X
—
—
X
families
—
—
—
—
package
X
—
—

Full material
cycles
—
X
—
X
—
(X), no use phase
(X), no use phase
—
(X), no use phase
X
—
—

We combine the competence present at CML and NTNU that includes experience on
scenario modelling; dynamic stock modelling; MRIO; hybrid modelling and working in
mixed units.
The metal flow model developed by the STAF project (Figure 1) will be used as a
framework for the MFA foreground models of the potentially critical materials and their
applications. It is general enough to be applicable for all materials (Mao and Graedel,
2009; Mao et al., 2008), and process resolution will be increased where deemed
necessary to cover metal-specific processes. The foreground models will be coupled to an
economic background MRIO model, which contains information on the global trade
patterns and covers the background economy, which is not modelled in physical terms.
We now provide a brief list of how the framework tackles the specific issues pointed out
above. The whole framework is explained in detail in the next section.
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High level of detail: For each metal we study, we model the specific production
and recycling industries as detailed MFA studies with extensions for e.g., waste,
water use or emissions. We then identify the main applications of each metal that
cover at least 80% of its total use, and build a physical age-cohort model of these
applications/products and their metal composition.
The highest level of process resolution is a specific metal industry in a certain
country.
Global issue: The global MRIO model combined with the dynamic stock model
covers the entire global economy including the anthropogenic cycle of all metals in
monetary units and aggregate categories. In addition we cover at least 80% of
the entire anthropogenic use of each metal studied in the physical foregrounds.
Long-term dynamics. The time horizon of the model is the year 2050.
Full material cycles The entire anthropogenic metal cycles are covered
according to Figure 1.

The new model framework is called dynTHEMIS, which is an acronym standing for
‘dynamic Technology-Hybridized Environmental-Economic Model with Integrated
Scenarios’. Its implementations will be given version numbers, dynTHEMIS 1.0, etc.
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2

The dynTHEMIS model framework

2.1

The system definition behind the dynTHEMIS model
framework

To determine physical indicators of material criticality we need a comprehensive model of
the socio-economic metabolism that shows the features listed in section 1.1. In-use
stocks play a central role in the socio-economic metabolism (Pauliuk and Müller, 2014),
and these roles have to be considered by the model.
As we deal with economic and physical data on material flows, waste streams, resources,
and emissions on very different levels of resolution and aggregation, we need a system
definition and an accounting framework that is general enough to accommodate data
from different model families including material flow analysis (MFA), life cycle inventories
(LCI), and input-output analysis (IO). We analysed the structure of the underlying
system definitions of MFA, LCI, and IO, and found a general pattern shown in Figure 5. A
detailed explanation and derivation is currently under preparation (Pauliuk et al., 2014b).

Figure 5. The general system definition of the dynTHEMIS model. Solid lines: Physical flows. Dashed lines:
Immaterial flows of labour, capital service, and the service that the products in the use phase provide to
people.

In-use stocks of both final goods (buildings, cars, computers, …) and industrial assets
play a central role in this framework as they supply physical services to people and
capital services to industries.
The central element in the system is therefore the use phase, which contains all
anthropogenic stocks of products, buildings, and infrastructure that are used by man.
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One can distinguish between different categories of stocks (Elshkaki, 2007):
• Resources
• Products and material stock in industries
• Product stock-in-use
• Hibernating products stock
• Substance stock-in-use
Next to the use phase, we consider four process groups: (i) the upstream industries that
are driven by the demand for useful output; (ii) the product markets that distribute the
useful output; (iii) the waste treatment or downstream industries that are driven by the
amount of waste to be treated; and (iv) the waste markets that distribute the different
waste types. Below we will disaggregate these different process groups regarding their
geographical location and level of aggregation.
We consider flows from industries to markets and vice versa. The meaning of the
different flow directions is exactly the same as for the waste input output model (cf.
section 1.3.2.1). We also include resource use (flows from the natural environment to the
industries and the use phase), emissions (flows from the industries and the use phase to
the natural environment), labour, and capital. An industry residual is either a waste or an
emission. In the first case it stays within the socio-economic metabolism and is sent to
an appropriate treatment process via a waste market, and in the latter case it is emitted
to the environment. A process residual flow of CO2, for example, can be cleaned and
used for making fizzy water, in which case it becomes a waste that is treated and reused, or it can be emitted to the environment.
It is important to note that the system in Figure 5 comprises the system in Figure 1 (the
downstream industries were wrapped around the use phase and are now at the bottom),
the WIO system in Figure 2 (the four process groups in the middle of Figure 5 are the
same as for the WIO model), and the FORWAST system in Figure 3 (The processes in
Figure 3 are the upstream industries and product markets in Figure 5).
In a paper currently in preparation we will show that the general system in Figure 5 also
comprises the system definitions of LCA, IAMs, and computable general equilibrium
models (CGE) (Pauliuk et al., 2014b).
We plan to build a descriptive model of the socio-economic metabolism based on the
general framework in Figure 5. To achieve that goal we propose an integration of the
presently most advanced approaches from LCA, IOA, and MFA.

2.2

The components of dynTHEMIS 1.0

First, we outline the model for inter-industry flows, then we describe the stock model of
dynTHEMIS, and finally we describe the combination of stock and flow model.

2.2.1

The dynTHEMIS model for flows

Figure 4 shows that the MRIO, mixed unit IO, and WIO model families share the same
system structure. We exploit this similarity and combine these model families into an IO
model that distinguishes between different regions, between detailed foreground and
aggregated background industries, and between production of useful products and
treatment of waste.
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Different approaches that point in that direction have been proposed already. An
important example is the work by Nakamura et al. (2008) on a combination of a mixed
unit or integrated hybrid model with a waste IO model. Nakamura et al. impose a double
divide on industries and commodities: First, they divide industries into those that
produce useful output and those that treat waste, and commodities into useful products
and waste. This re-grouping leads to a WIO model. In a second step they impose a
hybrid structure on each of the two industry and commodity categories, where hybrid
means that some industries, treatment processes, products, and waste types are
described using detailed physical process models and product properties, whereas the
rest is described in monetary terms according to the classification of the IO table.
The upper part of Figure 6 shows how this double divide affects the A-matrices of
technical coefficients that describe the system. Each of the original A-matrices has four
sections that contain the technical coefficients of the use of two types of products in two
types of industries. When the models are overlapped, each product and industry category
is divided into two, thus turning an A-matrix of 2x2 sections into one with 4x4 sections.
Useful products in the WIO model are classified as either useful foreground products or
useful background products when the hybrid structure is imposed on the WIO model. An
industrial activity in the foreground model is classified either as producer of useful
products or as waste treatment activity when a hybrid model is re-structured as WIO
model. In total 4x4=16 different combinations of technical coefficients of commodity use
by industrial processes are possible (Figure 6, upper part).
Each region has now for types of markets, each representing a specific commodity
group: One for useful products in the foreground; one for waste in the foreground; one
for useful products in the background; and one for waste in the background. The trade
data for the different commodities can now be divided into these four commodity groups
as well, and the different single-region models with a 4x4 A-matrix each can now be
transformed into an MRIO model. The resulting A-matrix is shown in the lower part of
Figure 6.
The combination of mixed unit, WIO, and MRIO models yields a model where all
industries and markets are specified regarding their geographical location, their
belonging to production or waste treatment activities, and their affiliation to foreground
or background system (Figure 6, lower part). This combination of models represents the
inter-industry flows in dynTHEMIS 1.0.
We also need to specify which units we will use for the implementation of the flow model.
Two ways of unit selection exist: 1) The use of mixed units by describing one part of the
system in monetary and another part in physical units. This approach is common practice
in WIO (Nakajima and Nakamura, 2006; Nakamura and Kondo, 2002; Nakamura and
Nakajima, 2006), hybrid LCA for small scale and large-scale product systems (de Haes et
al., 2004; Gibon et al., 2014; Stromman et al., 2009; Suh et al., 2004), and mixed unit
IO modelling (Hawkins et al., 2007; Hawkins, 2007). 2) The parallel use of monetary and
physical units so that all flows in the system are quantified on at least two layers. This
approach is common practice for hybrid supply and use tables (Schmidt et al., 2010),
physical IO tables in combination with monetary IO tables (Giljum and Hubacek, 2009),
and age-cohort based stock modelling (Pauliuk et al., 2014c).
The second approach is more comprehensive because each flow is be quantified in two
units, a monetary and a physical unit. It also takes more effort to compile two layers
because physical and monetary inventory data need to be compiled for all industries and
all regions. For dynTHEMIS 1.0 we therefore suggest two use a simpler and less
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comprehensive approach, which can be seen as compromise between the two ways
described above:
A global multi-regional supply and use table in monetary units represents the starting
point of the model construction. The global monetary SUT is first re-shaped to allow us to
distinguish between production and waste treatment activities. In a second step the reshaped tables are disaggregated into a monetary background system that consists of
industries and commodities that are not directly related to the critical materials studied,
and a foreground system that comprises the industries that produce and recycle the
material studied. The flows in the foreground system are recorded both in physical and
monetary units. Physical units are used because they allow us to use the often very
detailed process description from LCA databases and because they allow us to check
whether the processes in the foreground fulfil the mass balance for the material studied.
Monetary units are used to disaggregate the background system in monetary units into
the foreground system and the more aggregated representation of the rest of the
economy (background). The four following reasons made us chose monetary units for the
background model of the economy: 1) The DESIRE work package 5 team will compile a
time series of monetary MRIO tables that stretches over 17 years starting in 1995, which
will allow us to accumulate the entire anthropogenic in-use stocks of all products which a
lifetime of less than 17 years; 2) The flows in that time series represent a large fraction
of all specialty metals that have ever been produced in history; 3) The use of monetary
units in the background allows us to fully represent the global economy including service
flows; 4) there are established statistical procedures and balancing routines to compile
monetary IO tables.
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Figure 6. Structure of the A-matrices for the combination of WIO, mixed unit IO, and MRIO models. Upper
part: The mixed unit IO model is merged with the waste-input-output model to form a combined A matrix
(upper right corner) that contains physical foreground systems for product industries, waste treatment, and the
interchange between them (dark grey sections); a monetary representation of the entire background industry
(light grey section); and the background waste treatment activities and their coupling to the foreground (white
sections). This model type was first described by Nakamura et al. (2008). The overlap of two 2x2 A matrices
results in a 4x4 combined A-matrix where each compartment has a specific meaning, cf. the text for
explanations. Lower part: After mixed unit IO and WIO structure were combined into a common model for
each model region, the trade pattern can be added to link the different single-region models to form a multiregional IO model with disaggregated industrial sectors and distinction between manufacturing of useful
products and waste treatment activities.

2.2.2

Stocks in dynTHEMIS 1.0

Capital stocks and in-use stocks are commonly accounted for with age-cohort based
models. Age-cohort based stock modelling in monetary units is called the ‘perpetual
inventory method’, and physical age-cohort based models of in-use stocks are state-ofthe art in dynamic material flows analysis, as demonstrated by van der Voet et al.
(2002), Elshkaki (2005), Müller (2006), and Müller (2014). Pauliuk et al. (2014c) find
that both monetary and physical models of capital stocks that use age-cohort based
approaches are equivalent, which opens up the opportunity to build a hybrid model for
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in-use stocks as part of dynTHEMIS: By default, in-use stocks in the dynTHEMIS model
framework are modelled as gross capital stocks with the perpetual inventory method
(OECD, 2009). Since the DESIRE product classification is collectively exhaustive and
mutually exclusive, we can make sure that all additions to stock are included in the
model. Like in integrated hybrid modelling for inter-industry flows, we now can add
physical detail to the stocks that are of particular interest to us. Given a situation where
we are interested in tracking the flows and stocks of rare earth metals (REM) in society,
we would start with a monetary stock and flow model which in the case of DESIRE would
consider 165 product categories. After comparing our classification with the main enduse applications for REM, we would make a decision on which sectors to disaggregate
and to break down. For these sectors, physical detail is added a) by tracking the specific
metal flows and their industries and recycling processes in the foreground system(s) of
the hybrid IO model, and b) by tracking the in-use stocks of these metals in the hybrid
stock model. This approach combines IO modelling with stock modelling in both
monetary and physical units. This approach could be extended as demonstrated by
Pauliuk et al. (2014c): The industrial assets in the in-use stocks determine the technical
process inventories of the industrial activities where they are used. This linkage between
in-use stocks and industry efficiency can be made explicit by determining overall
resource demand and emissions from industry based on the age-cohort-technology
structure of the productive capital stock. This approach has been partly implemented in
dynamic IO analysis (Idenburg and Wilting, 2000; Lennox et al., 2005), and its
implementation into dynTHEMIS would close a major gap in our representation of the
socio-economic metabolism and will be considered.

2.2.3

The combination of stock and flow models

Figure 7 shows the A-matrix of the WIO flow model for two foreground subsystems in the
upstream and downstream parts, respectively, and the in-use stock next to it. The
connection of dynamic stock and WIO models is straight forward and a very powerful way
of modelling the entire socio-economic metabolism of a region. This combination is
currently implemented in Japan and is pointed out by Pauliuk and colleagues (2014c).
For implementing dynTHEMIS 1.0 we use our expertise in modelling dynamic vehicle
stocks, building stocks, and material stocks. We gather and include information on
industrial stocks from the literature, e.g., (Biatour et al., 2007; Davis et al., 2010). For
some sectors, we only have a very aggregated understanding of the capital requirements
of industrial assets, whereas for other sectors, we have detailed inventories from the
literature and our own assessments (Hertwich et al., 2014). By using capacity constraints
(output = load factor * capacity) the industry stock model can be coupled to the demand
model. This is because under-capacity leads to the installation of new assets, which
increases final demand for products and services in form of formation of gross fixed
capital. Another feedback between industrial assets and material flows that can be
included is the relation between recycling and dismantling of old assets. The level of
detail of the representation of stocks in the model will be chosen according to the
research question at hand. For criticality assessment, the focus will lie on consumer
electronics and industrial equipment, especially in energy conversion industries, which
are the major applications of many critical materials.
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Figure 7. Left: Sketch of the A-matrix of inter-industry requirements for the combination of WIO and
integrated hybrid models. Upstream (f1,f2) and downstream foreground (wf1,wf2) requirements are shaded grey.
The combination of different foregrounds into a common model is easily possible if there are no overlapping
processes across the different foregrounds. Right: The use phase contains all in-use stocks, which are modelled
as a breakdown of the stock into age-cohorts with cohort-specific lifetimes. The monetary, the product, and the
material layers can be considered in parallel depending on the desired level of specification. For the stocks of
products that represent accumulations of foreground process outputs, both the monetary and the physical
layers are tracked by the stock model and inflow and outflow are linked to the model of the industrial system
represented by the A-matrix on the left side. For the stocks of products that represent accumulations of
background process outputs, only the monetary layer is tracked.

Another important feature is the ability of the model to handle many different foreground
systems, as long as the property of collective exhaustion and mutual exclusion is not
violated (Figure 7). One can therefore build two foreground models of the steel and
copper industries, for example, and after making sure that both foregrounds do not have
any processes in common, extract them from and combine them with the monetary
background. A hypothetical use of copper in steelmaking or vice versa could be modelled
directly in the interchange matrices between the different foreground systems (light grey
shades in the matrix in Figure 7), instead of inserting and re-extracting a material flow
into the monetary background. This feature of the model allows us to treat the different
foreground systems as independent of each other, and combine them only in the final
stage of model assembly. This opens up the opportunity for uncomplicated collaboration
between different researchers and groups. Interfaces between models can be clearly
defined by referring to established industry, product, resource, and emissions
classifications. In cases where co-production of different materials occurs, for example,
the production of noble metals from copper anode sludge, the WIO structure allows to
route the waste flows to the corresponding markets, from where they are sent to
treatment processes to produce valuable by-products, which are then placed on the
product markets. An example for the copper/gold system is shown in Figure 8.
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Figure 8: Example of the integrated hybrid approach in WIO structure. Left: Treatment of gold production
from copper anode sludge in the WIO framework. The two main industries copper smelting (f1) and gold mining
(f2) supply their principal products to the markets for copper and gold. Copper smelting and refining produces a
waste flow of anode sludge which contains gold and which is placed on the market for anode sludge. From there
it is sent to gold recovery from Cu anode sludge (wf1), where the gold is extracted and sent to the gold market.
The WIO model structure adjusts the output of f1 and f2 so that the demand for copper and gold is met and all
anode sludge is treated. Right: Sketch of the A-matrix that represents the example on the left side.

Another question is whether one should use a mixed unit approach or a multi-layer
approach to hybrid modelling. A multi-layer approach represents a fully balanced model
for markets and industries, where all balances are respected: monetary; total mass; total
energy; mass of iron; etc. A mixed unit approach uses for each flow the most suitable
unit for its description. Such a model still fulfils all market balances, because the flows
that are distributed but not transformed by a market have the same unit, but not the
industry balance, because here flows with different units are transformed into new flows
that may have different units. Given the long-term goal of a complete, multi-layer
description of the socio-economic metabolism, the multi-layered approach should be the
preferred representation. The mixed unit approach is simpler to implement, but contains
less information. The compromise chosen for dynTHEMIS 1.0 is to model all stocks and
flows in the background economy in monetary units, and to model the foreground
systems in both physical and monetary units (cf. section 2.2.1).

2.3

The exogenous drivers of dynTHEMIS 1.0

The model framework as described so far is descriptive; it is close to a mere accounting
framework that allocates socio-metabolic phenomena in a general framework. Recorded
in a supply-and use framework, it is purely descriptive without any causal relationships
included. In IO-form, it includes assumptions on allocation of inputs to outputs and
aggregation of different commodities and industries into larger groups. To study how the
socio-economic metabolism changes over time we need to establish causal relationships
and exogenous model drivers. In principle the model allows different users to have
different perspectives on what is a driver and what is an endogenously determined
system variable and to study the uncertain future in a meaningful way. Different options
for drivers exist:
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1) Stock driven demand models as introduced by Müller (2006). The size of the
stocks and the corresponding service levels drive the final demand of products via
the lifetime model. This approach is used to model pathways of emissions and
resource use resulting from scenarios of population, service or stock levels, and
assumptions on technology deployment.
2) Market models. In this approach, economic models are used to project final
demand flows, regardless of stock size, but by respecting the physical capacity
constraints.
3) Integrated scenarios, where existing scenarios for future development are taken
as reference for possible future development. Details are added to the scenario
variables so that the specific material and product cycles can be extrapolated into
the future.
Given the complexity of future development and the many linkages between major
drivers, we will not attempt to create scenarios for future development by ourselves.
Instead, our plan is to create dynamic models of the different material and product cycles
that are relevant for assessing material criticality and to link them to existing scenarios
for future development, such as the GEO-4 scenario family (Hughes, 2005) or the IEA
BLUE scenario family (Intenational Energy Agency, 2010). These scenarios families are
built upon a set of general story lines, which are translated into assumptions about future
development of central socio-metabolic parameters. These parameters are then fed into
various system dynamics and integrated assessment models to produce specific results
for technology choices and impacts on climate and precipitation. As stated above, these
scenarios lack detail regarding material use and recycling, and hence specific
assumptions on future technologies and their material intensity have to be added in order
to tackle the criticality issue. The additional assumptions that have to be made must be
in line with the general story line of the scenario.
We will investigate whether to use the GEO-4 or the IEA BLUE scenario families as model
drivers. The GEO-4 family contains four scenarios (market first; policy first, security first,
and sustainability first), that each include pathways for energy use, carbon emissions,
and other salient resource and impact categories. The GEO-4 scenarios will also be used
for the scenario work of the International Resource Panel (IRP), and due to personal
overlap at both CML and NTNU, we may be able to re-use the results of the work done
for the IRP in our work package. An alternative option is to use the IEA Energy
Technology Perspective scenarios as model drivers. Here we can build upon the in-house
experience of the THEMIS model builders (Gibon et al., 2014).
Depending on the level of technology and product detail of the scenario variables,
additional assumptions will have to be made and data will have to be gathered to
translate the scenario results into drivers for the product and material cycles in
dynTHEMIS. A sensitivity analysis will show how the different material criticality
indicators vary under different scenario assumptions. The scenario analysis will enable us
to understand for which materials and under which circumstances the EU has a leverage
to influence or mitigate material criticality.
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Finally, we present a diagram for how the descriptive model and the scenario storylines
flow together into the dynTHEMIS model (Figure 9). Both descriptive aspects and the
scenario drivers are combined into the model framework.

Figure 9. Components and drivers of the dynTHEMIS model.
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The equations of dynTHEMIS 1.0

The first stage of implementation of the dynTHEMIS model consists of three stages,
which we describe in turn: (1) Building the MRIO-model with WIO structure; (2)
Synthesising foreground and background models; and (3) Making the model dynamic.
Table 2 lists the major variables in the system.
Table 2: List of system variables.

Name
Product index
Industry index
Region index
Factor and stressor index
Use table for region r

Description
Numbers product categories
Numbers industry categories
Numbers the different regions
Numbers the different factors and stressors
Use of products (columns) by industries
(rows)
Supply of products (columns) by industries
(rows)
Final demand broken down into products
(columns)
Labour and capital services used by
industries
Trade of commodity i from region r
(columns) to region s (rows)
Use of natural resources by industries
(rows)
Emissions by industries (rows)
Treatment of waste type by waste
treatment process. E.g., the amount of
municipal solid waste sent to landfills

Symbol
i,j,k
I,J,K
r,s,t
x,y,z
Ur(i,J)

Unit
$/yr

Vr(i,J)

$/yr

yr(i)

$/yr

Fr(x,J)

$/yr

Hi(r,s)

$/yr

Rr(x,J)

per $

Br(x,J)
T(i,I)

per $
Default:
kg/yr

Waste generation matrix

Generation of waste type by waste
treatment process. E.g., the amount of slag
generated by incinerators

G(i,I)

Default:
kg/yr

Industry waste supply

Generation of waste type by upstream
industry. E.g., the amount of fabrication
scrap generated by car industry

WV(i,I)

Default:
kg/yr

Industry waste use

Use of waste type by upstream industry.
E.g., the use of old car tires in cement kilns

WU(i,I)

Default:
kg/yr

Product requirements by
waste treatment

Use of upstream products by waste
treatment process. E.g., the use of
electricity in car shredders

UW(i,I)

Default:
$/yr

Product supply by waste
treatment

Supply of upstream products by waste
treatment sectors. E.g., the supply of
electricity by incineration plants

VW(i,I)

Default:
$/yr

Industry throughput

Sum of all inputs (= sum of all outputs) of
product industries and waste treatment
processes

gI(J), gT(J)

Default:
$/yr

Market throughput

Sum of all inputs (= sum of all outputs) of
product markets and waste markets

qp(J), gw(J)

Default:
$/yr

Supple table for region r
Final demand in region r
Factors of production for
region r
Trade table
Natural resource use
Emissions
Waste treatment matrix
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Building the MRIO-model with WIO structure

The DESIRE classification contains 200 product categories and 163 industries. Most
industries are linked to one typical product, and only 6 industries are assigned multiple
outputs, these include coal mining (8 types of coal); natural gas extraction (2 types of
natural gas); coking (4 types of coke, gas, or tar); oil refineries (18 refinery products);
other chemicals (6 types); and manufacture and distribution of gas (3 products). Another
two products are by-products from the steel industry (off-gases from blast furnaces and
basic oxygen furnaces). The industry list is an unsorted mix of primary industries and
waste treatment activities and the commodity list is an unsorted mix of useful products
and different types of waste. The first step therefore is to re-arrange product and
industry lists into two compartments: the product list is divided into a list of useful
outputs indicated by pp and a list of waste types indicated by pw. The industries are
divided in the same fashion into upstream industries Ip and waste treatment activites Iw.
These four index vectors contain the positions of the products, wastes, upstream
industries, and waste treatment processes in the DESIRE product and industry
classification. We now define two matrices R and C that are used to re-shuffle the rows
and columns of the original supply and use tables to that the new product and industry
positions fit into the classification of products, waste, upstream and downstream
industries:

 pˆˆ p 
, C
R =
=
 pˆˆ 
 w

 Iˆˆ 
 p
 ˆˆ 
 Iw 

(1)

Here, the operator ˆˆ denotes a special form of vector diagonalization, where all entries in
row n are zero except the one whose column index equals the index in pp(n), which is 1.
Both R and C are square matrixes. Multiplying R from the left to a use table will re-shuffle
its rows to fit the split into useful products and waste flows, and multiplying C’ from the
right will re-shuffle its columns to fit the new industry classification into upstream and
downstream industries. We also have to check whether some flows need to change their
sign, as in the WIO part, all flows have opposite direction compared to the upstream
model. To correct for those sign changes, we introduce a multiplier ΦU for the use and ΦV
for the supply table. Now we can transform the original supply and use tables (index (0))
into tables with WIO structure (index (1)), where  denotes element-wise matrix
multiplication.

U r(1)= R ⋅ ΦU  U r(0) ⋅ C '
Vr(1)= R ⋅ ΦV  Vr(0) ⋅ C '

(2)

Similar equations hold for final demand, factors of production, resources, and emissions:

yr(1)= R ⋅ Φ y ⋅ yr(0)
Fr(1)= C ⋅ Φ F ⋅ Fr(0)
(1)
R=
Rr(0) ⋅ C '
r
(1)
B=
Br(0) ⋅ C '
r

(3)
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The resulting supply and use tables now have the same size as before, but a different
structure as shown in Equation 4. The meaning of the different parts of the economywide supply and use matrices U, UW, etc, is listed in Table 2.

 U UW 
V
(1)
=
U r(1) =
 , Vr

 WU T 
 WV

VW 

G

(4)

Here, the four compartments indicate the use of useful products by upstream industries
(1), the use of useful products by waste treatment sector (2), the use of waste by
upstream industries (3), and the use of waste by waste treatment sectors (4). We now
propose a two-step routine to convert the multi-regional supply and use tables into
input-output tables.
(1) In a first step, we create square matrices out of the supply and use tables in
Equation 4. This is done by a mix of aggregation, allocation and disaggregation.
For coal mining and natural gas extraction we aggregate all outputs into one category for
each industry. The reason for aggregating all coal types is that they differ substantially in
energy content, land use, emissions, etc, and any allocation would lead to distortions in
the different impact categories. This sector should be disaggregated as the different coal
types are not each others’ co-products. The focus of the present study is on metals and
not on fossil energy carriers, and therefore we chose aggregation instead. The natural
gas sector produces natural gas and liquefied natural gas, which we aggregate into one
category. We aggregate the coking and gas manufacturing sector to produce one type of
coke as main product and one type of gas or tar as by-product. We consider the two offgases from the steel industry as by-products with their own markets and treatment
industries. We allocate the remaining inputs to either biofuels or gas pipeline networks.
For oil refineries and chemicals production we allocate the respective process inputs
according to the exergy content of the outputs (exergy allocation), since the vast
majority of all multiple outputs are energy carriers.
This procedure will be done manually, as many additional data and assumptions will be
required. The result of this procedure is a square version of the supply and use tables in
equation 4. The variables are introduced in Figure 10.
Allocation
U r(1) , Vr(1) 
→U r(2) , Vr(2)
Aggregation

(5)
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Figure 10. Definition of the variables in the square supply and use table that represent the interactions in the
industrial part of the system in Figure 5. The meaning of the different flow arrays U, UW, etc, is listed in Table 2.

(2) The resulting supply and use tables (SUT) in Equation 5 will have 189 product/waste
categories and 189 upstream/downstream industries for each region. We now re-arrange
the product list to make sure that for each industry, the supply of its main product is

Vˆ . All co-products are then represented by
 3
off-diagonal elements V . The U and V matrices are square, but the supply table may
located on the diagonal of the supply table

not be diagonal, and a construct is needed to transform the SUT into an IO model
(Majeau-Bettez et al., 2014). We apply a modified by-product technology construct, 4
which was also used by the FORWAST project team (Schmidt et al., 2010), and which
has properties that make it more suitable for modelling substitution and system
expansion than the constructs that are most common in mainstream IO analysis, such as
commodity technology and industry technology constructs (Miller and Blair, 2009; Suh et
al., 2010). In the original version of the by-product technology construct the co-products
are re-arranged as negative inputs to the industries where they are generated. The WIO
structure of our model allows us to use a modified version of the by-product technology
construct that avoids any negative flows but which else is fully equivalent to the original
construct. In the modified version of the by-product technology construct all co-products



( V , the off-diagonal elements of the supply table) are sent to dedicated co-product
markets and from there via dummy industries to the main product markets (light grey
processes in Figure 11). The dummy industries leave these products unchanged. The
WIO model setup then makes sure that the co-products, whose output is driven by the
3

M̂ denotes a matrix of the same size as M that only contains the diagonal elements of M,

and M denotes a matrix of the same size as M that only contains the off-diagonal elements of M. All other

elements are zero. The identity M
= Mˆ + M holds.
4

Given a matrix M,

The by-product technology construct should actually be called co-product technology construct, because it
deals with co-products, which are perfect substitutes for the main products, and not with by-products, which
are not.
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demand for their corresponding main products, will displace those main product that they
are a perfect substitute for. When using the by-product technology construct the
modeller has to assume that all co-products are perfect substitutes for a main product. If
this is not the case, the co-production flow needs to be re-classified as by-product/waste,
and then it can be assigned a specific treatment process to be re-processed into a useful
output within the WIO framework. Unlike the traditional by-product technology construct,
the modified construct has no negative inflows to the upstream industries. Instead, coproducts are tracked in line with their actual physical flow from the industries to their

Vˆ

and co-products V , which are sent to their respective markets. The general waste
respective markets. Figure 11 shows the split of the supply table V into main products

treatment matrix T was replaced by the waste allocation matrix S that is specific for the
WIO model family. The two are related via Equation 6, which shows how S can be
derived directly from parameters recorded in the supply and use table.

S = T ⋅ wˆ −1 = T ⋅ ( yw + G ⋅ e + (WV − WU ) ⋅ e ) ˆ −1

(6)

The system in Figure 11 is a specific extension of general industry representation in
Figure 10 that is needed to deal with the flow of co-products to their respective markets,
so that an IO model with diagonal supply table can be constructed from the supply and
use table. From Figure 11 we can read the balancing equations for the products markets
(P), the co-product markets, and the waste/by-product markets (W), and write them in
matrix form (Equation 7).

Figure 11: The by-product technology construct in the WIO framework. The nomenclature in Figures 10 and 11
is explained in Table 2. It combines the WIO and the FORWAST nomenclature from Figures 2 and 3. It
distinguishes between upstream industries I, product markets P, waste treatment industries T, waste markets
W, and the markets and dummy-processes for the co-products. The latter two are needed to build an IO model
from the supply and use tables, and they are not visible to the model user. e represents a summation vector (a
row vector of only ones with appropriate length),
elements of the supply table V (cf. footnote 3).

ˆ represents

the diagonal elements and



the off-diagonal
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Equation 7 is the combined market balancing equation for the product, co-product, and
by-product/waste markets in the IO model shown in Figure 11. It represents a Leontief
IO model with the large matrix in brackets representing the nation-wide A matrix for
both upstream and downstream industries.

 x
 
 xc  =
x 
 w

ˆ 
 Ve
 
 Ve  =
x 
 w


U ⋅ Vˆ −1


V ⋅Vˆ −1

 S ⋅ (W − W ) ⋅ Vˆ


V

−I

ˆ   y 
) ⋅ xˆ w   Ve
   

0
 ⋅  Ve  +  0

S ⋅ G ⋅ xˆw −1   xw   S ⋅ yk 


(V

W

0
0

−1

U

− UW

−1

(7)

To build this matrix one needs a square supply and use table for the upstream industries.
The number of wastes can be larger than the number of treatment processes, and the
waste allocation matrix S can be determined from the waste treatment table T and the
total amount of waste treated (ŵ, see Equation 6). In the DESIRE classification there is a
1:1 correspondence between waste types and treatment processes, and S is hence a
35x35 unit matrix.
The modified by-product technology construct will be applied to all regions
simultaneously, and will yield a set of intra-regional Leontief A-matrixes Ar that describe
both upstream and downstream industries:


U ⋅ Vˆ −1


Ar 
V ⋅ Vˆ −1
=
 S ⋅ (W − W ) ⋅ Vˆ


V

U

−I
−1

0
0

) ⋅ xˆ w 

0

−1 
S ⋅ G ⋅ xˆw 


(V

W

− UW

−1

(8)

To build a multi-regional IO model, we need to combine the regional technology and
recycling descriptions Ar with a pattern of international trade. The trade data are
arranged into matrices with a structure shown in Figure 12 (right). The off-diagonal
elements of the trade matrix for commodity i, Hi(r,s), denote the trade flows from region
r (column) to region s (row). The diagonal elements contain information about the
domestic use of domestic production, which is determined by subtracting all exports from
domestic supply (Figure 12, right).
The central assumption of MRIO is that all consumers in a given region buy the same mix
of imported and domestic products (Miller and Blair, 2009). In an MRIO model, the interindustry requirements are split into a description of domestic technology denoted by Ar
and a breakdown of these requirements by regions of origin:

Ar = A1r + A2 r + A3r + ... + Arr + ... ARr

(9)

The share of the use of commodity i from region s by all industries and end-users in
region r is given by the share of region s in the total domestic use Q of commodity i,
denoted by

Ci (r , s ) (Equation 10).
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=
Ci (r , s )

H i (r , s)
H i (r , s)
=
∑ H i (r , s) Qi (s)
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(10)

r

Figure 12. Left: We ‘zoom’ into a market with interregional trade. The market for commodity i in region r is
supplied with goods listed in Vr. Of the total domestic supply q=Vre, some is exported (Hi(r,·)) and the rest is
used domestically (Hi(r,r)). Together with the imports (Hi(·,r)), the domestic use of domestic output (Hi(r,r))
forms the total domestic use Qi of commodity i. In a second step, Q is now distributed to industry (Ur(i,·)) and
end users (yi). The distinction between domestic supply q, domestic use Q, and the trade table Hi(r,s). Right:
Flows of interregional trade can be arranged in matrix form as shown here. A matrix that only contains trade
flows between regions would have zeros on the diagonal, but for having a more convenient notation, we chose
to locate the domestic use of domestic production on the diagonal. This is in line with the treatment of domestic
use of domestic production in Miller and Blair (2009).

With the help of the use shares

Ci (r , s ) we can break down the intra-regional A-matrix

into the multi-regional requirements matrices:

A=
Ci (r , s ) ⋅ As (i, j )
rs (i , j )
A= Cˆ ⋅ A
rs

rs

(11)

s

Where the diagonalization operator ^ applies to the different commodities i. After
arranging the different intra-regional A-matrices into matrix form, one can write the
MRIO model (or the balance of the international commodity markets) as

xMRIO = AMRIO ⋅ xMRIO + yMRIO
 x1 
 
x2 
=
; AMRIO
x
=
MRIO
 ... 
 
 xR 

 Cˆ11 Cˆ12 ... Cˆ1R   A

  1
ˆ
ˆ
 C21 C22
 0

⋅
...   ...
 ...

 Cˆ
... Cˆ RR   0
 R1

0 

A2
; y
=
MRIO
... 

... AR 
0

...

 Cˆ11 Cˆ12 ... Cˆ1R   y1 

  
 Cˆ 21 Cˆ 22
  y2 

 ⋅  ... 
... 
 ...
 
 Cˆ
... Cˆ RR   yR 
 R1

(12)
Note that because of the special structure of the regional A-matrices Ar (Equation 8), this
model represents a multiregional WIO model of the global economy. It is a symmetric
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representation of upstream and downstream industries in form of two coupled Leontief IO
models for each region.

2.4.2

Synthesis of foreground and background models

The model in Equation 12 is an aggregated representation of the industrial metabolism
with about 190 industries. In order to track individual materials, we need to build
foreground MFA models of production, use, and recycling of these metals. Here we
describe the integration of the process descriptions for metal production and recycling
with the background representation of the economy. The integration is done on the level
of supply and use tables following the concepts in Hawkins et al. (2007) and Hawkins
(2007). The model structure, however, corresponds to the one presented in Nakamura et
al. (2008), were WIO and integrated hybrid analysis were combined for the first time. We
now demonstrate the integration of a physical foreground system into a mixed unit
background system, both in WIO structure. The supply and use tables of the entire
economy were introduced in Equation 4; they are now disaggregated using the
information stored in the intra-foreground supply and use tables and the matrices that
contain information on the interchange between foreground and background systems
(Equation 13):

U r( f )

  U ff U fb 
 UW , ff UW , fb  
 



0 
0 
  U bf
 UW ,bf
, Vr( f )
=

 T ff T fb  
  WU , ff WU , fb 



 
 WU ,bf
0 
 Tbf 0  


  V ff
 
  Vbf
 W
  V , ff
  WV ,bf


V fb 
 VW , ff


0 
 VW ,bf
WV , fb   G ff
 
0   Gbf

VW , fb  

0 
G fb  

0  

(13)

In Equation 13 the index ff denotes transactions within the foreground, fb transactions
from the foreground to the background, and bf transactions from the background into the
foreground. The task is to combine the two SUTs from Equations 5 and 13 into a common
system by disaggregation. The new system has the following structure:

U r( new)

  U ff U fb 
 UW , ff UW , fb  
 



  U bf U bb 
 UW ,bf UW ,bb  
, Vr( new)
=

 T ff T fb  
  WU , ff WU , fb 



 
 WU ,bf WU ,bb

 Tbf Tbb  


  V ff
 
  Vbf
 W
  V , ff
  WV ,bf


V fb 

Vbb 

 VW , ff

 VW ,bf
WV , fb   G ff
 
WV ,bb   Gbf

VW , fb  

VW ,bb  
G fb  

Gbb  

(14)
The disaggregation needs to be done for all regions for which the foreground is specified
as well as for the corresponding trade flows. The disaggregation is done under the
assumption that (a) each economic transaction in the foreground is represented already
in the background, and (b) each foreground process and products can be mapped to
exactly one background industry and commodity. Under that assumption we can define
index vectors If,p and If,I, whose nth element denotes the index of the background product
(industry) that the nth foreground product (industry) belongs to. We can then define the
correspondence matrices for foreground products to background products Cf,p and for
foreground industries to background industries Cf,I:
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ˆ
ˆ
=
C f , p Iˆ=
C f , I Iˆ f , I
f ,p;

(15)

The flow matrices Uff, Ufb, and Ubf are already contained in the monetary background use
table U, and have to be removed from that table to avoid double-counting. This can be
better understood by looking at Figure 4b, where one can see four flows that connect
markets and industries. These flows are are represented by the four matrices Uff, Ufb, Ubf,
and Ubb. In the original SUT representing the entire economy, all four matrices are
contained in U. Disaggregation means that the flows in the three foreground-specific
matrices need to be subtracted from the background table. We assume that the
background is in monetary units and the foreground in physical units, and we define price
arrays PU,ff and PU,fb that contain information about the unit prices paid by the foreground
industries. In case of lacking information, these price arrays can be replaced by the
global average market prices for the respective commodities. The corrected use matrix
Ubb is then given by Equation 16, where  denotes the element-wise matrix multiplication
(Hawkins, 2007).

U bb =−
U U bf ⋅ C f , I − C ' f , p ⋅ PU , fb  U f ,b − C ' f , p ⋅ PU , ff  U ff ⋅ C f , I

(16)

Similar equations hold for the use of waste by the foreground industries WU, the use of
products by the waste industries UW, and the treatment of waste by downstream
industries T. As a general rule, price information has to be gathered for each physical
flow in the foreground inventory to allow for correct connection between foreground and
background systems. The original monetary supply table has to be corrected for the flows
that are now represented in the physical foreground, because foreground and
background each supply to their respective markets (Equations 13 and 14). Equation 17
shows the correction for the supply table V under the simplifying assumptions that the
foreground does not supply background products and vice versa.

Vbb =−
V C ' f , p ⋅ PV , ff  V ff ⋅ C f , I

(17)

Finally, if trade is to be considered in the foreground model, the background trade data
have to be corrected as well. Equation 18 shows an example, where trade flows for a
foreground commodity if are removed from the background trade data for commodity
group i.

H=
H i (r , s ) − PT ,i f  H i f (r , s )
i (r , s)

(18)

The resulting disaggregated supply and use table is shown in Figure 13. It contains all
flows in the industrial system shown in Figure 10, including trade between regions. The
column sums represent the total flows flowing through an industrial activity (industry
throughput), which can be obtained both by summing up all inflows (upper table) and by
summing up all outflows (lower table). Note that the column sums (or the industry
throughput) can only be computed if the entire inventory is recorded in the same unit.
The row sums represent the market throughput, which is obtained by summing up all
inflows (lower table) or all outflows (upper table). The row sums (or the market
throughput) can always be computed because each commodity, waste, or other object
has its specific unit which is the same across the entire inventory.
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Figure 13. The supply and use tables for the synthesis of mixed unit and waste input-output model. The
variables are defined in Table 2, and industries and commodities were divided into foreground (f) and
background (b). The tables are a representation of the balancing equations of the processes in the industrial
system shown in Figure 10. The upper left blocks represent the disaggregated use and supply matrices of
Equations 13 and 14. The red boxes highlight the inflows and outflows from the foreground industries and
waste treatment activities.
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Making dynTHEMIS 1.0 dynamic

Equations 1-18 refer to a one-year snapshot of the global economy. All major system
variables are subject to change over time: technology including stressors; the structure
of the industrial system including the arrival of new products and the decline of
established ones; trade patterns; and final demand. Despite sometimes rapidly changing
technology and material choices, there are major inertia in the socio-economic
metabolism, and these are represented by stocks. The development of in-use stocks of
buildings, infrastructure, and products over time determines society’s energy and
material throughput to operate and maintain its accumulated wealth (Pauliuk and Müller,
2014). Essential to simulating future development is a) to track the in-use stocks of the
foreground product system over time using a dynamic stock model and to feed back
scrap supply into the WIO model and b) to modify the coefficients in the foreground and
background systems according to some general trends following the scenario story lines.
This work will build upon the experience from the THEMIS model (Gibon et al., 2014) and
the outcome of the IRP scenario work.
In the first implementation of the dynamic model, the coupling between dynamic stocks
of productive assets (fixed capital stocks) and the input structure of the industrial sectors
as described in Pauliuk et al. (2014c), will not be implemented. This includes the
synthesis of the A-matrix from the different age cohorts of capital, which we hope to
implement in a later version of dynTHEMIS.

2.5

Systematic treatment of uncertainties in data gathering
and modelling

Both the complexity of the model and the intention to produce policy relevant results
require that special attention needs to be given to the systematic treatment of
uncertainties. This involves two steps: First the uncertainties of the input data need to be
recorded and second, the propagation of uncertainty through the model needs to be
determined.
The model runs with data and parameters. An example for input data is the inventories
of specific technologies or the material content of different products. These represent the
‘measured’ information in the model. The data templates presented in the next section
requires the user to specify the uncertainty or confidence interval of each parameter. In
many cases uncertainties will not be available and informed guesses have to replace a
proper treatment or measurement of data uncertainty.
Model parameters are exogenous drivers for demand, technological change, or choice of
technology. These parameters depict future development and are inherently uncertain.
The uncertainty of these parameters is assessed by varying the parameters across
different scenarios. For each scenario, a specific parameter choice is made.
To propagate the uncertainties of the data through the model we use Monte-Carlo
simulations, which is standard in IO modelling and LCA (Gibon et al., 2014), and for
which the computational routines are readily available.
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Determining material criticality indicators from the
dynTHEMIS 1.0 results.

We list the stock-and flow-based indicators identified in D6.1 (Deetman et al., 2014) and
explain how they are derived from the dynTHEMIS model.
1) Extraction of mineral resources
The critical material footprint of any of the about 190 product categories in any of the
49 world regions is determined by multiplying the stressor table and the Leontief inverse
with the final demand vector for which the footprint shall be determined. Depending on
the available information on location of mineral resources, these global footprints can be
broken down into specific regions.
From a regional break-down of the critical material footprints one can determine different
indices of supply concentration using the indices developed by Graedel et al. (2012).
The scenarios for future product demand together with data on product composition can
be used to estimate the future levels of primary metal production that is required to build
up the in-use stocks of these metals. Primary metal production drives the extraction of
mineral resources, and we can use the scenario-specific time series of possible future
extraction to estimate when the present reserves and reserve base may become
exhausted (Elshkaki and Graedel, 2013; Roelich et al., 2014).

2) Production phase & product demand
Combining total metal production with product composition and price data allows us to
estimate the apparent final consumption of the metals studied by product category
(Hawkins, 2007).
The same data can be used to estimate the total value of products that contain a specific
material. This information is an indicator of the metal’s economic importance.
From the scenarios we obtain time series of future metal demand, which allow us to
determine the annual growth rate of material demand.
The foreground systems allow us to quantify flows of pre-consumer scrap and preconsumer loss of the different metals studied.

3) Use-phase & disposal
From the scenarios we obtain time series of future metal stocks, which allow us to
determine the annual growth rate of these stocks.
Anthropogenic metal stocks can be compared with stocks in landfills and stocks in
mineral reserves to determine the ratio of anthropogenic metal stocks to lost
material stock and to unused reserves.
4) Waste and recycling
The flows of end-of-life products combined with information on their metal composition
allows to determine the flows of different critical metals in the waste streams of the
different product groups and the critical metal content of waste flows of different
types. (Duan et al., 2013)
Since the recycling processes are included in the foreground system we can determine
the ratio of primary and secondary material production and the recycled content
of the material mix used by the manufacturing industries as well as the ratio of postconsumer to pre-consumer scrap (old scrap ratio OSR, (Graedel et al., 2011)).
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Data requirements and availability

This section lists the data needed for the implementation of the dynamic model and how
they will be obtained or estimated. Three types of data are required: monetary
background data, physical foreground data, and price data to link the two layers. Below
we list the data requirements, the available data, and central assumptions for the
monetary background (Table 3), the foregrounds for the case study metals (Table 4),
and price and other intensity data that are needed to connect foreground and
background data (Table 5).
Table 3: Monetary background data
Source

Type

Time
frame

Spatial
resolution

Process
resolution

Additional
assumptions

163 DESIRE
processes

Product/
substance
resolution
200 DESIRE
products

EXIOBASE
(DESIRE
WP5)

Monetary
background

19952011

49 DESIRE
regions

THEMIS/Own
work

Monetary
background

20122050

49 DESIRE
regions

163 DESIRE
processes

200 DESIRE
products

Extrapolated from
2011 table using
IEA BLUE MAP or
GEO-4 data on
regional GDP and
labour,
ad-hoc
assumptions, and
technology
pathways
as
parameters

EU
KLEMS
project

Initial stocks

1995

14 countries,
world’s
largest
economies

39 industries

8
product
groups

Capital stock of
smaller economies
will be neglected,
industries have to
be disaggregated

Future
scenarios on
monetary
macro-data

20002050

7

--

--

Needs
to
be
broken down onto
DESIRE regions, a
review of methods
exists (van Vuuren
et al., 2010).

Future
scenarios on
monetary
macro-data

20052050

9

--

--

Needs
to
be
broken down onto
DESIRE
regions,
use of in-house
experience (Gibon
et al., 2014).

(EU
DESIRE
Project, 2013)

(O’Mahony
and Timmer,
2009)
GEO4
scenarios
(Hughes,
2005)

IEA scenarios
(Intenational
Energy
Agency,
2010)
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Table 4: Physical foreground data
Source

Type

Time
frame

Spatial
resolution

Process
resolution

Mineral and
metal
production,
prices,
reserves,
and reserve
base

1932present

Comprehensi
ve coverage

--

Elements and
minerals

Process- and Ca.
Mostly
region
1990Europe
specific
2010
(Classen
et inventories
al., 2009)
and product
lifetimes
•
MFA lifetime database
(Murakami et al., 2010; Oguchi et al., 2010)
•
OECD database
(OECD, 2009)
•
KLEMS project database
(Biatour et al., 2007)
•
For consumer products: (Oguchi et al., 2011)
•
For future IT technology: (Villalba et al., 2012)
•
Commercial database for product composition:
Granta design: (Granta Material Intelligence,
2013)
Copper studies

Ca. 6000

Ca. 3000

Indium studies

(Green, 2009; Mikolajczak and Jackson, 2011;
Nakamura et al., 2008; USGS, 2009)

Tantalum studies

(USGS, 2013)

Cf. Table 5:
Comtrade
BACI,
ProdCom,
and
UN
commodity
statistics
USGS
(USGS, 2010)
And BGS
(British
Geological
Survey, 2013)

Product/
Additional
substance
assumptions
resolution
These statistics cover both monetary and physical quantities, and the physical information can
be used in the foreground systems.

EcoInvent
version 3

Product lifetimes,
process specific data

sometimes

country-

Composition of products, breakdown
products into components, materials,
metals

and

of
or

(Ayres et al., 2002; Castro and Sa, 2003; Glöser
et al., 2013; Harmsen et al., 2013; Nassar et al.,
2012; Norgate and Jahanshahi, 2006; Northey et
al., 2013; Spatari et al., 2002; Tilton and Lagos,
2007)
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Table 5: Price data
Source

Type

Time
frame

Spatial
resolution

Process
resolution

EcoInvent
version 3

Process-and
product
specific price
data

Ca.
19902010

Mostly
Europe

Unknown
coverage of
process list

Price
information
for
trade
flows

1995present

Most
regions
(250+)

Price
information
for
production
flows

19952012

31 countries

UN Industrial
commodity
statistics

Price
information
for
production
flows

19952010

Most
regions
(250+)

Case studies

Whenever available, specific price information should be recorded when conducting the case
studies.

(Classen
al., 2009)

et

UN Comtrade
and
BACI
trade data
(U.N., 2009)
(Gaulier
al., 2009)

UN

et

ProdCom
statistics
(Eurostat,
2013a)

UN

Product/
substance
resolution
Unknown
coverage of
process list

-(Commodity
-specific
data,
no
processes
traced)

HS 6 digit

-(Commodity
-specific
data,
no
processes
traced)
-(Commodity
-specific
data,
no
processes
traced)

NACE
1.1,
NACE 2
(4500
categories)

Additional
assumptions
Very specific data,
availability has to
be checked for
each case

ISIC 3.1
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4

Implementation and work division

4.1

Implementation of the model, information exchange &
software choices

The implementation of such a comprehensive model across different institutions requires
a deliberate setup of the computational and storage structure. Figure 14 shows the
indented setup of database, model software, and visualization/dissemination interfaces.

Figure 14. Suggested organization of data handling and modelling tools.

The model core will be implemented in Python, which is an open source programming
language with very versatile features for data parsing, computation, and visualization.
Much functionality is similar to Matlab. We chose Python because its structure enforces to
write clearer code than with Matlab, it shows better performance than Matlab on many
areas, the code is easier to re-use by third parties because both language and
interpreters are open source, and because Python is becoming more and more
established in the scientific community and in industrial ecology in particular. Python
scripts can read and write .mat-files, which allows for easy communication between both
programming environments.
The MRIO background data are stored in .csv or .mat files, and are read by Python
routines. All foreground process and flow data and the model control parameters are
stored in Excel files using the templates we describe below, and are read by Python as
well. The model implementation in Python is modular, with scripts and functions with
well-defined functionalities and interfaces. Model results can be exported to .csv, .mat,
and .xlsx files. Auxiliary calculations and computations can be done in Excel or Matlab, as
long as they are well documented and archived and the results adhere to the
standardized input data format.
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The model will follow a modular design so that MRIO table and stock model can be
coupled to one or more different foreground systems as specified by the user. This allows
different people to make a clearly identifiable contribution and to take responsibility for a
certain model part or extension. It also facilitates future extensions and updates of the
model without devaluating or rendering obsolete the contribution from others.

4.2

Classification of data and templates for data formatting
and storage

Here, we build upon the efforts made by NTNU through the internal database projects
GAIA (Müller and Pauliuk, 2010) and ARDA, the integrated approaches to accounting in
previous EU projects (Schmidt et al., 2012, 2010), and the latest development in the
common, underlying system definition of the socio-economic metabolism (Figure 5),
(Pauliuk et al., 2014b). To combine data from different sources into a common system
and to combine different systems to a larger model, the allocation of the quantitative
information represented by the data needs to follow a system-wide standard. The
different specifying elements that allocate the data in the system need to be indentified
and standardized to allow for unambiguous interpretation of the data and to combine
data from different sources and parts of the system into one common model. Figure 15
shows the different areas or realms of data specification. For internal database purposes,
each datum is assigned an internal number and a group of similar data it belongs to.
Each quantitative piece of information can be allocated in an abstraction of the socioeconomic metabolism by specifying which aspect is described (mass, concentration,
lifetime), when and where the observation is located (time and region), which processes
are affected and which products, goods, or substances are described.

Figure 15: ‘Realms’ of data specification.

After the information was unambiguously allocated in the system of the socio-economic
metabolism, it is quantified (value, error, unit), commented if necessary, and connected
to a specific source (Figure 15).
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Our choice of classifications and the mapping between
them

Central to the unambiguous allocation of data in the system is the use of established
classification schemes for regions, processes, and products (including goods, substances,
and emissions). A large number of classifications exist, and Figure 16 shows an example
for product and industry (process) classifications.

Figure 16. Example of product and industry classifications. Source: Eurostat (2013b).
Table 6: Choice of classifications and available mappings.

Realm
Regions
Products:
Elementary flows
Products:
Elements/compounds

Classification
ISO2/ISO3/UN classification
ILCD

Existing mapping
To DESIRE country list
To CAS numbers

Use clear names or symbols,
CAS numbers, and the UNU Ewaste
classification
(StEP
Initiative, n.d.)
CPA (6 digits), PRODCOM (8
digits where necessary)
USGS classification of mineral
reserves

From CAS to all established
classifications

Processes:
Industrial processes

NACE1.1 (4 digits)

To EXIOBASE 2.0, To ISIC

End-use

Households,
organisations,
industrial capital

Products
Processes:
reserves

mineral

non-profit
government,

To EXIOBASE from CPA and
PRODCOM
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For our work we can build heavily on previous experience of using classifications and
mappings between them from the internal database projects GAIA (Müller and Pauliuk,
2010) and ARDA as well as the EXIOPOL, CREEA, and DESIRE projects. Table 6 shows
the classifications for regions, processes, and products to be used by this work package,
and the relevant mappings between the general and the project-specific classifications.

4.2.2

The general data template

We developed templates for recording stocks and flows and ratios thereof. This allows to
store concentrations (ratios of two stocks), unit process inventories (ratio of two flows),
or specific capital intensity (stock-by-flow ratio). In Table 7 we list and compare the
different specifying elements for flows and stocks that are listed in Figure 15.
Table 7: Specification of flows (left) and stocks (right).

Realm

Internal
Group
Aspect

Time

Region

Process

Flows

Stocks (Difference to Flows highlighted)

I1) Internal entry number, given
I1) Internal entry number, given automatically by database
automatically by database
G1) used to group data that belong
G1) used to group data that belong together
together
A1) system aspect
Production,
A1) system aspect
In-use stock, reserve …
emission, trade, …
A2) physical aspect
Mass, monetary
A2) physical aspect
Mass, monetary value, …
value, …
T1) Reference time General time stamp
T1) Reference time
General time stamp
T2) Measurement Start of accounting
start
period
T3) Measurement End of accounting
end
period
T4) Cohort start Start of age-cohort in
T4) Cohort start
Start of age-cohort in stock (if
flow (if any)
any)
T5) Cohort end
End of age-cohort in
T5) Cohort end
End of age-cohort in stock (if
flow (if any)
any)
R1) Region of origin: Name of region R1) Region of residence: text Name of region where stock
text
where flow comes
is located
from
R2) Region of origin: ISO3-code of region R2) Region of residence:
ISO3-code of region where
code
where flow comes
code
stock is located
from
R3) Region of
Name of region
destination: text where flow goes to
R4) Region of
ISO3-code of region
destination: code where flow goes to
P1) Process of
Name of process
P1) Process of residence:
Name of process where
origin: text
where flow comes
text
stock is located
from
P2) Process of
ISO3-code of process P2) Process of residence: ISO3-code of process where
origin: code
where flow comes
code
stock is located
from
P3) Process of
Name of process
destination: text where flow goes to
P4) Process of
ISO3-code of process
destination: code where flow goes to
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O1) Name of object

Product

Value, error

Unit
Comment

Name of product,
good, or substance
O2) Code of object Code of product,
good, or substance
V1) Value
The VALUE of the
datum
V2) lower value
Its lower boundary
(absolute)
V3) upper value
Its upper boundary
(absolute)
V4) relative error
Its relative error
U1) Unit of aspect
Unit of aspect
quantified, e.g., kg or
MJ
U2) Unit of
Unit of time base,
reference
typically year
C1) User-specific comment on dataset
S1) Source
Institution

Source

S2) Source
description
S3) Source ID
S4) Added by
S5) Reviewed by
S6) Project ID
S7) Date stamp

Name of institution
where datum was
sourced from
Author, Title, year,
etc
DOI, report no, etc.
User who added
datum
User who reviewed
datum
ID of research
project
Date of insertion/last
update

O1) Name of object
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V1) Value

Name of product, good, or
substance
Code of product, good, or
substance
The VALUE of the datum

V2) lower value

Its lower boundary (absolute)

V3) upper value

Its upper boundary (absolute)

V4) relative error
U1) Unit of aspect

Its relative error
Unit of aspect quantified,
e.g., kg or MJ

O2) Code of object

U2) Unit of reference

Unit of time base, typically
year
C1) User-specific comment on dataset

S1) Source Institution

Name of institution where
datum was sourced from

S2) Source description

Author, Title, year, etc

S3) Source ID
S4) Added by

DOI, report no, etc.
User who added datum

S5) Reviewed by

User who reviewed datum

S6) Project ID

ID of research project

S7) Date stamp

Date of insertion/last update

The difference in describing stocks and flows lies in their nature; they require different
allocations in time, space, and system/process, and we address each of these in turn:
Time: Flows are always measured as accumulation of a quantity crossing a regional
and/or process boundary over a certain time interval, and therefore two points in time
plus a reference time must be specified. Stocks are measured as snapshots at a given
point in time, so the measurement point equals the reference point. Both flows and
stocks can be broken down into different age-cohorts of the products studied.
Space: Flows can cross boundaries between regions and hence, two regions may be
needed to fully specify a flow, whereas for stocks, only the region of residence needs to
be known.
Process: Flows link different processes and hence, two processes are needed to fully
allocate a flow in the system, whereas for stocks, only the process of residence is
needed.
The templates derived from the structure in Table 7 allow any stock and flow data to be
allocated unambiguously in the general system of the socio-economic metabolism,
provided that the required information about time, region, process, and product is known
and can be matched to the general choice of classification in Table 6. In practice many
data will be available for specific products or instances of processes, such as material

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 55 of 65

composition of a specific smart phone or the inventory of a specific steel plant. In that
case the text and code columns are to be used to make that difference clear: The text
columns fully specify the product or process studied, and the code-column matches the
specific representation to the next closest math in the classification, so that the datum
can be associated with a specific part of the system.
From the basic templates for stocks and flows we developed more complicated templates
for storing the ratio of two flows, the ratio of two stocks, and the ratio of a flow by a
stock or vice versa. The structure of these templates follows directly from Table 7: For a
flow-ratio table, for example, two flows need to be specified. That means that the
columns for region, process, and product appear twice to allow two flows to be specified.
All other columns are the same, and the aspect column then determines how these two
flows are related to each other. The same applies to the stock ratio table, where two
stocks have to be specified, and the flow/stock ratio table, where a stock and a flow have
to be specified.

4.2.3

The template for foreground systems

The metal- and product-specific foreground models are based on the general structure of
MFA systems given in Figure 1. It is not common practice in MFA to map the processes
and flows defined in the system to already existing classifications. Instead, the system
definitions are material- and problem specific and while the metal production processes
are often represented with great detail, subsequent manufacturing industries are often
modelled as one aggregate process (consider Pauliuk et al. (2013a) for an example). To
allow for systematic connection of MFA and IO models we designed a template for MFA
systems that allows us 1) to record the metal-specific flows and process descriptions
including yield loss rate and the mass balance, and 2) that contains the information
required to combine the foreground system with the background IO table, including
product and process classifications, price data, and non-tangible service flows. The
process of recording an MFA system (called ‘foreground’) and combining it with the IO
table (called ‘background’) consists of the following 4 steps, of which the first three
involve the template and the fourth step contains the combination of foreground and
background models.
Step 1) Graphical definition of the metal-specific MFA system, identification of
processes and flows, matching of foreground activities and commodities to
background classification.
Step 2) Compilation of the inventories of the different processes in the
foreground system, balancing of the processes for a pre-defined set of layers,
typically the material and the monetary layer. Mapping of all flows in the
inventory to the background classifications.
Step 3) Compilation of absolute production numbers, imports, exports, final
demand, and price data that are required to scale up the process inventories
compiled during step 2. Compilation of the coupling matrices between foreground
and background systems.
Step 4) Building the foreground system. Disaggregation of the background IO
table using the foreground system and price data. Building the balanced supplyand use tables for the combined system.
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Step 1) Scope, system definition, and classification: For each metal studied the
major industries involved in its production and the commodities related to the metal are
identified and the processes and commodity flows are arranged to form the MFA
foreground system definition for that metal. The names of the industries and metalrelated commodities in the system are compiled in a list, and each element in that list is
matched to either the general industry or commodity classification shown in Table 6.
Step 2) Multi-layer process model: For each of the processes/industries in the
foreground system we compile the process inventory that contains the major inflows and
outflows of each process. The inventorisation roughly follows the approach taken by the
FORWAST and CREEA projects (Schmidt et al., 2012, 2010). Inflows are grouped into
products, waste, and natural resources, and outflows are grouped into products, waste,
and emissions (Figure 17). Stock changes are not considered.

Figure 17. General flow categories for an activity or process inventory. Source: Schmidt et al. (2012).

The inflows and outflows of each process are recorded in separate columns in the
template shown in Figure 18. For each flow the name and its classification is recorded,
which allows for identifying the flow as product, waste, etc. It may often not be possible
to balance a process when flows are given in their nominal units only, because the
aspects and units of the flows may be different as shown in the example in Figure 18. To
assess the completeness and the quality of the inventory we quantify the material layer
and the monetary values of the flows. If the process inventory is complete and data on
flows and material composition of the flows are accurate, the balance between inflow and
outflow will hold for each layer. This balance check helps to make sure that the
inventories account for the entire material flowing in and out, and that all flows that have
a monetary values are represented in the inventory.
Step 3) Quantification of market flows
A complete process inventory recorded in the template shown in Figure 18 represents a
balanced industrial process, but it does not contain information on the actual output level
of the process modelled by the inventory. It is still possible to scale the entire process
inventory by a scalar factor without disturbing the recorded balances. The actual output
levels of the different industries are determined from production statistics. Equation 19
shows the balance for the commodities in the foreground. In this equation, i denotes a
summation vector of appropriate length.

U ff ⋅ i + U fb ⋅ i + UW , ff ⋅ i + UW , fb ⋅ i + e p , f ⋅ i + y p , f ⋅ i= q p , f = V ff ⋅ i + V fb ⋅ i + VW , ff ⋅ i + VW , fb ⋅ i + n p , f ⋅ i
(19)
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Figure 18. General setup of a multi-layer process inventory for the example of cuprite beneficiation with
fictitious data. The columns for recording data uncertainty are not shown.

From equation 19 we see that next to the foreground industry supply and use tables we
also need to build the matrices Ufb and Ubf that couple foreground and background
systems, compile the total imports and exports of the foreground commodities that are
obtained by summing over the off-diagonal elements of the trade tables, and compile
final demand. The matrices Ufb and Ubf are estimated using average commodity prices as
explained in section 2.4.2. Final demand of foreground commodities has to be compiled
directly from statistical sources. For those foreground commodities that are also
represented in the SITC or HS commodity classifications that are used in trade statistics,
the physical and monetary trade flows can be taken directly from these databases. To
estimate the metal flows contained in trade of manufactured goods we need to include
product composition data, which can be recorded in the general template shown in Table
7, and multiply these data to physical trade flows (Pauliuk et al., 2013).
Step 4) Compiling the disaggregated model After compiling the foreground data and
the coupling matrices the economy-wide IO tables can be disaggregated using Equations
16-18 and the resulting disaggregated system can be compiled as supply and use table
as shown in Figure 13. Then the IO model can be constructed according to the allocation
and aggregation procedures explained in section 2.4.1.
It is also possible to combine steps 2-4 into one single step using data reconciliation. This
requires that the uncertainty of each flow is known or can be estimated. We will
investigate whether this option is feasible.
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Conclusion

Material criticality assessments require solid knowledge about the physical stocks and
flows of the materials in different regions and their development over time.
We reviewed the different established model families that fit under the umbrella of socioeconomic metabolism regarding their suitability for criticality assessment. We found that
none of the established modelling families including material flow accounting; material
flow analysis (MFA); life cycle assessment (LCA); multi-regional input-output analysis
(MRIO); integrated assessment models (IAM); and system dynamics models include all
four features listed above. All of them, however, show features that make them
interesting for determining criticality indicators. We extensively reviewed different
extensions and applications of the general model families and found substantial overlap
regarding their underlying system definitions and system coverage. The review included
material flow accounting and analysis (MFA), integrated hybrid life cycle assessment
(LCA), multi-regional input-output analysis (MRIO), mixed unit input-output analysis
(MUIO), and waste-input-output models (WIO).
We proposed how some of the model families and extensions can be merged into a
common framework for determining criticality indicators. This new model framework is
called dynTHEMIS, which is an acronym standing for ‘dynamic Technology-Hybridized
Environmental-Economic Model with Integrated Scenarios’. It consists of three modules.
(1) The first module contains all inter-industrial flows, industrial activities, and markets.
(2) The second module is a dynamic stock model of the use phase that contains all
anthropogenic products and materials stored in households, industrial and organisational
assets, government institutions, and public infrastructure. (3) The third module is a
scenario engine which contains time series of exogenous model drivers taken from
established scenario families.
The three modules of dynTHEMIS were described in detail. They will be implemented in
the open-source programming language Python that is increasingly used in science, and
we hope that this choice facilitates wide-spread use of dynTHEMIS or parts of it within
the research community. To efficiently compile data for the different material cycles and
to integrate them into dynTHEMIS we developed a set of templates for MS Excel, which is
described as well.
dynTHEMIS brings together different physical extensions of input-output analysis,
including waste-input-output models; mixed units input-output models; and multiregional input-output models. These models were developed independently of each other,
and some of them show substantial overlap, as the FORWAST and the WIO model. The
systematic overview of different IO models presented here may help to view these
models from a broader point of view, to understand their specific features, and to design
combinations of the different models for specific applications. dynTHEMIS is a
combination of different physically extended IO models that is especially suitable for
material criticality assessment.
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