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Abstract

With increasing international trade in the worldeomy, the inclusion of indirect (or
embodied) natural resources of traded productsivezegrowing importance, when
domestic production and consumption patterns aetuated from the perspective of
global sustainable development. In this paper, vesgnt results of calculations with a
newly constructed global, multi-regional, enviromtad input-output model, the Global
Resource Accounting Model (GRAM). The model was dalieped to illustrate the
physical dimension of Europe's economic interrefegiwith the rest of the world and to
analyse European natural resource consumption i@t tin a global perspective.
GRAM disaggregates 52 countries and world regioapresented with input-output
tables of 48 economic sectors and linked by bidteade flows in 25 product groups
and 1 service sector. The model integrates thestlg@006) edition of 10 tables
published by the OECD with the OECD'’s Bilateral deeDatabase and is extended by a
global database on resource extraction in all casbof the world. We discuss the
structure of the GRAM model, with a particular fecon the integration of the
environmental data in physical units with the mamgtcore model and the technical
implementation of the model system. We then preseweral types of results. First, we
calculate aggregated indicators on material extmactersus consumption of raw
materials of countries and world regions respebtivEven though the domestic
extraction per capita in OECD countries is sigifity above other world regions,
consumption of raw materials is even higher. Prddocof products for final
consumption in industrialized countries thus usesemesources than extracted within
the regions themselves. Per capita material consomp emerging and developing
regions lies even below the already low level aihestic extraction. Second, we assess
international trade flows to identify main net-inmf@ys and net-exporters of different
categories of natural resources in the world econdffe illustrate that the region of the
European Union has higher absolute net-imports #mnsingle country in the world
economy (including the US and Japan) and faceshibkest share of net-imports
compared to domestic resource extraction of allyaed world regions. The paper
concludes with a discussion of planned extensioms improvements of the GRAM
model future projects.

Keywords: embodied resource requirements, material flowoacting (MFA), input-
output analysis, international trade, raw matexeasumption.
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1. Introduction

This paper was produced in the international retegrroject petrE (Resource
productivity, environmental tax reform and susthlea growth in Europe; see
www.petre.org.uk), funded by the Anglo-German Faitiuh.

One of the forecast models applied in petrE is GBENFORS (Global
Interindustry Forecasting System; see Lutz et 2005; Meyer et al.,, 2007, 2008)
model, developed by GWS in Osnabriick. In the GINB@Rbdel, a global data base on
raw material inputs (measured in tonnes), commigRrtraction of biotic and abiotic
natural resources in all countries of the worlduiy integrated into the model system.
This integration was first performed in the EU pigij MOSUS (see www.mosus.net)
and is further developed and improved in the p@rgject. As material extraction in
different countries is determined by parametersi&ls”) of economic performance
and energy use, this extension allows determinihgndirect economic effects on
resource extraction in the simulation and evaluatibdifferent scenarios (see Giljum et
al., 2008a). However, the GINFORS model cannotcat® material extraction to
specific economic variables in the country modsigh as domestic final consumption
or exports. This impedes the assessment of akbtdined indirect (up-stream) materials
needed for producing specific imported and expogedds. Consequently, it is not
possible to calculate comprehensive material copsom indicators on the macro and
sector level and to determine the resource bas¢hefEuropean economy in a
comprehensive manner, as the trade dimension cadmeactly be taken into account.

Although comprehensive resource use indicators h&en estimated applying
life cycle assessment (LCA)-oriented approaches,eseh studies lack
comprehensiveness, as in most cases, data on dndiraterial flows were only
available for raw materials and basic commoditlag, not for higher manufactured
products. In this paper, we introduce a global, tmmagional, environmental input-
output model, the Global Resource Accounting Md@RAM), in order to fill some of
the existing research gaps with regard to the amalyf global material flows and to
illustrate the physical dimension of Europe's ecoianterrelations with the rest of the
world.

The main purpose of this model is to assess diamtt indirect resource
extraction necessary in different countries andldvoggions to produce internationally
traded products. Only if these data are availablesomprehensive physical trade
balance for each country and world region can beutated, which allows assessing to
what extent an economy is dependent on naturauresanputs from abroad. This
analysis also reveals over time, whether or nofptieeluction and consumption system
of a country is actually improving its resource gurotivity or substituting resource-
intensive domestic production by imports from otiverld regions.

Such results are also an important input to theeotirdiscussion on producer
versus consumer responsibilities in the world econésee, for example, Lenzen et al.,
2006). Whereas most accounting frameworks (e.g. ialshe Kyoto protocol) follow a
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production or territory accounting principle, a samption-oriented accounting
approach is required when discussing concepts asiem allocation of a “fair share” of
world’s resources to all inhabitants of the plafsee also Peters, 2008).

This paper is structured as follows. Section 2 aixgl the motivation for our
research and presents the general policy backgroBettion 3 provides a
methodological summary of input-output based apgres to calculate indirect material
flows, which serves as the basis for the introdurctf the Global Resource Accounting
Model (GRAM) in section 4. Section 5 contains tlesctiption of the results, in section
6 we discuss the results from the perspective abfigan trade and environmental
policy. The final section 7 discusses possibleritmprovements of the GRAM model.

2. International trade and material flows

Increasing international trade and deeper integmatf different world regions in global
markets are one central characteristic of curréstialisation processes. Between 1990
and 2006, world export volumes augmented by 5.5%ually while production only
grew by 2.5% per year. Growth in trade was higf@stanufactured products (6.0%),
followed by agricultural products (4.0%) and fualsd mineral products (3.0%) (WTO,
2007).

The inclusion of natural resource requirements rafléd products therefore
receives growing importance, when domestic prodacéind consumption patterns are
evaluated from the perspective of global sustamald@velopment. In order to assess
world-wide environmental consequences related tmystion and consumption of a
specific country or world region (such as Europie)s necessary to take trade aspects
fully into account. In addition to direct importadhexports, all material requirements
necessary to produce the traded goods (these soeteaimed indirect material flows
associated with or embodied in imports and expotiaye to be considered in the
analysis. Only thereby possible shifts of environtak burden associated with
extraction and processing of materials can betrtitisd, resulting from changing global
patterns of production, trade and consumption.

A number of studies examined the distribution oWiemmental pressures
between different world regions due to the econaspiecialisation in the international
division of labour, applying methods of physicalcagnting and environmental-
economic modelling. Several studies found empiri@lidence for increasing
externalisation of environmental burden by indaéised countries through trade and
increasing environmental intensity of exports oh+@ECD countries (see, for example,
Ahmad and Wyckoff, 2003; Atkinson and Hamilton, 20@iljum, 2004; Giljum and
Eisenmenger, 2004; Machado et al., 2001; Muradiaal.£2002; Nijdam et al., 2005;
Peters and Hertwich, 2006, 2008; Schitz et al.4R0Bome studies revealed that this
shift is accompanied by an absolute increase inr@mwental pressures on the global
level, as production technologies in developingaeg are often more material, energy
and emission intensive than the ones applied insthlised countries (for example,
Shui and Harriss, 2006). An important economic esselated to this shift of resource
extraction and processing away from industrialissountries is the increasing
dependency of domestic industries on imports ofinaatresources. In Europe, this



Global dimensions of European natural resource use 5

dependency is particularly high for fossil fuelsdametal ores, for example, 83% for
iron ores, 80% for bauxite, and 74% for copper @pean Commission, 2006a).

The global environmental responsibility relatedhigh levels of natural resource
use is increasingly addressed by environmentatyglirategies of the European Union
and the OECD. One of the overall objectives of tlemewed EU Sustainable
Development Strategy (EU SDS) is to “actively préensustainable development
worldwide and ensure that the European Union’srir@ieand external policies are
consistent with global sustainable development @sdinternational commitments”
(European Council, 2006, p. 20). High levels obrese use are regarded as one major
obstacle for the realisation of an environmentalhgtainable development in Europe
and worldwide. The core strategy to achieve a toanstion towards more sustainable
production and consumption patterns is to realsealpling (or de-linking) between
economic growth, the use of natural resources atated environmental degradation
(European Commission, 2005). Also OECD environnmemtanisters adopted a
recommendation on material flows and resource mtddty that is aimed at better
integrating resource flow-based indicators in emwinental-economic decision making
(OECD, 2004).

3. Input-output based approaches to calculate indirectaterial flows

In the methodological framework of material flonwcaanting and analysis (MFA), so-
called indirect material flows associated with impoand exports describe the up-
stream material requirements necessary to produttadad product. This up-stream
process includes resource extraction, processidgmaanufacturing and transportation
to the border of the analysed country. As explaimethe EUROSTAT guidebook for
material flow accounting (EUROSTAT, 2001), indirestaterial flows should be
measured in so-called “Raw Material Equivalents @M which express the amounts
of primary extracted materials required along thkole production chain of an
imported or exported product. Quantifying tradengoin terms of RME thus allows for
a standardisation of physical foreign trade to sheme economy-environment system
boundary as applied in used domestic extractiontiiomaterial balance of a country it
therefore makes no difference, whether, for exapgleaetal ore is extracted within the
national boarders or imported from abroad. If imedrin concentrated form, the metal
would be transformed in its RME, i.e. the crude ahektracted in the mine. Analysing
international trade in terms of RME is thereforettére suited for international
comparisons of countries and world regions thariegmn of other indicators, which
only consider international trade by direct impaatsd exports, i.e. the weight of the
products crossing the border (Moll and BringezlQ20ECD, 2007a; Weisz, 2006).

If RMEs of traded products are available, comprehenMFA-based indicators
on the macro level can be calculated. In this payer calculate the indicator “Raw
Material Consumption (RMC)”, which includes all eomically used material
extraction (of domestic and foreign origin) consudntgy final demand in the analysed
country. If we would also consider those parts @fterial extraction, which are not
economically used (e.g. overburden from mining), eoaild calculate the indicator
“Total Material Consumption (TMC)”, which is envigad as a headline indicator in the
EU set of sustainable development indicators. WWe #llustrate physical trade balances
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(PTB) in terms of raw material equivalents of coig® and world regions.

In order to consider the global dimension, indifbmivs of traded products were
so far mostly calculated applying a life-cycle asseent (LCA)-oriented approach.
Following this approach, direct imports are muiggl by coefficients (or so-called
“ecological rucksack factors”), reflecting — in thg — all RMESs related to extraction,
processing and transport. However, due to highrtsffan data collection along
international production chains, indirect flows baso far been calculated for a very
limited number of processed products. Comprehensiaterial flow-based indicators,
which fully integrate the international dimensiocould not be calculated so far.
Therefore, in this paper, we present an alternatie¢hodological approach to assess
resource trade and consumption in a global framewbased on multi-regional,
environmentally extended input-output analysis.

Within the large family of approaches for accougtemd modelling material
flows (for an overview see Femia and Moll, 2005gthods of environmental input-
output analysis (elOA) play a central role for peniing policy-related MFA studies. In
particular, elOA enables opening up the “black bokeconomy-wide MFAs and thus
providing information on branch and product-specdevelopments of resource flows
and resource productivity (Femia, 1996; Moll et aD02). Thereby, environmentally
important sectors and products (“hot spots”) canidemtified and ranked (see, for
example, Acosta-Fernandez, 2007). elOA furthervallanalysing implications for
natural resource use of structural changes of domany, as well as of changes in
technology, trade, investments and consumptionitestyles.

One major advantage of the 10 approach comparedh W(CA-oriented
approaches is that it avoids imprecise definitiohsystem boundaries, as the entire
economic system is the scope for the analysishEurtore, it allows estimating total
resource inputs for all types of products with leffert than the LCA-based method, as
only material inputs of those economic sectors havme assessed, which are extracting
raw materials (mainly agriculture, forestry anchéses for biotic materials, and mining
and construction for abiotic materials). Howeveplging the 10 approach also entails
disadvantages. These refer in particular to thé lhegel of aggregation of economic
sectors in the 10 tables, which impede analysisp#cific materials (such as single
metals or single agricultural products) and leagrablems of inhomogeneities within
(theoretically homogeneous) sectors.

In most studies at the national level carried omtfar, imports were either
included only as direct material flows (without safering up-stream indirect
requirements) or indirect material requirementsengstimated applying the assumption
of an identical production technology of importeagucts and the domestic economy
(for example, Moll et al., 2006; Weisz, 2006). Hoeg distortions of results can be
considerable, if countries show significant diffeces in technology and economic
structure, which is often the case, when tradetiogla between industrialised and
developing countries are investigated (see Hauklaf4). In order to overcome the
shortcomings of a single-country model, in partacuwith regard to environmental
consequences of increasing international tradeymaber of studies were published in
the past few years, which applied multi-regional (MRIO) modelling to assess
environmental pressures embodied in internaticadkt
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Several major advantages of the MRIO approach canidentified (see
Wiedmann et al. 2006):

MRIO models allow for integration of (monetary) dea flows with
environmental databases and permit environmentphdts embedded in trade
to be accurately and comprehensively evaluatedvaasitions in production
structures and technologies between different ceasnand world regions are
taken into account.

Different 10-based analyses on the internationatllean be undertaken with a
MRIO model (e.g. structural path analysis, productilayer composition,
guantification of shared environmental respongibgi between producers and
consumers of goods).

With a MRIO model, direct, indirect and inducedeefs of international trade
can be captured.

A number of MRIO models have been presented inliteeature, differing
significantly with regard to the number of coungfregions and sectors disaggregated in
the model (see Wiedmann et al. 2006, 2007 for sxterreviews of MRIO models to
assess indirect environmental effects of trade).

4. The Global Resource Accounting Model (GRAM)

In the following, we provide a description of théo@al Resource Accounting Model

(GRAM), a multi-regional input-output MFA model cstructed in the course of the

petrE project (a more detailed description can bend in the corresponding

methodology paper; Giljum et al., 2008b). The basiention was to construct a model

with a monetary core for the year 2000 throughitigkOECD 10O tables and OECD

bilateral trade data (BTD). This monetary core nhagas then extended by a global

data set on material inputs in physical units, Whi attached to the 10 tables as an
additional vector.

4.1. Data sources

Three main data sets are required for setting ag@RAM model: input-output tables,
trade data and material extraction data. Many natistatistical offices publish 10-
tables on a more or less regular basis. Howevethese tables differ in data quality,
sectoral disaggregation, currencies, price conaadtbase years, they are not suitable
for constructing a consistent multi-regional 10 rabdystem. To our evaluation, the
OECD provides the most comprehensive, reliableteantsparent international dataset.
The latest, third revised (2006) edition of 10 &bpublished by the OECD includes 27
OECD countries (except Iceland, Luxembourg and k@xand 9 non-OECD countries
(Argentina, Brazil, China, India, Indonesia, Istaussia, Singapore and Taiwan). The
tables of the 2006 edition are based around the3@20 (Yamano and Ahmad 2006).
The number of industries was extended to 48 (seeArl), which was very desirable
against the background of analysing material floetated with international trade.
Some material and resource intensive sectors weparated, such as splitting the
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“mining and quarrying” sector into two sub-sect@fsssil fuels and all other minerals).

At the moment our model comprises 52 countries ragebns, with the OECD dataset
providing 10 tables for 35 of these countries aagions. For the remaining countries
and regions 10 tables were derived under the assoimphat the country or region

under consideration holds the same production tdolgg as a neighbouring country or
a country with a similar economic structure (seenén?2 and Giljum et al., 2008b for
details).

Data on international trade, which’s modelling e tcore element of a model
calculating all direct and indirect material requents of countries, should cover a
maximum number of industries in a classificatiomsistent with that of the applied 10
tables. The bilateral trade data (BTD) of OECD laased on the ISIC Rev. 3 likewise
IO tables provided by OECD. In total, BTD comprisgeports and exports of goods for
each OECD country broken down by 61 trading pastn@md 25 industries. One
disadvantage of the BTD data set is that it captardy OECD trade with the rest of the
world, while trade between two non-OECD countrissnot recorded. Thus, trade
between major material consuming countries suchiChma and India and major
material extracting countries such as Brazil, Sdftica and Russia was completed by
UN COMTRADE data and country by country trade daten the Direction of Trade
Statistics from the IMF (2006 edition). By consalithg these three datasets, trade
matrices for 52 countries/regions were establiskadwing for every good k all trade
flows between exporting countries and importing rtaes. A trade matrix for an
aggregated service sector in the same dimens&sasncluded.

With regard to material input data, a large andeasing nhumber of material
flow studies are available from national and iné#ional statistical offices,
environmental agencies and research institutioas ECD, 2007b). The first global
dataset in a time series of 1980 to 2002 was ceupih the framework of the EU
project MOSUS project, funded by the European Cossion (see www.mosus.net and
Behrens et al., 2007). Resource extraction datagdregated by more than 200 raw
material categories, was compiled for 188 counines time series from 1980 to 2002,
following the nomenclature and categorisation otarals listed in the handbook for
economy-wide material flow accounting published thye Statistical Office of the
European Union (EUROSTAT, 2001). This global dasagbhas been updated to 2005
and improved in the course of the petrE projece irtiernational database on natural
resource extraction is mainly based on internati@tatistics from the International
Energy Agency (IEA), the Food and Agricultural Ongsation of the United Nations
(FAQO), British Geological Survey (BGS), United ®&siGeological Survey (USGS) and
the German Federal Institute for Geosciences andrala&Resources (BGR).

4.2. Allocation of raw material extraction to indugries in the 10 table

One key decision concerns the allocation of theensdtextraction data to economic
sectors in the 10 tables, in order to calculate itiegerial intensity coefficients. In
contrast to e.g. emissions of greenhouse gaseshwigin in many economic sectors
(see Ahmad and Wyckoff, 2003; Peters and Hertwi)8), raw materials are only
extracted by a very limited number of industriebefiefore, the very detailed material
input data, covering more than 200 raw materigdgdrito be aggregated, in order to link
material input data to the sectors available inl@éables.
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The OECD 10O tables only disaggregate three primexyraction sectors:
agriculture, forestry, fishery (sector 1), miningdaquarrying/energy (sector 2) and
mining and quarrying/non-energy (sector 3). If wewd apply an approach, where
material extraction is allocated at the point ofr&stion, we could only separate the
three broad material categories biomass, fossilsfamd minerals. This level of
disaggregation is not satisfying, as it would impgtat, for example, the same mix of
mineral raw materials would be delivered to indestrof processing of metal ores,
production of non-metallic mineral products as wasl construction. It is obvious that
such an allocation would produce significant ernerth regard to the composition of
material use in different sectors. Schoer (2006)dfore suggests an approach, which
allocates specific raw material inputs to thoseustdes, which serve as the main
recipient of raw material inputs at the first stagjefurther processing. We tested this
approach with the GRAM model and found that algs #pproach produces errors, as
some countries export significant shares of thaw material extraction without
previous processing. Material extraction would ¢f@re not be treated as embodied
materials of raw material exports, but as inputhe domestic processing industry,
which, particularly for primary sector dominateceomies, is not significant.

Based on these experiences, a mixed approach watoded, where we first
separate material extraction, which is directly @x@d as raw materials. This part of
extraction is thus directly linked to the exportdiee three extracting sectors (1, 2 and
3). As these three sub-groups aggregate a numbeatarials, no distinction could be
made e.g. between agriculture and forestry, or éetwmetal ores and industrial
minerals. In a second step, the remaining matexthction was then allocated to the
domestic processing industries. For example, ifae® (mining, non-energy) delivers
exports totalling 30% of its overall production, akocate 30% of all ore and mineral
extractions to exports and 70% to the respectivenedbic sector of processing as
indicated in Table 6 (in the example of minerahgse sectors are 12, 13, 14 and 30).
Table 1 summarises the allocation scheme.



10 Giljum, Lutz, Jungnitz, Bruckner, Hinterberger

Table 1: Allocation of MFA categories to economicextors in the 10 tables

Category of material extraction Allocated to sector of 10 table (number of sectorri brackets) ‘

Unprocessed exports: Agriculture, hunting, forestry fish (1)
Further processing: Food products (4)

Unprocessed exports: Agriculture, hunting, forestry fish (1)
Forestry Further processing: Wood and wood products (6) anéulp and
paper products (7)

Unprocessed exports: Mining and quarrying (energy)2)

Agriculture, grazing, fish and fibre crops

Coal and oil
oalandol Further processing: Coke and refined petroleum prodcts (8)
Natural gas Unprocessed ex_ports: Mining and quarrying (energy)2)
Further processing: Manufacture of gas (27)
Iron ores Unprocessed exports: Mining and quarrying (non-enegy) (3)

Further processing: Iron and steel (13)

Unprocessed exports: Mining and quarrying (non-enegy) (3)
Further processing: Non-ferrous metals (14)

Unprocessed exports: Mining and quarrying (non-enegy) (3)
Further processing: Non-metallic mineral products (2)
Construction minerals Construction (30)

Other metal ores

Industrial minerals

Through this initial disaggregated allocation, beiports of raw materials and
specific compositions of material inputs to certandustries at further stages of
processing can (at least to some extent) be captwehe model. If more than one
sector serves as recipient at the first stage @fgssing (as is the case with wood), we
divide material extraction according to the shaségmonetary) deliveries from the
extraction sector to the processing sector (in dkample of wood: deliveries from
sector 1, Agriculture, to sector 6 and 7), assuntiveg the weight/value ratio is equal
for deliveries to different sectors. For the caseanstruction minerals, we assumed
that exports are zero and all materials are akwcab sector 30 (construction) for
domestic use, as the monetary relations are mdimen by industrial minerals and
would overestimate the export share of construatiorerals.

4.3. Technical implementation of the model calculains

A true multi-regional 10 model requires the constion of an 10 table that comprises
all upstream requirements between and within thesidered industries and countries.
The technical computation of such a model can lme dlo two ways. The first approach
would be to construct one “super-matrix”, which tons all 10 tables, trade data and
material intensity coefficients in one matrix. Cimlesing the large number of countries
modelled in GRAM and the high detail of sector @ratle information, such a matrix
would be very large and complex. Additionally, tewal problems during data
processing have to be solved, for example storaderaersion of such a large matrix.

Against this background, a second approach is egblere, which calculates direct and
indirect materials embodied in traded goods intaraiive procedure (see Ahmad and
Wyckoff, 2003 for a similar approach). For idenitify material inputs embodied in
international trade flows we calculate total dirand indirect material embodied within
domestically consumed products whether importedprmduced domestically. This
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requires a distinction between four categoriepadquct) use:

(1) Manufactured goods and services produced and catsdomestically: “Domestic
Final Demand (DFD)"

(2) Domestically produced manufactured goods and sesviexported to other
countries: “Domestic Production of Exports (DEX)*

(3) Imported manufactured goods and services consumee@stically: “Imported Final
Demand (IFD)"

(4) Imported manufactured goods and services expouedther countries without
further processing or transformation: “Imported dRrction of Exports (IEX)"

DFD, DEX, IFD and IEX represent economic variabl&e define M, MPEX,
M'™ and M¥ as the corresponding material flows embodied ies¢heconomic
variables. This distinction allows calculating soroé the standard material flow
indicators described earlier in this paper. If Yeetor of material inputs in each of the
countries / world regions comprises only used etiva, “Raw Material Consumption
(RMC)” is calculated as follows:

RMC = M + M'™P (1)

If the vector of material inputs would additionaligclude unused domestic
extraction, such as overburden from mining aceitiwe would arrive at “Total
Material Consumption (TMC)”.

We can also calculate a comprehensive physicaletriaalance (PTB) by
subtracting the exported categories from the ingabrt

PTB = (MFD + MIEX) _ (MDEX+ MIEX — MIFD _ MDEX (2)

In order to solve the model system, we follow aprapch introduced by Ahmad
and Wyckoff (2003), which apply an iterative cabttidn procedure, which is
graphically illustrated in Figure 1. The main diffity to overcome is the
interdependence of embodied material flows in tlagieods between all countries. For
details of this calculation procedure and the spoading expression in formulas, see
the separate methodology paper (Giljum et al., BR08
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Figure 1: Graphical illustration of the calculation procedure
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Notes: DE ... Domestic Extraction; Dom ... Dome&bnsumption; Im ... Imports; Ex ... Exports
Categories (1) to (4): four categories of prodisg (see main text above)

In the first step, embodied material flows in trade not considered. Domestic
material extraction (DE) of country A is allocattxlits domestic consumption (Dom)
and exports (Ex) to countries B, C, D, etc., assgnthat exports are solely produced
with domestic material resources. This is doneefggry country in parallel. The result
of this process is a model of international matdloavs that describes all exports on the
supposition that all goods are produced only witindstic raw materials. However, as
the material intensities of one country’s exporépehd on those of its imports, the
results have to be revised, considering the impafrtsaterials additional to domestic
extraction in the next steps. This has to be chwig several times for every country, as
changes in the import structure of one country gdvantail changes in its export
structure and therefore in the composition of inpaf other countries. For example,
changes in the material intensity of the Germanoairtgpaffect the material intensity of
the German exports and therefore that of the Britisports and vice versa. We thus
face a problem of interdependencies, which we stilk@ugh an iteration process. The
divergences decrease with each of the iteratioms femally, material intensities of
imports and exports no longer change between ®vatibn steps.

5. Results

The GRAM model allows analysing domestic resouroc@samption in a global
perspective, including international trade and teslaraw material extraction along
international production chains. In the followin@ wresent the first results, which were
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generated by the GRAM model.

Data generated by the GRAM model can be analyseseweral ways: first,
aggregated indicators on raw material consumpti@oontries and regions (such as the
EU) can be calculated. Thereby, we can compareemsv material extraction takes
place in the world economy versus where the fimadpcts manufactured with these
raw materials, are consumed. Second, internatitnadle flows can be assessed to
identify main net-importers and net-exporters oftural resources in the world
economy. Finally, the generated data can be disggtgd by sectors and product
groups as well as material categories to identfyich traded products have the highest
material intensities along their production chaids.detailed data sheet with key
variables per country is attached in Annex 3.

The first calculations were carried out for the ry@800; however, providing
time series is in principle possible and desiredrigher to illustrate trends and changes
in production, trade and consumption patterns tiwez (see also section 7 below).

5.1. Material extraction versus material consumptia in different world regions

The GRAM model allows determining, in which couesriand world regions resource
extraction is mainly taking place versus which does and world regions have the
highest levels of (direct and indirect) raw mategansumption. In Figure 2 the
indicators of Domestic Extraction (DE) and Raw MetieConsumption (RMC) in four
different world regions are presented. The diagoamntihe left side shows the absolute
numbers in billion tonnes; on the right side theutts are illustrated in tonnes per
capita.

Figure 2: Domestic extraction (DE) and raw materialconsumption (RMC) in different
world regions (total, per capita), in 2000

20 26

billion tonnes
=
(=]

tonnes per capita

H RoW HRoW

Anchor
® OECD (non-EU)
mEU-25

Anchor

M OECD (non-EU)

mEU-25

DE RMC DE RMC

Notes: We could not include Bulgaria and Romania El-27, as the countries are not explicitly repdiin the
OECD 2006 Bilateral Trade dataset. The group of Ancbantries comprises nine big emerging economies,
including China, India and Brazil (for details seen&x 2).

The model calculations show that although domesixt¢raction (DE) of
resources in absolute numbers is highest in thepgod the so-called Anchor countries
(17.6 billion tonnes) followed by non-EU OECD couie$ (14.8 billion tons), in terms
of Raw Material Consumption (RMC) the non-EU OEC@uwtries are slightly ahead
(16.1 billion tonnes compared to 15.8 billion ire tAnchor countries). A considerable
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share of resources extracted in Anchor countrigs{illion tonnes) thus flows directly
or indirectly to other world regions through intational trade. Also the region of “Rest
of the World” (RoW) shows a decline from resourggaction to resource consumption
in parallel to the Anchor countries (from 13.5 t2.11 billion tonnes) and thus a net
export of 1.4 billion tonnes. The EU-25 in contrashsumes more resources than it
extracts, but their DE (6.1 billion tonnes) and RMT4 billion tons) in absolute
numbers is significantly lower compared to otherldoegions.

The picture changes considerably when turningperacapita perspective. Even
though the domestic extraction per capita in EUc@bntries (13.3 tonnes), and even
more in the non-EU OECD countries (20.8 tonnes3igsificantly higher compared to
the other world regions, this measure is even aeaunkdy the consumption of raw
materials (16.1 tonnes for the EU-25 and 22.6 terfioe the non-EU OECD). This
means that the production of products for finalstonption in industrialized countries
(OECD) uses more resources than are extractednwitta regions themselves. The
Anchor countries, which count almost 3.2 billiorhabitants, lead the list of resource
extracting world regions, but fall far behind ather regions when investigating per
capita values. As the RoW countries, their perteagonsumption (5.0 tonnes) lies even
below the already low level of extraction (5.6 teah

On a country basis the first model calculationseat\that the USA and China
are the biggest consumers of raw materials in absaérms. Germany ranks 6th and
the UK 12th. In a per capita perspective, othemtwes with highly resource-intensive
sectors, such as Australia, and some industriakzean countries, such as Hong Kong,
show the highest numbers for raw material consuwmpti

5.2. Physical trade balance of world regions

The GRAM model also allows calculating compreheasixade balances of world

regions and countries in terms of raw material egjents and can therefore identify
net-importers and net-exporters of different catego of raw materials. As 8

aggregated material categories are separately taddal GRAM, we can disaggregate
trade patterns of different countries and worldarg by types of natural resources, in
order to identify typical external trade patterios @ifferent groups of countries (see
Figure 3).
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Figure 3: Physical trade balance (PTB) in four diferent world regions for eight material
categories, in 2000
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In terms of net-importers versus net-exporters,rédseilts reveal that the group
of OECD countries is a significant net-importerdafect and indirect material resources
from other world regions. Production of goods caned in the OECD countries
requires significantly more natural resources ttimse exported from the OECD to the
rest of the world, in particular regarding agricudl products, coal/oil and other metal
ores. Also the EU-25 countries (most of them memloérthe OECD) have high net-
imports, basically in the same resource categolmeaddition, the EU-25 has high net-
imports of iron ores. An interesting aspect is ttte EU-15 even exceeds the net-
imports of the EU-25, meaning that the 10 new EUniper countries are net-exporters
of embodied natural resources, particularly dudigh net exports of Poland and the
Czech Republic. The Anchor countries and the Ro¥fibreeach have high net-exports
and therefore provide the resources for the nebitimg countries. In the Anchor
region, the main net-exported materials in termsveight are coal and oil as well as
agricultural products. In the RoW region, net-exp@re also highest for the categories
of coal and oil, agricultural products and, adaiithy, non-ferrous metals.

Net-trade flows can also be related to levels ohdstic extraction, in order to
illustrate to what extent different world regionse autsourcing material and energy-
intensive production processes abroad. Figure ds,tlshows to what extent the
consumption in the four world regions is observorgovershooting the potential self-
sufficiency.
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Figure 4: Net-trade flows as a percentage of doméstresource extraction
(total, metal ores), in 2000

Setting the values of the physical trade balancéBJPin relation to the
domestically extracted materials (DE) suggestslidt 21.5%, the EU-25 is the world
region that outsources the biggest part of resoextmction required to produce goods
for final demand (private and public consumptiond amvestment). The highest
difference between domestic extraction and conswmpare within the material
categories iron ores and other metal ores, wheramports exceed domestic extraction
by 294% and 174%, respectively (or 197% for thereggted group of metal ores).

5.3. Physical trade balance of countries

As the GRAM model disaggregates a large numberoahties, the model can also
calculate net-imports of single countries. Figurellstrates a first ranking of the
biggest importers and exporters of embodied maters@urces in the world economy.

Figure 5: Physical trade balance (PTB) of differamintries (total), in 2000
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* For illustrative purposes we included the regitid-25 (EU?*) in this country ranking.
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According to the model calculations, the region Ebleads the ranking of net-
importers (1.3 billion tons), followed by the US8@® million tons) and Japan (963
million tons). Single Western European and somesountries follow (Germany,
Korea, ltaly, Great Britain, France, Spain and Spaye). On the other end of the
spectrum, the biggest net-exporters are located.biggest net-exporter is the group of
OPEC countries (962 million tons), followed by Ras§53 million tons) and the
region Rest of the World (626 million tons).

The level of net-imports or net-exports dependgiqdarly on three factors:
first, the national endowment with natural resosrcgecond, the population size and
density, and third the level of regional econonttties (affluence). Small, densely
populated and economically prosper countries tendhave high net-imports, while
countries with high population density, but big aese deposits and often small
economic activity are to be found within the graimet-exporting countries.

As already shown in Figure 4 in relative terms,ufégg5 demonstrates the high
level of dependency of European consumption ams/ibn foreign resources also in
absolute terms. The EU combines relatively low ewdent with resources, in
particular, regarding fossil fuels and metal omesh high population density and high
GDP per capita. Despite high national resourcelavitity and extraction, the US rank
second in the list of net-importers, due to highdgource intensive life-styles. Raw
material consumption in Japan, as a very densgdylpted country with high economic
wealth, exceeds its domestic resource availalilta level comparable to the US.

Since the data refer to the year 2000 it can beeard that shifts have been
taking place since then, especially for China amid, which — according to the World
Bank’'s World Development Indicators database — hdmebled their GDP (in PPP)
between 2000 and 2006. It can be expected thataGransformed from a net-resource
exporter in 2000 to a net-importer in 2008, givenhuge increase in natural resource
demand.

6. Discussion of results

The GRAM model is one of the most comprehensive etwohtroduced so far, which
aims at calculating production-chain wide mategatraction required for producing
and trading goods and services. The model can pkedpfor a number of analytical
purposes and research questions. In particular,stiitable to illustrate the distribution
of resource extraction vs. resource consumptiordifferent world regions and to
identify their typical trade patterns. The GRAM mbdalso allows calculating
indicators of resource consumption for countriesl avorld regions, which reflect
resource consumption of final demand. This is amwative aspect compared with
other, traditional material flow-based indicatovghich regarded the economy as a
black-box and aggregate intermediate and final deimander the heading of
“consumption”. Finally, data can also be generatedhe level of economic sectors, in
order to identify the resource intensity of diffieresectors and product groups and their
dependency on foreign resource supply. If furtreretbped, this type of analysis could
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be important to identify “hot spots” of materialrsumption in the domestic and the
international economy and could support determingaticy priorities, for example in
the EU policy frameworks of “Integrated ProductiBg! and the “Thematic Strategy
for the Sustainable Use of Natural Resources”.

In the section above, we presented the first dathiadicators generated with
the GRAM model for the year 2000. The results tlate that the unequal levels of
resource extraction are reinforced through intéonat trade. Although the OECD
countries already have the highest levels of ppit@aesource extraction, international
trade increases the gap and, from a perspectiveodtl regions, allocates additional
natural resources from Southern countries to nateronsumption in the North.
However, as the physical trade balances of singlentties revealed, also OECD
countries are among the most significant net-experof embodied materials, most
notably Australia and Canada.

This trade pattern of net-imports to the North astigularly visible for the EU-
25, which faces the strongest dependence on resguports of all investigated world
regions, in particular regarding fossil fuels anetah ores. In the new EU trade strategy
(“Global Europe”), the issues of access to resaureed resource security are
highlighted as a key for future success of the pean export economiesMbre than
ever, Europe needs to import to export. Tacklingtrietions on access to resources
such as energy, metals and scrap, primary raw ma&eimcluding certain agricultural
materials, hides and skins must be a high prioeasures taken by some of our
biggest trading partners to restrict access to theipplies of these inputs are causing
some EU industries major problefr{&uropean Commission, 2006b, p. 7).

Furthermore, the EU region shows higher (direct atlirect) net-imports of
natural resources than any other single econontitiding USA and Japan. Material
consumption in the EU is by far not met only by @stic resources; a result that
confirms calculations with other indicators, in fparlar the Ecological Footprint
(WWEF et al., 2005).

Given that current levels of resource consumptiorcauntries of the EU are
regarded as unsustainable (European Commissioh),288ile at the same time many
countries in the South face severe material poyetyrent global trade patterns must
be regarded critically from a sustainable develamnperspective. Results suggest that
countries in the emerging and developing world hhedowest per-capita consumption
levels, while at the same time serve as the maggtif&iant net-exporters of natural
resources. From the perspective of developmentossims, the question arises, whether
a development strategy based mainly on primary codities is successful and
sustainable. From the 1970ies up to the turn of2tiécentury, real prices for raw
materials were in general declining (World Bank0D20 A large number of studies
reached the conclusion that rich endowment wittunahtresources and orientation
towards commodity-based exports generally led dphely countries into a
“specialisation trap”, characterised by decreasexgort revenues and increasing
environmental destruction (for example, Muradiad Martinez-Alier, 2001; Sachs and
Warner, 1999). However, since 2002, prices for m@ttesources have been soaring
upward, particularly due to the high demand fromin@h(and other emerging
economies), which allowed many developing counttesignificantly improve their
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terms of trade. High commodity prices will thusypln important role in future growth
prospects for developing countries (World Bank,&00

7. Conclusions and further research

This paper presented the first results calculatéti whe newly constructed GRAM

model, which is one of the most comprehensive nwottel the calculation of indirect

material flows introduced so far. The constructadrihne GRAM model is an important

methodological step towards the calculation of ytrglobal resource consumption
indicators of single countries and world regionshsas Europe. However, these first
results must be refined and extended in futurearebeand the GRAM model requires a
number of extensions and improvements, in ordelefdoy its full potential.

7.1. Improving the input-output tables

With regard to the use of 10 tables in the modelesal improvements shall be
undertaken in the future. First, improvement isureg with regard to the procedure of
approximating the production structure of countriadere so far no IO table is
available, by the structure of a neighbouring counVith this regard, we intend to
replace the assumed IO tables by real tables fratromal sources, either already
published or expected to be published in the cornyemys. The second concern is the
number of sectors, which are disaggregated in @heables. Currently, only a small
number of sectors of high relevance for materiélaetion and processing are separated
in the OECD tables. A more detailed resolution@ftables is a prerequisite to provide
a detailed analysis of the environmental impadisted to sectors or products (see, for
example, Huppes et al., 2006; Tukker et al., 2088)e, current work undertaken in the
EU project “EXIOPOL” (see http://www.feem-projecttrexiopol) will be useful,
where both SERI and GWS are project partners anetraly available 10 tables are
further disaggregated, in order to improve theipligation in environmental studies.
Finally, in particular for the calculation of matdrflow-based indicators, a number of
countries in Africa, Asia and Latin America, whidtave high levels of material
extraction and export, are currently aggregatethéncategory of “Rest of the World”.
In order to avoid distortions of results due tsthgeographical aggregation and in order
to be able to calculate material flow-based indicafor a larger number of emerging
and developing economies, the integration of apldiéti country models is a necessary
future step.

7.2. Integrating additional trade data

Trade relations between two countries in the madelcurrently represented only by a
total of 25 groups of manufactured products pluaggregated service sector according
to the industry classification of OECD BTD and l&@bkes databases. Additionally we
calculate trade relations for an aggregate of serproducts. In order to enable more
detailed analysis of specific trade flows with pardar relevance for material flow-
based indicators, the number of categories inriietmodels must be increased. This is
particularly important for raw materials (of bo#tnewable and non-renewable sources)
and semi-processed products (such as basic meidligis). Possible data sources for
such extensions are the UN COMTRADE database, wtocitains very detailed trade
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on goods level. Advantages of a more detailed sgmtation of international trade,
however, can only be fully exploited, if also iretlO tables, further disaggregation is
undertaken (see above).

7.3. Providing time series

One important objective for future expansion is¢hkulation of time series, in order to
illustrate possible shifts of environmental pressuretween the different world regions,
resulting from changing patterns of specialisatiothe international division of labour.
One restriction is that the set of 10 tables puiad by the OECD, covering 27 OECD
countries and 9 non-OECD countries, only existgtieryear 2000 so far. Therefore, in
the calculation of time series, the economic stngcthas to be assumed as constant.
However, trade data as well as material input dstavailable on a yearly basis.
Therefore, it is planned to calculate a time sefresn 1995 to 2005, in order to
illustrate changing patterns of trade and matexataction and their consequences for
material flow-based indicators.

7.4. Analysing international production chains andstructural paths

Further analysis with the GRAM model will allow dysing specific international
production chains with particular importance foe ttountry of interest. This type of
analysis can illustrate the number of processiegssttheir geographical distribution
and estimations of the transport intensity. Theliagion of the method of ,structural
path analysis“ (see, for example, Peters and Hemntwa006) allows determining those
chains of interindustry deliveries, which contridumost to the material consumption of
a country.

7.5. Extending GRAM by other environmental categores

As explained above, the GRAM model is flexible tod the inclusion of other
environmental categories. SERI and GWS aim to aelenergy-related G@missions

in the 2008 update of the model and to calculatbashied CQ emissions of traded
products. Such basic data on the total climateedlamissions of traded products are a
key requirement for a proper evaluation of climateasures on the national and
international level, as the Indian proposal of égeraission rights for every human
being should be based on consumption. Currently €@ission data is based on
production (see Peters and Hertwich, 2008). It wldo be possible to link other
environmental data, which is available on the gattevel, such as the use of energy,
land and water. Also with this respect, it is irded to link closely to the EU project
“EXIOPOL”, where a detailed input-output databasecluding environmental
extensions is developed.
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Annex 1: Industry classification in the OECD IO taldes and concordance with

ISIC Rev. 3

ISIC Rev. 3 code 10 industry BTD industry Description
1+2+45 1 1 Agriculture, hunting, forestry and fishing
10+11+12 2 2 Mining and quarrying (energy)
13+14 3 2 Mining and quarrying (non-energy)
15+16 4 3 Food products, beverages and tobacco
17+18+19 5 4 Textiles, textile products, leather and footwear
20 6 5 Wood and products of wood and cork
21+22 7 6 Pulp, paper, paper products, printing and publishing
23 8 7 Coke, refined petroleum products and nuclear fuel
24ex2423 9 8 Chemicals excluding pharmaceuticals
2423 10 9 Pharmaceuticals
25 11 10 Rubber and plastics products
26 12 11 Other non-metallic mineral products
271+2731 13 12 Iron & steel
272+2732 14 13 Non-ferrous metals
28 15 14 Fabricated metal products, except machinery and equipment
29 16 15 Machinery and equipment, nec
30 17 16 Office, accounting and computing machinery
31 18 17 Electrical machinery and apparatus, nec
32 19 18 Radio, television and communication equipment
33 20 19 Medical, precision and optical instruments
34 21 20 Motor vehicles, trailers and semi-trailers
351 22 21 Building & repairing of ships and boats
353 23 22 Aircraft and spacecraft
352+359 24 23 Railroad equipment and transport equipment n.e.c.
36+37 25 24 Manufacturing nec; recycling (include Furniture)
401 26 25 Production, collection and distribution of electricity
402 27 25 Manufacture of gas; distribution of gaseous fuels through mains
403 28 25 Steam and hot water supply
41 29 Collection, purification and distribution of water
45 30 Construction
50+51+52 31 Wholesale and retail trade; repairs
55 32 Hotels and restaurants
60 33 Land transport; transport via pipelines
61 34 Water transport
62 35 Air transport
63 36 Supporting & auxiliary transport activities; activities of travel agencies
64 37 ) Post and telecommunications
65+66+67 38 _S Finance and insurance
70 39 % Real estate activities
71 40 n Renting of machinery and equipment
72 41 Computer and related activities
73 42 Research and development
74 43 Other Business Activities
75 44 Public administration and defence; compulsory social security
80 45 Education
85 46 Health and social work
90-93 47 Other community, social and personal services
95+99 48 Private households with employed persons & extra-territorial organisations & bodies
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Annex 2: Countries and world regions in the GRAM malel
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Annex 3: Summary table of results from GRAM calculdions (in 1000 tonnes)

PTB
Code Country DE MO M PEX M P mex | O
AT Austria 117.131 95.817 21.315 56.763 11611 35.448
BE  Belgium 119,56 78.716 40848 138650 91.133 97.802
LU  Luxembourg 9.414 6.199 3217 9.113 35579 5.896
DK Denmark 124.45 82.165 42.287 49.323 18.177 7.036
Fl Finland 154267  119.898 34.369 44.840 18.405 10.471
FR  France 794745  701.190 93556  267.255 66.611 173.698
DE  Germany 1245210  1.050.867 194343 552029  124.006 357.686
GR  Greece 185166  154.904 30.262 38.252 4015 7.990
IE  Ireland 71.326 41.403 29.923 22.730 10.045 7193
T laly 475641  424.731 50.910  282.011 40.662 231.101
NL  Netherlands 15595p 92261 63692  156.126 85.978 92.435
PT  Portugal 120957  109.915 11.042 40.853 6.109 29.811
ES  Spain 527.008  469.868 58.040  204.333 32,122 146293
SE  Sweden 206293  131.019 75.274 66.738 22.525 -8.536
GB  United Kingdom 719090  567.089 152010  366.934 35.266 214.924
CZ  Czech Republic 178497  123.887 54.609 33.963 9.171 -20.646
HU  Hungary 100.86¢ 77.253 23.613 22.084 6.504 1529
PL  Poland 550.175  418.990 131.185 49.970 7.486 81215
SK  Slovak Republic 50311 35075 15.236 18.315 5.349 3.079
TR Turkey 486.828  404.608 82.220 85.228 11.322 3.009
IC  Iceland 6.214 4712 1.501 2170 590 669
NO  Norway 272.028 86.414 185.614 32.837 7.223 152,777
CH  Switzerland 80438  77.822 11.615 44.969 8.373 33.354
CA  Canada 1.000.081  674.382 424699  203.167 50.267 -221.532
MX  Mexico 1.04351 920721 122790  116.232 8.084 -6.558
US  United States 8.202.910 7.764.685 528226 1516727 74.015 988.502
JP Japan 1.399.312 1.365.825 33547  996.347  109.043 962.799
KR  Korea 420731 402,523 18208  302.606 84.111 284.398
AU  Australia 1572154 890.961 681.193 80.337 9.943 -600.856
NZ  New Zealand 79.03 58.958 20.073 20.309 3.970 236
CY  Cyprus 19.21 18.314 902 5.995 705 5.093
EE  Estonia 30.34 22.703 7.637 5.721 906 -1.916
LV Latvia 28.578 22.210 6.368 4343 620 -2.024
LT Lithuania 28.31 22.976 5.340 11.050 1.780 5.710
MT  Malta 3.346 3175 170 3351 482 3.180
Sl Slovenia 38.72 26.990 11.737 9.547 2.088 -2.189
CN  China 6.238.996 5.632.028 606.968  303.010 34.682 -303.958
HK  Hong Kong 551.057  459.040 92017  207.432 42.064 115.416
ID  Indionesia 1471810  1.040.023 431.796 63.145 10.973 -368.651
IN  India 2796708 2.616.654 180055  111.409 5.632 -68.646
MY  Malaysia 200427  245.900 44527 87.201 19.383 42.764
PH  Philippines 208595  266.091 32.505 34.022 8.035 1518
SG  Singapore 40469  39.411 1058  143.236 36.520 142.178
TH  Thailand 415088  361.606 53.483 78.153 18.125 24,671
TW  Taiwan 216260  177.733 38527  178.547 41.182 140021
AR  Argentina 777.946  658.020 119.926 62.496 5.996 -57.430
BR  Brasil 2.792.031 2.456.213 336724  106.580 7.750 -230.144
CL  Chile 659233  326.503 332.729 40.810 2.709 -291.919
ZA  South Africa 74637%  559.006 187.369 48.617 4.063 -138.752
RU  Russia 2086225 1.358.054 728.170 74.983 6.594 -653.188
OP  OPEC 3076084 1900572 1175512 213531 30.886 -961.981
RW  Rest of World 8.687.650 6795213 1892439 1266115 165353 -626.324




