











PNAS

Downloaded by guest on October 17, 2021

Gt CO, Exported /'y
25 2.0 15 1.0 0.5 0
1

Gt CO, Imported / y
0.5 1.0 1.5 2.0 25 3.0

Germany UK

1 1 1 1 1 1 1 1 1 1 1
— e s ORE o B

France ltaly Thailand

Netherlands China
[ ol [ Russia
Spain  Poland Ukraine |Kazakhstan
Germany Russia Australia
China
Korea UK Middle East Iran
Germany
Norway
France
Turkey France
North Africa
Spain Germany
India China| China
Australia
Korea US [Middle East
Norway China
Russia France
Middle East North Africa
Russia China
Italy

Canada

| — -

Japan Mexico

North Africa Middle East

Middle East

[Fessa [5 T BT ]Germany

China Netherlands
Iran  Russia

e | [ W ] vapan

Indonesia  US
Norway _Colombia

Verezida | weico [N M |US

Nigeria  North Africa

1.5 1.0 0.5 0
Gt CO, Exported / y

— T 7T —— 77—
0.5 1.0 1.5 2.0 25 3.0
Gt CO, Imported / y

Fig. 3. Bars show the trade balance of CO, emissions in selected countries/regions between points of fossil fuel extraction and the final consumption of
goods and services. Exports and imports shown represent a combination of emissions from traded fuels and emissions embodied in goods and services.
Exports are emissions from fuels extracted in each country to make goods consumed elsewhere, and imports are emissions from fuels extracted elsewhere to
make goods consumed in the country (or fuels that are burned directly by consumers in the country). As in Fig. 2, stacked bars of destination and source
countries are colored according to world region and shaded according to deciles of GDP per capita. Fig. S3 shows the same balance of CO, emissions in trade
but according to the industry sectors that consume the extracted fuels. Fig. 2 and S/ Text have definitions of regions.

The production- and consumption-based emissions in Table S1 and Dataset
S1 and flows of emissions embodied in trade in Fig. 1 differ slightly from the
results of Davis and Caldeira (4) because of the updated version of the GTAP
dataset used in this study. Also, Fp, in the present study has not been scaled
to match external data sources. Discussion of uncertainty is included in
SI Text.

Extraction-Based Accounting. The analysis of extraction emissions is based on
GTAP data of energy consumed and trade in each region by fuel type. The
data includes both primary fuels (coal, crude oil, and gas) as well as secondary
fuels (petroleum/coal products and electricity). We first derive production
emissions (Fp,) for each country sector according to energy use, fuel-specific
carbon emission factors, and country- and sector-specific feedstock ratios
(20). We then reallocate emissions from the combustion of all traded fuels
back to where the fuels were extracted (Fg,) (Egs. 1-3):

Fpr:FErd+FErmA, [1]
Fer = FErd + FErx;and [2]
FEr:Fpr“'FErx_FEnm [3]

where Fgy is emissions contained in fuels extracted and combusted in
country r, Fg,, is emissions contained in fuels that are extracted in country r
and exported for combustion in another country, and Fg., is emissions
contained in fuels that are extracted in another country and imported for
combustion in country r. Although not explicitly shown here, Egs. 1-3 are
performed for each fuel type, and the traded components of Eqgs. 1-3 are
bilateral. For example, exports from region r include trade to all other
regions s (Eq. 4):
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Fig. 4. Net trade of CO, emissions as a fraction of total regional emissions for selected countries. Panels show emissions from net imports of fossil fuels as
a fraction of all emissions produced in the country (Left), net import of emissions both embodied in goods and services from traded fuels as a fraction of
consumption emissions (i.e., the emissions related to goods and services consumed in the country; Center), and emissions from net export of fossil fuels as
a fraction of extraction emissions (i.e., the emissions from burning of all fuels extracted in the country; Right). Bars are colored according to world region and
shaded according to deciles of GDP per capita from the most affluent countries in the darkest shades to the least developed countries in the lightest shades
(Fig. 2). The rest of Central Africa region aggregates the Central African Republic, Cameroon, Congo, Gabon, Equatorial Guinea, Sao Tome and Principe, and

Chad. Fig. 2 and S/ Text have definitions of regions.
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Ferk = Z Fers. [4]
s

These calculations assume that primary fuels (i.e., coal, oil, and gas) that are
imported and burned in a country were shipped directly from the country
that extracted the fuels and not through another country. We believe this
assumption is reasonable, because we know that these primary fuels un-
dergo little or no refinement between extraction and combustion. However,
our model distinguishes secondary fuels (e.g., diesel, gasoline, electricity,
etc.), which frequently consist of primary fuels extracted in one country,
refined or converted in a second country, and combusted or consumed in
a third country. In the case of these secondary fuels, emissions are assigned
to the source (i.e., feedstock) primary fuels as follows. Secondary fuels
combusted in country r are refined in country r from primary fuels extracted
in country r (Eq. 5),

Fi’rd:F;rx(1 _pim)x(1 _pfrn)’ [5]

where F;, is emissions from combustion of secondary fuels in country
r, P, is the proportion of secondary fuels combusted in country
r that is imported, and P9, is the proportion of primary fuels
combusted in country r that is imported. Secondary fuels exported from
country r are refined in country r from primary fuels extracted in country
r (Eq. 6),

Erx = Fix X (1 _me)7 (6]

where F;, is emissions contained in all secondary fuels exported from country
r. Secondary fuels exported from country r are produced in country r from
primary fuels extracted in country q (Eq. 7),
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Fegx = Foe X Pl X PR3, [71
where PP~ is the proportion of primary fuels imported for the production
of secondary fuels in country r that originate in country q. Last, secondary
fuels combusted in country r are produced in country r from primary fuels

extracted in country q (Eq. 8),
Figx = For X Pl X PPZ5. [8]

In each equation of Egs. 5-8, emissions from secondary fuels are partitioned
between primary inputs of coal and oil according to the ratio of each con-
sumed during production of secondary fuels in country r.

Multiregional Input-Output Model. The multiregional input-output model
used to calculate consumption-based accounts for each region (F¢,) is iden-
tical to the model used by Davis and Caldeira (4), but the underlying data in
this study have been updated from GTAP Version 7 to Version 7.1. The
multiregional input-output model traces all emissions associated with con-
sumed goods back to the original source that produced the emissions, even
if products were transshipped through other countries/regions or were in-
termediate constituents in a multiregional supply chain. For example, it is
not uncommon for an imported product to embody carbon emissions that
were produced in the importing region itself. Our calculations take these
complex relations into account. Additional details are in S/ Text.
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