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Abstract
This thesis explored innovative ways to improve estimation of material footprint-type indicators
in application of Input-Output (IO) analysis to Material Flow Accounting. The following six
research questions were addressed: 1) What is the potential impact of sector aggregation in IO
modelling of raw material flows? Modelling errors due to aggregation of industries with dissimilar
material requirements and trade structures into a single sector in IO models when calculating the
material footprint were empirically analysed relative to greenhouse gas emissions. Significant
biases emerged for raw material flows, which suggests that care should be taken when aggregating
extractive sectors in IO models. 2) Can bottom-up approaches, such as LCA (Life Cycle
Assessment), improve estimation of the raw materials embodied in trade products? and 3) What
are the implications of integration of country-specific information from high geographical
coverage IO models into LCA approaches for calculation of raw material embodied in trade
products? An approach for combining country-specific production blueprints with LCA based on
regional averages was developed. This approach proved useful in refining estimates of upstream
raw materials embodied in trade products, although care is needed during its application since new
biases may arise. 4) Can further perspectives be gained with a new allocation method, the ‘value
added-based material footprint’, which assigns supply chain-wide raw material extractions to each
participating economic actor according to its added value generation, contributing to discussions
on the distribution of mitigation costs? Certain countries and sectors were found to be more
material-intensive with this new accounting approach than in other widely known allocation
methods, e.g. consumer footprint. 5) Are there unequal exchanges between high-income
economies and middle- and lower-income countries when measured in terms of raw material and
value added flows? and 6) Could integration of local and global IO data provide useful insights to
study presence/absence of unequal material exchange at sub-national level? A study of material
flows at inter- and intra-national level demonstrated that a regional economy can play a twofold
role, both as sink or source of raw materials and in value added, depending on its position in the
global economic hierarchy.

Keywords: environmentally-extended input-output analysis, global multi-regional
input-output, Input-Output, Life Cycle Assessment, Material Flow Accounting, material
footprint, value added
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Tiivistelmä
Tässä työssä tutkittiin innovatiivisia tapoja, joilla voitaisiin parantaa materiaalijalanjälki -tyyppisten indikaattoreiden käytettävyyttä panos-tuotos (Input-Output, IO) -analyysissa, kun niitä
sovelletaan Materiaalivirta-analyysi (Material Flow Accounting, MFA) -metodiin. Seuraaviin
tutkimuskysymyksiin haettiin vastauksia: 1) Mikä on sektorien yhdistämisen potentiaalinen vaikutus raaka-ainevirtojen IO-mallintamisessa ja miten poikkeamia voidaan estää? Tämän puitteissa tarkasteltiin mallinnusvirheitä, jotka johtuvat erilaisten toimialojen yhdistämisistä yhdeksi
sektoriksi. 2) Voivatko alhaalta ylöspäin suuntautuvat lähestymistavat, kuten elinkaariarviointi
parantaa tuotteisiin sisältyvien raaka-ainevirtojen arviointia? ja 3) Mitä vaikutuksia on laajan
maantieteellisen kattavuuden IO-malleihin sisältyvien maakohtaisten tietojen yhdistämisestä
LCA-pohjaisiin lähestymistapoihin, kun tavoitteena on laskea tuotteisiin sisältyviä raaka-ainemääriä? Tämän tutkimista varten kehitettiin lähestymistapa, joka yhdisti maakohtaiset tuotantosuunnitelmat ja elinkaariarvioinnin. Tämä lähestymistapa osoittautui hyödylliseksi tarkentamalla arvioita tuotteissa olevista raaka-aineista, vaikkakin sen soveltaminen edellyttää varovaisuutta, koska uusia vääristymiä voi syntyä. 4) Voidaanko uusia näkökulmia löytää uudella arvonlisäykseen perustuvalla allokointimenetelmällä, joka jakaa raaka-aineen louhinnan kullekin toimintaketjun osallistuvalle taloudelliselle toimijalle lisäarvon tuotannon mukaan? Tämän uuden kirjanpitomenetelmän mukaan jotkut maat ja alat ovat materiaali-intensiivisempiä kuin niitä on
pidetty kulutuksen jalanjälkiallokointimenetelmien perusteella. 5) Onko korkean tulotason talouksien ja keskitasoiselle ja alhaiselle tulotasolle asettuvien maiden välillä epätasaisia vaihtoja,
kun raaka-ainekulutusta ja arvonlisäystä mitataan? ja 6) Voisiko paikallisten ja globaalien IO-tietojen integrointi antaa hyödyllisiä näkökulmia tutkimukseen, joka tarkastelee epätasaisen
aineenvaihdon esiintymistä tai puuttumista alueellisella tasolla? Materiaalivirtojen tutkiminen
kansainvälisellä ja kansallisella tasolla, jossa yhdistettiin IO-tietokannat erilaisella maantieteellisellä resoluutiolla osoitti, että alueellisella taloudella voi olla kaksoisrooli sekä raaka-aineiden
että arvonlisäyksen lähteenä tai nieluna riippuen sen asemasta globaalissa taloushierarkiassa.

Asiasanat: arvonlisäys, elinkaariarviointi, globaali monialueellinen panos-tuotos,
materiaalivirta-analyysi, panos-tuotos, ympäristölaajennettu panos-tuotos analyysi
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1

Introduction

In prehistoric times, hominids barely used materials and extractions were mainly
biomass for nourishing human physiology, performed using some very basic tools
made out of stone or wood. In modern societies, however, material requirements
are many orders of magnitude higher, and food intake is no longer the main driver.
For instance, ~23% of raw material mobilisation in Finland is driven by food needs
and a similar proportion by recreation activities (~22%), but both are exceeded by
housing (~30%) (Seppälä et al., 2009). Many other species use materials, from
beaver dams and termite mounds to mineral exoskeletons built by molluscs and
corals (Smil, 2013). However, a unique feature of material use by humans is the
high volume combined with the diversity, currently including almost all elements
in the periodic table (Greenfield & Graedel, 2013). A more important feature is the
capacity to endanger natural ecosystems during material extraction, transformation
and disposal.
Fig.1 shows some global trends in material use in modern times. While world
population doubled from 1970-2017, gross domestic product (GDP) more than
quadrupled in the period and ran at a very similar pace to physical exports (i.e. the
mass of all products traded). This can be a sign of increasing integration of
economies in the global market and international trade. Global raw material
extractions (i.e. aggregating all domestic extractions of all countries) took off in
1990, increasing from ~43 gigatonnes (Gt) to ~92 Gt. This increase occurred
mainly in non-metallic minerals (~57%), as a result of development of the built
infrastructure of fast-developing countries, especially China. Looking at per capita
values, around 7.4 tonnes per capita (t/cap) were extracted in 1970, rising to 12.3
t/cap in 2017. Today, each individual requires removal from the environment of, on
average, 5.8 tonnes per year of non-metallic minerals, 3.2 of biomass, 2.0 of fossil
fuels and 1.2 of metals in order to maintain their way of life. The material needs
are even greater in a high income economy such as Finland. Fig. 2 shows all raw
materials required for satisfying Finnish consumption, including all resources
extracted from domestic or foreign environments and processed in the country or
elsewhere (the so-called material footprint). The amount reached 33.2 t/cap (35.7
t/cap using another popular database) in 2011, while the world average was 11.2
t/cap, i.e. Finland’s was almost triple the global average. Total material use driven
by a nation’s consumption is a proxy of environmental pressure on ecosystems
(Bringezu, Schütz, & Moll, 2003). For instance, it is estimated that aluminium
extraction and processing is responsible of around 1% of global greenhouse gas
17

(GHG) emissions (Cullen & Allwood, 2013). Thus, these and other mass-based
indicators can be used as national benchmarks for measuring progress towards
circularity and dematerialisation of the economy, i.e. decreasing material
throughput and keeping the system within the planetary boundaries while
maintaining wellbeing (e.g. United Nations (UN) sustainable development goals
(SDGs)). The main goal of this thesis was to develop more robust quantitative
indicators in this regard.
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database (Schandl et al., 2016) and the World Bank.
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1.1

The metabolism of socio-economic systems and the footprint
of nations

Two theoretical constructs often applied in the fields of industrial ecology and
ecological economics are the concept of social metabolism (also defined as socioeconomic or industrial metabolism) and the notion of footprint. These constructs
comprised the fundamental conceptual structure of this thesis. The social
metabolism concept has a long intellectual tradition from 1860s onward, which
prepared the ground for its re-emergence and development to modern definitions
and methodological approximations (Fischer-Kowalski, 1998). According to the
more modern definition of social metabolism, socio-economic systems have
necessities inherent to their operation in terms of energy and materials received
from nature, just like living organisms. These materials, in harmony with the mass
conservation principle, sooner or later return to the environment as waste or
dissipated matter. At the core of the system, human labour and consumption act as
regulatory entities (Ayres & Ayres, 1998). This is represented in Fig. 3. At the centre
is the economy, defined here as the well-known circular flow of income.
Companies produce goods and services which are consumed by households (also
by governments, other firms etc.) when spending their income obtained in the form
of wages, profits and rents. Defining the economy in this fashion gives the
impression that if money flows, then products do the same, and only internal
disturbances can stop the wheel. Neglecting the physical basis of an economic
system explains the power of the concept of social metabolism, which developed
as a response to the oversight of the material, energy and ecosystems dependence
of the economic process (e.g. Ayres & Kneese, 1969; Georgescu-Roegen, 1971).
Material flow accounting (MFA), as used in this thesis, is one way among many of
addressing the exchanges between the environmental and socio-economic spheres,
i.e. the social metabolism.
Within this framework there are also intangible flows of symbols and values.
These mutually interact with biophysical flows, configuring, in a given historical
moment and in temporary semi-stable conditions, the metabolism of a particular
socio-economic system (González de Molina & Toledo, 2011). Changes in a
society’s metabolism from one semi-stable state to the next may be understood in
the context of changes in socio-metabolic regimes (Gierlinger & Krausmann, 2012;
Krausmann, Fischer-Kowalski, Schandl, & Eisenmenger 2008; Krausmann,
Gingrich, & Nourbakhch-Sabet, 2011; Schaffartzik et al., 2014; Sieferle, 2001).
Metabolic profiles configure recognisable patterns in dynamic equilibrium with
21

distinctive society-nature interactions. Industrialisation or development of a society
brings about changes in demographic or labour trends, use of time and prosperity.
It also involves a metabolic transition from an agrarian socio-metabolic regime,
based on solar power and renewable resources, to an industrial regime sustained by
fossil fuels and exhaustible raw materials. The latter are transformed and ultimately
expelled back into the environment, causing significant damage to nature and
human health (Krausmann et al., 2008). On this basis, current sustainability
challenges can be interpreted in metabolic terms, i.e. as a massive shift from the
current industrial regime prevailing in Western societies toward a less materialintensive, clean carbon and more nature-friendly regime. MFA is also considered
here as the indicator toolbox for monitoring this transition.

Fig. 3. The concept of social metabolism1.

The second main concept, the notion of footprint, refers to the impression left
behind by the economic activity. The concept originated in the 1990s when Rees
and Wackernagel introduced the ‘ecological footprint’ (Rees, 1992; Rees &
Wackernagel, 1996). It is based on the carrying capacity of ecosystems and
measures how much productive area is used for production and consumption in
comparison with the productive area available. The concept was later adapted and
expanded to form a true family of footprints (Galli et al., 2012), including a large

1

Diagram of the circular flow of income obtained from Wikipedia (under CC BY-SA © 2008
Irconomics).
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number of environmental indicators such as the ‘material footprint’ (Giljum, Burger,
Hinterberger, Lutter, & Bruckner, 2011; Lettenmeier, Rohn, Liedtke, & SchmidtBleek, 2009; Wiedmann et al., 2015), which is the focus in this thesis. However,
popularity and greater use also brought certain ambiguity and confusion, for
instance regarding system boundaries, and efforts for clarification and definitions
are often needed (e.g. Wiedmann & Minx, 2007). The footprint can be estimated at
different levels of resolution, such as product, company, industry or country. In
general, it refers to overall environmental pressure and impacts caused, directly or
indirectly, at other points of the supply chain by the activities of producers and
consumers. A fundamental idea behind the modern use of the term is that it
acknowledges and accounts for inter-linkages between different actors
participating in the economy. This is intimately related to the life cycle metaphor,
which pays attention to all exchanges between natural and economic spheres that
occur during all stages of the life of a product: extraction of raw materials,
manufacturing, end use and waste management or, as is very often said, from cradle
to grave. However, it is also linked with backward and forward effects, which
approximate to carry-over effects of one economic activity over the others, and thus
their degree of connection. Overall, the concept of footprint, which considers not
only inputs and outputs in production but also more distant tiers of the supply chain,
is of great help in holistically assessing the environmental performance of different
participating entities (e.g. industries, countries). It therefore sheds light on those
environmental and social consequences of production and consumption that are less
apparent (Hoekstra & Wiedmann, 2014; Verones, Moran, Stadler, Kanemoto, &
Wood, 2017; Wiedmann & Lenzen, 2018).
1.2

Contribution of the present work

1.2.1 Scope of the thesis
The aim of the thesis was to analyse the application of input-output (IO) analysis
to MFA, identifying niches for method combinations and exploring possible
developments. Four key challenges were identified and addressed in Papers I-IV,
respectively. These were: i) biases due to aggregation of economic sectors when
modelling material flows using IO, which depends on how industries and products
are grouped in the IO scheme; ii) combined LCA and IO, exploiting the best
features of each technique; iii) accounting for the raw material basis of global value
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chains; and iv) heterogeneity within countries when modelling raw material and
value added flows using global multi-regional IO (MRIO) models.
Errors due to number of economic sectors and aggregation pattern in IO models,
the so-called sector aggregation bias, for estimating the material footprint, i.e.
material flows from extraction by primary sectors to final consumption, were
studied and preventive measures were tested (Paper I).
Strategies for combining country-specific technology information from a
MRIO model into bottom-up approaches often based on regional averages, such as
LCA-based estimations, were explored. For this purpose, upstream raw material
extractions for producing trade products, the raw material equivalents (RME) of
trade products, were estimated following conventional bottom-up approaches and
a new approach developed here (Paper II).
A new comprehensive method for allocating environmental responsibility to
upstream and downstream actors participating in a supply chain according to their
value added shares, the ‘value added-based material footprint’, was developed. This
new approach was tested for a wide range of countries and sectors (Paper III).
A study of material and monetary flows at inter- and intra-national level was
performed by measuring raw materials and value added inflows and outflows, to
assess whether there are different patterns depending on the scale of analysis, i.e.
global or local.
The work reported in the thesis addressed the following research questions:
–
–
–

–

–
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Research question 1: What is the potential impact of sector aggregation in IO
modelling of raw material flows and how can biases be prevented?
Research question 2: Can LCA-based approaches improve estimation of the
RME of trade products calculated based on MRIO?
Research question 3: What are the benefits and limitations of integration of
country-specific information from global MRIO in LCA-based approaches for
calculation of raw material embodied in trade products?
Research question 4: What new perspectives can the ‘value added-based
material footprint’ approach provide in discussions on the distribution of
mitigation costs?
Research question 5: Are there unequal exchanges between high income
economies and middle and lower income countries when measured in terms of
raw material and value added flows?

–

Research question 6: Could integration of local IO data into a global MRIO
model provide useful insights to study presence/absence of unequal material
exchange at sub-national level?

1.2.2 Summary of the publications
The thesis is based on four papers that are already published (Papers I to III) or
under revision (Paper IV) in international peer-reviewed journals.
In Paper I, sector aggregation bias in IO modelling of raw material flows was
studied by following different patterns in a detailed IO model for Finland, and
different ways to prevent errors were identified.
In Paper II, domestic and foreign shares of raw material embodied in imports
to Finland were analysed by trade partner and product group. This resulted in
formulation of simple rules to help modellers in estimation of RME of trade
products following either LCA or MRIO approaches. Paper II also showed how to
refine LCA-based coefficients including dissimilar country technologies by MRIO
for estimation of the RME of trade products. Imports to Finland was used as a study
case.
In Paper III, a new allocation approach for studying the raw material basis of
value added creation in global value chains was developed. It was tested using a
popular global MRIO database and examples of its application for selected
countries were compared with the most widely known allocation approaches.
In Paper IV, a framework for assessing material exchanges at two resolution
levels, inter- and intra-national, was built by combining global MRIO data and local
IO data for Galicia (NW Spain).
Table 1. Link between research questions 1-6 and Papers I-IV in this thesis.
Paper I
Research question 1

Paper II

Research question 2

X

Research question 3

X

Research question 4

Paper III

Paper IV

X

X

Research question 5

X

Research question 6

X
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1.2.3 Outline of the thesis
The remainder of this thesis is structured as follows: Chapter 2 describes the state
of the art of application of IO analysis in MFA, explaining general features of MFA.
It then presents the main challenges in combining the two methods identified and
addressed in this thesis. Chapter 3 describes methods and databases used in the
research, describing the basics of IO modelling applied to the environment, the
specific methods employed in this work and the IO and MFA databases utilised.
Chapter 4 presents and discusses the main results of the thesis. Chapter 5 provides
answers to the research questions, summarises the findings in Papers I-IV, provides
some concluding remarks and presents some suggestions for future work.

26

2

State of the art of application of input-output
analysis to material flow accounting

MFA is a consolidated framework for studying material extractions and flows
within a socio-economic system (Fischer-Kowalski et al., 2011). It records, in units
of mass, the throughput of materials (excluding bulk flows of water and air) at the
input and output sides of the national economy. The main reasoning behind this
compilation is that raw material extraction can be considered a proxy of pressure
and environmental disturbance (Bringezu et al., 2003).
MFA studies frequently cover one or more inter-related topics, such as: national
performance of material use, commonalities and divergences among regions or
countries in their material use identifying ‘metabolic profiles’(e.g. Weisz et al.,
2006), existence of any ‘decoupling’ signs between material use and economic
performance (e.g. Moll, Bringezu, & Schütz 2003; Wiedmann et al., 2015),
‘metabolic transitions’ or historical changes in material uses (e.g. Krausmann et al.,
2008), or trends in the world trade in materials and the global division of extractive
activities (e.g. Behrens, Giljum, Kovanda, & Niza, 2007; Giljum, Bruckner, &
Martinez, 2015).
For example, for Finland, a small but resource-intensive and export-oriented
economy (Hoffrén, Luukkanen, & Kaivo-oja, 2001; Mäenpää & Juutinen, 2001),
MFA shows that the country has among the highest per capita material use in the
European Union (EU) (Bringezu, Schütz, Steger, & Baudisch, 2004; Tukker et al.,
2014; Weisz et al., 2006), a trend that it is not decelerating and makes challenging
any transition to a low-resource future. Moreover, half the natural resources
required by the Finnish economy, driven by the metal and forest sectors, come from
abroad. Thus these sectors place the capacity of foreign ecosystems under risk
(Seppälä et al., 2011), despite making a comparatively modest contribution to
overall economic growth (Koskela, Mattila, Antikainen, & Mäenpää, 2013). For
the case of Spain, MFA shows, among other things, how the spectacular economic
growth in recent decades went hand-in-hand with the rising demand for resources
by an insatiable construction sector (Carpintero, 2005; Sojo et al., 2004), and how
both abruptly decelerated after the bursting of the real estate bubble (Infante-Amate
et al., 2015; Sastre, Carpintero, & Lomas, 2015).
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2.1

Origin and development

Approaches to account for and trace the material flows within an economy emerged
simultaneously in different parts of the world in the late 1960s (Ayres, Kneese, &
D’Arge, 1970; Ayres, 1978; Ayres & Kneese, 1969; Gofman, Lemeschew, &
Reimers, 1974). Many other approaches soon followed these pioneering studies. In
Finland, for instance, early work was carried out by Mäkelä (1985), while in Spain
Naredo (1988) was probably the first to develop a comprehensive material flow
assessment. A decade of international collaboration led to the first compilation of
material inflows using a common methodology for various countries (Adriaanse et
al., 1997), which was complemented by a similar study focusing on outflows
(Matthews et al., 2000).
Since the beginning of the 21st century, method harmonisation efforts have
been headed by Eurostat, which published the first handbook and subsequent
revisions (Eurostat, 2001, 2013, 2018), and guided and encouraged national offices
in the EU Member States to develop MFA accounts. Basic MFA accounts and
indicators are now mandatory for EU Member States, as established by the
European Statistical System (Regulation (EU) No 691/2011 on European
environmental economic accounts). The Organisation for Economic Co-operation
and Development (OECD) also made an important contribution to defining the
method boundaries and, in particular, identifying similarities and differences
between existing methods for studying material flows (OECD, 2008). In addition,
MFA has been integrated into the central framework of the most recent revised
version of system of environmental and economic accounts (SEEA) (United
Nations et al., 2014), which established a common international statistical
framework and internationally harmonised environmental and economic
accounting principles. Lastly, in designing the agenda to achieve the UN SDGs,
MFA indicators were considered for monitoring progress towards SDG-8, i.e. to
promote sustained, inclusive and sustainable economic growth, and SDG-12, i.e. to
ensure sustainable production and consumption (United Nations, 2015). Further
information about the origins and development of MFA can be found in FischerKowalski et al. (2011), while for details of its application and expansion in Finland,
see Hoffrén (2010).
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2.2

Accounts and indicators

The MFA framework is summarised in Fig. 4, where Part (A) describes the system
boundaries for a single economy and shows the main flows considered. A ‘flow’ is
understood here as an exchange of raw materials between the components of a
system measured with reference to the accounting period, which is usually a year.
MFA is very comprehensive in nature and aims to consider all raw materials
required for maintaining economy function. In practical terms, necessary
assumptions and conventions are employed, e.g. water is excluded due to the
overwhelming importance in volume terms, and an independent treatment is
recommended in this case. In a broad sense, MFA accounts for biotic removals, i.e.
biomass extracted by forestry, agriculture and fishery activities, and abiotic
removals, i.e. metal, industrial and construction minerals and fossil fuels extracted
by mining and quarrying activities. These materials enter into the economy as
economic inputs for production and, on adding labour and capital, are either
transformed into consumer products, with residuals returning to the environment in
a wide variety of forms, or accumulated in the economy. In Fig. 4, the border
between the national economy under study and its domestic environment is
represented by a solid line inner circle, i.e. these are the points where flows cross
and exchanges between both spheres take place. Further, in MFA it is important to
distinguish between the domestic environment, represented by the dashed outer
circle, and foreign environment/s, defined generically as the rest of the world
environment in Fig. 4 (part A).
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Fig. 4. The Material Flow Accounting (MFA) framework: (A) basic flows and (B) trade.
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According to the mass balancing principle, material inflows must be equal to
outflows plus the physical growth of the economy. Starting with inflows, raw
materials entering into the economy come either from the domestic environment or
from abroad. Raw materials extracted from the domestic environment are called
‘domestic extraction used’ or simply ‘domestic extraction’ (DE), which is the term
used here. The term ‘used’ indicates that the raw material extractions enter into the
economy for further processing via prices, i.e. are bought and sold, and differ from
‘unused’ extractions, represented by a dotted arrow in Fig. 4. Unused extractions
are necessary removals occurring for extracting valuable materials, but which do
not enter into the market (e.g. logging residues, fish by-catch or mining overburden).
The point of measurement for biotic DE is at the time of harvest (also when fish or
game is captured), while for minerals the ‘run-of-mine’ principle is recommended
(Eurostat, 2018), i.e. measurement occurs at the first stage in mining, which in the
case of metals refers to the gross ore. Further, raw materials extracted from a
foreign environment could be incorporated to the economy via imports following
different conventions. If only the mass at the border is considered, the flow is called
‘physical imports’ (also direct imports), while if the upstream extractions are
accounted for following same principles as for DE they are called raw material
equivalents (RME) of imports. This flow is shown in Fig. 4 by a dashed light grey
arrow. Thus RME of imports is composed of two fractions, the physical imports
plus the upstream raw materials required for producing imports, but the latter is not
included in the mass finally crossing the border. This second fraction is also termed
‘indirect’ imports, ‘embodied’ materials, ‘hidden’ flows or material ‘rucksack’.
Indirect flows might refer only to DE used occurring in other countries for
producing trade products, as is usually the case due to data availability, but might
also include unused extractions if these flows are considered in the accounts.
Finally, for ensuring mass balancing, memo items can be included (e.g. oxygen (O2)
used for combustion).
Further, materials which do not leave the economy within the accounting
period, i.e. accumulate contributing to its physical growth, are ‘net additions to
stocks’. Biotic materials mainly accumulated in human or livestock populations
return to the environment as detrital matter, while abiotic materials are stored in the
form of buildings, transport infrastructure or durable and semi-durable goods, such
as cars, industrial machinery or household appliances, for variable time periods.
These materials are either recycled or released back to the environment in the form
of demolition waste, end-of-life vehicles, e-waste, household waste etc.
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In terms of outflows, materials could leave the economy in two ways. First,
materials after processing or consumption could return to the environment in the
form of residuals, e.g. solid waste, emissions, sludge, dissipations in use etc., which
as a single category are called ‘domestic processed output’. Perhaps due to lack of
robust statistics or accepted standards, MFA studies on these residual flows are far
less common in the literature (Kovanda, 2017). Second, raw materials could be
employed for producing export products for further manufacturing or consumption
abroad, which is called ‘physical exports’ (or direct exports). Analogous principles
to those explained for imports can be applied in this case and the RME of exports
could be accounted for, as observed in the right side of Fig. 4. At this stage, it is
important to highlight that physical trade flows most likely include extractions from
many countries because of the economy integration of global supply chains. This
is described in part (B) of Fig. 4. Degree of complexity of the supply chain, e.g.
distance and number of participating countries and industries, depends on
manufacturing stages and processing degree, product properties and uses, and
technologies involved.
There are two sets of MFA indicators for measuring materials inputs,
consumption or trade balances, depending on whether trade products are
considered in direct terms or as RME. On one hand, direct material input (DMI) is
the sum of DE plus physical imports and gives an approximation of all materials
physically entering into the system and available for production, which will either
be accumulated in stocks, become residuals or be used in the manufacture of an
exporting product. Domestic material consumption (DMC) is DMI minus physical
exports, and indicates direct material use for sustaining final consumption along
with domestic waste potential (Weisz et al., 2006). Physical trade balance (PTB) is
calculated as physical imports minus physical exports, and thus DMC can also be
formulated as DMI plus PTB. On the other hand, equivalent indicators in RME
terms are raw material input (RMI) (also called raw material requirements, RMR),
raw material consumption (RMC), also called material footprint, and raw material
trade balance (RMTB). If the sign of RMTB is positive (negative), the economy is
a net importer (exporter) of raw materials, or in other words, a net exporter
(importer) of environmental pressure.
An important issue related to the distinction between direct and indirect flows
is that, if only the direct fraction is accounted when studying dematerialisation
trends (or decoupling between material use and GDP growth), it has been
empirically observed that higher income countries manage to decrease their total
material throughput while maintaining their economic performance (e.g. OECD,
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2011). However, it has also been demonstrated that this positive sign suggesting
increasing material efficiency can vanish if both fractions are considered, because
a very important share of domestic consumption is based on foreign natural
resources (Giljum, Bruckner, & Martinez, 2015; Wiedmann et al., 2015).
The main normalised indicators are material ‘intensity’ (mass units/monetary
unit), material ‘productivity’ (monetary units/mass units), ‘metabolic rate’ (mass
units/capita) or ‘resource availability’ (mass units/area units) (Fischer-Kowalski et
al., 2011). Finally, it worth noting that equivalent indicators to those already defined
can be compiled considering unused extractions, e.g. total material input (TMI) (or
total material requirements (TMR) if indirect flows are also accounted for) and total
material consumption (TMC). However, while there are enough quality data for
certain countries, such as Finland (Hoffrén, 2010), in general global data on unused
flows are scarce (Fischer-Kowalski et al., 2011). Thus unused flows were excluded
from the estimations in this thesis.
2.3

Limitations and data reliability

Concerning theoretical shortcomings, MFA has been questioned because it
provides a detailed picture of the material requirements of an economic system, but
ignores their environmental impact potential (Bringezu et al., 2003; Voet, Oers, &
Nikolic, 2005), and because it overlooks certain categorisations relevant to the
sustainability debate, e.g. biomass coming from organic vs. conventional
agriculture. In more practical terms, it has been criticised for too exhaustive
pretensions (statistically speaking), i.e. trying to cover the whole material basis of
economies, and for neglecting variations in the water content in materials (Smil,
2013). Major sources of deviations among databases have been found in the
estimation of flows of construction minerals, conversion of metals to gross ore and,
for biomass flows, in the estimation of crop residues and grazed biomass (FischerKowalski et al., 2011). Data quality among typologies varies widely and, despite
being the largest flow, estimates of quarrying minerals are often the poorest (Miatto,
Schandl, Fishman, & Tanikawa, 2016). Even though unused material extractions
are relevant in volume, data quality is still poor (Behrens et al., 2007).
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2.4

Challenges in the application of input-output analysis to
material flow accounting

In their seminal paper, Ayres & Kneese (1969) proposed application of IO analysis
to trace material flows within socio-economic systems. The father of IO analysis,
Wassily Leontief, originally planned to use physical units (e.g. tonnes of wheat) for
describing the economy in his early and famous IO tables (e.g. Leontief, 1970).
However, it was only after the application of IO analysis to environmental sciences
boomed in the 1990s (Hoekstra, 2010) that its combination with many
environmental indicators and models, including MFA, was extensively explored.
Building on this previous research, the literature review that follows in this section
focuses on the four challenges addressed in Papers I-IV of this thesis. Overall, these
four challenges can be understood as different allocation problems, in Paper I
between different final consumers (e.g. private versus public consumption, or
domestic versus foreign consumption), in Paper II between importing industries, in
Paper III between the various actors participating in the same supply chain, and in
Paper IV between world regions or regions within a country.
2.4.1 Sector aggregation bias in input-output modelling of raw
materials
IO models are commonly utilised for allocating environmental impacts and
pressures to different participating agents in a supply chain. In the most popular
footprint-type assessment, consumer footprint, the actors who ultimately receive
the load are final consumers and the allocation pathway occurs downstream from
point of pollution to final demand of good and services. For the specific case of raw
material flows, the allocation connects raw material extractions by agriculture,
forestry, fishing or mining with final consumers, using the inter-industry monetary
transactions recorded in IO tables (e.g. from wood harvest to household use of
paper products). IO analysis is a top-down approach that aims to represent the
whole economy, but some aggregation is needed for practical and computational
reasons. However, how industries are categorised in the IO model could
significantly impact upon outcomes, causing erroneous allocation e.g. between
national and foreign consumers. This error is often called ‘sector aggregation bias’
and has been the object of research since the origin of IO analysis (Kymn &
Norsworthy, 1976).
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Errors arise when industries with dissimilar resource requirements, production
blueprints and product prices are grouped altogether into a single sector. This
simplifies the environmental and economic exchanges between economic sectors
and leads to the use of averages when modelling raw material flows within the
economy. A common example is the mining industry, because within that broad
sector there are companies of very differing types. Metal mining is very intensive
in terms of investment and metal prices can vary widely depending on the actual
mineral. For example, prices of precious metals are various orders of magnitude
higher than those of sand and gravel. In addition, metals are typically mined for
serving global markets, whereas construction minerals are abundant in the Earth’s
crust, much cheaper and often employed near where extraction occurs. If the goal
is to account for and monitor material requirements by the population of a given
country (i.e. the material footprint), data about mineral extractions are first
compiled and then downstream physical flows to final demand are traced following
inter-industry exchanges in IO tables. Failing to distinguish between high-value
metals and low-value sand, for instance, could cause part of domestic sand
employed in making concrete for building a new national road to be allocated to
exports, i.e. to foreign consumption. If these indicators are intended for discussing
mitigation costs related to material extractions among different actors, then this
issue becomes highly relevant (Lenzen, Pade, & Munksgaard, 2004).
Previous studies about sector aggregation bias in IO models have focused
mainly on GHG emissions (Lenzen et al., 2004; Steen-Olsen, Owen, Hertwich, &
Lenzen, 2014; Su, Huang, Ang, & Zhou, 2010; Wyckoff & Roop, 1994; Zhou,
Shirakawa, & Lenzen, 2013), air pollutants (Marin, Mazzanti, & Montini, 2012),
water use (Bouwmeester & Oosterhaven, 2013) and raw material flows (de Koning
et al., 2015). Wyckoff & Roop (1994) compared a 33-industries model to a 6industries model and found 30% underestimation of GHG embodiments for the
countries under analysis. For Denmark, Lenzen et al. (2004) compared models of
between 39 and 133 industries with an aggregated 10-sector model and found a 10fold deviation in GHG trade deficits, basically due to aggregation of the electricity
sector. Su et al. (2010) studied aggregation errors in carbon embodiments between
China and Singapore and suggested that 40 sectors is the threshold level for
significant deviations. Bouwmeester & Oosterhaven (2013) compared water and
carbon embodiments and found that the deviations were more pronounced for the
latter, which supports the idea that sources of bias need to be studied for each
environmental indicator. Zhou et al. (2013) performed a random aggregation of a
76-industries model to a 10-industries model and found noticeable deviations
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depending on which industries were aggregated. Thus, biases depend on which
sectors are grouped together and not only on the dimensions of the IO tables (i.e.
number of sectors considered). Steen-Olsen et al. (2014) assessed aggregation
errors in main global MRIO databases and observed significant deviations,
especially at industry level. de Koning et al. (2015) compared a 200 products by
163 industries model to a 60-sector model for studying biases in raw material flows
and found that deviations were higher for raw materials than GHG emissions, and
especially pronounced when downscaling to industry level. Their study, which is
very similar in scope to Paper I of this thesis, was published while Paper I was
under review.
2.4.2 Estimation of raw material equivalents of trade products
Estimation of RME has been a key challenge since the original development of
MFA. In contrast to estimation of DE, which is typically based on official statistics
on biomass and mining extractions, calculation of RME requires the application of
sophisticated modelling techniques (Lutter, Giljum, & Bruckner, 2016). In a broad
sense, two distinct approaches can be employed: LCA and IO. LCA is a bottom-up
standardised approach that is primarily based on technical information and process
data (for further details, see Chapter 3). In contrast, IO analysis is a top-down
technique, where the estimation occurs at the level of group of industries. Typically,
extractions are allocated to exporting industries following monetary inter-industry
transactions. IO models with high geographical coverage are often called multiregional IO (MRIO) models (for mathematical details and further explanations, see
Chapter 3). Most commonly, RME are estimated using either MRIO models (e.g.
Arto, Genty, Rueda-Cantuche, Villanueva, & Andreoni, 2012; Bruckner, Giljum,
Lutz, & Wiebe, 2012; Giljum, Bruckner, & Martinez, 2015; Tukker et al., 2014;
Wiebe, Bruckner, Giljum, Lutz, & Polzin, 2012; Wiedmann et al., 2015) or a
combination of IO and LCA approaches, the so-called hybrid LCA or LCA-IO
approach (e.g. Kovanda, Weinzettel, & Hák, 2010; Schaffartzik, Eisenmenger,
Krausmann, & Weisz, 2014; Schoer, Wood, Arto, & Weinzettel, 2013; Seppälä et
al., 2011).
A few assessments comparing differences between LCA-IO and MRIO have
been made in previous research. Schoer et al. (2013) reported 5-10% deviations in
RME estimates of imports to the EU, although this gap increased markedly when
the comparison was at material type level. Similarly, Giljum, Lutter, et al. (2015)
found significant deviations for broad materials groups when comparing three
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MRIO models and a LCA-IO model. Notable differences among main MRIO
models have also been reported and explored (e.g. Giljum et al., 2017, 2019). For
the specific case of Austria, Eisenmenger et al. (2016) demonstrated that the RMTB
changes sign depending on the approach followed and therefore, on this basis, the
role of the country as sink or source of raw materials remained unclear.
Benefits and drawbacks are the subject of ongoing research and are outlined,
for instance, in Lutter et al. (2016) and Eisenmenger et al. (2016). In this regard
and for the goals of this thesis, there are certain aspects which need to be further
explained: one main disadvantage in LCA-based approaches is that quite often
estimates of material embodied in trade products refer to world or regional averages.
Therefore, and in contrast to the MRIO approach, there is no distinction made
during calculations between technologies for trade partners (Wiedmann, Wilting,
Lenzen, Lutter, & Palm, 2011). On the other hand, MRIO models can be severely
affected by sector and regional categorisations and aggregation patterns (de Koning
et al., 2015, see previous sub-section), while LCA approaches offer high product
resolution, allowing finer allocation and analysis (Dittrich, Bringezu, & Schütz,
2012).
2.4.3 Raw material extraction allocation according to value added
generation
In discussions on the distribution of environmental responsibility, a key question is
which agent is responsible for the mitigation costs, e.g. the polluter or the consumer
of polluting products. For several environmental indicators, but more notably in
GHG emissions studies (Davis & Caldeira, 2010; Peters, 2008; Peters & Hertwich,
2008), different allocation methods have been proposed and tested on an IO basis.
Fig. 5 summarises the main existing allocation approaches. DE, also called
territorial or producer responsibility is represented by an inner circle and refers to
all raw material extracted within the country’s borders or industry’s domain. In
other words, no allocation to trade products takes place. In this example, DE takes
place in layer 2.
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In the material footprint, or more generically in the consumption-based
responsibility, consumer responsibility or consumer footprint, raw material
extraction is allocated downstream to final consumers, i.e. following the solidborder unfilled arrows in Fig. 5. At country level, the material footprint includes all
raw materials extracted for sustaining the domestic final demand, and therefore
includes RME of imports, but excludes that of exports. As a result, the DE allocates
greater responsibility to economies with an extractive export-oriented profile, while
the material footprint assigns higher extractions to high income countries, which
typically have more pronounced consumption (Bruckner et al., 2012).
A third type of allocation pathway, income-based responsibility or income
footprint (Marques, Rodrigues, Lenzen, & Domingos, 2012), follows the dotted
line arrows upstream, i.e. raw material extractions are passed on to upstream sectors
directly or indirectly, providing necessary inputs to extractive industries (e.g. fossil
fuels used to power machinery). The reasoning in this case is that suppliers of inputs
‘enable’ raw material extraction and thus place pressure on ecosystems, while
generating country income in the form of wages, rents and profits (Lenzen &
Murray, 2010; Marques et al., 2012).
These three allocation pathways, (i.e. producer, consumer, income) can be
considered ‘full approaches’, in the sense that all raw materials are allocated to a
specific group of agents (i.e. extractive industries, consumers of material-intensive
products or suppliers to extractive industries). However, ‘shared approaches’, i.e.
combining allocation pathways from more than one full approach, are also
available. Gallego & Lenzen (2005) developed a shared approach, later refined in
Lenzen (2007), and Lenzen, Murray, Sack, & Wiedmann (2007), which apportions
environmental pressure to two fractions. One is allocated to extractive industries,
while the other is distributed either upstream to input suppliers or downstream to
intermediate and final consumers. Empirical applications of this approach can be
found in Andrew & Forgie (2008) and Zhou & Marques (2013). Another proposal
introduced by Rodrigues, Domingos, Giljum, & Schneider (2006) suggests
combining income and consumer footprint for responsibility allocation after
defining a set of desirable properties for a share indicator. Csutora & Mózner (2014)
developed an alternative approach for sharing responsibility among polluting
industries and upstream consumers (intermediate and final), using value added as
an apportioning criteria. In their approach, industries receive their share of
environmental responsibility according to their value added generation, while the
remaining share is passed on to consumers. In contrast, Temurshoev & Miller (2015)
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propose a shared approach that assigns raw material use according to the relative
distances between consumers and input suppliers to the polluting industries.
This thesis introduces an alternative allocation approach, ‘value added-based
material footprint’ (or value added material responsibility). In this new approach,
total raw material extraction chain is assigned upstream to the actors involved in a
given supply chain according to their shares in value added generation. The
thinking behind the approach is that if, within a complete supply chain, all actors
create value on a common physical basis, mitigation costs should be distributed
among participating actors according to their share of the benefits generated. The
allocation pathway is described following three steps on the right side of Fig. 5 (see
full black arrows). Step 1 refers simply to DE, which is the starting point for
calculating the material footprint. In Step 2, the material footprint is calculated as
a proxy of total supply-chain extractions, but this is only an intermediate step and
in this allocation approach consumers do not receive any share of environmental
responsibility. In Step 3, all raw material necessary for maintaining that supply
chain is re-allocated upstream to participating sectors according to their shares in
total value added generation (for further details, see Chapter 3).
2.4.4 Ecologically unequal exchange and raw material flows
The concept of social metabolism is occasionally related to the theory of
‘ecologically unequal exchange’, more frequently in empirical works based on
MFA analysing material dependencies between world regions. This theory states
that poor countries specialise in low value, high impact activities, typically primary
products for exports, while rich countries specialise in high value, low impact
export of elaborate manufactured goods and services (Andersson & Lindroth, 2001;
Hornborg, 2009; Muradian & Martinez-Alier, 2001). Accordingly, the world
economy is composed of core economies that rely on natural resources from abroad
to maintain their metabolisms, moving the ‘commodity frontiers’ (Daniels & Moore,
2002) and causing cost shifting of environmental harms to peripheral economies,
along with a wide range of social and environmental conflicts. Ecologically
unequal exchange theory has its roots in the theories of ‘dependence’, ‘unequal
economic exchange’ and ‘world system’ (Emmanuel, 1972; Prebish, 1950;
Wallerstein, 1974), which all highlight political and economic determinants
restricting economic development of poorer economies. The theory of ecologically
unequal exchange can interpreted as an ecological reading of these ideas and
postulates (Hornborg, 1998).
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Previous studies have empirically tested absence or presence of unequal
exchange between countries and world regions based on MFA (e.g. Infante-Amate
& Krausmann, 2019; Moran, Lenzen, Kanemoto, & Geschke, 2013; Samaniego,
Vallejo, & Martínez-Alier, 2017). In these studies, flow of raw materials, either as
direct physical flows or including upstream material embodiments, are compared
with monetary flows, looking for signs of material dependence, common patterns
among poorer regions and possible reasons behind asymmetries. In this regard, the
work of Moran et al. (2013) stands out for the unexpected results. After studying
monetary and raw material flows for a wide range of countries, those authors
concluded that, in absolute terms, rich economies are not net importers of materials
but net exporters, suggesting that this could be a result of them employing more
efficient technologies. These results were recently challenged by Dorninger &
Hornborg (2015), who used the same database but a more updated version and
arrived at the opposite conclusion. In this thesis work, this issue was revisited and
the same assumptions were tested, although in this case using an even more up-todate version of the same database.
Moreover, in MFA studies the unit of analysis is frequently the nation-state
(Christis, Geerken, Vercalsteren, & Vrancken, 2016; Sastre et al., 2015). To my
knowledge, this is always the case in works explicitly addressing and empirically
assessing ecologically unequal exchange using a wide array of environmental
indicators (e.g. Falconí, Ramos-Martin, & Cango, 2017; Givens, 2018; Oppon,
Acquaye, Ibn-Mohammed, & Koh, 2018; Prell & Feng, 2016; Prell & Sun, 2015;
Shandra, Leckband, & London, 2009; Shandra, Leckband, McKinney, & London,
2009; Shandra, Shor, & London, 2009). The lack of studies targeting subnational
inequalities obscures the analysis, because the wide heterogeneity in social,
economic and environmental terms between different regions within countries is
set aside (Godar, Persson, Tizado, & Meyfroidt, 2015). This thesis addressed this
issue using the study case of Galicia (NW Spain) to examine unequal raw material
exchange between the region, the rest of Spain, other EU countries and the world
(Paper IV).
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3

Materials and methods

Inspired by the tableau economique developed in the 18th century by the physiocrat
François Quesnay, IO analysis was first introduced to economics by Nobel laureate
Wassily Leontief 90 years ago, to describe economic dependencies between
industries in the United States (Leontief, 1936). Leontief himself envisioned the
possibilities of using IO models for addressing environmental concerns and
performed pioneering studies (Leontief, 1970), but it was not until the 1990s that
the method began to be more generally applied to sustainability challenges
(Hoekstra, 2010). It is now a widely used tool for informing environmental policy,
is supported by the main international organisations and is included in the SEEA2012.
Originally, Leontief designed an IO model combining monetary and physical
units to trace the flow of goods and money within the economy (Leontief, 1970).
These IO models with mixed units, i.e. monetary and physical, are often called
‘hybrid’ IO models. Hybrid models are, generally speaking, a mix of two broad
types of IO models for environmental assessment: environmentally extended IO
(EE-IO) models and physical IO models. In EE-IO models, the core is monetary,
which is expanded by including physical information. In contrast, in physical IO
models all flows are recorded in physical terms (e.g. tonnes, cubic metres, kilowatts). The EE-IO model is utilised most frequently, due to wider data availability,
and is the main method used in this thesis. The main features of EE-IO analysis are
further explained below, mainly following the notation used in SEEA-2012. For
more details of physical IO data compilation and modelling, the reader can consult
the SEEA-2012 central framework (United Nations et al., 2014) or the work for
Finland reported in Mäenpää (2005).
3.1

Input-output analysis

IO models are based on symmetrical IO tables, which record exchanges among
economic sectors, flows of primary inputs and final demand. The core principle is
that total output must equal to total input per sector, and gross output equals all
industry sales for intermediate production plus final demand. Using matrix algebra,
𝑞 𝑍𝑖 𝑌𝑖 in which 𝑞 is gross output per sector, 𝑍 displays intermediate
deliveries between industries, 𝑖 is a vector of ones, and 𝑌 is the final demand of
products. On the other hand, summing by column 𝑞
𝑖 𝑍 𝑖 𝑉, where 𝑞 is gross
input per sector and 𝑉 is value added generated in production. Capital and lower
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case letters denote, respectively, matrix and column vector, while ′ indicates
transposition. Additionally, 𝑥 denotes non-singular matrix inversion of 𝑥 and 𝑥
diagonal matrix of 𝑥.
On the basis of IO tables, the IO quantity model and the IO price model can be
estimated. The former (also called demand-pull, demand-driven or Leontief model)
is denoted as:
𝑞

𝐼

𝐴

𝑦

𝐿𝑦

(1)

where 𝐴 𝑍𝑞 is the direct input coefficients matrix, whose element 𝑎
𝑧 /𝑞 expresses direct input requirements from sector 𝑖 per unit of output of
𝐼 𝐴
is
sector 𝑗; 𝑦 𝑌𝑖 refers to an aggregated final demand bundle; and 𝐿
the ‘Leontief inverse’, whose element 𝑙 indicates total input requirements of sector
𝑖 per unit of final demand of products from sector 𝑗.
On the other hand, the IO price model (or the cost-push model) is given by:
𝑝

𝐼

𝐴′

𝛽

𝐿′𝛽

(2)

Where 𝛽′ 𝑣′𝑞 is the value added per unit of sectoral output; 𝑣′ 𝑖 𝑉 refers to
an aggregated primary inputs bundle; and 𝑝 denotes the price change vector, where
𝑝 expresses the change in price of output from 𝑖 due to a variation in primary input
price 𝛽. Further details about IO can be found in e.g. Miller & Blair (2009).
IO tables are symmetrical and follow either a product-by-product or industryby-industry categorisation. Data for their compilation are derived from
asymmetrical product-by-sector tables called supply and use tables (SUT). The
conversion from SUT to IO can be performed following different methods
(Eurostat, 2008). For a critical review of the different approaches, see Hoekstra
(2005). Direct modelling of using SUT is also possible (Lenzen & Rueda-Cantuche,
2012; Rueda-Cantuche, 2013).
3.2

Environmentally extended input-output models

The EE-IO model for tracing raw material flows is defined as:
𝜑

𝛿 𝐿𝑦

𝜌𝑦

(3)

where 𝛿 is the raw material extraction per sector or material intensity, derived from
total material extraction by sector 𝑟 following 𝛿 𝑟 𝑞 , and 𝜌 are the material
multipliers or the total upstream raw material required for satisfying the final
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demand 𝑦, obtaining by product 𝛿 𝐿. However, the attribution of raw materials can
also be disaggregated according to the final demand categories as:
𝜑

𝜑

𝜑

𝜑

(4)

𝜌𝑐 is raw material attributed to final consumption expenditures 𝑐 ,
where 𝜑
𝜑
𝜌𝑓 is the raw material attributed to gross capital formation 𝑓, and 𝜑
𝜌𝑒 is
the raw material attributed to exports 𝑒.
In Eq. 3, there is no distinction regarding domestic products and imports.
However, Eq. 3 and, analogously, each component of Eq. 4 could be disaggregated
according to this distinction as:
𝜑

𝜑

𝜑

(5)

where 𝜑 refers to raw materials attributed to consumption of domestic products
and 𝜑 to raw materials attributed to the consumption of imports. Henceforth, subindex 𝑑 denotes domestic and 𝑚 imports. Different approaches are available for
modelling environmental pressures and impacts due to import production (Su &
Ang, 2013). In the following, the non-competitive imports assumption is used and,
accordingly, the intermediate matrix 𝑍 is split into domestic 𝑍 and imports 𝑍 , i.e.
𝑍 𝑍
𝑍 . Expanding Eq. 3 on this basis, raw material use for producing a final
demand bundle of domestic products 𝑦 can be calculated as:
𝜑

𝛿 𝐿 𝑦

𝜌 𝑦

(6)

𝑍 𝑞 , which is the derived direct input requirements matrix for
based on 𝐴
domestic products and the domestic Leontief inverse 𝐿
𝐼 𝐴
, which
captures indirect uses for domestic industries. For imports:
𝜑

𝛿 𝐿𝐴 𝐿 𝑦

𝛿 𝐿𝑦

(7)

𝑍 𝑞 and 𝐿 is the total Leontief matrix. The first component
where 𝐴
𝛿 𝐿𝐴 𝐿 𝑦 in Eq. 7 accounts for raw material extracted for producing
intermediate imports, while the second component 𝛿 𝐿𝑦 accounts for the
corresponding fraction for producing a final demand bundle of imports 𝑦 . The use
of 𝛿 , i.e. domestic material intensities per sector for import production, is the
reason why this approximation is called ‘domestic technology assumption’. In
other words, domestic technology blueprints are assumed for calculating
embodiments in imports. However, great deviations between domestic technology
and that of exporting countries have been reported (Koskela, Mäenpää, Seppälä,
Mattila, & Korhonen, 2011), and results should only be interpreted as the domestic
raw material ‘saved’ due to imports (Muñoz, Giljum, & Roca, 2009). There are at
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least three modelling options available to overcome the limitations imposed by the
domestic technology assumption: i) LCA-IO, ii) bilateral trade IO, and iii)
environmentally-extended MRIO.
In LCA-IO (also hybrid models), EE-IO is linked with bottom-up process data
from LCA. Taking 𝜔 as the upstream raw material extraction estimated using LCA
(for simplicity, without distinguishing country of origin), Eq. 7 can be rewritten as:
𝜑

𝜔 𝐴 𝐿 𝑦

𝜔 𝑦

(8)

A second possibility consists of estimating material embodiments employing Eq. 6
for a set of trade partners, which has been called bilateral trade IO (Cadarso,
Monsalve, & Arce, 2018). Considering two regions 𝐴 and 𝐵 following the raw
material consumption of country 𝐴 gives:
𝜑

𝜌 𝑦

𝜌 𝑚

(9)

where 𝑦 excludes exports and 𝑚 refers to imports from country 𝐵 to country 𝐴.
Hereafter, the subscript 𝑖 denotes origin and the subscript 𝑗 denotes product
destination. Analogous considerations apply to country 𝐵.
A multi-regional approach (MRIO model) can be used. So far, the EE-IO
formulation introduced has focused on a single country, which is more generally
called Single-Region IO (SRIO) model. In MRIO, the regional resolution is
expanded by linking IO of different regions. Accordingly, the general EE-IO
expression (i.e. Eq. 3) can be further developed for countries 𝐴 and 𝐵 as:
𝜑

𝛿

𝛿

𝐿
𝐿

𝐿
𝐿

𝑦
𝑦

(10)

where 𝜑 denotes the raw material attributed to the final demand of region 𝐴 ,
which is composed of the final demand of domestic products 𝑦 or imported 𝑦 .
One key distinction between MRIO and the other two approaches is that
intermediate exports are treated endogenously, which also brings different
interpretations (Cadarso et al., 2018; Kanemoto, Lenzen, Peters, Moran, & Geschke,
2012; Su & Ang, 2011). More precisely, in MRIO all raw materials are allocated to
final consumption, irrespective of how many borders are crossed by intermediate
products. In contrast, in SRIO models intermediate traded products are considered
exogenous and their raw materials embodied, irrespective of whether they are reexported or consumed domestically, are always allocated to the direct trade partner.
In Paper I, a single-region LCA-IO model was employed for measuring sector
aggregation bias (for further details, see section 3.3). In Paper II, LCA-IO and
MRIO models were combined to exploit the best features of each model (section
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3.4). In Paper III, an MRIO model was used for modelling raw material and value
added flows, and a new value added-based material footprint approach was
introduced (section 3.5). In Paper IV, the bilateral trade IO and MRIO approaches
were developed for measuring raw material flows at sub-national level (section 3.6),
and in those cases A and B refer also to regions.
3.3

Sector aggregation bias in environmentally extended inputoutput models

Sector aggregation bias in EE-IO modelling was studied in this thesis by comparing
a fully disaggregated benchmark version with five more aggregated options, and
reasons for deviations were explored. The general expression for studying EE-IO
sector aggregation bias is:
𝑏

𝜑∗

𝜑

(11)

where 𝑏 denotes the difference between the raw material attributed to a given final
demand, in this case Finland’s final demand, obtained using the aggregated version
𝜑 ∗ and 𝜑, which is the material attribution obtained employing the original version.
In the first level (i.e. closest to the benchmark), the interest was in measuring
the bias resulting from using a disaggregated version by product based on SUT.
The expression used for consumption of domestic products is:
𝜑

𝛿 𝑈 𝐿 𝑦

𝛿 𝑦

(12)

where raw material extracted per product is allocated directly to the first
intermediate users through 𝛿 𝑈 and to final products through 𝛿 𝑦 . The
intermediate transactions are obtained from the domestic use matrix 𝑈 , and the
final transactions from the domestic final demand 𝑦 , where superscript 𝑢 denotes
that the final demand is taken from the use matrix and therefore has higher
resolution than 𝑦 . Similarly, the expression used for the imports is:
𝜑

𝜔 𝑈 𝐿 𝑦

𝜔 𝑦

(13)

where the use of imports matrix 𝑈 is employed along with the final demand 𝑦 .
Finally, for the other levels, the general expression is:
𝜑∗

𝛿∗

𝜔∗ 𝐴∗ 𝐿∗ 𝑦 ∗

𝜔∗ 𝑦

(14)

where the asterisk denotes aggregation to the level of interest (147, 64, 35 or 25
industries). Eqs. 11-14 were used in Paper I.
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3.4

Combination of environmentally extended multi-regional inputoutput and life cycle approaches

The starting point for combination of MRIO and LCA is:
𝐶

𝛲𝜌

(15)

where 𝐶 is a correction matrix obtained using the matrix 𝛲, whose elements are the
MRIO material multipliers disposed in a country by product form (i.e. countries by
row and products by column) and 𝜌 describes the average values for the material
multipliers. The refined LCA-based coefficients can be derived from:
𝑊

𝐶𝜔

(16)

where the original LCA multipliers 𝜔 are simply multiplied by the correction
matrix 𝐶 obtained in Eq. 15. These two expressions were employed in Paper II.
3.5

Environmentally-extended input-output models for the
allocation of raw material use according to value added

Value added generated and absorbed by a given final demand can be obtained using:
𝑔

𝛽 𝐿𝑦

(17)

where the valued added per unit of output 𝛽 is employed for estimating vector 𝑔,
which accounts for the value added absorbed per final product in 𝑦 consumed in a
given country. Similarly, upstream raw material required for sustaining a given final
demand 𝜑 can be re-allocated to downstream sectors as:
ℎ

𝛽 𝐿𝜑

(18)

where ℎ indicates the supply chain-wide raw material allocated to downstream
sectors or the value added-based material footprint approach. That is, in this
approach, product 𝛽 𝐿 re-allocates supply chain-wide raw material from
consumers 𝜑 to supply-chain value added sources (further details in Paper III). This
allocation differs from the shared approaches based on value added (Csutora &
Mózner, 2014; Lenzen et al., 2007) because environmental impacts are allocated in
both, upstream and downstream directions, while in the value added-based shared
allocations, it occurs only downstream (i.e. from material extraction to consumers).
This allocation is also different to the income footprint, which is based on the
supply-driven or Ghosh model (a re-interpretation of the price model
(Dietzenbacher, 1997) and given by:
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𝑞

𝐼

𝐴′

𝑣

𝐺′𝑣

(19)

where 𝐴 𝑞 𝑍 is the direct sales matrix, whose element 𝑎
𝑧 /𝑞 expresses
the output share from sector 𝑖 utilised by sector 𝑗; and 𝐺
𝐼 𝐴
is the ‘Ghosh
inverse’ (also called output inverse or total sales matrix), whose element 𝑔
indicates total output of sector 𝑖 utilised by sector 𝑗. The income footprint can then
be estimated as:
𝑛

𝛿′𝐺′𝑣

(20)

where 𝛿′𝐺′ quantifies the downstream cumulative environmental pressure per unit
of primary inputs utilised or absorbed, and 𝑛 accounts for the total downstream
environmental pressure induced by the total payments to a supplier of primary
inputs. World totals are the same in all cases, i.e. domestic extraction, consumption,
income and value added-based material footprints. Eqs. 18 and 20 were used in
Paper III.
3.6

Balances for measuring unequal raw material exchange

Following the bilateral trade IO estimation, raw material trade balance (RMTB) of
region 𝐴, denoted by κ , can be estimated as:
κ

𝜌 𝑚

𝜌 𝑚

(21)

and recalling that 𝜌
𝛿 𝐿 . Money enters the economy when materials are
(virtually) exported and accordingly, ν ,the value added trade balance of region 𝐴,
can be calculated as:
ν

𝜇 𝑚

𝜇 𝑚

(22)

where in this case 𝜇
𝛽 𝐿 . Further, terms of trade of exports from region 𝐴 can
be defined as 𝑚 𝜌 , and material intensity in value added terms as 𝜌 𝜇 . Eqs.
21 and 22 were used in Paper IV.
3.7

Databases

This section describes the sources of data used in this thesis, which included the
Envimat model (further explained in sub-section 3.7.1), a tool developed by
Eurostat to estimate RME of trade products (sub-section 3.7.2), the MRIO
databases Exiobase (sub-section 3.7.3) and Eora (sub-section 3.7.4), and the global
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raw material flow database developed by the United Nations Environment
Programme (UNEP) (sub-section 3.7.5).
3.7.1 Envimat
The Envimat model is an LCA-single-region EE-IO model that includes detailed
physical and monetary data for Finland (Koskela, Mattila, Antikainen, & Mäenpää,
2013; Mattila, Koskela, Seppälä, & Mäenpää, 2013; Seppälä et al., 2011). There
are two versions of Envimat, a single-year model for static footprint analysis (which
was used in this thesis) and a dynamic version called Envimat-scen for long-term
simulations (to 2030 and 2050) (see Koskela, Mäenpää, et al. (2013) for further
details). There are also different versions depending on the year (the Envimat 2010year version was utilised in this thesis). The model is currently being updated with
data for 2015.
The Envimat model is based on three data sources: SUT, an environmental
extension for domestic industries, and a LCA-based model for imports. SUT
collected by Statistics Finland have a resolution of 230 product categories by 147
industries. Products were compiled using the Classification of Products by Activity
(CPA) version 2008, while industries follow statistical classification of economic
activities in the European Community (NACE revision 2). The domestic
environmental extension includes a number of air and water pollutants, raw
material extraction and energy transformation data. In this thesis only GHG
emissions (Paper I) and raw material extraction (Papers I and II) were employed.
GHG emissions were estimated in two steps. First, detailed information about
energy use per sector and fuel type was gathered, considering 57 fuel types by
industry following national official classifications (Statistics Finland, 2011) and
mostly unpublished. It also included net consumption of energy, i.e. production of
electricity, district heating and steam production in industries was considered.
Energy consumption by households and a correction for international transportation
were also included. Second, emissions coefficients for each GHG were applied to
fuel use data (Statistics Finland, 2014). Envimat’s raw material extraction data were
compiled following international standards (Eurostat, 2018) and detailed
explanations can be found in Mäenpää et al. (2017). In brief, these data deal with
crop and horticultural production, forestry and fishing statistics compiled from
different institutions now within the Natural Resources Institute of Finland.
Information about abiotic resources were mostly gathered from the Geological
Survey of Finland (Kananoja et al., 2012). For modelling trade flows, primary LCA
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was employed for estimating upstream raw material requirements and GHG
emissions for producing goods imported based on the Ecoinvent database (Wernet
et al., 2016) and other sources. Thus, the limitations imposed by the domestic
technology assumption were avoided for goods (Koskela et al., 2011), while
services were estimated assuming Finnish production structures. Goods were
further divided into 480 products following the Combined Nomenclature 8-digit
classification in Foreign Trade Statistics by Finnish Customs, more precisely from
the Uljas database (Finnish Customs, 2015), which was the resolution for
estimating the LCA coefficients for raw materials and GHG emissions.
The Envimat model has been used for studying a wide variety of aspects related
to the environmental pressures and impacts driven by the Finnish economy, e.g. for
modelling metal extraction scenarios for the metal industry in Finland (Tuusjärvi
et al., 2014) and land use impacts (Mattila, Seppälä, Nissinen, & Mäenpää, 2011).
The Envimat model was utilised in Papers I and II.
3.7.2 Eurostat’s raw material equivalents tool
Eurostat’s RME tool was developed to assist EU Member States in calculation of
RME of trade products (Eurostat, 2018; Schoer, Giegrich, et al., 2012; Schoer,
Weinzettel, Kovanda, Giegrich, & Lauwigi, 2012). There have been important
updates recently (see Eurostat (2018) for the changes), but the updated version was
not available at the time of this thesis work, so the original version was used. The
version of the tool employed in this thesis comprised 166 product groups and 52
raw material categories, since standard MFA classification was further
disaggregated for metals, through the so-called ‘metal model’. Basic calculation
was carried out using an IO table for the EU-27 region, in which monetary flows
of fossil fuels, metal concentrates and base metals were replaced by physical flows
(fossil raw materials in oil-equivalent tonnes and metals in tonnes). In addition, for
some raw materials and basic products (metals, oil and gas), LCA data were utilised.
For other imported products, manufactured goods and services, the domestic
technology assumption was followed, i.e. the technology for import production was
assumed to be the same as in the EU-27. The model was based on CPA 2002 and
coefficients represented EU import average values. Since this tool was designed for
the EU Member States, most applications refer to that region (e.g. Kovanda &
Weinzettel, 2013, 2017; Schoer, Weinzettel, et al., 2012). This version of Eurostat’s
RME tool was employed in Paper II.
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3.7.3 Exiobase
Exiobase is a popular database for MRIO modelling (Stadler et al., 2018; Tukker
et al., 2014; Wood et al., 2015). Its first version included data for 2000 only, which
was further expanded with an update for 2007. A time series for the period 1995 to
2011 is now available (Stadler et al., 2018). However, that version was not available
when the calculations presented in this thesis were performed, so the results are
based on the 2007 version. This version included data for 200 products following
the CPA 2002 scheme with high resolution for agricultural, forestry and mining
products (33 product groups) and 48 countries or world regions (27 EU Member
States, 16 non-EU countries, 5 aggregated regions). The individual countries
included in the Exiobase cover 90% of global GDP. Tables are available in ‘product
by product’ and ‘industry by industry’ format. The former was chosen in this thesis
because of better correspondence with LCA and custom data, and because
deviations at the level of macro indicators between both were considered small
(Marin et al., 2012). Exiobase 2007-version was used in Paper II.
3.7.4 Eora
Eora (Lenzen et al., 2012, 2013) is a well-known MRIO database, that has one
major advantage over the others: it includes 188 single countries with a time series
for the period 1990 to 2015. Thus, Eora allows nation-specific dynamic analysis to
be performed for a larger number of countries than any other MRIO database. Two
Eora versions are available, Full Eora and 26-Sector Eora. The difference between
these resides in the sector classification. Full Eora has higher resolution which
varies, depending on the country, from 26 to few hundred industries, whereas 26Sector Eora, as the name suggests, includes 26 sectors for all countries. Since Full
Eora is considered by the developers to be more accurate, it was used in this thesis.
When needed, Eora countries were aggregated according to income, using income
groups as defined by the World Bank. Eora was used in Papers III and IV, in the
latter in combination with local IO data from the regional statistics bureau (Galician
Statistics Institute) and the Spanish Ministry of Commerce.
3.7.5 UNEP global material flows database
The UNEP global material flows database (Schandl et al., 2016) is one of the most
comprehensive world coverage MFA databases. It includes 44 raw material
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categories for most world countries and MFA indicators about extractions, trade
and consumption. In this thesis, only DE data were used. The UNEP global material
flow database was employed in Papers III and IV, in the latter complemented with
DE data for Galicia and the rest of Spain taken from regional and national statistics.
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4

Results and discussion

In this thesis, four specific contributions of IO analysis to MFA were evaluated: i)
Effects of sector categorisation in IO models on MFA footprint-type indicators, i.e.
sector aggregation bias, were examined using Finland as case study (Paper I); ii)
integration of MRIO country-specific information regarding production technology
in LCA-based approaches was explored (Paper II); iii) IO analysis was employed
for allocating raw material use along supply chains to different actors according to
their value added share, i.e. the value added-based material footprint approach was
applied (Paper III); and iv) MFA indicators were calculated at sub-national level
employing a global MRIO model with sub-national resolution for Galicia (NW
Spain) for assessing presence/absence of unequal raw material exchange (Paper IV).
4.1

Sector aggregation bias in modelling raw material flows

Sector aggregation bias was assessed using the Envimat model, aggregated
following five categorisations: i) 147 by 147 industries (E-147); ii) the (old) 64 by
64 industries with separate categories for main mining sectors (O-64); iii) another
(new) 64 by 64 industries scheme, but with a single mining and quarrying sector
(N-64); iv) 37 by 37 industries with all biomass extractive sectors lumped together
(W-37); and v) a 25 by 25 industries scheme (P-25). Results were assessed
according to four final demand categories: private consumption, public
consumption, investments and exports, and considering the origin of products, i.e.
domestic vs. imported. In the following subsections of this thesis, a comparison
between raw materials and GHG emissions is offered (sub-section 4.1.1), raw
material biases are assessed according to two broad raw materials categories, biotic
and abiotic (sub-section 4.1.2) and results obtained by the different sectors
delivering to final demand are presented (sub-section 4.1.3). Detailed results are
provided in the Supporting Information to Paper I, in the form of Excel
spreadsheets.
4.1.1 Raw materials and greenhouse gas emissions by final demand
category
Sector aggregation bias for raw material use and GHG emissions by final demand
category are shown in Table 2 and Table 3, respectively. The left side of these tables
provides information about distinct allocations depending on the scheme according
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to the four final demand categories. In all schemes, this allocation added up to 374
million tonnes mobilised and 147 million kg carbon dioxide equivalents (CO2eq)
driven by the Finnish economy in 2010. The results after applying Eq. 11 are
presented in absolute terms in the centre of both tables and relative to the Envimat
Reference Level model (E-RL) on the right. Overall deviations for raw material use
were more pronounced in all aggregation schemes. For instance, total percentage
bias in raw materials depending on the final demand category ranged between 18.9% and 36.2% in E-RL outcomes, while for GHG emissions this bias was
reduced between half to one-third (-6.2% and 14.7%, respectively). Thus, for the
schemes studied, sector aggregation bias affected the allocation of raw materials to
final demand more than when estimating the carbon footprint. This bias was also
observed in the contemporary study by de Koning et al. (2015). On comparing both
64-industries levels (i.e. O-64 and N-64) in Tables 2 and 3, it can be seen that the
new EU accounting framework (N-64) has higher potential to bias results when
calculating the material footprint, notably for private consumption: total raw
material bias increased from 1.6 to 12.7 million tonnes, while raw materials passed
on to investments dropped by 9 million tonnes. In contrast, gains due to
disaggregation of mining were not seen in terms of GHG emissions. Important
errors were detected when using the W-37 scheme, with which material footprint
of private consumption increased by around 11 million tonnes compared with N64, while exports decreased by approximately 14 million tonnes. The W-37
categorisation is based on a popular MRIO database, World Input-Output Database
(WIOD) (Dietzenbacher, Los, Stehrer, Timmer, & de Vries, 2013; Timmer, 2012)
and caution is recommended when employing that dataset for modelling raw
material flows.
Focusing on raw materials, relevant bias was observed in both relative and
absolute terms in the allocation to investments, exports and private consumption.
In general, raw material extraction driven by private consumption was
overestimated (relative bias ranged between 2.2% and 36.2%, with variations
above 10% in N-64, W-37 and P-25 schemes), while investments and exports were
underestimated (relative bias ranged between -7.4% and -18.9% in the case of
investments). In relative terms, significant negative deviations for public
consumption were observed in O-64 but, interestingly, not in the other scheme with
similar dimensions. None of these variations was observed for GHG emissions. The
results for W-37 and P-25 were very similar, despite the lower resolution in the
latter, which supports the claim that biases depend on the sectors aggregated, rather
than on the number of industries in the IO framework (Zhou, Shirakawa, & Lenzen,
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2013). In general, the biases for E-147 were small (between -0.7 and 2.7 million
tonnes in a total of 373.6 million tonnes). Therefore, gains due to modelling using
product correspondence in the first allocation round in the reference level E-RL
were moderate.
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Table 2. Sector aggregation bias for raw materials by final demand category for Finland in 2010 (Paper I).

The approach presented in Fig. 6 goes a step further and disaggregates previous
results by two material types (biomass and minerals), and by the four final demand
categories for domestic products and imports. As expected for an industrialised
economy such as Finland, abiotic flows (metallic, industrial and construction
minerals and fossil fuels) were more important in volume than biomass flows
(mainly agricultural and wood). Two relevant issues emerge. First, overestimation
of the material footprint of private consumption (by between 1.6 and 26.6 million
tonnes, see Table 2) was more pronounced for products from abroad (between 2.4
and 16.5 million tonnes occurring in O-64 onward), although it also occurred for
domestic products (by between 2.7 and 10.1 million tonnes in N-64 onward). The
corresponding underestimation happened primarily due to a fall in material
embodied in investments of domestic products (by between -7.4 and -18.7 million
tonnes). Second, biases in material use for producing exports occurred in opposite
directions depending on the origin of the products, and thus total bias was
minimised due to an offset effect: domestic raw material embodied for producing
exports increased by around 11 million tonnes in lower resolution schemes, with a
peak of 17.0 million tonnes in N-64, while raw material equivalents of imports for
producing exporting products dropped in all schemes, by between -0.4 and -23.8
million tonnes). Finally, a similar offset effect was observed depending on the
material category in exports and to a lesser extent in investments. Grouping was
found to underestimate domestic and foreign biomass embodied in exports, but for
mineral flows bias was caused in both directions: when decreasing the number of
industries below E-147 level, material embodied in exports of domestic products
was overestimated, while material embodied in imports for producing exports was
underestimated. This explains the pattern change in Table 2 for this final demand
category.
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Fig. 6. Raw materials by flow (abiotic and biotic) and final demand category for
domestic products and imports (million tonnes) for Finland in 2010. Values appear when
bias > 1.5 (reprinted by permission from Paper I © 2015 Elsevier B.V.).

4.1.2 Raw material use by sector delivering final products
In Fig. 7, the results in Table 2 are disaggregated by sector delivering to final
demand. It can be observed that grouping overestimations occurred mainly in four
sectors: petroleum refining, with an increase from 13.0 million tonnes in E-RL to
30.4 million tonnes in P-25; agriculture, forestry and fishing, rising from 4.8 to 18.6
million tonnes between the extremes; mining and quarrying, rising from 11.9 to
22.0 million tonnes; and food industry, rising from 14.0 to 20.4 million tonnes. On
the other hand, aggregation underestimations happened primarily in three sectors:
construction, with a decrease from 81.6 million tonnes in E-RL to 56.3 million
tonnes in P-25; basic metals, dropping from 66.2 to 42.1 million tonnes between
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the extremes; and pulp and paper industry, decreasing from 36.0 to 19.6 million
tonnes. These deviations can be summarised into two types: For biotic flows, they
occurred due to the different uses between agricultural and forestry products, while
for abiotic flows they were the result of a distinct allocation between construction
and heavy manufacturing. This is clearly seen in Table 4, Table 5 and Table 6, where
material biomass and mineral multipliers are shown for selected sectors. For biotic
flows, aggregation involved an increase in the biomass multiplier for agricultural
and food products, and at the same time a decrease in the multiplier for certain
forestry, paper and wood products (see Table 4). For example in E-RL, biomass
embodied per Euro of final demand of food products ranged between 0.15-0.90
kg/Euro, while this coefficient increased to 1.38 kg/Euro in W-37. In contrast,
biomass embodied in pulp and paper products, the main Finnish exporting biotic
product, with ~8.5 thousand million Euro of exports in 2010, dropped from 1.70 to
0.42 kg/Euro. Paper I provides detailed explanations for these errors. Overall, the
most important deviation occurred when agriculture, fishing and forestry were
collapsed into a single biomass extractive sector, which caused a fall in biomass
intensity for forest products (i.e. biomass extracted per sectoral output). More
precisely, biomass intensity for silviculture (NACE 021, used in E-147) was 14.9
kg/Euro, which decreased to 8.1 kg/Euro for forestry and logging (NACE 02, used
in O-64 and N-64), and to 4.7 kg/Euro when all biomass extractive sectors were
lumped together, as done in W-37 and P-25.
For abiotic flows, the most important deviation arose when all mining
industries, whose products are inputs intended for a wide variety of purposes, such
as construction, energy generation or electronics manufacture, were grouped
together in one single sector. This caused notable deviations in N-64, W-37 and P25 schemes, either when focusing on domestic extractions (Table 5) or materials
embodied in imports (Table 6). For domestic mining and quarrying companies,
grouping caused high material-intensive extraction of cheap, but high-demand,
construction minerals to be attenuated. In particular, material intensity of sand and
gravel was 166.5 kg/Euro in E-RL in 2010, which dropped to 86.8 kg/Euro for
‘NACE-08 other mining quarrying’, and to 56.0 kg/Euro when considering a broad
and heterogeneous ‘NACE - B mining and quarrying’, as was the case in N-64.
These biases were passed on to mining clients and subsequent downstream users,
causing deviations in supply-wide material requirements of final products. Notably,
mineral multipliers of construction of buildings and civil engineering in E-RL fell
from 2.22 kg/Euro and 4.97 kg/Euro, respectively, to 1.24 kg/Euro for both in N64 (see Table 5). As a result, material use in the construction sector was
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significantly underestimated, explaining the lower material allocation to
investments in Fig. 6. The second important deviation observed was for the metal
sector. In this case, even though material requirements were overestimated for
domestic mining companies due to the situation explained above, i.e. aggregation
to a common category together with construction minerals, material embodiments
in imports of metal products decreased significantly when aggregated together with
fossil fuel products. For instance, the LCA-based coefficient for extraction of fossil
fuels almost doubled, from 4.1 to 9.1 kg/Euro of foreign raw material embodied,
and this bias was transferred downstream, causing that for the petrochemical sector
to be markedly overestimated. The mineral multiplier of refining products (see
Table 6) rose from 2.61 kg/Euro in E-RL to 6.46 kg/Euro in N-64. This also explains
the overestimation seen for the electricity sector in Fig. 7 for more aggregated
schemes. Paper I provides more detailed explanations about errors due to
aggregation of mining sectors, but in general the effect is very similar to that
already described, i.e. grouping certain key extractive sectors causes a deviation
(i.e. an increase or decrease) in the material intensity, which is then passed on to
other sectors via Leontief inverse.
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Table 4. Multipliers (kg/Euro) of biomass for food and forestry products for Finland in
2010 (reprinted by permission from Paper I © 2015 Elsevier B.V.).
Code
101

Product
Processing and preserving of meat and production of
meat products

E-RL

E-147

O-64

W-37

0.66

0.72

0.57

1.38

105

Manufacture of dairy products

0.90

0.97

0.57

1.38

107

Manufacture of bakery and farinaceous products

0.15

0.13

0.57

1.38

Manufacture of other food products

0.54

0.27

0.57

1.38

0.25

0.20

0.57

1.38

3.33

4.71

2.84

1.65

1.06

1.48

2.84

1.65

108
11-12
161
162

Manufacture of beverages, manufacture of tobacco
products
Sawmilling and planing of wood
Manufacture of products of wood, cork, straw and
plaiting materials

171

Manufacture of pulp, paper and paperboard

1.70

0.91

0.78

0.42

172

Manufacture of articles of paper and paperboard

0.53

0.30

0.78

0.42

E-RL = Envimat Reference Level, E-147 = Envimat 147 by 147 industries, O-64 = Old 64 by 64
industries, W-37 = WIOD 37 by 37 industries.

Table 5. Multipliers (kg/Euro) of minerals of construction and selected manufacturing
goods for Finland in 2010 (reprinted by permission from Paper I © 2015 Elsevier B.V.).
Code

Product

E-RL

E-147

O-64

N-64

W-37

171

Manufacture of pulp, paper and paperboard

0.54

0.53

0.77

0.72

0.66

0.89

0.85

2.70

2.09

1.72

0.73

0.72

1.84

2.78

1.86

3.26

3.45

1.84

2.78

1.86

201a
241
244

Manufacture of basic chemicals, plastics and
synthetic rubber in primary forms
Manufacture of basic iron and steel and of
ferro-alloys
Manufacture of basic precious and other nonferrous metals

251

Manufacture of structural metal products

0.30

0.30

0.37

0.48

1.86

256

Treatment and coating of metals; machining

0.29

0.28

0.37

0.48

1.86

41

Construction of buildings

2.22

2.03

1.67

1.24

1.30

42

Civil engineering

4.97

4.57

1.67

1.24

1.30

E-RL = Envimat Reference Level, E-147 = Envimat 147 by 147 industries, O-64 = Old 64 by 64
industries, N-64 = New 64 by 64 industries, W-37 = WIOD 37 by 37 industries.
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Table 6. Multipliers (kg/Euro) of minerals of imports for selected manufacturing and
services for Finland in 2010 (reprinted by permission from Paper I © 2015 Elsevier B.V.).
Code

Product

E-RL

E-147

O-64

N-64

W-37

192

Manufacture of refined petroleum products

2.61

3.15

3.15

6.46

6.44

3.70

4.16

6.57

3.62

2.80

13.23

12.07

6.57

3.62

2.80

0.34

0.30

0.28

0.33

0.29

0.14

0.23

0.25

0.28

0.29

0.13

0.13

0.15

0.17

0.24

241
244
682
841
86

Manufacture of basic iron and steel and of ferroalloys
Manufacture of basic precious and other nonferrous metals
Renting and operating of own or leased real
estate
Administration of the state and the economic
and social policy of the community
Human health activities

E-RL = Envimat Reference Level, E-147 = Envimat 147 by 147 industries, O-64 = Old 64 by 64
industries, N-64 = New 64 by 64 industries, W-37 = WIOD 37 by 37 industries.

4.2

Accounting of raw material embodied in trade products

There are advantages and drawbacks depending on the chosen method, LCA or
MRIO, for calculating raw material embodied in trade products. One advantage of
LCA is its higher product resolution, which allows for finer-scale estimation of
supply-wide upstream raw material extraction for producing traded goods and
services. On the other hand, MRIO has superior geographical and sectoral coverage,
which helps to trace material flows connecting remote areas in the world and
manufacturing processes involving many sectors and countries. In this section,
general rules for hybridisation depending on the country and sector of origin of the
imported product are provided (sub-section 4.2.1). In particular, shares of domestic
and foreign raw material extractions are assessed as selection criteria for choosing
one method in relation to the other. Further, benefits and shortcomings of full
integration of MRIO and LCA models in estimation of RME of trade products are
briefly analysed (sub-section 4.2.2). In brief, country-specific information from
Exiobase was included in the Envimat and Eurostat’s RME models, applying
technological adjustment ratios. Further details can be found in Paper II and its
complementary supporting information.
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4.2.1 Domestic raw material extraction in trade partners vs. raw
material extraction in third countries
In Fig. 8, DE as a percentage of material embodied in imports is shown for each
trade partner of Finland in 2007 and by four material types (biomass, metals, other
minerals, fossil fuels). In general, small countries or highly populated countries had
a low DE share of total raw material embodied in their exports to Finland, while
countries rich in natural resources and land had a high DE share. Focusing on
specific materials, a clear global division in extractions was observed for metals
and fossil fuels. For metals, high domestic shares were observed for neighbouring
Sweden and Russia and, on a lower scale, for Mexico and South Africa. Within the
EU, the highest domestic shares occurred in Portugal and Ireland. In contrast, low
domestic metal extractions sustained exports from important partners such as
Germany or Belgium. China and, surprisingly, a mining exporter such as Australia,
remained in an intermediate position, which highlights their two-fold role as an
extractive, but also importer and material processing, economy. A similar global
pattern was observed for fossil fuels, for which imports with high domestic
extractions embodied from Russia and Estonia dominated, along with those from
China, Australia, UK, Norway and Poland. As expected, almost all other EU
countries showed a low share of domestic fossil fuels in their exports. Regarding
biomass and other minerals, a less accentuated global pattern of extractions was
identified. Brazil, Russia and India, and at the EU scale Latvia and Lithuania,
showed high domestic biomass-based exporting sectors. However, a wide range of
countries were located in the middle of the graph (Fig. 8). For other minerals, China
and India, together with the EU countries Spain, Denmark and Portugal, showed
high domestic shares, but a notable concentration of countries showed between 2575% domestic share, including the more thriving EU economies.
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Fig. 8. Domestic extraction (DE) (%) by country of origin of exports to Finland in 2007
and raw material embodied (million tonnes) by material type (Paper II).
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In light of the pattern described, obtaining and employing country-specific process
data for those countries with highly extractive and self-sufficient profiles when
estimating material embodiments has clear potential to refine the estimates
obtained. With some exceptions, such as UK and Estonia for fossil fuels, biomass
of Latvia and Lithuania or other metals for Spain, modelling raw material embodied
in exports to Finland from other EU countries was significantly more complex and,
for unravelling upstream raw materials requirements of trade products, MRIObased estimation may be the better choice. To assess both methods more thoroughly,
data on country of origin of the extractions need to be complemented with
information about the industry delivering final products. This is performed in Table
7, which lists percentage of DE by imported product groups. As could be expected,
biomass extractive sectors (i.e. agriculture, forestry) and mining and quarrying had
a high DE share. This is not surprising, since primary products are typically at the
beginning of the supply chain. Altogether, biomass extractive were responsible for
73% of the raw material embodied in Finnish imports in 2007. These findings,
along with the assessment about country of origin of exports performed above,
support the development of product-level databases and estimations based on LCA
modelling for primary products coming from key trade partners. Electricity
generation fell within this group, since re-export of electricity is a less frequent
situation. However, for manufacturing the picture was clearly more complex. On
one hand, there were products produced in simpler supply chains, such as food
products and other non-metallic mineral products, with domestic raw material
extraction above 70% of total embodiments. On the other hand, basic metals and
fabricated metal products, along with machinery and transport equipment, showed
a lower DE share (37%). Considering manufacturing sectors only, 53% of the raw
materials embodied in manufacturing trade products were extracted from the
domestic environments. This outcome complements previous findings, confirming
that for certain manufacturing sectors employing MRIO is justified. This
complexity could also partly explain the lack of detailed process data for these
product groups.
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Petroleum refining products

Other chemical products

Other non-metallic mineral products

C19

C20-22

C23

46.2
37.2

C26-C27 Electrical and electronic products

C28-30
68.0

Electricity and water supply

Services

All products

D-E

G-T

A-T

72.5

61.1

66.6

C31-C32 Other manufacturing products

Machinery and transport equipment

products

52.7

C24-C25 Basic metals and fabricated metal

47.9

69.2

85.3
31.8

C16-C18 Wood, pulp and paper products

63.1

C13-C15 Textile, clothing and leather products

80.5
82.1

Mining and quarrying

66.4

26.8

63.1

23.0

14.7

21.3

31.4

20.8

42.3

39.6

8.3

22.9

21.7

97.6

36.1

(%)

(%)
96.2

Metals

Biomass

C10-C12 Food, beverages and tobacco products

B

Products of agriculture, forestry and

A

fishing

Product group

Code

75.0

60.8

76.5

59.6

52.4

68.9

46.8

87.9

71.0

44.9

29.8

55.8

39.6

96.9

56.6

(%)

minerals

Other

77.4

50.4

98.1

51.6

31.2

47.9

42.4

38.0

61.0

62.3

27.9

49.0

31.7

98.6

41.9

(%)

Fossil fuels

72.8

54.2

96.4

54.9

37.0

49.7

37.4

82.2

65.8

58.7

57.6

54.4

71.2

97.6

86.9

(%)

Total

240.8

8.6

6.3

2.4

17.3

9.3

38.1

6.5

22.2

7.7

6.1

4.7

8.4

99.6

3.7

tonnes)

(million

Imports

Table 7. Domestic extraction (DE) (%) by product group of exports to Finland in 2007 (modified from Paper II).
DE

175.3

4.7

6.0

1.3

8.6

3.4

14.3

5.4

14.6

4.5

3.5

2.6

6.0

97.3

3.2

tonnes)

(million

4.2.2 Combining multi-regional input-output and life cycle
assessment approaches
Table 8 displays raw material embodied in imports by four material categories for
direct imports, original Envimat and Eurostat’s RME tool (hereafter Eurostat), and
corresponding MRIO-refined versions (i.e. country-specific technological
information from MRIO). As expected, differences when considering indirect
flows were significant, and more noticeable for metals (between six- and 13-fold
higher) and other minerals (between two- and eight-fold higher). MRIO-refined
versions significantly increased the estimates, giving the indication that Finnish
imports are above average in material intensity terms compared with world
averages. These differences were larger for Eurostat (50%) than Envimat (15%). At
this level of analysis, the difference occurred mainly in other minerals for Envimat
and in metals for the Eurostat model.
Table 8. Raw material (million tonnes) embodied in imports to Finland in 2010 (Paper II).
Direct Imports

Envimat

Eurostat

Original

MRIO

Original

MRIO

Biomass

13.5

15.1

16.5

16.4

21.5

Metals

9.9

124.9

119.9

61.3

113.2

Other minerals

5.9

39.3

77.4

21.0

29.4

Fossil fuels

27.7

54.7

54.9

45.7

52.1

Total

57.1

233.9

268.7

144.2

216.2

In Fig. 9, the results shown in Table 8 are disaggregated by product groups, while
in Fig. 10 they are downscaled by region of origin for metals and other minerals. It
worth noting that these tables summarise the results of the models, but offset effects
were common and notable deviations at more detailed level may go unnoticed.
Paper II and, in particular, in the extra data provided in supporting information to
Paper II, present results at maximum resolution, i.e. product and country
categorisations of Envimat/Eurostat. The most important deviations occurred for
metals and other minerals and, for this reason, the following analysis focuses on
these two variables.
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Fig. 9. Raw material equivalents (RME) of Finnish imports (million tonnes) in 2010 by
final product (Paper II).
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Fig. 10. Raw material equivalents (RME) of Finnish imports (million tonnes) in 2010 by
region of origin for metals and other minerals (Paper II).

For the Envimat model, the apparent small deviation for metals seen in Table 8 is
actually an offset effect, which is revealed at more disaggregated levels. EnvimatMRIO significantly increased the values for iron and copper ores imported,
respectively, from Sweden and Latin America, which partly explains the longer
bars for the mining sector in Fig. 9 and for Latin America in Fig. 10. In Table 9,
coefficients for original and MRIO Envimat versions are shown. Envimat MRIO
increased metal embodiments from 1.7 and 44.1 kg RME/kg of imports for iron
and copper, respectively, to 5.4 and 107.6 kg RME/kg of imports. However, the
increase in Swedish iron ore embodiments is not apparent in Fig. 10, because other
metal products coming from the EU had higher coefficients in Envimat original.
For instance, raw material embodiments for iron and steel products also from
Sweden decreased from 6.4 to 1.4 kg RME/kg of imports in Envimat-MRIO. These
metal products also explain the longer bar for basic and fabricated metals products
for Envimat original in Fig. 9. In 2010, Sweden was by the far the main source of
iron ore imported to Finland (~98%), and the domestic fraction was very high
(98.8%) (see Table 9), which justifies collecting country-specific LCA data to
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refine or cross-check estimates. Similarly, ~49% of imports of copper ore in 2010
came from Chile and Peru, also with almost all raw material originating from the
domestic environments, and thus a comparison with LCA-based coefficients would
be advisable. In contrast, considering the lower domestic share of primary materials
of iron and steel products from Sweden (see Table 9), which suggests that Swedish
iron and steel industries rely also on foreign iron ore and other metals, estimating
metal embodiments in trade products employing MRIO or the refinement method
proposed here is suggested.
For other minerals, the most significant increase in Envimat-MRIO occurred
in the mining and quarrying sector, but also in ‘other chemical products’. The
increase in the mining sector was caused by clays and kaolin. Other mineral
embodiments for these products increased from 4.5 kg RME/kg of imports to over
seven thousand kg RME/kg of imports for India and 37.6 kg RME/kg of imports in
the UK (see Table 9). These also partly explain the increases observed for the EU
and Asia and Pacific in Envimat-MRIO in Fig. 10. Finnish paper industries use a
high volume of imported kaolin (928 million kg in 2010), mainly from the UK (36%
of the total), US (33%) and Brazil (26%). The refinement method increased the
embodiment factor for the kaolin coming from the UK, indicating more materialintensive production of the mineral in that trade partner, which partly explains the
increase in Envimat-MRIO for this flow. However, another important deviation
occurred for imports from India. In that case, the product imported was bentonite
(6.1 million kg in 2010), for which the material embodiments increased greatly
when the adjustment ratio was applied. That was because, according to Exiobase,
there are very large differences between India and world averages in sand and clay
production, which was the Exiobase product utilised for adjusting the original
Envimat coefficient. This outlier illustrates new biases that can result from applying
the method proposed here. Deviations in other chemical products occurred for
certain products coming from Norway. An example is ‘other inorganic basic
chemicals’, for which material embodied increased from 1.1 to 4.6 kg RME/kg of
imports (see Table 9) after adjusting considering divergences between Norwegian
and world-average values for Exiobase ‘Chemicals not elsewhere classified (nec.)’,
mainly due to embodied salt. According to Finnish customs data, two inorganic
basic chemicals are imported from Norway: calcium carbonate (670 million kg)
and caustic soda (102 million kg). Calcium carbonate is primarily produced from
lime and carbon (European Commission, 2007) and therefore increases in
embodied salt in Envimat-MRIO cause bias in those RME estimates. On the other
hand, caustic soda requires an important amount of salt for its production, which is
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obtained by electrolysis from a sodium chloride solution with mercury and, more
importantly, raw salt accounts for an important share of the overall environmental
burden of the caustic soda production process (Hong, Chen, Wang, Xu, & Xu,
2014). Thus, in this case the variation introduced in the Envimat-MRIO approach
provided new insights which could be further explored. For the Eurostat model,
similar deviations were identified and are explained in Paper II.
Table 9. Envimat original and MRIO-refined coefficients for selected products imported
to Finland in 2010 (modified from Paper II).
Domestic1

Original coef.

MRIO-coef

Imports

Deviation

(kg RME/kg)

(kg RME/kg)

(Mkg)

(Mkg)

(%)

1.7

5.4

2 982

-11 007

98.8

44.1

107.6

225

-14 307

99.7

6.4

1.4

939

4 726

29.1

125.4

47.3

28

2 156

52.6

Clays and kaolin3 (India)

4.5

7 303.4

2

-18 054

100.0

Clays and kaolin3 (UK)

4.5

37.6

366

-12 140

98.0

1.1
4.6
823
-2 874
(Norway)4
RoL = Rest of Latin America.
1
Data refer to 2007 (domestic extraction per Euro).
2
MRIO refinement based on the Exiobase category ‘Other non-ferrous metal products’.
3
MRIO-refinement based on Exiobase category ‘Sand and Clay’.
4
MRIO-refinement based on Exiobase category ‘Chemical not elsewhere classified (nec.)’

25.9

Product group
Iron ores (Sweden)
Copper ores and concentrates
(RoL)
Primary materials of iron and
steel (Sweden)
Nickel mattes and
intermediates2 (Brazil)

Other inorganic basic chemicals

4.3

Allocation of raw material use according to value added
generation

In this section, the results obtained when employing a new responsibility allocation
method, value added-based material footprint, are presented. This method allocates
supply chain-wide raw material extraction according to value added shares to all
agents involved. The main existing footprint (responsibility) approaches, i.e.
production-, consumption- and income-based footprint, are compared to the value
added material footprint method (sub-section 4.3.1). Consumption- and value
added-based material footprint are employed for studying (non)existence of
decoupling trends between raw material extraction and economic growth (subsection 4.3.2).
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4.3.1 Value added-based material footprint in comparison to other
approaches
Results for producer, income, consumer and value added material footprint for
world regions and selected economic groups in total and per capita in 2013 are
shown in Table 10. These results indicate that OECD countries maintain their
consumption levels and fuel their value added generation based on extractions
occurring in non-OECD countries and transferred via international trade. As
expected, this situation was also observed for the EU and the North American Free
Trade Agreement (NAFTA) countries, although it was significantly more
noticeable for the EU (consumer and value added material footprint double the
domestic extractions). Raw material sources serving global raw material markets
were shown to be Latin America, the Middle East, the rest of Asia and Pacific (i.e.
excluding China, Taiwan, South Korea and Japan) and Africa, with a value added
material footprint per capita ranging between 2.7 and 10.2 t/cap, i.e. far from the
23.5 t/cap of OECD countries. A dependence on raw material extraction overseas
for satisfying consumption in highly industrialised economies has been identified
in previous studies (e.g. Bruckner et al., 2012; Muñoz et al., 2009; Schoer et al.,
2012; Tukker et al., 2014; Wiebe et al., 2012; Wiedmann et al., 2015).
Table 10. Production-, income-, consumption- and value added-based material footprint
by world regions in 2013 (reprinted by permission from Paper III © 2018 The
International Input-Output Association).
Region

Producer

Income

Consumer

Value

(Mt)

(Mt)

(Mt)

(Mt)

Producer Income Consumer Value
(t/cap)

(t/cap)

(t/cap)

(t/cap)

OECD

18 594

19 846

28 331

29 733

14.7

15.7

22.4

23.5

Non-OECD

62 563

60 214

52 826

50 190

10.6

10.2

8.9

8.5

European Union

5 148

4 691

10 593

11 762

10.3

9.4

21.3

23.6

NAFTA

8 562

9 307

10 898

10 448

18.1

19.6

23.0

22.0

East Asia

29 869

26 749

31 216

29 502

19.2

17.2

20.0

18.9

Rest of Europe

1 403

2 167

1 273

1 563

14.4

22.2

13.1

16.0

S. Am. & Caribe

6 092

6 982

5 062

4 988

12.4

14.2

10.3

10.2
8.9

Middle East

4 507

4 664

2 889

2 843

14.1

14.5

9.0

Rest of Asia & Pac.

20 668

20 774

16 439

15 990

7.7

7.7

6.1

5.9

Africa

4 907

4 725

2 786

2 827

4.7

4.5

2.7

2.7

The results in Table 10 add the information that physical dependence also occurs
when GDP created and exported is the focus. Lastly, with the exception of the rest
of Europe (i.e. excluding EU), producer and income footprint generally gave
75

similar scores. The reasons are further explored in Fig. 11, which shows world
producer, income, consumer and value added material footprint by broad economic
sectors. It can be seen that the income footprint allocated notably greater
responsibility to the mining and quarrying sector (35.4 gigatonnes) in comparison
with consumer (0.9 gigatonnes) and value added (11.8 gigatonnes) material
footprint. Applying production layer decomposition (Lenzen & Crawford, 2009),
in Paper III it was shown that this occurs because the allocation pathway in the
income footprint first allocates the raw material extraction to the primary input
suppliers of the mining itself, and only the remaining share is distributed to
upstream to other industries. As a result, income footprint allocated more
pronounced responsibility to mining (44% of world total), while consumer and
value added material footprint assigned more pressure to other sectors, more
precisely to construction (29%) and services (33%). However, with the value added
material footprint, the allocation to mining and quarrying was still notable (7.4%),
and refers to the raw material re-allocated back to the original sectors. The
importance of construction activities in the consumer footprint relates to the fixed
capital formation, which is a final use category according to the accounting
principles followed in conventional monetary IO tables. Moreover, the highest
score in services for the value added material footprint acknowledged the idea that
these activities and their crucial contribution to the proper functioning of modern
economies are also dependent on natural resources, and can thus be affected by
efficiency measures or supply disruptions. Finally, it can be seen that the food
sector received a high share of materials under the consumer footprint (11.6%),
while this share decreased to 4.1% in the value added material footprint, which
points out that the sector is important to satisfy the nourishment needs of consumers,
but less relevant in terms of value generation.
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Fig. 11. World production-, income-, consumption- and value added-based material
footprint (gigatonnes) by final sector in 2013 (modified from Paper III).

In Fig. 12, the per capita results provided in Table 10 for selected EU countries (top
row), other OECD countries (second row) and the rest of the world (third and
bottom rows) are disaggregated according to the origin of the raw material
extractions (foreign vs. domestic). Germany, Netherlands, Finland, Italy and France
show a stair shape, with the value added-based material footprint scoring the
highest. Value added material footprint for these countries was, respectively, 42%,
37%, 20%, 18% and 9% higher than in the consumer approach. In all cases, these
increases occurred due to foreign extraction and in some cases (notably Finland,
but also France and Italy), the domestic share was greater in the consumption-based
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allocation, which highlights that these economies also play a role of natural
resources providers in the global economy. Belgium seems an interesting case, with
quite wide differences that were heavily dependent on the accounting principles
followed. In contrast, Poland showed an opposite profile with its consumer
footprint exceeding its respective value added-based material footprint by 12%. For
the OECD (and non-EU) countries, dissimilar profiles appeared. As expected,
Australia and Norway, two highly extractive economies, showed similar results for
producer and income footprint, due to the situation explained above. The negative
values for Norway refer to subsidies on production to coal extraction. These were
passed on upstream to other mining in Sweden that uses Norwegian coal as input
and re-assigned back to Norway in the income footprint. This example illustrates
the kinds of interpretation challenges that might arise due to negatives and mixing
monetary and physical units in EE-IO or MRIO. With the exception of Turkey and
Mexico, a higher allocation under value added principles was observed in
comparison with the consumer footprint, most markedly for Norway (67% higher),
Switzerland (84%), Australia (29%) and Canada (7%). Regarding the rest of the
world, with the exception of Thailand and Malaysia, domestic extractions or
income footprint gave the highest score, which could be expected from Table 10.
The gap between these was significant for Ukraine and China, with 12% and 8%
higher domestic extractions, respectively, while Colombia (128%) and Kazakhstan
(48%) had greater income footprint.
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Fig. 12. Producer, consumer, income and value added-based material footprint
(tonnes/capita) for (top) selected EU countries, (second row) OECD countries and (third
and bottom rows) the rest of the world, 2013 (modified from Paper III).
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4.3.2 Decoupling trends and value added-based material footprint
In Fig. 13, dematerialisation trends are shown for selected EU countries (top and
second rows), other OECD countries (third and fourth rows) and the rest of the
world (bottom four rows)2. In the EU group, the most surprising results emerged
for Germany, France and Belgium. Employing the consumer footprint, there was
pronounced dematerialisation for Germany and Belgium since early 2000s and for
France since 2010, but this dematerialisation vanished when the value added-based
material footprint was utilised. For the specific case of Belgium, the materialisation
observed with the value added-based material footprint was particularly intense, i.e.
these economies kept their material consumption at a moderate rate while
increasing their participation in material-intensive global supply chains. The
opposite situation occurred for Poland, where material use driven by final
consumption ran at a similar pace to economic growth, while the extractions
allocated to value added creation stagnated just before 2010. For the other OECD
countries, when the value added-based material footprint approach was utilised,
comparatively more intense materialisation trends were identified for Switzerland
and Japan, pointing for the latter to more recent dematerialisation in terms of value.
At the end of the spectrum, material use fell much earlier in time for USA when
assessing decoupling trends based on value added. Similarly to the case of Poland
and USA, when the value added metric was employed, relative dematerialisation
was shown in Turkey since 2010. For the rest of the world, relative achievements
often occurred, i.e. material use grew at a slower pace than the economy, although
there were some remarkable exceptions. For instance, in the cases of Malaysia,
Brazil and Indonesia, raw material use surpassed economic growth in the value
added-based material footprint and relative gains were no longer observed. In
contrast, intense materialisation due to consumption seen in Ukraine was strongly
attenuated when the value added-based approach was applied.

2

Outliers for Norway in 1997 and 2000, and for Russia in 1998, were removed by linear interpolation.
Reference year for Russia, Ukraine and Kazakhstan is 1992.
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Fig. 13. Dematerialisation trends (%) for (top two rows) selected EU countries, (third and
fourth rows) OECD countries and (bottom four rows) the rest of the world, 1990-2013
(modified from Paper III).
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Dematerialisation trends for Finland and the rest of the EU as a whole are shown
in Fig. 14. For Finland, clear materialisation was observed in both cases. This
implies that the country requires high amounts of natural resources for maintaining
its consumption and functioning and supporting the exporting profile of the
economy. For the rest of the EU, both approaches behaved similarly until the
financial crisis of 2008. From then on, there was a fall in material driven by
consumption, but this was not observed using value added-based material footprint.
This may suggest that the financial crisis had an impact on the domestic final
demand of the EU countries, causing a decrease in the material needs, while their
exporting and more material-intensive industries overcame the situation thanks to
foreign consumption.
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Fig. 14. Dematerialisation trends (%) for (left) Finland and (right) the rest of the EU, 19902013 (Paper III).

4.4

Unequal material exchange

This section presents the results of a test within the framework of ecologically
unequal exchange after applying a global MRIO model with sub-national resolution
for Spain. Material footprint and DE were assessed for four income groups of
countries: high income (HI), upper middle income (UPM), lower middle income
(LMI) and low income (LI) (sub-section 4.4.1). The analysis was then expanded to
include monetary variables, i.e. gross trade and trade in value added (sub-section
4.4.2). Trade balances were estimated following the bilateral trade approach (see
Chapter 3), and therefore considering exogenous trade in intermediate products.
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4.4.1 Global division of extractive activities
Table 11 shows domestic extractions by income group detailing origin and
destination of the extractions for the chosen year, while Table 12 focuses on their
material footprint. In 2011, 47% of the material footprint of the HI group originated
from outside that group, more precisely 32% came from UMI, 13% from LMI and
2% from LI. The share outsourced was largest for UMI, LMI and LI economies,
ranging between 14 and 24 %. UMI countries were the main raw material source
in absolute terms, but in per capita terms consumption in HI drove 12-fold more
materials from LMI than the opposite flow, while this difference dropped to 7-fold
for the other two income groups. Finally, for domestic extractions per unit area, the
largest imbalance occurred between HI and LI economies: HI countries required
34-fold more materials than the reverse flow. Thus, there were evident physical
imbalances between HI and all other economies but, depending on the
normalisation utilised (i.e. absolute, per capita or per square kilometre), the most
affected group varied. Overall, these results support the findings in Dorninger &
Hornborg, (2015) that in 2011 raw material trade drove 42% of global domestic
extractions and HI economies were the destination of 70%, while the other groups
drove the remaining 30%. Accordingly, HI economies are the only net importers.
These outcomes align with findings in previous studies considering only direct
physical flows (e.g. Dittrich & Bringezu, 2010; Gonzalez-Martinez & Schandl,
2008; Pérez-Rincón, 2006; Russi et al., 2008; Weisz et al., 2006), or also including
the indirect fraction (e.g. Giljum et al., 2015; Muñoz et al., 2009; Wiebe et al., 2012;
Wiedmann et al., 2015).
Table 11. Domestic extraction (DE) of economies by income group and by origin and
destination of raw materials in 2011 (reprinted by permission from Paper IV © 2019
Authors).
High income (HI)
Destination

Upper middle

Lower middle

income (UMI)

income (LMI)

Low income
(LI)

Mt

t/km2

Mt

t/km2

Mt

t/km2

Mt

t/km2

HI

16 029

403.24

9 639

169.29

3 959

177.91

716

46.91

UMI

3 001

75.49

30 930

543.24

1 718

77.20

304

19.93

LMI

749

18.85

1 403

24.64

9 554

429.94

134

8.77

LI

54

1.37

108

1.89

87

3.92

793

51.93

19 834

498.95

42 080

739.06

15 318

688.32

1 947

127.54

Total
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Table 12. Material footprint of economies by income group and by origin and
destination of raw materials in 2011 (reprinted by permission from Paper IV © 2019
Authors).

Origin

High income (HI)

Upper middle

Lower middle

income (UMI)

income (LMI)

Low income
(LI)

Mt

t/cap

Mt

t/cap

Mt

t/cap

Mt

HI

16 029

13.35

3 001

1.22

749

0.28

54

0.09

UMI

9 639

8.03

30 930

12.59

1 403

0.52

108

0.17

LMI

3 959

3.30

1 718

0.70

9 554

3.51

87

0.14

716

0.60

304

0.12

134

0.05

793

1.27

30 344

25.27

36 053

14.63

11 840

4.35

1 042

1.66

LI
Total

t/cap

4.4.2 Unequal raw material exchange between and within countries
Once material dependencies between HI countries and the rest of the world have
been assessed, an analysis of monetary flows must be carried out. Table 13 depicts
trade in raw materials, gross trade and terms of trade by income group, while Table
14 complements the results by including trade in value added and material intensity
in terms of value added. In 2011, total trade in raw materials accounted for ~33
gigatonnes (42% of global extractions) and mobilised ~21 billion USD, which 60%
was value added. HI countries comprised 17% of the world population, but received
70% of global imports of materials and 75% of gross trade. Terms of trade refers to
the price paid per kg traded and, as expected, HI economies sold their natural
resources at a higher price (1.37 USD/kg) than they bought (0.70 USD/kg). The
gap between export and import prices increased as the income decreased. For
instance, for UMI countries material exports were double the price of imports,
while this gap was above 9-fold for LI countries. In addition, for UMI the sign
reversed when comparing material and payments, which did not occur for LMI and
LI. Looking to material intensities of value added flows, differences depending
upon income were patent. Exports from HI countries were half as material intense
as imports, and they needed 1.22 kg of domestic extractions to generate and export
one USD of value added. In contrast, for the rest of the income groups the amount
of domestic extractions needed was greater, from 4.57 kg in UMI to the extreme of
30.45 kg in LI economies. These results are in line with previous studies assessing
regional and historical relations between countries within the frames of the theory
of ecologically unequal exchange. For instance, it has been shown that South
American economies have tried to compensate for negative physical balances and
worsening terms of trade with intensification of their exporting profile, at the cost
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of increasing pressure on the environment and promoting emergence of social
conflicts (Samaniego et al., 2017). In the same direction, it was demonstrated that
France had favourable terms of trade with its former colonies during the colonial
and most of the post-colonial period, until the emergence of new economic powers
(Infante-Amate & Krausmann, 2019). Regarding value added flows, it has been
suggested that South-East Asia, South Asia and Africa export low quantities of
value added, but high environmental impact embodied (Yu, Feng, & Hubacek,
2014).
Table 13. Trade in raw materials, gross trade and terms of trade (ToT) of economies by
income group in 2011 (reprinted by permission from Paper IV © 2019 Authors).
Income
Group

Trade in raw materials

Gross trade

ToT

(109 kg)

(109 USD)

(USD/kg)

M (a)

X (b)

a-b

M (c)

X (d)

d-c

M (c/a)

X (d/b)

HI

23 398

11 463

11 935

16 281

15 710

-572

0.70

1.37

UMI

7 222

14 480

-7 257

4 235

4 299

64

0.59

0.30

LMI

2 460

6 258

-3 797

1 194

1 076

-119

0.49

0.17

246

1 126

-880

93

50

-44

0.38

0.04

33 326

33 326

0

21 804

21 134

-670

0.65

0.63

LI
Total

M = Imports, X = Exports, HI = High income, UMI = Upper middle income, LMI = Lower middle income
and LI = Lower income.

Table 14. Trade in raw materials, trade in value added and material intensity of
economies by income group in 2011 (reprinted by permission from Paper IV © 2019
Authors).
Income
Group

Trade in raw materials

Trade in value added

Intensity

(109 kg)

(109 USD)

(kg/USD va)

M (a)

X (b)

a-b

M (d)

X (f)

f-d

M (a/d)

X (b/f)

HI

23 398

11 463

11 935

10 021

9 429

-591

2.33

1.22

UMI

7 222

14 480

-7 257

2 654

3 171

517

2.72

4.57

LMI

2 460

6 258

-3 797

715

811

96

3.44

7.71

246

1 126

-880

60

37

-23

4.09

30.45

33 326

33 326

0

13 449

13 449

0

2.48

2.48

LI
Total

M = Imports, X = Exports, HI = High income, UMI = Upper middle income, LMI = Lower middle income
and LI = Lower income.
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Total trade in raw materials and total trade in value added for the most important
raw material traders in 2011 is shown in Fig. 15, where the x-axis displays the ratio
between trade balance and total trade, and serves as proxy of imbalanced degree,
either in raw material or value added terms. An economy on the dashed line would
be neither a net exporter nor a net importer. The y-axis shows population density,
and the size of the dot refers to trade balance, in kilotonnes or million USD. As
expected (see part A in Fig. 15), HI economies were net importers of raw materials
and thus, mostly appeared in the right side of the diagram, but the degree of
dependence (i.e. ratio) varied widely depending on the country. For example, the
imbalance for USA was markedly less intense than for Japan or, although closer in
this case, for Germany. A similar pattern was identified in the net material exporters’
side, for instance, when comparing India with Nigeria or Russia. Very few non-HI
countries appeared as net importers (e.g. Romania). The results confirm a certain
correspondence between material imbalance and population density, as suggested
in previous research (Bruckner et al., 2012; Krausmann et al., 2008; Wiedmann et
al., 2015). In general, highly populated countries (e.g. South Korea, Japan, the
Netherlands or Belgium) showed a more pronounced negative physical balance,
while the few HI net exporters are sparsely populated and rich in natural resources,
such as oil or mining exporters. Finland, despite its low population density (20
inhabitants per km2), showed a notable imbalance, with imports almost double
exports (ratio 0.48), a quite different picture than obtained for similar nations such
as Norway and Sweden. Only certain LMI economies (e.g. Vietnam, Nigeria and
Pakistan) were at the same time highly populated and intense net exporters of raw
materials.
When considered in terms of value added (see part B in Fig. 15), the
distribution of countries observed for raw materials vanished and there was no a
clear pattern. Moreover, in certain cases the sign of the balance was the same, i.e.
while these countries were sinks (source) of raw materials, they were net exporters
(importers) of value added. This was the case for Germany, Italy, France, Japan,
and also Finland, where trade balance in raw materials in 2011 was above 600
million tonnes, but trade balance in value added was around 16 000 million USD.
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Fig. 15. Trade balance in (A) raw materials and (B) value added in 2011 (excluding
countries with trade flow <110 million tonnes (except Galicia) and with population
density >600 inhabitants per km2) (modified from Paper IV).
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Table 15 and Table 16 reproduce, respectively, Table 13 and Table 14, but focusing
on the case study of Galicia. Galicia is a sink of natural resources coming from
UMI, LMI and LI countries, but also a net exporter of raw material to sustain HI
economies. Looking at gross trade, there is certain correspondence between
monetary and physical flows, although terms of trade are more beneficial when
compared with lower income economies, while this is not the case in value added
terms for HI and LI economies. For HI economies, Galicia acts at the same time as
a provider of resources and sink of value added, whereas the opposite happens for
LI economies. More detailed explanations are provided in Paper IV but, in summary,
the high imports of raw materials to Galicia from LI economies (and some HI
economies) can be explained by three factors: i) an established aluminium sector
demanding high volumes of bauxite; ii) an important electricity generation capacity
installed for exports to the rest of Spain, developed for exploiting rich coal deposits
in the past; and iii) the location of one of the few Spanish petrochemical refineries.
Once these core characteristics were isolated, peripheral features emerged, such as
high exports of primary activities and low value products.
Table 15. Trade in raw materials, gross trade and terms of trade (ToT) by income group
for Galicia in 2011 (reprinted by permission from Paper IV © 2019 Authors).
Income
Group

Trade in raw materials

Gross trade

ToT

(106 kg)

(106 USD)

(USD/kg)

M (a)

X (b)

a-b

M (c)

X (d)

d-c

M (c/a)

X(d/b)

HI

10 572

15 366

-4 794

24 803

27 674

2 872

2.35

1.80

UMI

11 865

851

11 014

3 241

1 574

-1 667

0.27

1.85

LMI

9 491

597

8 894

870

452

-418

0.09

0.76

LI

4 544

10

4 534

132

24

-108

0.03

2.30

Total

36 473

16 825

19 648

29 724

29 045

679

0.80

1.77

M = Imports, X = Exports, HI = High income, UMI = Upper middle income, LMI = Lower middle income
and LI = Lower income.
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Table 16. Trade in raw materials, trade in value added and material intensity by income
group for Galicia in 2011 (reprinted by permission from Paper IV © 2019 Authors).
Income
Group

Trade in raw materials

Trade in value added

Intensity

(106 kg)

(106 USD)

(kg/USD va)

M (a)

X (b)

a-b

M (e)

X (f)

f-d

M (a/e)

X (b/f)

HI

10 572

15 366

-4 794

15 218

14 513

-705

0.69

1.06

UMI

11 865

851

11 014

2 664

761

-1 903

4.45

1.12

LMI

9 491

597

8 894

697

252

-445

13.62

2.37

LI

4 544

10

4 534

83

16

-67

54.59

0.64

Total

36 473

16 825

19 648

18 663

15 543

-3 120

1.95

1.08

M = Imports, X = Exports, HI = High income, UMI = Upper middle income, LMI = Lower middle income
and LI = Lower income.
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5

Summary and conclusions

The overall aim of this thesis was to improve and explore innovative ways of
applying IO analysis to MFA, thus facilitating accurate estimation of material
footprint-type indicators, and to propose new approaches for measuring the
physical basis of economic systems. Making Finland and the EU more resourceefficient is now on the agenda and having robust and transparent indicators is
crucial for that purpose. Otherwise, it will be impossible to efficiently and
effectively monitor progress, successes and failures of dematerialisation policies.
5.1

Answers to research questions

Six research questions were addressed in this thesis. To answer research question
1, an EE-IO high resolution model for Finland and the year 2010 (Envimat) was
aggregated in different ways and levels, and potential biases were assessed for raw
materials and GHG emissions. To answer question 2, a global MRIO model
(Exiobase) was used to estimate domestic and foreign shares in RME of imports to
Finland in 2007. To answer research question 3, a global MRIO model (Exiobase)
was employed for refining LCA-based (Envimat) and a LCA-IO model (Eurostat
RME tool) regarding country-specific technological blueprints, using 2010 as the
reference year. To answer research question 4, a global MRIO model (Eora) was
employed for calculating, for a wide range of countries and the period 1990-2013,
the value added-based material footprint, a new allocation approach developed in
this thesis. To answer research questions 5 and 6, a global MRIO model (Eora) was
expanded to include local IO data for Galicia, using data for the year 2011.
5.1.1 Research question 1: What is the potential impact of sector
aggregation in IO modelling of raw material flows and how can
biases be prevented?
Aggregating extractive sectors causes important errors when modelling raw
material flows using EE-IO, whereas the bias is less significant for GHG emissions.
Poor sectoral resolution was found to have more pronounced impacts in modelling
raw material flows than GHG emissions. For instance, using data for 2010, the
material footprint of Finnish households was overestimated by 13 million tonnes
(17%) when all mining sectors were lumped together and by 24 million tonnes
(32%) when the biomass extractive sectors were collapsed into a single sector. In
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contrast, GHG emissions deviations were negligible in both cases, which is not
surprising considering that they are spread evenly among industries, while in
contrast raw material extraction is concentrated in primary sectors. Thus, material
footprint can be more severely affected by aggregation bias than carbon footprint,
and the ideal sectoral classification (~40 industries) proposed in the literature for
GHG emissions does not necessarily apply to raw material extraction and use.
Bias originates from grouping biomass extractive industries (forestry,
agriculture and fishing), and mining and quarrying industries (metals, construction
minerals and fossil fuels). Important errors were identified when modelling raw
material embodied in products from pulp and paper industry, heavy manufacturing
and the construction sector. Biases originated in the environmental extension of the
EE-IO model when aggregating extractive sectors with very different material
intensities, which resulted in an average intensity vector. Errors due to averaging
material intensities were passed on to final sectors via Leontief inverse, also
calculated based on an average technical coefficients matrix. To prevent these
biases, raw materials with clear distinct intermediate and final uses, and those with
dissimilar resource intensity, should be considered separately (e.g. metals from
construction minerals). For the Finnish economy, the forestry sector is particularly
problematic, especially when aggregated with agriculture. Similar situations can be
expected in other high extractive economies (e.g. coal, oil and natural gas exporters,
economies with a highly developed fishing or agricultural sector for exports, etc.).
Magnitude of bias depends on the level of analysis, and at more aggregated
levels biases may offset and cancel out. Deviations between aggregation schemes
were studied in this thesis at four levels of analysis: i) by final demand category, ii)
by origin of the product (i.e. domestic vs. imported), iii) by material type (i.e.
biomass vs. mineral), and iv) by final sector. The finer the analysis, the higher the
bias. For instance, deviations at N-64 level (i.e. all mining together) primary
consisted of overestimation of the material private consumption to the detriment of
investments, which is not noticeable if results do not distinguish between different
final demand bundles. It was also found that aggregation caused the raw material
embodied in exports to be overestimated for domestic products, lowering the
Finnish material footprint, but to be underestimated when focusing on products
imported. A similar situation was identified between biomass and mineral material
types, and can be expected with higher material resolution. Offset effects were
observed for certain industries. For example, aggregation of biomass extractive
products into a single sector decreased material embodied in certain forestry-based
products (e.g. pulp and paper), but increased others (e.g. wood). Therefore, the
92

impact of aggregation depends to a great extent on the level of analysis and the
purpose of the footprint indicator/s.
5.1.2 Research question 2: Can LCA-based approaches improve
estimation of the raw material equivalents (RME) of trade
products calculated based on MRIO?
Country-specific LCA-based data are preferable for primary products (biomass
and mining) and for those manufacturing products mostly relying on raw materials
extracted from the environment of direct trade partners, while MRIO modelling is
more suitable for complex global production chains and services provision.
Products from extractive industries were found to account for 73% of the raw
material embodied in Finnish imports, of which 80.6% for agricultural products
and 97.6% for mining and quarrying products were extracted in the direct trade
partner. On the other hand, only 37.0% and 37.4%, respectively, of raw material
embodiments of machinery and transport equipment and basic metals products
imported were obtained from the environment of direct trade partners, while the
rest came from more distant layers of the international supply chain. For the former,
it would appear advisable to estimate RME using LCA-based approaches with
technological information from key partners, while MRIO could be employed for
more intricate product supply networks where performing LCA calculations may
result in high investments of time and resources. However, this combination would
require combining top-down (MRIO) and bottom-up approaches (LCA) and
mixing physical and monetary units, which brings new challenges for modellers
and introduces new sources of uncertainty.
5.1.3 Research question 3: What are the benefits and limitations of
integration of country-specific information from global MRIO in
LCA-based approaches for calculation of raw material
embodied in trade products?
Comparing original LCA-based approaches, which commonly rely on averages,
with an LCA-based approach refined to include country-specific technological
information from MRIO could provide useful information for iteratively correcting
possible RME estimation biases using LCA-based or LCA-IO approaches. In line
with previous research, this thesis showed that including RME of trade products
when estimating physical trade balances and material footprint of countries is
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important. For Finland in 2010, direct imports accounted for 57 million tonnes
which rose to 234 and 144 million tonnes, respectively, with the Envimat and
Eurostat models. However, estimating upstream raw material extractions in supply
chains requires complex modelling and sources of bias are multiple. In coefficient
approaches (LCA-based or LCA-IO-based approaches), regional averages are often
used, i.e. similar material requirements and technology blueprints are assumed for
a wide array of countries. In this thesis, a method for including MRIO countryspecific production information in coefficient approaches was introduced and
tested. It was shown that, overall, adjusting using MRIO data increased raw
material requirements of imports by 35 million tonnes (15%) for the case of the
Envimat model and by 72 million tonnes (50%) for the Eurostat RME tool. These
aggregated results suggest that Finnish imports originate in countries with above
average material intensity. However, applying the method proposed in this work
cannot be expected to improve estimates in all cases. Different material or product
classifications and miscellaneous groups, such as “other”, “nec.” or “rest of”,
compromised its applicability, so special attention should be paid to those
categories. Thus, reference products and regions used for refining average values
should be closest in scope to the originals.
5.1.4 Research question 4: What new perspectives can the ‘value
added-based material footprint’ approach provide in
discussions on the distribution of mitigation costs?
Employing the novel value added-based material footprint approach can strongly
increase or decrease the material footprint of a country or industry in comparison
with existing allocation approaches, such as producer, consumer or income
footprint. This thesis introduced the value added-based material footprint, which
allocates supply chain-wide raw material extractions to the different countries and
industries according to their respective share in the value added generated. The
value added-based material footprint of Switzerland, Germany and the Netherlands
in 2013 was 84%, 42% and 37% higher, respectively, than the consumer footprint.
On the other extreme, countries such as USA and Poland had a 6% and 12% higher
consumer footprint, respectively, in that year. Regarding sectors, the value addedbased material footprint approach allocated more material use to services (28.9
gigatonnes, 33%) than consumer footprint (17.2 gigatonnes, 21%) and income
footprint (15.4 gigatonnes, 19%). The value added-based material footprint also
allocated a significant share to mining (6 gigatonnes, 7%) in comparison with the
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consumer footprint (0.9 gigatonnes, 1.1%), stressing its role as a value added
generator in the world economy. Other sectors with typically high final demands,
such as the food industry, were weaker generators of value added. This a new
perspective in the debate about winners and losers in the distribution of economic
benefits and environmental harms in the global economy, contributing to the
burning question about which actors, states or industries should engage in
implementing policies towards greener supply chains.
Using the value added-based material footprint can cause decoupling trends
observed with consumption-based footprint to vanish. This was very clearly
demonstrated for countries such as Germany, France or Belgium, while the opposite
was also observed (e.g. Poland). For many economies, especially large economies
with an important domestic market, there were no appreciable differences between
the two approaches at country level (e.g. China, India, Mexico and Indonesia). For
some nations, more dependent on international trade, there were notable deviations
between the approaches and accordingly, the trends varied widely. For example, it
was shown that value added-based material footprint increased at a faster pace than
consumer footprint for Switzerland and Australia, increased at a slower pace for
e.g. Ukraine and fell rapidly for e.g. USA. These outcomes raise questions about
how national strategies for dematerialisation and circularity, coordinated with
policies promoting global integration in value chains, should be designed so that
sustainability goals are not compromised. Applying the value added-based material
footprint in combination with other existing allocation approaches is therefore,
encouraged.
5.1.5 Research question 5: Are there unequal exchanges between
high income economies and middle and lower income
countries when measured in terms of raw material and value
added flows?
Material footprint of high income economies exceeds their domestic extraction
(DE), while there is little correspondence with value added flows. Material footprint
per capita in 2011 was above 25 t/cap in high income (HI) countries, whereas this
value dropped to 14.6 t/cap in upper middle income (UMI), to 4.3 t/cap in Lower
middle income (LMI) and 1.7 t/cap in low income (LI) economies. Moreover, terms
of trade of HI economies were shown to be advantageous, as their exports were
0.74 USD/kg above the global average of 0.63 USD/kg, demonstrating that this is
the only income group buying more cheaply than selling in the global market. HI
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economies exported 70% of the value added traded in 2011, while their population
represented 17% of the global total, and their material intensity was 1.26 kg/USD
of value added, compared with a global value of 2.48 kg/USD. This indicates that
HI economies increasing their GDP via exports exert relatively lower
environmental pressure on nature. There were signs of a global division of
extractive activities, where certain countries act as material suppliers, while others
specialise in high value adding activities. Some are, simultaneously, sinks of
foreign resources and net exporters of value (e.g. Germany, France, Japan). Finland,
despite being sparsely populated and endowed with rich natural resources, falls
within this latter group.
5.1.6 Research question 6: Could integration of local IO data into a
global MRIO model provide useful insights to study
presence/absence of unequal material exchange at subnational level?
Raw material extraction and use patterns differ between regions within a country,
owing to heterogeneity of their economic structures and their role in the global
economy, and thus inequalities in physical exchanges can vary at different
geographical resolution. Based on the theory of ecologically unequal exchange,
trade in raw materials, gross trade and trade in value added were tested using the
case study of Galicia (NW Spain). The results suggest that the dual core-periphery
profile, which is often mentioned in studies about social metabolism, is not a strict
dichotomy, since the Galicia region can be seen as a core but also as a periphery. It
is a core because raw material imports from middle and lower income economies
were found to be 14-fold (UMI), 16-fold (LMI) and 454-fold higher than exports.
It is a periphery because, despite having 45% more raw materials exported to HI
than the other way around, Galicia is a net sink of value added from that group.
Overall, these results support the idea that consistently combining local and global
IO data provides useful insights when assessing the existence of unequal material
exchanges, especially for large countries but also for countries that are diverse in
environmental and socioeconomic terms, such as Spain.
5.2

Main conclusions

The main conclusions from the work presented in this thesis are as follows:
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Sector aggregation creates more bias when modelling raw material flows with
EE-IO than when modelling GHG emissions and special attention should be
paid to how extractive sectors are categorised.
When modelling RME of trade products, LCA-based approaches have more
potential to refine estimates in primary products or semi-manufactured goods,
while MRIO could be employed for complex manufactured goods and services.
Country-specific information about technology production from MRIO can be
included in LCA-based approaches to refine averages values, but attention
should be paid to possible new biases.
Allocating raw material extraction according to value added, i.e. applying the
value added-based material footprint, provides a new angle for discussing
mitigation policies, since for certain countries and sectors it produces
markedly different results than existing approaches.
Raw material and value added flows are not proportional: high income
economies are net importer of materials, while in value added terms the
balance is either reversed or attenuated.
A region can play a twofold role, as core and periphery, when assessing
unequal material exchange, depending on its level in the income hierarchy.
5.3

Implications

The main international institutions currently support measuring physical flows
using material flow accounting and reporting progress towards sustainability and a
circular economy using material use indicators. Material flow accounting indicators
are part of the UN SDGs framework, and material footprint and domestic material
consumption are proposed for measuring achievements in decoupling economic
growth from environmental degradation (SDG-8) and for monitoring sustainable
management and efficient use of natural resources (SDG-12) (United Nations,
2017). The UNEP launched the International Resource Panel (IRP) in 2007, which
sponsors the global material flow database and leads a detailed assessment on
global material flows and resource productivity (see Schandl et al., 2016). Material
flow accounting is also included in the green growth indicators of the OECD and
used for measuring achievement of resource productivity targets for countries and
regions (e.g. OECD, 2019). In addition, material flow accounting is at the core of
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several relevant EU environmental policy initiatives, such as the EU Action Plan
for the Circular Economy (European Commission, 2015) and the European
Commission Flagship Initiative for a Resource-Efficient Europe (European
Commission, 2011), which promote transition to a less material-intensive EU.
National statistical offices are encouraged to combine material flow accounting and
IO for environmental assessments in the SEEA (United Nations et al., 2014) and
by European Environment Agency documents (e.g. European Environment Agency,
2013). Thus, the importance of having a robust monitoring framework for the
physical basis of economies is undeniable. The ultimate aim of this PhD work was
to extend the use of material flow accounting in combination with IO and LCA
techniques, providing new insights for modellers and practitioners.
Paper I provided recommendations for EE-IO modelling of raw material flows
and recommended special care when classifying primary sectors. The work of de
la Rúa & Lechón (2016) is an example of the research impact of Paper I. Those
authors developed an EEI-IO model for estimating socioeconomic and climate
impacts of energy production from Miscanthus biomass in France. In their work,
they followed the suggestions outlined in Paper I and decided to further
disaggregate the IO matrix of the WIOD database, which includes agriculture,
forestry and fishing as a single sector, by isolating all inputs for producing the final
product under study. The study carried out by Giljum et al. (2017) also referenced
Paper I and supported its conclusion that special attention should be paid to primary
sector categorisation, after comparing existing MRIO databases for material
footprint calculations.
Paper II combined MRIO and LCA-based approaches for tracing raw material
embodied in trade products, providing a simple procedure for addressing the lack
of regionalisation in bottom-up approaches (e.g. Yi, Itsubo, Inaba, & Matsumoto,
2007). This work relates to recent research on integration of the IO and LCA
databases to provide harmonised and streamlined hybridisation procedures (e.g.
Agez, Majeau-Bettez, Margni, & Strømman, 2019; Yu & Wiedmann, 2018). It
appears feasible that the approach of including country-specific technology data
adopted in Paper II could be semi-automated and standardised once certain
downside effects, e.g. classification dissimilarities between the schemes, are
minimised.
Paper III introduced a new approach for allocating environmental
responsibility, in this case raw material use, based on the value-added gains of the
different countries and industries that form part of an international supply chain.
Applying this accounting framework could stimulate industries and countries to
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dematerialise their supply chains, by supplying their customers with more resourceefficient products while favouring trade partners with greener performance to lower
their value added-based material footprint. The research was also a step in
disentangling the complexity of trade networks and environmental consequences
of increasing global integration. It links to ongoing research on global value chains,
which aims to decompose value added in trade by different components (i.e.
exported, imported, re-exported/imported, double-counted), so that national added
value in gross trade can be appropriately accounted (e.g. Koopman, Powers, Wang,
& Wei, 2010; Los, Timmer, & Vries, 2015). The value added-based material
footprint introduced in Paper III could be applied in a similar fashion, providing
policy makers with an indication of how damaging generating one unit of GDP is
in environmental terms, and how this connects with the different trade flows, which
is relevant information when defining trade policies and agreements.
Paper IV demonstrated that opening the black box of national economies in
MRIO models is important when environmental deficits and asymmetries in
economic terms are under scrutiny, since e.g. national material profile can diverge
substantially from regional profile. Using a combination of local and global IO data
is recommended, especially for large countries and countries that are diverse in
terms of environmental and economic conditions, population distribution or
production structure. This combination could be performed either using data
provided by official sources, and in that case developing a footprint consistent with
single-country(regional) national accounts (Edens et al., 2015), or using local IO
data obtained by standard estimation procedures, such as RAS or maximum entropy
(e.g. Többen, Wiebe, Verones, Wood, & Moran, 2018).
5.4

Future work

This thesis work provides a basis for future research in several ways: First, all IO
and MFA estimations performed in this thesis refer to a single year, or in one case
(Paper III) to a past time series. However, environmental policy making also
requires powerful forecasting techniques that allow action targets to be defined and
scenarios assessed. Having robust methods in this regard makes it possible to assess
not only the past, but also the future, although applying these tools brings its own
challenges which need to be studied and handled.
Second, this thesis utilised EE-IO (or MRIO) as the main modelling tool, i.e.,
the core of the economy was always defined in monetary terms. This can cause
known problems, such as inaccurate allocation due to homogeneity in prices, and
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also often confines the analysis to accounting principles set for economic
performance. For this reason, the new SEEA firmly supports and encourages
statistical offices worldwide to compile IO tables with a core expressed in physical
units (e.g. Bösch, Jochem, Weimar, & Dieter, 2015; Bruckner et al., 2019; Hoekstra
& van den Bergh, 2006; Mäenpää, 2005) and aligned with MFA.
Third, LCA and IO are conceptually very close, and some important works
bridge these methods from a theoretical point of view (e.g. Joshi, 2000; Suh &
Heijungs, 2007). There have also been many empirical attempts at exploiting the
best features of each, although some barriers to widespread adoption still exist, such
as lack of standardisation or automation (Crawford, Bontinck, Stephan, Wiedmann,
& Yu, 2018). There is no doubt that, with increasing computing capabilities and
data management possibilities, we will soon have available top-down and bottomup databases that are fully consistent.
Fourth, more powerful computing capabilities will increases LCA and IO data
collection and modelling, e.g. through collaborative initiatives such as ‘virtual
laboratories’ that allow for large-scale IO data compilation and estimation (Geschke
& Hadjikakou, 2017), regionalization techniques in LCA (e.g. Nitschelm, Aubin,
Corson, Viaud, & Walter, 2016), or the ‘spatially explicit’ IO models that make a
finer connection between local producers and consumers (Sun, Tukker, & Behrens,
2018).
Fifth, MFA studies focusing on stocks dynamics are scarce (Fishman, Schandl,
Tanikawa, Walker, & Krausmann, 2014), while a recent study demonstrated that
inflows have exceeded outflows, resulting in net accumulation into the stocks, since
the middle of the 20th century (Krausmann et al., 2017). Thus, expansion can be
expected in those areas in MFA which are less developed so far, such as output or
stocks measurement, and full integration with future versions of the SEEA.
Lastly, since there is no straight connection between material use and
environmental impacts, some scholars argue that there is “another part of the story”
told by those materials less important in mass terms, but enormously relevant in
toxicity impact potential (Voet & Bruyn, 2009). As Wiedmann & Lenzen (2018, p.
317) state:
“Translating volumes of resources or materials embodied in trade into actual
impacts or damage is a long-awaited milestone in footprint modelling.”
This issue has been faced in the EU Resource Strategy, invoking the concept of
‘double decoupling’: decoupling of economic growth from material use, and of
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material use from environmental impact, which creates fertile soil for new
developments.
This research is needed in order to uncover the complex web of interactions
between industrial and natural ecosystems, a necessary step in designing
environmental policies that do not compromise Earth’s carrying capacity, but
ensure life essentials for all.
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