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[Introductory Paragraph]

International trade has become the fastest growing driver of global carbon emissignaith
emerging countries are the major producer of the trade embodied emissions an.
International trade with emerging countriesposes a dilemma for climate and trade policy:
To the extentemerging markets have comparative advantages in manufacturinguchtrade
is economically efficient and desirable. However, garbon intensivemanufacturing in
emerging countriessuch asChina entails drastically more CO2 emissions than making the
same product elsewhere, then trade increases glol20, emissions. Here we show thatthe
emissionsembodied inChinese exportswhich are larger than the annual emissions of
Japan or Germany, are primarily contributed by C h i ncaabbmsedenergy mix andvery
high emissions intensity(emission per unit of economic valuein a fewprovinces and
industry sectors Exports from these provincesectorstherefore representtargeted
opportunities to addressthe climate-trade dilemma by improving production technologies
and decarbonizingthe underlying energy ystems orreducing trade volumes [157 wordg.
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Despite international efforts to reduc€, emission?, globalemissions have increased by an
average of 3.1% per year since 200(Economicgrowth has been identified as the main driver
of the sharp increase GO, emissions in the 2000and in particular the rapid industrialization
of Chin&, whichist he wor | do6s | aginge2086t. Howeverh Chimas alsothet t e r
w o r lladgéssnet exporterf €O, emissionembodiedn goods and servicek 2007,
emissions in China were 7.3 Gt gQ@roductionbased emissionsdf which 1.7Gt (23%) were
related to goods exported anitimatelyconsumed in otherountries®. In contrastonly 0.2 Gt
CO; emissions werembodedin products impoedto China fromother countries As of 2008,
Chinese tradaccouts for a thirdof all emissions embodied globaltrade, and these traded
emissionshave beemgrowingfaster than global emissioh3he magnitude and growth of
emissions embodied @hinesetradepose a dilemma fdrade andtlimate policy: To the extent

China and other emerging markets have comparative advantages in manufacturing, international

trade is economically efficient and desirdBleHowever, ifcarbon intensivenanufacturing in
China entails drasticgllmore carbon emissions than making the same prioduetsewhere, then
trade increases global carbon emissioYiet, although pevious studietave quantified
emissionembodiedn Chinads trad€"'+13, none haveuantified theunderlyingfactorsdriving

theseemissionsleavingopen the question of how mitigate such embodied emissions.

Here, we decompose the kegtorscontributing tothe prodigiousimbalance of emisens
embodi ed intemnatiGrialiradedS&@esMethods for detailg)l) the largdrade surplus
between China and its trading partners, (2) the sireof the Chinese economy (i.e.
specialization in energintensive production (3) the energy mix of Chir@a production (i.e.
energy mainly supplied by fossil fuels) and {{#¢ emissias intensity of Chinese production (i.e.
the emissions produced per unit of economic outplit)China is a country witsubstantial
regional differences in technology, energy mix and economic developasentll as lage
volumes of interprovinciaradé'4'>1", our analysisssessdthe magnitudeand intensity of
emissiongrom 46industry sectorsExtended Datd ablel) traded among 30Chinese
provincegcitiesand129 othercountriegregions.

Details of analytic approach are presentelll@ithods We track emissions embodied in trade
amongl59 regionsusing a global multiregional inpudutput (MRIO) modebf emissions and
tradeas ofthe year 2007 The trade and emissions data supporting the model are a combination
of the Global TradeAnalysisProject(GTAPv8) and provincdevel inputoutput table®f China
thatwe constructett®8, We analyzethe driving factors oénissionsembodied in international

tradeusing animprovedindex decomposition approach (IDAY. The results presented below
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and in the figures reflect only international trad@ur model links physi production of

emissions with the consumption of final goods without regard for the location of intermediate
consumption. For example, emissions related to components manufactured in Inner Mongolia
that become part of a product assembled in Beijingeapdrted to another country are assigned
to Inner Mongolia. If the same final product were exported to another Chinese province, the

embodied emissions are consumed domesticallyasmtherefore excluded from our analyses
Magnitude and intensity of enissions embodied in Chinesexports

Figurel shows theéop 5 countries andhetop 5 Chinese provincewhoseexports irst row),
imports 6econd roywand net tradetlird row) embody the greatest G@missiongfirst column),
including the greatest emissions per unieodnomic outpugsecond column) and per capita
(third column).Chinais the largest netxporterof embodied emissionby a large margin (Fig.
1g) with 8 timesmore enissions embodied iits exports thanits imports(Figs. 1a and 1d)In
contrastthis ratio of emissions embodied éxportsto importsis muchless inothermajor
exporing natiors (e.g.,0.5 inthe U.S, 0.5 in Japan].3 iniIndia, 1.2 inCanada.5 inGermany
andl1.5in Australig.

All of the30 Chinese provincesassessed are net exporters of embodied emissions, meaning that
in all cases themissions embodied iexports exceedhe emissions embodied imports. Figure
1 also highlights thsignificanceof particularChinese provinceg;, of the top10 netexporting
regions are€Chineseprovince$ larger than manjargenations(Fig. 1g). Furthermore, the ratio
of emissionembodied in exports to imports in theSeineseprovincess immense: 11 of
Chi nabds 3dxpopnore thanrn@ tenes as much emissions as they impohiding
Xinjiang, Shanxi, and Hebei, whose expioniport ratios are the largest any region in our
modetl 25, 19 and 16, respectivelyrive provinces account for 46% of thg71 Mt CQ
embodi ed i n Chi rShaddong¥78 MtC®.)t Jangsuil73 MOCQ,Y, :
Guangdond161 MtCO,), Hebei(139Mt CO,) and Zhejiand111 MtCO,) (Fig. 1a).

Ch i mepvnses arealso themostcarbonintensive exporterin the world. The average
emissionembodiedper dollar of Chinese exportsig857 g CO,/$, which isabout 6 times th
averageemissionembodied per dollas f  C hiritematidnaimports(230 g CO,/$). This is
reflected in the very high emissions embodied per dollar of exports from individual provinces,
which comprise all of the top 10 regions in this cate@biy. 1b). The provinces with the
greatest emissions intensity of exports also tend tedseconomically developegrovinces
where GDP is less th&#,000 per capita shothe largest difference the emission intensitgf
exports and importExtended Dat&ig. 1). About8 0 % o f s eQpoiitrelated emissions are
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produced bythesepoorer regions where themissiongntensity of exportés more than 5 times
theemissionsntensity of imports.For examplein Guizhou, wherger capita GDRvas$900 in
2007,theemissioms intensityof international exporta/as almosB81 times of themissions
intensityof imports(Extended Dat#&ig. 1). Similarly highratios existin the also poor provinces
of Inner Mongolia YunnanandGansu. In the moreaffluent coastal provincesatios of

emissions intensity afxpors toimports aremuchsmaller ratios in Beijing, Zhejiang and
Shanghai are 2.8,3and 4.1, respectivelyBut even theseatiosare still much higher thanake
of otherlarge trading nationsuch adJ.S. (0.8), Germany (0.4), Japan (0.2), Canada (1.1), the
UK (0.3), and India (1.7).

Al t hough it is the most populous country in the
are approachinthe average leveh Europe wherone ignores the fact that aderfraction of
emissions are destined to exp#its However, the per capita net export of embodied emissions
from some Chinese provincesalsomuch larger than most developed countribsee Chinese
provinces among the top 10time categoryof global 159 regior(§ig. 1),and1 5 of Chi nads 30

provinces could listed as the world top 30 regions thighighest net trade emissi@percapita

Figure2 showsthedestination of egorts from theive provinces whosexpors embody the
greatesemissiongsee also Fig. 1g)Just fve provincesJiangsu, Shandong, Guangdong, Hebei
and Zhejiangrepresen10.7%, 10.4%, 9.7%, 8.3% and 6.7%atifemissionembodied in
Ch i regortsrespectively(Fig. 2). As previots studies have sho##t®, developed countries
are theprimaryimporters ofChinese embodied emissions, foremost among thetd. €395
Mt CO,, 24%0 f C hekpored&missiosand 44% of the U.S. 6s importec
respectively, the EU @22Mt CO,, 25% and 42% respectivelyandJapan 149Mt CO,, 9% and
48%).

Drivingfact ors of Chinabés carbon intensive trade

Several factors can contributette® observedifferences in the magnitude and intensity of
emissions embodied in exports and impdFisst,in recent year€hinahas become a Af act o
the world with high concentrationsf globalheavy industry and manufacturirfepr example,
Chinaproduce 60%, 51% and65% (by masspf theworldd sement, steedndcoke,
respectively’. Such largembalancsin the volumeof tradedproduct may correspond to
similarly large imbalanceis the emissionembodiedn traded productsFigure 3 compaesthe
percentage of emissions related to consumed goods that are impeakés) @nd the percentage
of produced emissions that are embodied in exports for a number of industry sectors in China (Fig.
3a) and Europe (Fig@b). For example, 34% (26 MEO,) of emissions produced by the
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European metal productiandustryare embodied in products exported from Europe in 2007, but
emissions embodied in all metal products consumed in Europe were 120,M&4% of which

(90 Mt CO,) were imported from outside Europe (Faa. ; red circlenlabel ed
comparison, thehare of emissions produced ®kingd metal production sectothat is exported
issimilart 0 E u (33%pFega3k), butthe share of emissions related to @si& consumption

of metals that is imported is much low&i:%.

Overall, Figure3 highlights that, across many industry secttirg,share oEuropean
consumptior(import from other countries$ consistently greater that the share of produced
emissions that are exportexthd the opposite is true for China. These trade imbalances are
evident for bothindustries (yellow circles) anskcondary industries (red and purple cirfcles

A second factoinfluencing emissions embodied in tradehistradestructure. Figure4 shows
the industry categorigdhat make up Chinese imports, exports and domestic consumption.
Emissions embodied ireavy, energyintensiveproducts such as metal and noetal products
and equipmentake up much larger sharesh i n a 6 s(37&0am @2%t respectively) than
its imports (L9% and 16%, respectively; light green and dark blueibdfgy. 4). Meanwhile,
mining productds the categoryith the greaestproportion ofemissiors embodied in Chiese
imports(23%). Thedominance of these industries in Chinese tiagies that China is not just
the worl dbés wor kshop, b wintensive stagesgfmmuiaauringthe t h e
smelting and processing of raw materials. This pattern is visible at the province level, as well; in
Shandong, where emissions embodied in trade are largest, 8 Mir€&mbodied in imports of
mining products from other countries (42%all emissions embodied in imports) and 60 Mt,CO
are embodied in exported metal andmagtal products34d% of emissions embodied in the

provincebs exports

The third major factor is emissions intensity G, emissions per dollar of outpint each
particular industry Suchemissions intensity reflects both energy intensity (energy consumed per
dollar of output) and carbon intensity of ener@% per unit of energy consumed)he
combination of aarbonintensivepower industry, relying primarily on coandof a relatively
low valueaddedof industry thus translate inwhigh emissionsntensity ofChineseproduction
(Figs. 1b, 1h, and)2In 2007,75% o f  Qphimaryanérgywas supplied by coathe highest
level amongmajorenergyconsunng nations As a result, the carbon intensity of energy
consumption in general (for internal consumption and exports combined) in China is extremely
high: Chinesexpors entail61tCO,/PJon averagewhich is almost tripléhe carbon intensity of
imports to China24tCO,/PJ.The ener gy i nt e nsidsimyarlydifyh; i€2007n a 6 s
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China consume@?2 MJper dollar of output, on averag® more thartwice the energy intensity

of products imported t€hina (9 MJ/$) This high energy intensitis underpinned biow value

added and | ess advanced #aspelionshsuggasted bgtier Chi na 6 s
studie$>?® covering the20022010time period

Extended Dat&igure?2 further indicated thaheindustry sectors with the greatest emissions
intensity in each ofhe sixChineseop carbon exporrovinces(see also Fig. 1b)Although
thereis some variation among the emissions intensityeators irthese six provinces, the
manufacture of heavyndustrial materials for exporé g.,mining products, chemical products,
metal/nonmetal products, and energg)many times higher than the emissions intensity of
similar products that are imported and consumed in QRirended Dat&igurel, 2 and 3

Figure5 shows the contribution of the different factors to the net emissions embodied in trade
of each Chinese provincé&our factors arelecomposed1) differences in the totaleconomic
valueof exports and importgrade volume, black barsyheregreatertrade volume correspond
to greateembodiedemissions(2) differences in sectsrresponsible foexpors and imports
(economicstructure, orange barsyheregreater shars of energy and emission intensikeavy
industry and manufacturin@or example, corresportd greatelembodiedcemissions(3)
differences irthe carbonintensity ofenergyused toprodue exportsand importsywherea greater
share of lowcarbon energy sourcesich agenewable and nucleacorrespond téessembodied
emissiors; and(4) differences in theectorakenergyintensity of exports and importahere
greater shares of loenergy, high valuadded products correspondéss embodiedmissions

(showncombined with (3asemissionsntensity, purple bars).

On average hie high energy intensitpf sectorsaandthe coaldominatedenergy mixaccoured
for 43.3% and 43.0% of theetemissionembodiedn exports respectively(Fig. 5). In
comparison, the structural preferencefmnufacturing and heavy industagcoungd for only 8%
of thenet emissions embodied in expodadless than 6% of theet exportarerelated tahe
largervolumeof exportsthan impors. Emissions intensitfcontributed by botlenergy intensity
andcarbon intensity oectoral energyse is the most important factor underlyitige large net
exports of embodied emissiq@ecounting36% of the emissions embodied in exports1@38
Mt CO, of emissionsAll 30 regions are net exporters of emissions, but only 11 of the 30 would
remain neexporters of emissions if differences in emissions intensity were elimifdted.
emissionintensive manufacturingeflectsChinas current developmestatuswith features

discussed above.
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Discussion

We show that the very large quantitiesafissions efmodiedexported fronChina on net a&
likely dueprimarily to Chinese reliance on coahergy andhevery highenergyintensity ofthe
exporting indusies, which are in turn geographically concentrated in a small numibessof

developed provinces.

Ouranalysis is based on aggregated se¢wgs,i el ect roni c equi pthegent an
than thespecificproducts(e.g., iPhonespuch that we may underestimate the effect of economic
structure on net trade emissions if differences iproduction are too specialized to be reflected
by the 46 sectors in our modé&xtended Datd ablel). The comprehensive data necessary to
support produckevel analysis are not yet available. Howevegalso used wpo-date and
independent life cyclenalysis datase{®Ré SimaPro LCA 7.3 data¥dor Europe andRCEES
2012 databagéfor Ching to investigate the carbon emission per unit product of the production
process fom sample ol5 industrial productsade inEuropeand ChingTable 1) Doing so
revealed thatite emissioaperunit mass okachproduct(kg CO./kg) for Chinese products was
on average 4.4 times higher than the same products made in Farapey from 1.4 timesas
high forcopper production to 18.4 timas high for popyleneproduction(Table J.

Productlevel data arghereforeentirely consistent with oumore aggregatsectorlevel analysis
showingthat productiorin Chinais several timeascarbon intensivas thesameproductionin

other countriessupporting our conclusion that the emissimensityof Chinese productionis

the main factor driving the ¢ ounThisgufgestsithatr g e
although international trade with Chingay be economically optimal given comparative
advantages in labor coster instancesuch trade is on average causimgrease global CO2
emissiongelative to productiomaking placen the countries which now import from China.

However, lecauseChineseemissions intensitis highest in a small number of provinces and
sectorstargeted changes primaryenergygeneratiorand improvements ithetechnology used
by thesdndustrialsectors and provinces could drastically reduce the emissions eralodi
Chinese exports and thereby global emissidfas example, if the emissiomgensity ofCh i na 0 s
internationalexports vereequal to the intensity afs imports totalemissions embodied in
expors as of 2007 wuld bereducel by 86%, froml,671 MtCO; to 233 Mt CQ. In this
hypotheticalthe avoided emissions are rougblyuivalent tdhe total CQ emissiors of Japan.

Even without improving the energy intensity of its econonegadbonizingchi nads ener gy
supplyto theglobal averagef emissiongper $GDP wuld reducethe emissions embodied in

Chineseexpors by 43% (619 MtCQ. Similarly, Chinese targets to increase the share of energy

d

net

m
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produced fromrenewablesources t@0% of the totalby 2020 could reducexported emissions
by 5%.

National economipolicy underlne s C h i n airiessive expottis@hinahas for many
years prioritized economic growth over environmental management, mainthifingconomic
growthoverthe past decadeven ashe world experienced globaleconomiccrisisthat slowed

consumption in thenajordeveloped countries that consumesto f  C hekpota. s

Chinese government has sustained such a high level of economic growth in part by large capital

investmentsn energyintensive infrastructurand by favoring industry sectors with high
emissions intensifj, which hascausedhi naés nat i onaihcreasehyr3% o n
during 20022009%°.

There is anow large opportunity to improve the emissions intensity of the Chiresnomyy
focusing on a small number of provinces and sectors where more -@figcggncy technologies
can be installed anly shifting the Chinese energy systems away from coal towards-tawieon
energy sources. Such improvements casupported by botdomesic and international efforts
to deploybestavailabletechnolodesinto critical and stillunderdevelope@hineseprovinces
Until thevast difference between teenissionsntensity of Chinese exports addmestic
production indeveloped countrieis reducedinternational trade with Chinzonflicts with efforts

to reduce globaCO, emissions.

(2947 words)

ntensi-t



233 References

234 1 UNFCCC. (Kyoto Protocol to the United Nations Framework Convention on Climate
235 Change 1997).

236 2 COP15. Copenhagen Accord. (2009).

237 3 Le Quéré, Cet al.The global carbon budget 192011.Earth System Science Ddia

238 165185, doi:10.5194/ess6+:1652013 (2013).

239 4 Andres, R. Jet al. A synthesis of carbon dioxide emissions from fesl combustion.
240 Biogeoscience8, 18451871 (2012).

241 5 Raupach, M. Ret al. Global and regional drivers of accelerating CO2 emissions.

242 Proceedings of the National Academy of Scielfize 1028810293 (207).

243 6 Liu, Z. et al. A low-carbon road map for Chinbature500, 143145 (2013).
244 7 Weber, C. L., Peters, G. P., Guan, D. & Hubacek, K. The contribution of Chinese exports

245 to climate changeEnergy Policy36, 35723577 (2008).

246 8 Feng, K.et al. Outsourciig CO2 within ChinaProceedings of the National Academy of
247 Science$2013).

248 9 Le Quéré, Cet al. Global carbon budget 201Barth Syst. Sci. Dat@, 47-85,

249 doi:10.5194/ess@-47-2015 (2015).

250 10 Jakob, M. &Marschinski, R. Interpreting tradelated CO2 emission transfelature
251 Climate Changs, 1923 (2013).
252 11 Minx, J.et al. A "Carbonizing Dragon": China's Fast Growing CO2 Emissions Revisited.

253 Environmental Science & Technology, 91449153 (2011).

254 12 Guan, D., Peters, G. P., Weber, C. L. & Hubacek, K. Journey to world top emitter: An

255 analysis of the driving forces of China's recent CO2 emissions sbegphysical

256 Research Letter36, L04709, doi:10.1029/2008GL036540 (2009).

257 13 Jiang, X.et al. Revealing the hidden health costs embodied in Chinese exports.

258 Environmental science & technolod9, 43814388 (2015).

259 14 Liu, Z. Chinabés Carbon Emissions Report 2015
260 15 Liu, Z. , Geng, Y., Lindner, S. &enfBsian n , D. Un
261 from regional and sectoral perspectiviesergy45, 10591068 (2012).

262 16 Feng, K., Siu, Y. L., Guan, D. & Hubacek, K. Analyzing drivers of regional carbon

263 dioxide emissions for Chindournal of Industrial Ecology6, 600611 (2012).

264 17 Lindner,S . , Liu, Z. , Guan, D. , Geng, Y. & Li, X.
265 sector at the provincial level: Consumption versus production perspe&a@aswable

266 and Sustainable Energy Reviel® 164172 (2013).

267 18 Liu, Z. et al. Embodied energy use in @@A's industrial sector&nergy Policy49, 751
268 758 (2012).
269 19 Ang, B. W. The LMDI approach to decomposition analysis: a practical gardegy

270 policy 33, 867-871 (2005).

271 20 Friedlingstein, Pet al. Persistent growth of CO2 emissions and implicationsdaching
272 climate targetdNature Geoscy, 709715 (2014).

273 21 Liu, Z., Xi, F. & Guan, D. Climate negotiations: Tie carbon emissions to consumers.
274 Nature493 304305 (2013).

275 22 Dauvis, S. J., Peters, G. P. & Caldeira, K. The supply chain of CO2 emissions.

276 Proceedings of the National Academy of Scied&&81855418559,

277 doi:10.1073/pnas.1107409108 (2011).

278 23 Davis, S. J. & Caldeira, K. Consumptibased accounting of CO2 emissions.

279 Proceedings of the National Academy of Scied€&s56875692 (2010).

280 24 National Bureau of Statistic€hina Statistical Yearbook 2013China Statistics Press,
281 2013).



282
283
284
285
286
287
288
289
290
201
292

293

25
26
27

28
29

Yang, Y. & Suh, S. Environmental Impacts of Products in Clitn&ironmental Science
& Technology5, 41024109, doi:10.1021/es103206g (2011).

Consultars, P. Introduction to LCA with SimaPro FRé Consultant&008).

Yang, D., Liu, J., Yang, J. & Ding, N. Lifeycle assessment of China's mghystalline
silicon photovoltaic modules considering international trddarnal of Cleaner
Production94, 35-45, doi:10.1016/].jclepro.2015.02.003 (2015).

Liu, Z. et al.Climate policy: Steps to China's carbon péd&ture522 279281 (2015).
Guan, Det al. Determinants of stagnating carbon intensity in ChiNeture Climate
Change4, 10171023 (2014).



294

295
296
297
298
299
300
301

302

303

304
305

306
307
308

309
310
311
312
313

314
315
316
317

318
319
320
321
322

323

Methaods (online only)

Production-based accounting of emissionsEmissions resulting from combustion of fossil fuels or

cement production within a territory, or productibased emissions, are the primary basis for national

emission inventoriéd3., For example, the methodology prescribed in IPCC guidelines for greenhouse gas

(GHG) emission inventories calculates producti@sed emissions based on activity data in the region (i.e.

the amount of energy consumption) and the associated emissiors {aeto&GHG emissions per unit

energy consumptionjhe emission factors are based on in gieasurements which the value is lower

than IPCC suggest&d

%l EOOBBB 6 G0ERR O Gid 0d Q& FOD O §ré 1 (1)

Notes: i: fuel types, j: sectors, k: technology type.

Emi ssion factors

and oxidi@ation

% EOOBBB 6 G0 Q0 W3 o

Detailed calculation process can be seen in literfture

further

can be
rate i
Gr Usn

)

Consumption-based accounting oemissions. An alternative to productichased accounting of GO

emissions is to compile inventories according to where related goods and services are ultimately consumed.

Such a consumptiebased method accounts for integional exchange of energy slipgoods and

materials by adding emissions embodied in imports to the proddudiged total and subtracting emissions

embodied in exports.

The emi ssions

embodi ed

n

a

regionds i mports

extended inpubutput analysis (EIO). Environmentaigxtended multregional inputoutput (MRIO)

analysis has been widely developed for calculating the embodied carbon eiig3ieirtual watef?33,

material us&, biodiversity 10s®, and land us&®’ associated with international trade.

In MRIO framework, different regions are connected through-irggional tradeZ's. The technical

coefficient submatrix A consists o @ cis derived frond

& T, whered is the intersector

monetary flow from sectdrin regionr to sectoj in regions; x°is the total output of sectpin regions.

The final demand matrix is Y consist®fo ¢, wherew i s

i from regionr. Therefore, MRIO analysis can be shown as:

.—vd)l’l rva 0
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Using familiar matrix notation and dropping the subscripts, Equation 3 can be written as: x = Ax + y or x =
(I'1 A)'ly, where (Il A)'!is the Leontief inverse matrix that captures both direct and indirect inputs
required to satisfy one unit of final demand in monetary value; | is the identity matrix. To calculate the
consumptiorbased C@emissions, we then extend the MRIO table witliarespecific CQ emissions: E

=k (17 A)'ly, where E is the total G@missions embodied in goods and services used for final demand

and k is a vector of C{emissions per unit of economic output for all economic sectors in all regions.

Index decompositdon analysis of emissions embodied in tradelhe index decomposition of trade

embodied C@emissions is presented by equation;

0O BO BO-——— BO"YOO

(4)

whereE describes Ce@emissions embodied in imports @xports,Q is theGDP value of imports or exports,

S refers to the share of tli&DP value for sectot, |; to energyintensity of sector andF; refers to the

emission per unit of energy consumptiorobtectori (i for 46 sector3. Thus, the factors contributing to a
net trade in embodied emissions can be expressed based on the logarithmic mean divisia index (LMDI)

approach (additive fornifas:

w0 ©°O 0O w0 w0 w0 WO (5)
WhereuE is the difference between the £énissions embodied in exporEP°") and theCO, emissions
embodied in importsg™°Y); (Eac, WEst, WEn andwEsy refer to economic scale effect, economic structure

effect sector intensity effe@nd energy mix effectespectively. WhereEac, wEst , WEint and wEsy are

expressed as:

o

Yo Bol 1— (6)

YO Boli— (@

YO Boil— (8

YO Boil— (9
W=% (10
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Q', S, I'andFCis theGDP, GDP shareenergy intensity and the emission coefficiehéxport,
respectivelyQ®, £, I°andF°is GDP, GDP shar@nergy intensity and the emission coefficiehimports,

respectively.

Estimates of sectoral level imported and exported C&emissions

In aregion IO model, a regional economy is considered as its system boundary, thus exports are
treated as final pr od Dbt the tatahCamissieng in econénsc sectoro n 0 my .
i and regiorr, thusB "O represents the productidbased emissions in regionin each regiom, there
are intermediate consumption, denaied which represents the domestic purchases of selayor
sectorj in regionr and final consumption, denoted, represents thdomestic purchases of sedtby
final consumers in regionwhich includes households, government, capital investments. In the single
region 10 model, exportE) , from regionr to regions are also treated as final consumption. By
summing intemediate and final consumption, we can obtain the total output in each region:

w 0w w BQ (S1)

By assuming fixed production ratios, we ohttie technical coefficients, , the ratio of input to
output, by divingld by :

0 ® o (S2)

Thus, Equation (S1) can beweitten as:

W 0 0 zw BQ (S3)

Where 'O 0 is Leontief inverse matrix for regian

CO; emissions are estimatéased on the direct emission intens®jin each sector in regian

Q O1® (S4)

Therefore, the total embodied enmises (direct and indirect) in exports from regioto regions can

be calculated by:

Own Q0O 6 (o0 (S5)

whereO o fjs a vector of embodied G@missions in sectoral exports of regicio regions; Qis a

row vector of sectoral emissions intensities in regjor{Huis a matrix with sectoral export from

regionr to regionson diagonal.
In turn, the total emlied emissions in imports from region s to region r can be estimated by:

0an Q0O 6 (93] (S6)
where'Od Tjis a vector of embodied G@missions in sectoral imports of registo regionr; Qis a

row vector of sectoral emissions intensities in regjorfXuis a matrix with sectoral import from
regionsto regionr on diagonal.

Emissions andtrade data. In this study we estimate emissions from fossil fuel energy combustion and

cement production, which together account for about 90% of GHG emissions produced in China. Our
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calculations includ@0 different types of fuel and4energy consumption sectors. Furthetails of data
sources and processing methods are availatiliiiat al. (2015, Liu et al. (2012}° and Guan et al.
(2012)%,

Our multiregional inputoutput (MRIO) relies on data from the Global Trade Analysis Project (G(PAP)

which includes 129 regions (mostly countries, but some aggregated regions). Although GTAP data covers
57 industry sectors, we aggregate to 30 sectors in order to matctoiriput tables of interprovincial trade
compiled by Liuet al.at the Cinese Academy of Sciend@sInturn, we use Lietalo6 s t abl es t o
disaggregate the Chinese region in GTAP into 30regimns (26rovinces and 4 cities). Thus, we have a
global MRIO comprised of the latest available economic data that allows us to assess conshasption

CO; emissions in each Chinese sugion as well as emissions embodied in trade among thesegohs

and al 129 other GTAP regions around the world. Technical details of how the Chinese 10 tables are
nested with the GTAP MRIO are available in Fengl. (2013¥.
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Figure 1| Emissions embodied in trade Top tenregions (includingop five countriesandtop five
Chinese cities/provincgby emissions embodied éxports &-c), imports @-f) and net tradég-i), shown
in absolute numbers( d, g), per dollar of outputt, e, H and per capitac( f, i). Data is in year 2007.
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Figure 2 | Top exporting provinces The emissions embodied igoodsexported from
China to the USEU and Japarepreserdd 58% of all emissions embodied in trade in

2007(a). Five Chineseprovinces account fa¥6% of these exportg).
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Figure 3 | Differences in share ofembodied emissionsraded by industry categories. Circles indicate
the share of consumed emissions that are importaedi¢y and the share of produced emissions that are
exported (xaxis) for a range of industry categories in Eurageaqd Chinal§). Thesizeof eachcircle
denots t h e tatatpcotuctiondemissions, providing an indicator of the relative importance of
different sectorsThe coloursof thecircles indicate whether the industries prienary (yellow), secondary
andenergyintensive(red), secondarandnonenergy intensivépurple)or tertiary (green) It should be
noted that while the marker area scale is common across both charts (to aid compariseajidhexis
scales differ. A line representing equal import and export share is shown in eacDatzais.in year 2007.
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Figure 5| Factors contributing to emissions embodied in provincial tradeDecomposition of factors

underlying emissions embodied in trade for each of 30 Chinese cities/provinces. Net emissions embodied in
trade (red circles) are equal to emissions embodied in exports minus emissions embodied in imports. Black
bars show the edtt of unbalanced trade volume; orange bars show the effect of differences in the industry
sectors involved in trade (i.radestructure for example, the proportation of heavy indusiriesd purple

bars show the effect of differences in the emissiotensity of imported and exported goods. Green

circles show what net emissions embodied in trade would be if there was no difference in the emissions
intensity of imported and exported goddse. if trade volume and economic structure were the only

factars affecting embodied emissions. In reality, all 30 regions are net exporters of emissions, but only 11
of the 30 would remain net exporters of emissions if differences in emissions intensity were eliminated.



472  Tablel Life cycle carbon emission intensityr 15 products from China and EU, unit:
473  COxkg/kg production.

474

China-average EU-average
Flat glass production 2.55 1.05
Crushed limestone 4.53 1.81
Propylene 21.2 1.15
ABS 11.6 3.63
Copper concentrate 0.436 0.357
Steel by electricity stove 5.23 3.62
Steel production 5.68 1.97
Cast iron production 5.45 1.31
Aluminum ingot production 68.4 10.4(USLCI)
Cast iron production 5.45 1.31
Pig iron production 3.23 1.34
Iron sinter production 1.89 0.331
Magnesium alloy production 34.3 115
Anodeslime copper production 4.82 3.4
Water production 0.00196 0.0003
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480 ExtendedData Figure 1 | Emissions intensity otrade and GDP per capita of Chinese provinces

481 2007. Kilograms ofCO; per dollar of output in each of 30 Chinese cities/provificemternational export
482 (redbars) and domestic consumption in China (gray bars), as well as the emissions intensity of goods
483 imported to the city/province from outside Chigmeenbars). Theblue curve shows GDP per capita in

484  each city/province acconaj to thetop axis.
485



