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ABSTRACT  This contribution offers a detailed review of recently described multi-region
input-output models used to assess environmental impacts of internationally traded goods
and services and their suitability for Ecological Footprint calculations. A large humber of such
environment-economic models have been described but only in the last few years models
have emerged that use a more sophisticated multi-region, multi-sector input-output framework.
This was made possible through improvements in data availability and quality as well as
computability. We identify six major models that employ multi-sector, multi-region input-output
analysis in order to calculate environmental impacts embodied in international trade. Results
from the studies reviewed demonstrate that it is important to explicitly consider the production
recipe, land and energy use as well as emissions in a multi-region, multi-sector and multi-
directional trade model, which is globally closed and sectorally deeply disaggregated. Only
then reliable figures for indicators of impacts embodied in trade, such as the Ecological
Footprint, can be derived. We also describe how to enumerate the resource and pollution
content of inter-regional and international trade flows with the aim to illustrate an ideal
modelling framework for the estimation of Ecological Footprints. What appears to be absent
from previous applications is an account of the analytical method by which Ecological
Footprints should ideally be estimated in an international input-output framework. This allows
an explicit analysis of the problems that prevent the application of the full method and
identification of the most appropriate short-cut methods in a transparent way.

Conference Theme: Methodology - Connecting the economy and the environment

Keywords: multi-region input-output models, international input-output analysis, international
trade, embodied environmental impacts, Ecological Footprint
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1. Introduction

The Ecological Footprint, as introduced by Wackgehand Rees (1996), measures human
demand on bioproductivity by assessing how muclobically productive land and sea area

is necessary to maintain the consumption of a giweman population. The calculation of

Ecological Footprints starts from the consumptidrresources in terms of mass units and
transforms this mass into land appropriation ineaosd step (Monfreda et al., 2004). A

considerable share of the Footprint consists ohthit@nal forest area that would be required
to absorb carbon dioxide emitted from the combustitfossil fuels.

The total land appropriation derived in this wayncthen be compared to available
biocapacity, also expressed in land and sea dfeglsbal demand exceeds global supply of
biologically productive area, this indicates anémhoot’ situation in terms of a shortfall of
bioproductivity needed for human purposes.

National Footprint Accounts (NFA) are generateduatly by the Global Footprint Network

for most countries of the world (GFN, 2005; WWFQ8) They account for the consumption
of land by the countries’ residents wherever thiadl might be located. The Footprint
associated with products imported from foreign d¢oas, for example, is fully added to the
consumers’ Footprint account. Therefore, the conokgcological Footprint analysis strictly

follows the principle of consumer responsibifitya term introduced in the context of
discussions on greenhouse gas accounting (MunldgadrPederson, 2001).

However, in its current state the method to gemeritional Footprint Accounts (Monfreda
et al., 2004; Wackernagel et al.,, 2005) can onlgvide a rough estimate of land
appropriation associated with the trading of goddsing FAOSTAT data (FAO, 2005) on
domestic production, imports, exports and yields donumber of primary and secondary
products from agriculture, forestry and fisherii® accounts estimate the apparent net
consumption of a nation and the associated apptigmi of land. The national energy
Footprint is calculated via GOemissions data from IEA For the trade balance of
manufactured products, embodied energy data frepadite sources are used to convert their
guantities into energy equivalents. These valuesthen assigned GQequivalents and
subsequently energy Footprints.

1 This principle is in contrast to the producempmssibility principle, which is the basis of the ttp

Protocol. Here, only territorial greenhouse gasssions of a nation are accounted for; the emission
embodiments of trade are not taken into accourg Farce on National Greenhouse Gas
Inventories, 1996). Accordingly, many national grieeuse gas policies are aimed at reducing
domestic greenhouse gas emissions and, in the Krattocol, national reduction goals based on a
previous level of domestic emissions are usedtsenahmark for success and compliance. But the
consumption of imported goods and services, in soonatries amplified by the relocation of
domestic production abroad and subsequent impbstisution, gives rise to environmental impacts
in other places around the world and this callgtierconsideration of greenhouse gas embodiments
in international trade flows and their correct agting.

2 International Energy Agency, Paris, France
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While the NFA method is a practical way of compgtthe apparent resource consumption of
150 countries in the world, there are still fundataéshortcomings in the methodoldgyhe
main issues with respect to international trade are

» For domestically produced bio-products nationaMeosion efficiency factors are used to
calculate the Footprint, whereas average globalesion efficiency factors are used for
imports. The Footprint of exported products fromldgical resources is weighted in
proportion to the amount of products imported aratipced domestically and their
respective conversion factors.

» Manufactured products have the same embodied eneggydless of the country of
manufacture, i.e. the same energy intensitiesiports and exports are used and they are
the same for each country. For the conversiongngrgy Footprints via embodied €O
emissions, world average carbon dioxide intensitysed for all imports, whereas for
exports of manufactured products the average cattmxide intensity of the exporting
economy is used, reflecting the national fuel noixdnergy production.

» Imports and exports of services are not includettiénNFA analysis. This means that any
direct and indirect resource use and/or pollutioedied in trade flows of services are
not accounted for.

More generally, since only the total imports angats from and to the rest of the world are
listed for each country and thus no trade suppBbirshare identified, no distinction can be
made as to wherer howthe imported products are produced. Hence, noustds taken for
differences in production technology in trading tpars, or, specifically, the direct and
indirect Footprint intensity of trade flows of gaodnd services (with trade in the latter, and
associated Footprints, neglected all together).

Given that the focus of the Ecological Footprintascapture the totddirect plus indirect)
resource use embodied in final consumption in am@wy, input-output based models would
seem to be the ideal accounting framework. Inptiatuanalysis is based around a set of
sectorally disaggregated economic accounts, whgrets to each industrial sector, and the
subsequent uses of the output of those sectorsepezately identified. The primary function
of input-output analysis is to quantify the intgpdadence of different activities within the
economy. It uses straightforward mathematical ragtito track all direct, indirect and, where
appropriate, induced, resource use embodied wittimsumption (Leontief, 1970, Miller and
Blair, 1985).

The question of how to allocate greenhouse gass@ns and environmental impacts of
production to consumption anywhere in the world basn heavily debated in the literature
(Eder and Narodoslawsky, 1999; Munksgaard and BedeR001; Muradian et al., 2002;
Ferng, 2003; Bastianoni et al., 2004; Hoekstra Jantssen, 2006; Munksgaard et al., 2007;
Mongelli et al., 2006). As a consequence of angarallel to this discussion there has been a
tremendous development of input-output based mddatsare able to account for pollution
embodied in trade. Recently, a range of multi-regigut-output models has been described
in the literature (Wiedmann et al., 2006a; Wiedmanal., 2007).

The purpose of this paper is

3 Other shortcomings, outside the scope of thiepapclude the omission of biodiversity and

ecosystem health issues (Lenzen et al., 2007)rexahsistencies in the unit conversion from local
to global hectares (Wiedmann and Lenzen, 2007).
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» to provide examples from recent studies describehld scientific literature where multi-
region input-output models have been applied toutaie environmental impacts
embedded in international trade flows (Section 2),

» to describe the suitability and adaptation of MRhOdelling to Ecological Footprint
analyses (Section 3), and

» to discuss adavantages and limitations of an iatedrEF-MRIO approach (Section 4).

2. Review of MRIO models for the assessment of
environmental impacts embodied in trade

In a recently published, comprehensive literate@ew we identify a number of models
based on multi-region input-output analysis usedestimate the environmental loads
associated with international trade flows (Wiedmanal., 2007; Table 1).

> Table 1 (see Appendix)<

Ahmad and Wyckoff (Ahmad, 2003; Ahmad and Wyck@®D03) present a framework for
estimating C@emissions embodied in internationally traded gdwased on input-output and
trade modelling. The calculations for 24 countr{iessponsible for 80% of global GO
emissions) are based on national input-output $atiea 17 sector level, bilateral trade data
for 41 countries/regions and IEAata for CQ emissions from fossil fuel combustion. For the
importing country under investigation separate irhpmatrices for each country or region that
exports to this country are established, distingog between imports for intermediate and
for final demand. For the embodied emissions ofvises only tentative estimates are
included in the analysis.

Following this approach under conservative asswmptishows that estimates of £O
emissions generated to satisfy domestic consumpti@ECD countries in 1995 were 5% or
over 0.5 Gt CQ@ higher than emissions related to production. Basedolume, the United
States alone account for nearly half of the totabg CQ emissions embodied in imported
goods. The largest net outflow of emissions emhbdieexports bound for OECD countries
in 1995 came from China and to a lesser extenti&uss

Nijdam and colleagues (Nijdam et al., 2005) presentanalysis of a range of household
environmental impacts based on a global input-dutpodel, that differentiates production
technology and emissions in the Netherlands aneéethdifferent world regions. The
technological matrices for the three world regiamse constructed using input-output tables
of countries and sub-regions from the internati@@nomic Global Trade Analysis Project
(GTAP) database Three import matrices describing the requiremefitsnports per region
for Dutch production are derived from import sti#ts.

International Energy Agency, Paris, France

GTAP (Global Trade Analysis Project) is a globatwork of researchers and policy makers
conducting quantitative analysis of internationaliqy issues
(http://www.gtap.agecon.purdue.gdBroducts from GTAP include data, models, anlitias for
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The results from this study (Nijdam et al., 200Bpw that most of the impacts take place
abroad, except of greenhouse gases and road tnaffie for which 49% and 9% of the total
impact takes place abroad, respectively. A sulistdraction of the impacts is due to imports
from non-OECD countries. Most land use was foundhi@ place in developing countries,
whereas most emissions occur in industrialised tti@sn

Similar to Lenzen et al. (2004, see below), Pedeis Hertwich (2004) develop a consistent
theoretical framework for a closed MRIO model técatate pollution embodied in trade for

arbitrary demands in the receiving economy. Thaastdiscuss a number of simplifications
that lead to reductions in data requirements, withbe introduction of large errors (Peters
and Hertwich, 2004; Peters and Hertwich, 2007).

There are several applications of the model. PetedsHertwich (2006a) find that, in 2000,
CO, emissions embodied in imports are 67% of Norwdgimestic emissions with around a
half of this embodied pollution originating in démeing countries. Exports account for 69%
of Norway's domestic emissions. The study also shihvat assuming imports were produced
with Norwegian technology would lead to an undenestion of total embodied emissions by
a factor of 2.5. In Peters and Hertwich (2006b) &#lu¢hors use their MRIO model for a
structural path analysis (SPA) across borders, émabling the investigation of international
supply chains (on an aggregation level of 49 sertd&mbodied impacts in household and
government consumption and exports are quantifeEhtifying high ranking impacts from
imports, for example the household purchase otirigt from developing countries in the
case of C@ Furthermore, the authors use SPA in a consumpdiod a production
perspective, offering complementary insights, batllerms of analysis and policy. Another
application focuses on household consumption ampadts of imports to Norway (Peters and
Hertwich, 2006c; Peters and Hertwich, 2007). Thelsfinds that household environmental
impacts occurring in foreign regions represent Gif%mdirect CQ emissions, 87% for SO
and 34% for NQ whereas imports represent only 22% of househgderediture in Norway.
All studies by Peters and Hertwich confirm the imjpoce of considering regional
technology differences in a multi-region model witaiculating pollution embodied in trade.

A detailed multi-region input-output model featifeedback loop analysis is described by
Lenzen et al. (2004). In order to calculate,@ultipliers for multi-directional trade between
Denmark, Germany, Norway, Sweden and the rest efwibrld the authors construct a
consistent MRIO system which, as a central elemfaattures domestic make and use
matrices as well as use matrices for traded goodssarvices between all trading partners,
resulting in total, region-specific multipliers ohtermediate demand, trade, energy
consumption and CQemissions. With this closed model it is possilddrtclude feedback
loops and capture direct, indirect, and inducedaot$f of trade.

Lenzen et al. (2004) can demonstrate the diffeenneresults when either domestic or
foreign production recipes are used for traded codities. In the case of Denmark, 18.9 Mt
of CO, emissions embodied in imports resulting from ayleimegion model (assuming that
Danish imports are produced with Danish technoldgyh into 38.4 Mt of imported CO
emissions when multi-directional trade with specfroduction recipes for the country/region
of origin is considered (see also Munksgaard et2&l05, 2007). Lenzen et al. (2004) also
describe in detail the practical challenges ofrtffige-region compound model and provide
pragmatic assumptions and solutions for issues asigk-classification, currency conversion,
valuation and estimation of trade flows. They shbat the level of sector aggregation has a

multi-region, applied general equilibrium analysfgylobal economic issues. The GTAP project is
coordinated by the Center for Global Trade AnalyBisrdue University, USA.
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significant impact on the results and argue tharefore the most possible detail of
disaggregation should be used.

The econometric input-model GINFORS (Global INtdiistry FORecasting System)

described by Lutz et al., 2005 (see also Meyel.e@03a, 2003b as well as Giljum et al.,
2007) is not primarily used to calculate pollutiembodiments of trade, but contains all
essential elements to do so in the form of linkednemy, energy and environment models
with global coverage. A bilateral world trade mqdsbsed on the global level, links national
models for 25 commodity groups and one service eagde, using bilateral trade share
matrices. All EU-25 countries, all OECD countriesdatheir major trading partners are
explicitly modelled and time series from 1980 to020are provided. The economic part
consists of macro models for all countries and frqauput models where data is available,
which is the case for 25 countries, mostly European

GINFORS has been used as part of the European MQtj&ct to simulate sustainability
scenarios for Europe’s development until 2020. MiI@SUS project has linked total resource
use (comprising material flows and land use) taaseconomic indicators, e.g. growth and
employment, in a global (multi-national and mubtietoral) view (Giljum et al., 2007). As a
follow-up it is intended to set up a global multiemtry input-output model in order to
guantify embodied natural resource requirements tandalculate comprehensive material
flow indicators such as Total Material Consumpt{®@MC) (Giljum, 2005).

Another simulation model with global coverage ha&erb developed by the Global Trade
Analysis Project (GTAP)(Hertel and McDougall, 2003). The GTAP model istatic multi-
region, multi-sector applied general equilibriumdab GTAP distinguishes 57 sectors and 87
countries/regions and is thus able to capture sdetail of interactions between domestic
sectors as well as international trading partréhsing (2005) couples Ahmad and Wyckoff's
approach (Ahmad and Wyckoff, 2003) with the glaibatle CGE model developed by GTAP
and with the GTAP-E datadeb calculate C@emissions embodied in international trade for
nine regions of the world. Chung’'s baseline calboifes suggest that the countries/regions
with the highest Balance of G&missions Embodied in International Trade (BEE@&iait
are Japan and the EU, with 7.3% and 3.9% of thainabtic emissions, respectively. In other
words, Japan and the EU import more embodied emnisghan they export and thus carry
some responsibility for emissions outside of teiritory (compare Chung and Rhee, 2001).

A new European Integrated Project (IP) funded urtitier Seventh Research Framework
Programme (FP7) of the EU is EXIOPOL — a new emwitental accounting framework

using externality data and input-output tools fotigy analysis. EXIOPOL aims to develop

estimates of external costs of a broad set of ananactivities for Europe and to set up a
detailed environmentally extended input-output fearark including these estimates, in order
to apply the results of this analysis to addredeypajuestions in fields, such as Integrated
Product Policy or Sustainable Consumption and Ritimiu One work area of the new project

®  “s Europe sustainable? MOdelling opportunitied &mits for restructuring Europe towards

SUStainability”, sedttp://www.mosus.net
Center for Global Trade Analysis, Purdue UniugrsUSA (http://www.gtap.agecon.purdue.gdu

8 GTAP-E is an extension of the standard GTAP mdul adds a module for the substitution effects
towards more energy efficient capital and a mod@il€O, emissions resulting from the use of
emission generating commaodities in the productiatess (see Truong, 1999 and Burniaux and
Truong, 2002). A comparison of the GTAP-E modehvdther CGE models can be found in
Kremers et al. (2002).

% http://www.feem.it/Feem/Pub/Programmes/Sustairtgbilndicators+and+Environmental+Valuation/
Activities/200703-EXIOPOL.htm
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which was kick-started in April 2007 is the creatiof a detailed input-output framework for
the EU 25 which is extended with environmental infation and will enable the creation of
MRIO models in the future. The Ecological Footpiimibne of the environmental indicators
meant to be used in EXIOPOL (Tukker, 2006).

3. Applying environmentally extended input-output models
to Ecological Footprint analysis

3.1.  Ecological Footprint studies using input-output analysis

In recent years there have been a number of catitils to the literature attempting to use
input-output techniques to calculate Ecologicaltpdots (Bicknell et al., 1998; Ferng, 2001
and 2002; Lenzen and Murray, 2001; McDonald antkPRstn, 2003 and 2004; Lenzen et al.,
2005; Wiedmann et al., 2006b) or similar indicatider and Narodoslawsky, 1999; Proops
et al., 1999; Hubacek and Giljum, 2003; Sanchezli€ladd Duarte, 2004).

Applying the input-output method to an EcologicaloEprint basically involves populating
the matrixQ of resource use coefficients with a set of EcaabFootprint coefficients (see

O
Turner et al., 2007). That is, K¥xN matrix of direct Footprint coefficient§ =f*.x7tis
established with elementay,; = f,;/x for each economic sectar for example by

disaggregating an existing Ecological Footprintoart for the production in a country. Then
an input-output calculation is used to estimate twipges of final consumption directly or
indirectly give rise to the pre-existing Footpradgtimate. Such an approach is described in
Wiedmann et al (2006b) who reconcile the Natior@dtprint Account of the UK — in terms
of demand for bioproductivity — with the UK econ@national Accounts. Their method has
been applied empirically to calculate the Ecologkmotprint of local authorities, regions and
devolved countries in the UK (Barrett et al., 200BjVF-UK, 2006) as well as of UK socio-
economic groups (Birch et al., 2004).

Other studies attempt to calculate the Ecologicaitrint using other metrics: Bicknell et al
(1998) were the first to present an applicationirmgfut-output analysis to estimate an
Ecological Footprint for New Zealand, whe®es a matrix of land-use coefficients. The main
critique of their work (see for example Lenzen &marray, 2001, McGregor et al, 2004a) is
that Bicknell et al (1998) use a closed-economyné&a&ork where imports are exogenously
given and the direct and indirect land-use codffits of these imports are assumed to be
identical to those in New Zealand.

In closed-economy input-output studies on,Gdd other quantities (c.f. Wiedmann et al,
2007) this assumption is usually implemented byireglthe imports coefficients matrk™ to
the domestic direct requirements matrix, which wevndistinguish asA’ so that the
modified total requirements coefficients are

[1] Q[l-@A"+A9]*

whereQ is the same for all trading nations that directfyindirectly produce the goods and
services that are imported to the country studiédether domestic multipliers are under- or
overestimated through this assumption depends @th&hland inputs per unit of output are
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higher or lower in the trading partners’ territarids some of the examples in the literature
review show, resource use and pollution intensjiersindustrial sector can vary substantially
between different countries (see also Wiedmanr.e2@07). One extreme example quoted
by Peters and Hertwich (2006a) is that &#mission intensity for electricity production in
China (generated mainly by coal power plants) id 2Bnes higher than for Norway
(generated mainly by hydro power).

Similarly, in the case of direct resource-use aradlupon intensities, Turner (2006)

demonstrates the potential information loss whexymeasures d2 are used. In the case
of standard economic multiplier analysis, with espto the importance of region- and/or
country-specific A-matrices, a number of studiewehd&een conducted in the regional
literature (c.f. Turner et al., 2007) focusing awheconomic input-output relationships differ
across even small regional economies within theesaational economy.

The Bicknell et al. (1998) approach of assuming N@aland production structure applies in
the rest of the world would seem particularly utistia: if a proxy must be used it would
seem more valid to use information from an econdnay is large relative to the rest of the
world (the US, for example). However, Bicknell ¢t @998) are not alone in making this
type of assumption: for example, in a review o€wrlative methods the Office for National
Statistics in the UK (2002) recommend, albeit wagution, a similar approach in the case of
greenhouse gas emissions embodied in imports ttJkhésee McGregor et al., 2004a and
2004b).

In another madification of the metric, Lenzen andrMy (2001) employ an input-output
framework in terms of land disturbance, where laséd coefficients are weighted by land
condition, or impact on land. These authors madgeldpen economy by internalising current
as well as capital imports into intermediate demdingt multipliers of domestically produced
commodities and imports are still identical. Thensaimports assumption is applied in a
comparative bioproductivity-based Footprint stuflyhe Australian State of Victoria (Lenzen
et al., 2005), which aimed at reconciling differemdetween the manual accounting practices
of the Global Footprint Network, and input-outpataunting.

Ferng (2001) identifies another shortcoming in Bigk et al.’'s (1998) estimation procedure
and suggests corrections in the methodology. Idstéa land multiplier vector, Ferng uses a
land multiplier composition matrix, distinguishifend types by sectors and demonstrates that
significantly different results are obtained by tie methods. Ferng (2002) also improves
the methodology for the energy component of thetgtod by using a standard input-output
approach for the calculation of embodied energythia framework imports to intermediate
and final demand are considered separately butsth the assumption that the exporting
countries have the same producing technology addhestic economy. Also, no distinction
is made for the origins of the intermediate inpused by the producing sectors in those
exporting countries (Ferng, 2002).

Bicknell et al.'s methodology has been developeth&r by McDonald and Patterson (2003
and 2004) in a sub-national input-output framewdhlat explicitly models the land
appropriation of 16 regions in New Zealand, inahgdihe embodied Footprints of regional
imports and exports. Another application based mut-output analysis is described in a
recent study by McDonald et al. (2006) that quétifpatterns of resource use and waste
generation (‘ecofootprints’) of different age greup New Zealand. In both cases however,
the same single-region assumption as in the approBicknell et al. (1998) is adopted, i.e.
it is assumed that products imported from over$eas exactly the same embodied impact-
per-$ ratio as products made in New Zealand.
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The single-region assumption, albeit an improvensempared to the NFA method, needs to
be challenged for setting up an accurate Footaaount for consumption, because the
inclusion of land use and emissions associated iwigorts from all over the world exceeds
the national boundaries of input-output tables.

A methodologically sound respond to this challeiigdo extend the basic multi-sectoral
single region input-output framework to the integional case and to employ a multi-region
input-output (MRIO) model ideally covering all tiad partners of the country under
investigation. A few studies comparing single versaulti-region input-output models of

energy and C®(e.g. Proops et al, 1999; Lenzen et al, 2004) ladremady demonstrated that
multipliers and embodiments can differ substantiathus warranting the extension to many
regions. The MRIO model is discussed in the nectice.

3.2.  Theory of a multi-region input-output method for the Ecological
Footprint

Given their widespread application (Wiedmann et2007), MRIO models would constitute

obvious improvements of the Footprint method. lis Bection we provide an exposition of

the extension of the basic single-region framewtorthe multi-region case, and to explicitly

identify the key practical problems that are likety arise and what the most appropriate
solutions may be.

For the purpose of simplicity, the following exptosn (derived from McGregor et al., 2004a
and Miller and Blair, 1985) is given in terms of Zregion world. However, it is
straightforward to extend to the multiplegion case (see Allan et al, 2004).

From the basic input-output equation (Leontief, @;Mliller and Blair, 1985)
1
2] x=(1-A)"y

we can derive that in a 2-region model the outputs support demand domestically: { or
X25) Or in the other regiorx{(, andx,,) is

-1
3] (Xn Xlzj :(I -An Ap ] [yn yle
Xa Xz Ay -A Yoo Yo
where elementsy® of the NxJ submatricesA ( show the transactions between sector

producing regiom and using sectgrin consuming region s, per unit of output of se¢tm
regions. Final demandy is separated into local final demand in regionf ammodities
produced in region 1y(;) and export demand in region 2 for region 1 comitrexd (y1,).
Similarly for region 2, final demand for region @ramodities is split into export demand in
region 1 ¥»1) and local demand in region 24). The partitioned matrixl (— A)™* is the inter-
regional Leontief inverse, breaking down the grostgput multiplier for each sector in each
region into gross outputs that are induced by dtimesd by foreign final demand. In other
words, by having partitioned thé-matrix for each region into local and imported
intermediate consumption, and tievector for each region into domestic and tradedlfi
demand, we can determine the level of inter-redispdlovers in terms of how activity in
one region drives activity in the other.
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Of course, the activity we are interested in hereesource use. We therefore introduce a
(KxN) matrix of coefficient€)", showing the direct resource-use intensity of outp each
production sectoir for each region:

. -1
[fyn fylzj:(g 1 0 j[l'Au -A 12J (yll ylzj
fy21 fyzz 0 sz -A 21 I-A 2 Yo Y
:{Qlelylﬁﬂle You XLY FL Yy zj
QLY t Ly, Ly QL Yy

[4]

wheref;| is aKx1 vector of the amount of resources that are useguidduction activities in

region 1 to support region 1 final demand, wHile is the amount of resources used in

region 2 production to support region 1 final dethafhe sum of these, in a 2-region world,
will give us the Ecological Footprint for regiorfihal demand?

[5] fy=fn+f
And the Ecological Footprint of region 2 is equal t
[6] fy=fn+tl,

Similarly if we extend to th&l-region case, this will simply involve summing doamolumn
with an additionaN-2 entries for each additional region. For exanfglevould become

[7] £y =t +fo,+. .. +f7,

3.3.  Practical issues for the application of a MRIO framework for
Ecological Footprint analysis
In order to estimate the MRIO system in Eq. [4pmfiation is required on

» the direct imports to final consumption in the loeeonomy/country, s, broken down by
commodity and country of origin (to derive the edeits ofy, ; for each external region,

r, from which imports are drawn)
» the imports used as intermediate inputs for eacdl ladustry in economy/country s,
broken down by commodity and country of originta derive the elements 8f, )

e an input-output table for each country from whiaiports are drawn (to determine the
elements of the inter-regional trade componeft, , of the partitioned inter-regional

9 The direct resource use by final consumers istethtiere for simplicity.
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Leontief inverse[l -A]'l, in order to determine multiplier effects in theerting
country, r).

The input-output tables from each of the exportogntries, r, would themselves need to
have the following characteristics:

» a sector mapping (i.e. a matrix that maps, or assifies sectdrin the exporting country,
r, into sectors in each of the importing nations, s)

» acomparable set of input-output coefficients &saurce use (i.e. for each sedtdhere
must be a coefficient,; within the matrixQ showing the average direct resource

intensity for resourck of producing one unit of output)

* equivalent input-output data to track direct ardiriect imports from all other countries
that the exporting country, r, trades with.

There are three basic problems that have so farepted the application of a full inter-

regional framework of the type described above. filseis data availability, mainly in terms

of flows of traded commodities between sectors iffieleent countries. The second is

reconciliation of data from different sources iffelient countries. The third is computability,

particularly in terms of balancing conflicting dataull discussions of these issues of the
challenges involved in applying multi-region inpuitput frameworks can be found in

Lenzen et al (2004) (see also Peters and Hertbtb).

4. Discussion

Economic-environment models based on input-outpaiyais are able to capture indirect
environmental impacts caused by upstream produetiba it domestic or foreign — and this
makes them suitable for the estimation of Ecolddi@tprints, embodied emissions, virtual
water consumption and other indicators.

However, it is important to allow for the inclusiai foreign technology coefficients if a
distinction between Footprint intensities of proiiloie processes in trading countries is to be
made. If, as frequently done, a closed economylesirgggion model is employed to calculate
the direct requirements matrix, the resulting nplikrs only represent the production
structure of the domestic economy. This is a facheg limitation which does not permit
analysis and assessment of foreign productioniefiddes. There would be no difference, for
example, in the embodied Ecological Footprint anirand steel produced in the UK or
produced in China. Such an evaluation however nezdge an intrinsic part of modelling
factor embodiments. In policy analyses and scesdidoexample, one might want to explore
the environmental implications of trade with diffat countries or the consequences that the
relocation of a particular industry to foreign ctnigs has on emissions.

The National Footprint Accounts compiled by the l&&bFootprint Network is one method of
estimating the Ecological Footprint of nations (\Wemagel et al., 2005}. Trade
embodiments are calculated by multiplying the regmbweights of product flows between
nations by Footprint intensities in global hectapes tonne to arrive at an estimate of total
global hectares imported or exported (Monfredal.et2804). These intensities are derived
from ecosystem yields, with energy intensities Ugudrawn from disparate LCA product

1 An alternative approach is presented by Venetanid Talberth (2007).
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analyses. Because of the data disparity and aofastandardized boundary setting principles
among process-flow LCA studies, the process-basaidpFint estimates for trade may be
subject to over and under-countifigzurthermore, the current omission of trade in isess
has the potential to bias upward the Footprinteo¥ise exporting nations, such as those with
large telecommunications sectors, research andagewent, or knowledge-based industries.
These issues are currently being discussed in dagpfnt community and suggestions for
research have been made (Kitzes and et al., 2007).

The methodologically sound respond to this chakeigyto employ a multi-region input-
output (MRIO) model ideally covering all tradingrpeers of the country under investigation.
The more economic sectors such a model can idethi#ystronger the analysis will be as
more interdependencies between sectors that dnectli; their production technology (such
as resource use and pollution intensities) canuaatified. Studies comparing single versus
multi-region input-output analyses of energy and, @roops et al, 1999; Haukland, 2004;
Lenzen et al, 2004; Peters and Hartwich, 2006akg ldemonstrated that multipliers and
embodiments can differ substantially, thus warranthe extension to many regions.

As demonstrated in this literature review, a numb&rmodels employing input-output
analysis have been described but only in the Bstylears models have emerged that use a
more sophisticated multi-region, multi-sector inputput framework. A decade ago, models
of this type were not practical due to the lackcohsistent data. Improvements in data
availability and quality have changed the situation the last few years and more
sophisticated models have been described rec&Mdyidentify six major models that employ
multi-sector, multi-region input-output analysis eander to calculate environmental impacts
embodied in international trade (see Table 1).

The data requirements for a full scale MRIO model substantial. Input-output tables are
available for many developed and some developingnitees and can be estimated or
approximated for minor trading regions or wherdamel tables are not available. Although
the sector aggregation varies from country to agrthe principal economic accounting
framework is a standardised process (United Nati@899, 2003) and some data sources
provide input-output tables in a consistent forfeata number of countries (Ahmad, 2002;
Hertel and McDougall, 2003; Ahmad et al., 2006; Wiket al., 2006; Yamano and Ahmad,
2006). However, detailed inter-regional trade datalso required for any model that deals
with impacts embodied in traded commodities. Ndiyirthe more countries and regions are
featured in the model, the higher are the datairements. In the case of the Ecological
Footprint, direct (or ‘on-site’) land use data the different land area types as well as,CO
emissions or energy use data are required per ggorsector for all countries/regions. This
type of data is available from environmental ac¢suior many developed countries, but
might be difficult to obtain for others.

Data availability has become better in the last f@ars and more comprehensive due to
improvements in input-output databases (Dimaranath cDougall, 2005; Yamano and
Ahmad, 2006) and trade data and models (Eurosta®3;2Pain et al.,, 2005) and
environmental accounts (United Nations, 2003). &fme, it can be expected that more

12 Interestingly, many newer LCA databases derieér #istimates using input-output frameworks,
leading to increasing convergence between thesen®gthods (Hendrickson et al., 1998; Joshi,
1999; Treloar et al., 2000; Lenzen, 2002; Suh andgdes, 2001 and 2002; Hertwich, 2005; Nijdam
et al., 2005; Weidema et al., 2005; Heijungs ¢t28l06; Tukker et al., 2006; Wiedmann et al.,
2006b)
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comprehensive and robust techniques for estim&sajogical Footprints will be developed
in the near future.

In any case, constructing a database for a MRIOemmtjuires a sophisticated method of
data handling and entails considerable specifitlaiges as described in Turner et al. (2007).
Compiling the required data, estimating missingadatd balancing conflicting data in the

right way is the most crucial part of a MRIO franurk

With a complete closed MRIO model it is also polestb include feedback loops and capture
direct, indirect, and induced effects of trade. theo advantage of input-output based
approaches is that they allow the quantificationredponsibility according to different
principles. Not only, can full producer and consumesponsibility accounts be calculated
(Munksgaard et al., 2007) but also any share gfamrsibility can be quantified with such a
framework (Gallego and Lenzen, 2005).

5. Conclusions

Over the last decade in particular there has betenaendous increase in applications of
analytical, and indeed forecasting, models baseérsfironmentally extended input-output
techniques. Besides being scientifically well ddx and established, the crucial advantage
of input-output based analyses is that it is pdssib attribute environmental impacts to
virtually any consumption activitysuch as consumption of regions, nations, govenisne
cities, socio-economic groups or individuals, wleeth domestically or abroad
(imports/exports); to virtuallyany production activity of organisations, companies,
businesses, product manufacturing, service pravigitc and to virtuallyany associated
economic activity in betweesuch as supply chains, trade flows or recycling.

It is an old truism that there is no ‘best’ modslisaich, but only a ‘best’ model for a specific
purpose. Input-output models are very detailech@irtdescription of commodities produced
in economies. They can provide detailed stafiepostaccounting tools for monetary and
non-monetary (physical) quantities. However they rawt well suited to describe change in a
predictive €x-ant¢ way, because they usually do not contain anyistealdescription of
agent behaviour (e.g. producer and consumer demiapd}-output coefficients (the Leontief
production function) provide an indication of avgedactor use, but should not be assumed to
give information on marginal factor use, as a fiomctof price or other determinants. The
latter may better reflected by Constant Elastioitysubstitution (CES) or similar production
functions usually incorporated in General Equiliioni models. However, this is ultimately an
empirical question.

As a consequence, which type of model is most Isleitbor usage in Ecological Footprint
(EF) analysis depends on the research questiothangurpose of the particular application.
At present, the main purposes of Footprint accowars 1) to give anex-post static
comparative snapshot of the use of biologicallydpagive land and sea area, and 2) to
identify and communicate potential sources of utanability to the general public and to
political and corporate decision-makers. Furtheemgiven that EF accounts already operate
at comparatively high commodity detail, single-roulti-region input-output models appear
as the most suitable approach. Based on the redfudtsomprehensive literature review we
argue that multi-region input-output (MRIO) modesem to be particularly appropriate to
estimate the Ecological Footprints of productioonsumption, imports and exports with the
possibility to track their origin via inter-indugtiinkages, international supply chains and
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multi-national trade flows. The latter features ao¢ possible with the current method used to
compile the National Footprint Accounts (Wackernagel., 2005).

Employing a MRIO model for Ecological Footprint acoiting in an international context
would provide the following advantages:

» A MRIO framework is consistent with existing UN Ammnting Standards (United Nations
Statistics Division, 2003) and it is desirable &veélop it in parallel with the ongoing
standardisation of the Footprint methodology. Milsunderpin and lend credibility to a
Footprint accounting standard. Attention will als®paid to retaining commaodity
classification as disaggregated and relevant fiFthotprint as possible.

» Using a model with a high sector disaggregation alkows the tracking of international
supply chains. An entirely novel development isube of Structural Path Analysis (SPA)
in a multi-region framework: MRIO-SPA is an extemsif applications in single-region
input-output frameworks (Treloar 1997; Lenzen 2868 2007; Peters and Hertwich,
2006b). Applying SPA to an MRIO system is far framwial, mostly because of the larger
size and nested hierarchy of the MRIO system, coetp#p a single-region system.
However, once developed, MRIO-SPA is ideally suttedxtract and prioritise
international commaodity chains and to link locaiaf consumption with hot spots of
environmental impacts. MRIO-SPA can also be usqatitwitise targets for action for
corporate or government decision-makers (Wood artén, 2003).

» Furthermore, comprehensive economic-environme@tahbdel systems are in particular
suited to perform scenario simulation of the enwinental and socio-economic effects of
the implementation of environmental policy measuiésis, policy strategies and
instruments can be tested and elaborated, whictagable of best reconciling competing
policy goals in economic, social and environmeptaicies.

* Implementing an MRIO would overcome uncertaintregmergy or emissions intensities
of imported goods and services, since all inteomati trade links — direct and indirect —
are potentially included. It would thus add accyrand comprehensiveness to Ecological
Footprint accounts of trade.

* MRIO is also the only comprehensive method for ssisg the activities of multinational
corporations, since these essentially represeraduption network spanning multiple
sectors in multiple countries.
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8. Tables

Table 1 Overview of recently described multi-sector mudigion input-output models with global coveragedus calculate environmental impacts
embodied in international trade

Indicators
Number of (env. impacts
Years Considers  Number of world economic embodied in
Reference analysed tradein ... regions/countries sectors trade) Data sources
1995-1997 goods . .
Ahmad (2003), Ahmad  (years of (tentative 24 input-output t_ables, OECD input-output tables,
. . 41 countries/regions fo 17 CG, OECD bilateral trade data, IEA
and Wyckoff (2003) input-output  estimates for
. bilateral trade energy and C@data
data) services)
?
(information goods and GTAP data for trade, energy and
Chung (2005) not services 9 57 CO, Co,
provided)
different for each
i goods and country/region, national input-output tables and
Lenzen et al. (2004) 1999-2000 services 5 ranging from 39 Co, CO, data
to 229
use of energy
40 countries (EU-25, 25 commodities (carriers), CQ
last year 0ods and OECD) and 2 world + 1 service emissions, land OECD, IMF, Eurostat, UN
Lutz et al. (2005) covered gervices regions (OPEC, ROW); aggregate; 41 for use, material COMTRADE data base and IEA
2001 25 countries with input- input-output consumption energy and C@data
output tables models (‘ecological
rucksack’)
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Indicators
Number of (env. impacts
Years Considers  Number of world economic embodied in

Reference analysed tradein ... regions/countries sectors trade) Data sources
land use,
GHG emissions,
acidification,
eutrophication,
summer smog, disparate data sources, incl.

4 (NL + OECD Europe, 30 for world
goods and

Nijdam et al. (2005) 1995, 2000 cervices 8Egg)other, non- :\(lagmns, 105 for fish extraction. VROM and GTAP
freshwater use,
road traffic
noise,
pesticide use
gggg year 8 (Norway plus 7 . Statistics Norway, Eurostat,
. (data aggregated exporting ;
Peters and Hertwich rangin goods and reqions. based on the 49 CO, SO, NO, OECD, many disparate data
(2004, 2006a,b,c, 2007) ging services g ' ' ' sources mostly from
from 1995 technology of the top 7 governmental statistics
to 2000) exporting countries)

DC = Developing Countries; GTAP = Global Trade Arséd Project; IEA = International Energy Agency;HM International Monetary Fund; OECD =
Organisation for Economic Co-operation and DevelepmROW = Rest of the World; UN = United NatioM&ROM = The Netherlands Ministry of
Housing, Spatial Planning and the Environment.
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