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Abstract
Environmental impacts associated with the U.S. esgnpose significant global implications.

This paper integrates hybrid, multi-regional inputput and Life Cycle Impact Assessment
(LCIA) approaches to quantify the environmental aopof the U.S. economy. An integrated
system is constructed using various data soureg®thbrace about 2,600 environmental
pressures, over 400 commodities for the U.S, 12®erefor China, 8 final demand categories,
over 4,000 process Life Cycle Inventories and dy200 environmental impact characterization
factors, which, altogether represent one of thetmasiprehensive frameworks for analyzing
environmental impacts. The structure of the hybrmlt-output framework is analyzed, and the
generality of the hybrid frameworks proposed SWO0&) over Konijn et al. (1997) is shown.
The composition and the structure of the envirortadempacts induced by the U.S. final
consumption are analyzed using contribution analgs®l environ analysis developed by Patten
(1982). Particularly, environ analysis results ased to visualize the network structure of the
life-cycle environmental impact of the U.S. econoffige results show that private household
consumption and investment is responsible for ab6t of the total environmental impacts
induced by the U.S. economy, half of which is causgthe consumption expenditures for the
provision of ‘Mobility’, ‘Food’ and ‘Shelter’. Majoindustrial activities that generate direct
environmental impacts were ‘Natural gas, Electyieihd Utility’, ‘Mining, Drilling and Refining’
and ‘Agriculture, Forestry and Fishery'. Overallig shown that provision of energy,
transportation, food and materials are the majadads of environmental impacts in the U.S.
economy. The contribution of environmental impdmtsmports to the U.S. is estimated to be
responsible for about 28% of the total impact @edty the U.S. economy. The current study
demonstrates a novel combination of tools and fgcies that are developed in the fields of
natural science, engineering, ecosystem sciencenpottoutput economics in addressing major
environmental policy imperatives. The results aqeeeted to inform the U.S. EPA in

prioritizing major areas of effort needed to redtlee environmental impact of the U.S. economy.

Keywords: hybrid approach, LCA, input-output, mukgional 10, environmental impact

Page | 3



1. Introduction

As the largest economy in the world in Gross Domédatoduct (GDP), environmental impacts
associated with the U.S. economy pose significkoiiad implications. With about 5% of global
population share, the U.S. has been consuming &0e@5% of global energy supply (EIA,
2010). The motorization ratef the U.S. is nearly 800, while those of Chind &ia remain
under 20 as of year 2006 (IEA, 2007). Historicalhe U.S. is responsible for about a quarter of
the entire Greenhouse Gas (GHG) emissions genavagzdhe last 100 years (EPA, 2010).
Furthermore, the global environmental impact induog U.S. consumption is considered to be
even larger than its domestic counterpart considedhe increasing offshoring and imports (see
the evidence in GHG emissions in Peters and Hemv009; Davis and Caldera, 2010).
Therefore, understanding the structure of the enwrental impacts in the U.S. economy would

be an important first step to identify hotspots emdventually reduce them.

The problem of environmental pollution has longrbeetopic of interest in the field of Input-
Output Analysis (IOA) since the pioneering work\Massily Leontief (Leontief and Ford, 1970).
Over the last four decades, IOA has been succissimplied to address various environmental
and energy issues (Ayres and Kneese, 1969; Wright4; Berry and Fels, 1973; Bullard and
Herendeen, 1975; Bullard et al., 1978; Chapmang1€eveland et al., 1984; Duchin, F., 1992;
Duchin and Lange, 1994). Nevertheless, adequatelgreasing the entire spectrum of
environmental impacts of a national economy has laeehallenge due to a number of obstacles

that are elaborated below:

First, there are thousands of environmental presssuch as emissions of pollutants and
consumption of resources causing various enviromah@noblems. Apart from a few well-
known pollutants, such as GGG, and NQ, information on environmental pressures by
industrial sectors, however, has been lacking fostof the countries. Many studies have relied
on these limited number of pollutants as a proxyofeerall environmental impact (Dasgupta et
al., 2002; Cole, 2000; Suri and Chapman, 1998; &#nas and Krueger, 1995). Even for those

countries that do compile environmental statisteggularly, such data are scattered around many

! The number of motor vehicles per 1,000 capita.
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branches and agencies and compiling them intoradrazed dataset has been a challenge. In the
U.S., for instance, a number of government branahesvolved in compilation of

environmental emission data including the EnvirontakeProtection Agency (EPA), United

States Department of Agriculture (USDA), Energyolmhation Administration (EIA), and

United State Geological Survey (USGS), and tha&aaiof coverage and frequency of
compilation widely varies between them. Even withimagency, there are often multiple
programs that compile different environmental detseften without much coordination

between them.

Second, even in a few exceptional studies (Whe20f¥]1; Mani and Wheeler, 1997; Hettige et
al., 1992), where more than a few environmentaksions are compiled, the analysis stops at
the total mass of pollutants in lieu of adequat@amseo quantify their collective impacts.
Quantifying environmental impacts requires a corhpnsive understanding on the behavior of
the pollutants in the environment and the risks tiha@y pose. There are thousands of pollutants
generated by industrial economy, and these polisifaose different environmental risks in
varying magnitude. Quantifying a toxic impact gf@llutant, for instance, requires an
examination of its fate, transport, exposure amdtity, which requires the information on
physicochemical and toxicity characteristics of amatleling techniques for the pollutant.
Furthermore, quantifying the environmental impaxftan economy requires more than just
natural science: once the magnitude of two envimmal impacts, say, climate change and
human toxicological impacts are quantified usinigrstific knowledge, it is still necessary to
weigh the relative magnitude of importance of theggacts to arrive at an aggregate

environmental impact score, which is often indisplele for effective policy communication.

Third, input-output tables provide a comprehensiyeerage for the inter-industry transactions,
but in order to cover the entire life-cyée, better representation of the downstream, ise. and
disposal phases, is needed. Movement of wasteseapded materials between industries and
households, in particular, are poorly represemeadput-output tables, as these flows often

involve little or no monetary transaction. Apaxtt the efforts in Japan around the Waste Input-

2 The term, ‘life-cycle’ represents raw materialgragtion, manufacturing, transportation, use aspatal as is
used in Life Cycle Assessment (LCA) (1SO, 1998).
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Output (WIO) framework (Nakamura and Kondo, 200bnHo and Nakamura, 2004),
incorporating post-consumer waste and recycled maaf®ws within an input-output

framework has been a challenge due to the seriataslichitation. On the upstream side, with the
increasing importance of international trade areddaimergence of China as a manufacturing
powerhouse, a better specification is desirablénfiported commodities possibly by using

multi-regional input-output approach.

In recent years, progresses have been made tosadsimme of these challenges: on the
environmental data front, efforts have been madmiopile environmental data beyond GHGs
and criteria pollutantsfor input-output applications (Suh, 2005a; Greessign Institute, 2009;
Suh, 2010). On the environmental modeling frontjomprogresses have been made in the field
of Life Cycle Impact Assessment (LCIA): Environmantmpacts factors—called
‘characterization factors’'—have been developedHousands of chemical species considering
their behavior in and their risks to the environtngsee e.g. Rosenbaum et al., 2008). Gloria et al.
(2007) developed the weightsetween environmental impacts based on a panélotéd assist

in the U.S. government’s efforts on environmentaligferable purchasing. Using these weights,
environmental impacts can be aggregated into desingpact score based on an authoritative
government study. On the life-cycle coverage froghrid methods have been adopted to input-
output analysis under the framework of Life CyclesAssment (LCA) (Joshi 1999, Heijungs and
Suh, 2002; Suh, 2004; Suh et al., 2004; Suh ang&ky2005), and multi-regional input-output
analysis have been applied to better assess pollathbodied in international trades (Davis and
Caldeira, 2010; Hertwich and Peters, 2009; Webdmaatthews, 2007).

Such improvements have enabled the environmergatignded input-output tables to inform
major environmental policy directives in the pastwa years: Huppes et al. (2006), for instance,
adjusted the U.S. input-output table and the enwrental data from Suh (2005a) to represent
European economic structure and analyzed the emagatal impacts of products, which was
conducive to the European Comission’s Integratediéut Policy (IPP) directive. In the U.S.,

3 Criteria pollutants in the U.S. refers to 6 comnaimpollutants including Ozone, Particulate Mat@arbon
Monoxide, Nitrogen Oxides, Sulfur Dioxide, and Hear which data infrastructure is well established

*In LCA, these weights are applied to normalizedirammental impact result, which is the ratio betwehe
environmental impact of a product system and thatreference system, which is often a nation (15@®8; Guinée
et al., 2002).
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EPA used the database by Suh (2005a) to analyzeemental impacts of products, which was
used to inform the revision process of the ResoGmeservation and Recovery Act (RCRA) of
the U.S. (EPA, 2009; Allen et al., 2009). Neverdlss| these progresses are yet to be harmonized
and assembled together to materialize their fukbpioal.

The current paper builds upon these recent progge3is paper presents a novel integration of
hybrid, multi-regional 10 and LCIA approaches wikie state-of-the-art data and analytical
methods to quantify the environmental impact ofith8. economy and to analyze its

composition and structure.

2. Methodology and data

2.1. Overall framework

2.1.1. Hybrid approach

Hybrid approach in this paper refers to the useodh input-output table and process-specific
data. For the sake of clarity, the use of both rtamyeand physical units in a single technology
matrix, which is often referred to as hybrid apmioas well, is noted here as mixed-unit
approach. Hybrid approach came into wide praciimeesthe 1970s in the field of energy
analyses (Bullard and Pillarti, 1976; van Engelegh©994; Wilting, 1996). Hybrid approach
combines the strengths of both process analysishenithput-output analysis, namely high

granularity (per process analysis) and the compésie (per 10A).

The interest around hybrid approach has been negugd with the emergence of Life Cycle
Assessment (LCA) in the 1990s. LCA is a tool torgifg environmental impacts of a product
from raw materials extraction to manufacturingngortation, use and recycling/disposal (ISO,
1998). Conventional process-based LCA suffers filoensame limitations of process-based
energy analysis in that practitioners have to stfecting data from upstream processes at
certain point as upstream processes propagateralii@mate along the supply-chain, which is
referred to as ‘truncation’ problem (see Lave et95; Lenzen, 2000). By combining process

LCA and environmentally-extended input-output aselythe process-specificity of process

Page | 7



LCA can be maintained while the truncation problgan be minimized (Treloar, 1997; Josh,
1999; Suh and Huppes, 2002).

An innovation along this line was the use of bothiged-unit technology matrix (describing the
process-LCA part) and a monetary-unit input-outpbte (describing the rest of the economy) in
a single technology matrix (Suh, 2004). In thedfief LCA, a mixed-unit technology matrix has
been used to describe the exchanges of goods ancesebetween unit processes (Heijungs,
1994;c.f. Lin and Polenske, 1997). Suh (2004) linked theess-LCA matrix directly with an
input-output table within a single matrix, whichreferred to as ‘integrated hybrid’ approach
(Suh and Huppes, 2005; Suh et al., 2004).

Using an integrated hybrid approach, the matritotdl life-cycle environmental pressuf@ for

a given final demand vector is derived by

1) Q :[Bprocess B.o]{l_A”r‘m:Cd} PR@?‘.?‘?},

whereBprocess IS @N environmental pressure per unit processubatatrix,Bio is an
environmental pressure per unit industry outputrixiad process Is @ mixed-unit LCA technology
matrix describing exchanges within unit procesfgsjs a monetary 10 technology matrixis

an identity matrix with arbitrary dimensio@,' is an upstream cut-off matrix describing the
amount of inputs from the 10 sectors to unit preessC® is a downstream cut-off matrix
describing the amount of inputs from the unit peses to 10 sectorgyocesses IS @ vector of final
demand on unit process outputs gnglis a vector of final demand on 10 sector outputh(S
2004; Suh et al., 2004; Suh and Huppes, 2005;Ised”aters and Hertwich, 2006; Suh, 2006).
The matrixB can describe any desired quantity such as mateniailit, water use, land use or

emissions of pollutants.
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As discussed earlier, recycling and disposal operaiare relatively poorly represented in an
IOT. In this paper, mixed-unit LCA matrices fronetBcoinvertdatabase are combined with

the environmentally-extended input-output tablethefU.S. to better describe the recycling and
disposal operations. In this work, information ds@rption, disposal and distribution of waste
and recycled materials by recycling and disposalaions are estimated using various statistics,
and they are used to compile the matrices thattheHOT with relevant processes in Ecoinvent

database (see section 2.1.4 for data sources).

2.1.2. Generalization of hybrid approach
In the course of the development, a number of diffeformulations emerged to combine

detailed, process models with input-output framéwtoonijn et al. (1997), for instance,
combined detailed, physical material flows withutyputput sectors in estimating iron, steel and
zinc content in products. Konijn et al. (1997) usedmingly very different equations in
combining the two systems than that in integratgatid approach. It has been unclear how the
two seemingly different problem formulations arkated. In this section, it will be shown that
the problem formulation in Konijn et al. (1997)aspecial case of the integrated hybrid

approach.

In Konijn et al. (1997), total domestic outpyy,from the combined, physical-monetary system is
derived by:

X, =Cop(I =Co) "Cos (I =A)*(Fi —m) +E i —m,
+Cq (I ~A)(Fi—-m)+E i —m,

= (Cop(I ~Cos) *Cpy +C )(I —~A)*(Fi —m)
+(Cop(I ~Co) "(Ei -m,) +E i —m,)

(2)

whereCg, is the use of primary materials per physical ohibutput of secondary materialsssC
is the use of secondary materials per physicalafroutput of secondary materia(Ss is the
final use of secondary materials per unit monetarput of activitiesA is activity-by-activity

® Ecoinvent is the largest public LCA database ¢oakrs over 4,000 unit processes and over 1,50@cemvental
pressures.
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matrix of monetary input-output coefficientsjs final demand, m is import by activitidss is
final demand of secondary materials, ms is impbsecondary material€e,i is a final use of
primary material per unit monetary output of adtes, E, is final demand of primary materials,
mp is import of primary materials anas a summation vector. All original notations from

Konijn et al. (1997) are retained to assist a dicemparison.

Consider equation (3) where the integrated hylmrchfof equation (1) and the notations of
equation (2) are combined:

3 v =lc, c.)i-[C C= (B e
() p op esi 0 A Fl—m sk 5

Equation (3) follows the same logic of the integdahybrid approach as in equation (1), while
direct final demandHg) and importsify) of secondary materials are added at the endeof th
right-hand-side.

Internalizing the inverse into each of the concatet matrices, equation (3) becomes:

_lc. c _)((I ~Co)" (1-Ci)"Ciil —A)'lj(EsFi —ms]

(4) ® e 0 (1-A)* Fi—-m

+Egi—-m,

Deploying the concatenated form in equation (4 )pb&es:

=Co (I =Coo) H(Egi —m) +Cy (1 ~Co) *Cyy (I ~A)*(Fi —m)
+Cq (I —A)(Fi—-m) +Egi-m,

© =(Cop(l =Co)"C +C )1 —A)*(Fi—m)
+(Cop(1 ~Co) (B ~M,) +E i = m,)
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which are identical to the two right-hand-side aos in the original equation (2) used by Konijn
et al. (1997). Thus it is shown that the integrdtgbrid model is a general form of the seemingly
very different modular approach proposed by Koatjal. (1997). Note that Konijn et al. (1997)
treated the lower-left block matrix in the techrggtanatrix ad), whereas the integrated hybrid
approach does not necessarily impose such a tasirid he integrated form of hybrid approach
has also been proposed by Hoekstra and van dein B&0§6) for accounting material flows.

Suh and Huppes (2005) showed that other forms loficheapproaches used in LCA, viz. tiered
hybrid and input-output hybrid approaches, are sfgxial cases of the integrated hybrid

formulation.

2.1.3. Integrated, multi-regional framework
In this section, a multi-regional 10 model is comdadl with the integrated hybrid framework. As

discussed earlier, ideally, the use of multi-regid® framework is desirable to better
understand the implications of the increasing irhpad its environmental impacts. For instance,
Weber & Matthews (2007) showed that U.S. imporesponsible for about 30% of the total
GHG emissions induced by the U.S. final demand &s®Peters and Hertwich, 2009; Davis
and Caldera, 2010). Dietzenbacher (2010) showedHbeever, actual GHG emissions from
China associated with Chinese exports can be noveérlthan previously estimated, as re-

export with minimal alterations is commonly praeticin China.

Despite the conceptual benefits, however, usingifredgional framework comes with its own
costs: Environmental data for most of the countoigtside the U.S. are either limited in
availability or poor in quality. Therefore, mosttbe multi-regional 10 studies for environmental
applications have been focused on GHGs and a smaleber of well-known air pollutants.

Due to the significant gap in environmental datapted by the rest of the world, substantial
underestimation of the environmental impacts byartgto the U.S. is inevitably. Addressing
the poor environmental data availability for Chieé®T, Yi and Suh (2010) developed an
environmentally-extended input-output table of Ghiocusing on the emissions that are known
to be the major contributors to each environmenmahct category when life-cycle impact
assessment (LCIA) method is applied.
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China is the largest trade partner sharing about @dtotal import to the U.S. (Census Bureau,
2010). Given that comparable environmental datanat@vailable for the rest of the foreign
countries than China and that China shares sigmfiportion of the total import to the U.S., it is
assumed that all imports to the U.S. are made €bima. Exceptions were made for those that
are apparently not from China and that are froncthetries of which economic structure is
closer to the U.S. such as forestry product fromada. Such imports that are linked to U.S.
domestic technology matrix. Despite the efforts enadthis study, the environmental impact
results associated with foreign trades are consitier be highly uncertain and should be

interpreted with caution.

The overall structure of the technology matrix usethis study is illustrated in Figure 1.

(. N
AEcoinvent

E ] ! CECO-US ] '

A* = R EEEEEEEEEE o e e - :

' oy Cchina-us '

Aus Y
i Cus-Eco

g /

Figure 1. Thestructure of thetechnology matrix in the integrated,
multi-regional framework

Grey scale blocks represent non-zero matricesbkamdk cells are zero matrices. The sizes of the

block matrices are indicative of the actual dimensiAgcsinventiS the technology matrix of the
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Ecoinvent databas€g.o-usis the recycled materials input to U.S. commoditi&ss-gcois the
post-consumer wastes and recyclable materials frovate household and government
consumers to Ecoinvent process®sinais the technology matrix of ChinAys is the
technology matrix of the U.S. antlis the final demand matrix that distinguishes{8&dent

consumption activities. The 8 consumption actigitieee described in Table 1.

Table 1. Consumption activities distinguished in this study

Consumption activities Description NS
share
Mobility gas, automoplle and repair fo_r passenger cars, aif, 6%
water and railway transportation, etc.
grocery, prepared food, refrigerator, gas and
Food electricity for food preparation and refrigeration, 9%
Private ildi i i ici
Shelter bun(_jmg_ construction, renovation, electrl_(:lty agas 6%
for lighting, heating and cooling, gardening, etc.
The rest | all other private consumption expenditures 38%
Investment private investment 13%
Expenditure government expenditure 19%
Government
Investment government investment 3%
Export all exports 7%

Overall calculation of the total environmental @® from the U.S. final consumptid@? is

calculated by:
0
(6) Q*=B*(l —A*)‘l{l},

whereB* is the environmental pressure matrix for the gnéded matrixA* is the integrated
technology shown in Figure 1, ahds a 8-by-8 identity matrix that extracts the testrom the

final consumption activities in the last 8 colunmighe result €.f. Huppes et al., 2006). If
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coefficient form instead of the total expendituieessed fory in Figure 1] in equation (6) can

be replaced by expenditure figures.

2.2. Life Cycle Impact Assessment framework
Once the life-cycle environmental pressure ma@Xjs calculated, it is multiplied by a

characterization factor matrix. Characterizatioctda matrix is an environmental impact
categories-by-environmental pressure matrix thaveds the quantity environmental pressures
into impact scores per each impact category. Tt is noted as ‘characterization’ in LCIA. A
recent update of the TRACI factors (Bare et all®®riginally developed by EPA (Bare et al.,
2003) were used for characterization in the curséndy. The list of impact categories is shown
in Table 2. The characterized results are then daftied by respective total environmental
impact of the U.S., which is referred to as ‘nonaegtion’ step in LCIA, and then appropriate
weighting factors are multiplied to aggregate theta a single score. The current study uses
Kim et al. (2010) and Gloria et al. (2007) for nalmation references and weighting factors,
respectively. Table 2 shows the weighting fact@esdun the current study. Once
characterization, normalization and weighting ampleted, the resulting value represents a
composite environmental impact score consideriegdiative importance between the 12
environmental impact categories determined for remmentally preferable purchasing of the

U.S. government.

Table 2. Impact categories and respective weighting factorsused in this study

Impact categories Unit Weighting factors
Human health cancer kg benzene-eq 8
Global warming kg C@eq 29
Acidification moles of H-eq 3
Human health criteria kg PM2.5-eq 9
Human health noncancer kg toluene-eq 5
Ozone layer depletion kg CFC-11-eq 2
Eutrophication kg N 6
Photochemical smog kg N@&eq 4
Ecotoxicity kg 2,4-D-eq 7
Land use krh 6
Water withdrawal liter 8
Primary energy consumption Million BTU 10
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Overall calculation that aggregates environmen@égure matrixQ* into composite

environmental impact scoras, can be carried out using the following equation:

7) m=wn"'CQ*,

wherem is the weighted results-by-consumption activity neector,n is the normalization
reference vecto is the impact categories-by-environmental presswagix that contains
characterization factors (see Heijungs and Suh2200

2.3. Analytical toolbox
The framework presented in the earlier sectiommable of implementing various analytical

tools. A straightforward analytical tool to be apdlis the contribution analysis, which returns
the contribution of total weighted or unweightediesnmental impact by consumption activities,
by final consumption products, or by direct genarmbf the impact (see the various contribution
and numerical analysis methods in LCA in Heijungd &uh, 2002; Suh, 2005a). These methods
can be combined with visualization tools such ak@aliagram, which represents the volume of

flow (e.g., embodied impact of incoming commodiby)the thickness of a line.

Another powerful analytical tool barely known tgturt-output economist is the environ analysis
used by ecological network analysis (ENA) commaesifisee Suh, 2005b). The notion of
environ was developed in through the series ofrdmutions by Bernard C. Patten and his
colleagues (Patten et al., 1976; Patten, 1982e®a®90). The environ refers to the relative
interdependency between ecosystem componentsniidrdependency can be measured by any
metrics including nutrient or energy flows. Enviranalysis can also be applied to measure
relative interdependency between industries thrargiironmental impact flows. In this case,
the results of environ analysis show the flowsrmabedied environmental impacts between
industries induced by final consumption activitjeatput environ analysis) (see Suh, 2005b for

details).
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2.4. Data sources
Various data sources have been used to compilbabie data needed for the current analysis.

For the U.S. input-output table, 2002 U.S. benclnsaipply and use matrices are used. These
supply and use matrices are converted into analytables using the mixed-technology model
(see Konijn, 1994; Steenge, 1990; ten Raa, 1988;R&a et al.,, 1984; ten Raa and Rueda-
Cantuche, 2003 for details of the technology mqgdd@lse resulting analytical table distinguishes
430 products. For the Chinese input-output talajra2002 standard input-output table is used,
which distinguishes 123 products. Compilation af tonsumption activity matrix followed the
U.S. Department of Energy data including end usarggnconsumption surveys (DOE, 2010).
The amount of post-consumer recyclable materiadsvasste generation is calculated based on
various data sources from the Office of Solid W4&8W) of the U.S. EPA (EPA, 2010). The
Comprehensive Environmental Data Archive (Suh, 208&h, 2010) provides the basic
environmental data for the current analysis. Th@arenmental database for the U.S. input-output
table presented in Suh (2010) is further extendecbver about 2,600 environmental pressures,
which represents the most comprehensive list ofrenmental data compiled for input-output
applications. For the environmentally-extended GTChina, Yi and Suh (2010) is used in this
study. The Ecoinvent database is used for recydimd) disposal activities. Ecoinvent database
distinguishes over 4,000 unit processes and oved #hvironmental pressures. Bare et al. (2010)
supplied the characterization factors, Gloria et (@D07) was used for weighting factors.

Normalization references were derived from Suh (201

3. Results

Figure 2 shows the composition of the total envimental impacts induced by the 8

consumption activities shown in Table 1. It is fiod¢ethat the results are weighted based on the
preference on relative importance between environahénpact categories designed for the U.S.
government’s environmentally preferable purchagirggram (Gloria et al., 2007), and that all
weighted results are subject to any bias or suljgcby the panel who developed the weighting
factors. Therefore, the particular weighting schersed in the current study may not suit to the
need of a particular application. According to tbsults, ‘Global warming’ was the largest

impact caused by the U.S. economy sharing 24%eoffatal impact, followed by ‘Ecological
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toxicity’ impact (12%), ‘Carcinogenic human toxigiimpact (10%), ‘Primary energy
consumption’ (9%), ‘Water withdrawal’ (9%), ‘Resgiory impact to human’ (9%) and ‘Land
use’ impact (7%). It is notable that, when combirteé various toxic impacts to humans and to
the ecosystem share the largest part of the tofzdct.

Primary
energy
consumptio
9%

Acidification
3%

Ozone Noncancerou
depletion s

5% 3% 6%

Figure 2. Total environmental impact share by impact categories

Given the large number of commaodities involved,¢cbmmodities are aggregated into 6
categories for the sake of sensible presentatitheofesults. They are ‘Mining, drilling and
refining’, ‘Import’, ‘Gas and electricity’, ‘Foodral agriculture’, ‘Transportation’ and ‘the rest'.
Dividing the total impact over the sources of diragpact generators using the aggregated
categories, the largest source of direct impact‘imgsort’ (28%), followed by ‘Mining, drilling
and refining’ (25%), ‘Gas and electricity’ (14%lJ,0od and agriculture’ (14%) and
‘Transportation’ (14%) (Figure 3).
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The results can be divided into the 8 consumptaivities. Figure 4 shows the share of the total
impact by the 8 consumption activities. Accordinghe result, ‘Private household’ induces 66%
of the total environmental impacts by the U.S. @roy, and the rest is by ‘Government’ (18%)
and ‘Export’ (15%). Under the ‘Private householdtegory, provision of ‘Mobility’ was
responsible for 13%, provision of ‘Food’ was fora2provision of ‘Shelter’ was for 8% of the
total environmental impacts by the U.S. economyiFe 4).

These results and the first tier supplier impaetsummarized using Sanky diagram in Figure 5.

The res
5%

Figure 3. Total environmental impact share by direct impact generators

Government
investment,
2%

Figure 4. Total environmental impact share by consumption activities
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Overall Sources Immediate Sources Final Demand Responsible
of Upstream Impacts of Upstream Impacts for Upstream Impacts

Figure 5. Sanky diagram of embodied weighted impact of the U.S. economy



Figure 6 shows the direct output environ analyssuits highlighting major direct impact

induced by subsequent downstream demand. In thigatn, flows that are connected to the
bottom of the circle represent the direct impadured by subsequent downstream supply-chain,
while those connected to the top do the direct chfram the upstream supplier induced by the
circle itself. The thickness of the flows indicathe relative magnitude of impact. As shown in
Figure 6, the direct impacts generated by ‘Gas;titaty and Utility’ to meet the demand by
private households, the direct impact by ‘Miningl@rilling’ to meet the demand by ‘Metal
smelters and foundries’, and the direct impactAxyriculture, Forestry and Fishery’ to meet the
demand by ‘Food and beverage’ constitute the nstjactural elements in the life-cycle

environmental impact of the U.S. economy.

Gas Electricity-and Agriculture Forestry I(——-—ng portation and
} Mining and Dril 7~ Adgjstics Import
1 o !
DV Y
. '/ (( 1
W
&y J}

MetalEmelters and: Cement and
] indries ! construction materials

Sl
| \
[ g, Fabr’d metal

products

ter and

Food and|BEverage nursin ] S plfes sy Ypihe d gquipment Education

Privatgiiftfiseholds

Figure 6. Direct output environ analysis based on weighted impact



Similarly, output environ analysis can be appliedicumulative form, where environmental
impact of upstream inputs of a process is passtitsnoutputs. Figure 7 shows cumulative
output environ analysis results showing major cuaativg impact induced throughout the supply-
chain of the U.S. economy. Again, flows connectethe top of each node represent the
magnitude of environmental impacts by the inputthéonode, and those to the bottom show the
magnitude of cumulative environmental impacts leydbtputs from the node. Obviously, the
cumulative impact by the output of a node equadsctimulative impact from its inputs plus
direct impact generated by the node. In Figurea€hanode shows two bars: the length of the
upper bar is the total cumulative impact from theuts (upstream) and the length of the lower
bar is the total cumulative impact of the outponirthe node. The difference in length between

the two is the direct impact from the node.
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It is notable that ‘Misc. services’, ‘Building cdngction’, ‘Automobile and transportation
equipment’, and ‘Computer and electrical equipmdid’not stand out in Figure 6, while those
small direct impacts caused by them eventuallywgmohto a substantial sum as shown in Figure
7. The significance of these supply-chain nodescabe recognized by looking at only one

sector at a time.

4. Conclusions and Discussion

In this study, the environmental impacts of the.lé&nomy have been analyzed covering the
wide spectrum of environmental pressure and enmimnal impacts. Analyses have been
performed using contribution analysis and enviroalgsis, and the results are visualized using,

among others, Sanky diagram and weighted netwaniiges.

The results show that private household consumgi@hinvestment is responsible for about 66%
of the total environmental impacts induced by th8.l¢conomy, half of which is caused by the
consumption expenditures for the provision of ‘M, ‘Food’ and ‘Shelter’. Major industrial
activities that generate direct environmental impaeere ‘Gas, Electricity and Utility’, ‘Mining

and Drilling’ and ‘Agriculture, Forestry and Fislyér

Overall, it is shown that provision of energy, spartation, food and materials are the major
conduits of environmental impacts in the U.S. ecoynolhe contribution of environmental
impacts by imports to the U.S. is estimated todsponsible for about 28% of the total impact
created by the U.S. economy, while the share obntsgs particularly uncertain. As compared
to the previous study performed in Europe (Hupped.e2006), the impacts of mining and
drilling, imports, and transportation-related aiti®es are shown to be relatively high in the U.S.
economy. Policy to reduce the environmental impatthe U.S. economy will need to address

those major conduits of environmental impacts idiextin this study.

The current study demonstrates a novel combinatiearious tools and techniques developed

in natural science, engineering, ecosystem sciandenput-output economics and its
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application for addressing major environmental @olmperatives. The results are expected to
inform the U.S. EPA in prioritizing major areasedffort needed to reduce the environmental

impact of the U.S. economy.

The results of the current analysis need to bepreééed with caution: the weighted results are
subject to any bias or subjectivity by the paneinbers participated in the study. While the
current study uses the state-of-the-art scienced®CIA method, quantifying the

environmental impacts of various chemicals is sttli@ uncertainty. The current results should
be understood as a best available practice in nmagte overall environmental impacts rather
than ultimate reality. In a follow-up study, keycga identification methods, uncertainty analysis

and sensitivity analysis will be applied and therent results will be further refined.
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