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Abstract. In a globalised world, the transfer of carbon be- sumption” as opposed to “final consumption”. While results
tween regions, either physically or embodied in production,across studies are sufficiently robust to be used in further ap-
represents a substantial fraction of global carbon emissionslications, more research is needed to understand differences
The resulting emission transfers are important for balancingand to harmonise definitions for particular applications.
regional carbon budgets and for understanding the drivers of
emissions. In this paper we synthesise current understand-

ing in two parts: (1) CQ emissions embodied in goods )

and services that are produced in one country but consumed Introduction

in others, and (2) carbon physically present in fossil fuels, . .

petroleum-derived products, harvested wood products, crop POUrCes and sinks of carbon dioxide (9@re usually al-

and livestock products. We describe the key differences pe'ocated to countries and industries according to the emis-

tween studies and provide a consistent set of estimates usin%Ons and uptake that oceur within thgir.adm_inistereq tervi-
the same definitions, modelling framework, and consistent®"Y (IPCC, 2006). Territory-based emissions inventories are

data. We find the largest trade flows of carbon in interna-req.uirecj for input into C"”.‘ate mo.dels, a'nd, from a climate-
tional trade in 2004 were fossil fuels (2673 MtC, 37 % of policy perspective, countries and industries have more power
global emissions), COembodied in traded goods’ and ser- [0 monitor and regulate their territorial emissions. However,

vices (1661 MtC, 22 % of global emissions), crops (522 MtC, iallocatlon sr,]chemes are a hur;_?fn construct, andglf(jergnt al(-j
31 % of total harvested crop carbon), petroleum-based prod-oCatlon schemes may serve different purposes (Caldeira an

ucts (183 MtC, 50% of their total production), harvested Davis, 2011). For example, when there is international trade

wood products (149 MtC, 40 % of total roundwood extrac- betyveg n rggions, .it Is possib!e o adjust the territoria}l-based
tion), and livestock products (28 MtC, 22 % of total livestock €MSSION inventories to obtain consumption-based invento-
carbon). We find that for embodied G@®missions, estimates ries by addlng the_en_mssmns as_somate_d with imports and
from independent studies are robust, and that differences bes_ubtractmg the emissions associated with exports (Munks-
tween individual studies are not a reflection of the uncertaintygaard and Pedersen, 2001; Peters, 2008; Peters and Her-

in consumption-based estimates, but rather these differenc g\\nch, 2008a; Peters et al., 2009). While most research on

result from the use of different production-based emissionsFOnsumption-based emission inventories has focused gn CO

input data and different definitions for allocating emissions egnézzif)ﬂs fro_mhfossdilguel corggggFioDn (Pete(rjscz:i n|((jj Hert\/zv(i)clhd
to international trade. After adjusting for these issues, result ; Hertwich and Peters, ; Davis and Laldeira, '

across independent studies converge to give less uncertain avis et al.,, 2011; Peters et al., 2011b), international trade

than previously assumed. For physical carbon flows there ar also important in accounting for emissions from land

relatively few studies to be synthesised, but differences belS€ (Hubacek and Giljum, 2003), forestry (Mayer et al.,

tween existing studies are due to the method of allocating tc?OOS; Kastner etal., 2011a), biomass more generally (Kraus-

international trade, with some studies using “apparent confmann et al., 2008; Erb et al., 2009), and constructing re-

gional carbon budgets (Ciais et al., 2007, 2008). Due to
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the continued growth in international trade relative to otheral. (2011) and Bruckner et al. (2012) use more detailed mod-
macro-economic variables (e.g. Gross Domestic Product), iels with processing. Davis et al. (2011) report the only study
is increasingly important to accurately quantify emissions as-to consider fossil fuel extraction and trade in terms of carbon
sociated with traded goods and services (Peters et al., 200@pntent, and consider the processing of primary energy into
2011b). secondary energy. In general, there has been more data and
In the case of C@ emissions from fossil fuel combus- method development presented in the literature on embodied
tion and industrial processes, g@mitted during the pro- carbon flows compared to physical carbon flows.
duction of goods and services that are used for final con- The aim of this paper is to provide consistent estimates of
sumption are said to be “embodied” in these goods and serearbon in international trade, including both emissions em-
vices. Several recent studies have highlighted the magnitudbodied in traded goods and services as well as physical flows
and importance of international trade in transferring embod-of reduced carbon, using a single modelling framework. We
ied emissions between regions (Peters and Hertwich, 2008lompare our results to existing studies. In the case of embod-
Hertwich and Peters, 2009; Nakano et al., 2009; Davis anded carbon, we perform a larger synthesis of previous global
Caldeira, 2010; Peters et al., 2011b; Davis et al., 2011; Wiebetudies to determine the range in independent estimates. We
et al., 2012). The transfer of embodied carbon is highly rel-also highlight key results that are robust across all studies. In
evant for understanding emission drivers (Leé@uet al.,  the case of physical flows of carbon, we expect to find large
2009; Peters et al., 2011b) and evaluating proposed climatdifferences with previous studies that have included less pro-
policies (Peters et al., 2009; Davis and Caldeira, 2010; Davisessing (apparent consumption) compared to the more de-
et al., 2011). There are well-established methods and littailed modelling of global supply chains. Since apparent con-
erature for estimating embodied carbon that consider comsumption is used in most regional carbon budgets, our results
plex supply chains and can be applied at both the countrymight have implications for balancing carbon budgets.
and global level (Wiedmann et al., 2007; Wiedmann, 2009). The paper is structured as follows. First, we give an
Current areas of research usually focus on improving datagverview of the terminology used in the analysis and dis-
harmonising methods, and making analyses more policy<uss different definitions of consumption. Second, we de-
relevant (Tukker et al., 2009; Peters and Solli, 2010; Wied-scribe the method and data used. Third, we analyse embodied
mann et al., 2011). Several initiatives are underway to con-carbon with a synthesis of studies and additional calculations
struct better and more consistent databases (see Table 1 io understand the differences between estimates. Fourth, we
Peters et al., 2011a). provide detailed and consistent estimates of physical flows
Of additional interest to the carbon cycle and policy com- of carbon, covering fossil fuels, petroleum-derived products
munity are the physical flows of carbon between regions,(plastic, fertiliser, etc.), harvested wood products, crops, and
because these flows may affect regional carbon budgets anivestock products. And finally, we discuss our findings and
land use. The physical flows of carbon are sometimes calledutline future work. Our analysis is a part of the REgional
lateral carbon flows or horizontal displacements (Ciais etCarbon Cycle Assessment and Processes (REGARd
al., 2007; Ciais et al., 2008). These physical flows are inwe present our results for the RECCAP regions (Canadell et
the form of reduced carbon that will later be oxidised, con-al., 2011), and on occasion, for some specific countries where
sumed as food, or otherwise utilised. Several studies havéhe detail is beneficial.
modelled the trade of carbon present in harvested wood prod-
ucts, crops, and food with applications for regional carbon .
budgets (Ciais et al., 2007; Ciais et al., 2008), and more? Description of methods and data

generally for biomass (Haberl et al., 2007; Krausmann e i . i .
al., 2008:Erb et al., 2009; Kastner et al., 2011a, b) and fost}Ne use a well-established method to re-allocate emissions

sil fuel (Bringezu et al., 2004; Davis et al., 2011: Bruckner from a territorial perspective to international trade flows and

et al., 2012) flows between regions. In addition to Carbon_ultlmately to a consumption perspective. We consider carbon

. . associated with both household activities and the industrial
budget and land-use studies, physical carbon flows are alsg

. RS . : . production of goods and services. Emissions by industry are
important for emission inventories that include biomass Car . allocated alona the alobal supoly chain from the point of
bon (Cowie et al., 2006). Relative to the literature on em- 9 9 PPy P

bodied emissions, there are considerably fewer studies traclgroductlon tp the point of con;umpt!on, Wh'Ch may be. na
. L . different region and sector. This section gives an overview of
ing trade in biomass or fossil fuels, and the methods are of- -
. . the relevant definitions, methods and data.
ten less developed. For instance, these studies often focus
on “apparent consumption” which generally considers direct
trade flows without processing (Ciais et al., 2007; Erb et al.,
2009), or only a limited level of processing (Kastner et al.,
2011b). There have been several studies on fossil fuel trade
using apparent consumption (Bringezu et al., 2004;Dittrich

and Bringezu, 2010;Steinberger et al., 2010), while Davis et http:/Avww.biogeosciences-discuss.net/speisisie83. html
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Table 1.A summary of the trends in three time-series studies of consumption-based emission estimates for key countries and regions (Peters
etal., 2012; Wiebe et al., 2012; Lenzen et al., 2012). Comparisons are shown over the common time periods of each estimate (a) 1995—-2005
(b) 1990-2009. Differences in the production growth rates are evident in the consumption growth rates.

\ Production-based emissions growth rate (%/yr) Consumption-based emissions growth rate (%/yr)

(a) Peters et al. Lenzenetal. Wiebeetal. Peters et al. Lenzenetal. Wiebe etal.
(1995-2005)  (1995-2005)  (1995-2005) | (1995-2005) (1995-2005)  (1995-2005)

EU27 -0.2 0.3 0.4 0.4 0.7 1.4

Japan 0.5 0.7 0.7 -0.2 0.8 0.3

United States of America 0.4 0.9 1.0 15 15 1.9

China 55 5.8 4.9 4.6 5.4 4.0

Russian Federation -0.3 -1.5 0.1 0.1 -0.2 -0.5

India 3.8 35 3.7 3.4 3.6 35

(b) Peters et al. Lenzen et al. Peters et al. Lenzen et al.
(1990-2010)  (1990—2009) (1990-2009)  (1990—2009)

EU27 -0.4 -0.2 0.1 0.2

Japan 0.4 0.5 0.4 0.9

United States of America 0.5 0.8 1.3 1.3

China 6.0 6.3 4.8 6.0

Russian Federation -1.8 -3.1 -1.2 -2.0

India 4.8 5.0 4.4 5.0

2.1 Multi-regional input—output analysis (MRIOA) 2003) usually adhere to the economic concept of “final con-

sumption”. Final consumption is defined in the System of

Most studies of carbon embodied in international trade recNational Account? (SNA) as “the goods and services used
ommend accounting for the supply chain using multi-regionyp by individual households or the community to satisfy their
input—output analysis (MRIOA) (Minx et al., 2009; Wied- individual or collective needs or wants” (United Nations et
mann, 2009; Peters, 2010a). We will first clarify the distinc- al., 1993). Final consumption is distinct from intermediate
tion between physical and economic accounting approachegsonsumption which is defined as the “goods and services
to carbon flows before we describe MRIOA in more detail. consumed as inputs by a process of production. .. [which]
) ) may be either transformed or used up by the production pro-

2.1.1  Physical and economic approaches to cess” (United Nations et al., 1993). Thus, final consump-
consumption tion is the end of the supply chain where goods and ser-

vices undergo no further processing to other goods and ser-

There are two main definitions of consumption (and h("’ncevices, while intermediate consumption continually processes

t_rad:a) In fnwronmental qppﬂllcatmns, apparent ConsurT‘p'goods and services until they reach final consumption. This
tion” and “final consumption”, and these can produce sig-

o . . processing may happen in a variety of different sectors and
”'f"?"".‘?"y d.|fferent resuIFs. The difference between the two regions, and the processing may transform or use up goods
definitions is subtle but important.

M hvsical i h based thor services. Studies that include a supply chain necessar-
any p y§|ca accounting app_roa"c €s are based on ﬁy require a differentiation between intermediate and final
concept of “apparent consumption” (Ciais et al., 2007;

Haberl et al., 2007; Ciais et al., 2008; Erb et al., 2009; Kraus_ggg;l;mptlon to avoid double counting (Gallego and Lenzen,

mann .et 6.“" 2008; Kastner et al., 2011a, b)..Apparent €ON" The distinction between apparent and final consumption
sumption is fundamentally connected to physical goods, andcan be illustrated with an example, and we consider timber

IS defmed_ as the amou”t ofa prOd_UCt produced within a "®Which can be processed into paper, furniture, or other goods
gion plus imports minus exports. It is generally assumed tha

th ) . ¢ ¢ r f orodict Emd services. The apparent consumption of timber is given by
€€ 1S NO processing or transformation of productiius, e regional production of timber added to imported timber
products are assumed to be consumed in the state in whic

. . . nd then exported timber is subtracted. Apparent consump-
f[hey were |mport_ed and without any further_processmg; thattion does not consider transformation of timber into furni-
is, no distinction is made between intermediate consumptloqure paper, or other goods and services. For final consump-
and final consumption. ' ' '

In contrast, methods based on standard environmental-

economic accounts (United Nations et al., 1993; SEEA, 3The System of National Accounts is used worldwide to produce
consistent economic accounts, including the calculation of Gross
2Some exceptions exist (Kastner et al., 2011b). Domestic Product.
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tion, it is necessary to split timber into the timber that is usedlinkages, and can be used to analyse large bundles of goods
directly in final consumption (e.g. to build a house) and the simultaneously (Peters, 2010a).
timber which is used indirectly in intermediate consumption There are a number of options for the allocation of bunker
by undergoing further processing to furniture, paper, or otherfuels, which are used for international transport, but for
goods and services. For the final consumption of furniture byenvironmental-economic accounting the European Commis-
a household, the timber may have been “transformed” intosion recommends they be allocated to the country of resi-
the furniture or “used up” as paper in the furniture factory. dence of the institute operating the vessel (European Com-
The final consumption of services is treated in the same waymission, 2009). Thus, emissions from bunker fuels would
but in this case the timber is always “used up” in the supplybe allocated to the territorial-based emissions, and then ul-
chain. timately to final consumption via the international trade in
A variant of the final consumption approach, known as services (Peters et al., 2011a).
Emissions Embodied in Bilateral Trade (EEBT), limits the  All our analysis is performed for one calendar year (2004).
level of processing to national borders (Peters, 2008; Pefor the case of harvested wood products, crops, fossil fuels,
ters and Hertwich, 2008b). The EEBT approach only dis-and similar, we assume that products move along the inter-
tinguishes between final and intermediate consumption donational supply chain within one year (that is, there is no
mestically, and not globally. The advantage of this approactchange in storage). As an example, if a forest is harvested in
is that at national borders the distinction between final andone country, and several countries process the product along
intermediate consumption is not made, and hence the exthe global supply chain before it is consumed as paper, then
ports are analogous to bilateral trade statistics (Peters, 2008)ve assume this all occurs within one year. While this will
While EEBT accounts only domestic emissions embodied innot be strictly true, our assumption implicitly assumes the
exports, thereby analysing less of the global supply chainjmbalance at the start of the calendar year balances with the
the total global emissions are the same since both final andnbalance at the end of the calendar year.
intermediate consumption are added together. The multi-region input—output table (MRIOT) used in
The different definitions of consumption and allocation of this paper is based on the Global Trade Analysis Project
emissions to international trade will be discussed below in(GTAP) database (Narayanan and Walmsley, 2008) version
the relevant model comparisons, and, through these compatf~.1, representing the world economy in 2004. The GTAP
isons, we will discuss in more detail the differences betweerndatabase “combines detailed bilateral trade, transport and
the methods. Our primary method of allocation is based orprotection [tarrifs, quotas, etc] data characterizing economic
final consumption using multi-region input—output analysis linkages among regions, together with individual country
(MRIOA) as recommended in other studies (Minx et al., input—output databases which account for inter-sectoral link-

2009; Wiedmann, 2009; Peters, 2010a). ages within regions” (Narayanan and Walmsley, 2008). In
each region and each year, the economy is divided into 57
2.1.2 Multi-regional input—output analysis (MRIOA) economic sectors and three final consumers (households,

government, capital investments). The world is divided into
Input—Output Analysis (IOA) is a top-down method specifi- 112 countries and regions. The method to convert the GTAP
cally designed to enumerate and study supply chains (Leondatabase into an MRIOT is described elsewhere (Peters et
tief, 1936) and has been applied to environmental problemsl., 2011a). The dataset and method has been applied in sev-
since about 1970 (Ayres and Kneese, 1969; Leontief, 1970)eral peer-reviewed publications (Peters and Hertwich, 2008b;
I0A is grounded in economic statistics and describes the reHertwich and Peters, 2009; Andrew et al., 2009; Peters et
lationships between all regions and sectors in the databasal., 2011b). Hereafter, we refer to our model as the GTAP-
Since the method is top-down, full emission coverage iSMRIO.
obtained and the method allocates emissions along supply We allocate emissions to country X using the following
chains to provide a link between producers and consumers, atefinitions:
exporters and importers. Methods to study multiple regions
and global supply chains were developed early (Isard, 1951;
Oosterhaven, 1984) and are now one of the primary methods
to study environmental repercussions arising globally (Wied-
mann et al., 2007; Wiedmann, 2009). Input—output data are
a key component of many economic models, and the data
is widely available, including for some key developing coun-
tries (Narayanan and Walmsley, 2008). Even though MRIOA
is generally applied at the country and sector level rather
than product or company level, as in Life Cycle Assessment — Imports: The emissions in each country (other than X)
(LCA), MRIOA has the important advantage of represent- required to produce final consumption in X and includ-
ing the entire global economic structure, including all trade ing the global supply chain;

— Production: Emissions occurring on administered terri-
tories over which X has jurisdiction (territorial-based
emissions);

— Exports: The production-based emissions occurring
within X to produce exports to both intermediate and fi-
nal consumption and hence including the domestic sup-
ply chain only;

Biogeosciences, 9, 3243276 2012 www.biogeosciences.net/9/3247/2012/
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— Consumption: The global emissions required to produceinformal economy (Kastner et al., 2011a; FAO, 2012c), we
the final consumption in X and including the global sup- only include industrial roundwood in our analysis.
ply chain. To convert from cubic metres in the FAO data to car-
bon, we take several steps. First, we divide the indus-
trial roundwood into coniferous (FAO code 1866) and non-
coniferous (FAO code 1867) and convert from cubic me-
2.2 Input data for externalities in production tres to dry-weight in tonnes using a conversion factor of
0.45 t 3 for coniferous raw wood and 0.59 tTh for non-
MRIOA reallocates the “externalities” (here, carbon ancCO coniferous raw wood (Pingoud et al., 2006). We convert
emissions) that occur in production along the global supplythe tonnes of biomass to tonnes of carbon using a factor
chain to consumption. Thus, the MRIOT remains the sameof 0.45tCt! (Ciais et al., 2008), though the results can be
but different externalities are allocated along the supply chairscaled up or down uniformly to give a different carbon con-
differently depending on the sector where the emissions octent (e.g. 0.5tCt!) without changing the relative results.
cur. For example, emissions in the agricultural sector may get
allocated to food consumption, while emissions in the steef2-2.4 Crop data

sector may get allocated to manufactured products. The fol- ) ) ,
lowing sub-sections describe the externality data used in oufl '® FAO provides data on the harvest of different crops, with
analysis. around 160 crops included (FAO, 2012a). This data needs to

be converted from tonnes harvested to tonnes of dry matter
2.2.1 Energy and feedstock data and then from tonnes of dry matter to tonnes of carbon. We
based our conversions on Ciais et al. (2008) supplemented
We use the energy and feedstock data from GTAP (Leewith additional data where necessary (USDA, 2010).
2008; Narayanan and Walmsley, 2008), but updated for
GTAP version 7.1. The GTAP energy and feedstock data i2.2.5 Livestock data
derived from International Energy Agency (IEA) data, but
modified to be consistent with the economic data used in thefhe FAO provides data on around 15 different types of live

These components are then combined as: Consumgtion
Production — Exports- Imports.

GTAP database (Narayanan and Walmsley, 2008). animals (FAO, 2012a). Based on the number of live animals,
we estimated the feed requirements using the models from
2.2.2 Carbon dioxide data Krausmann et al. (2008). This gives the total carbon con-

sumed by livestock. We then used livestock conversion ef-
We use several different GGemission datasets in the anal- ficiencies (Krausmann et al., 2008) to convert the feed input
ysis below to show the importance of variations in this in- into animal product output measured in terms of carbon. This
put dataset. The COdatasets are from CDIAC (Carbon approach does not necessitate differentiating between intake
Dioxide Information Analysis Center) (Boden et al., 2011), from grazing and that from feed.
the UNFCCC (United Nations Framework Convention on
Climate Change) (2012), EDGAR (Emissions Database
for Global Atmospheric Research) (European Commission3 Embodied CO, Emissions
2011), GTAP (Lee, 2008), and an updated version of the
GTAP data (Peters et al., 2011a). These datasets, and théi¥hile the literature on embodied carbon is growing rapidly
differences, are described in more detail in the model com{Wiedmann et al., 2007; Wiedmann, 2009), there is not yet a

parisons. broad synthesis of existing studies. One study on the Nordic
countries found large variations between independent esti-
2.2.3 Forestry data mates, but after adjusting for inconsistent definitions and in-

) o ) put data, it was found that the results were similar and quite
The Food and Agriculture Organisation (FAO) provides dataropyst (Peters and Solli, 2010). Our goal in this section is
on the extraction of different forestry products (FAO, 2012c, o synthesise existing global studies for key regions, explore

b). We only consider the extraction of roundwood (FAO code the reasons for any differences between studies, and give a
1861) and use the GTAP-MRIO to estimate the products tha‘summary of results that are robust across studies.

are produced from roundwood and potentially entering in-

ternational trade. Since we consider all products contain3.1 Synthesis of previous global studies

ing roundwood, directly and indirectly, we have covered a

broader spectrum of processed wood products than appeafs number of independent studies have now estimated the
in the FAO database. Roundwood can be broadly split intoemissions embodied in international trade of goods and ser-
fuelwood (FAO code 1629), charcoal (FAO code 1630), andvices (Ahmad and Wyckoff, 2003; Peters and Hertwich,
industrial roundwood (FAO code 1865). Since fuelwood and2008b; Nakano et al., 2009; Hertwich and Peters, 2009;
charcoal are primarily for domestic uses, and often in theDavis and Caldeira, 2010; Atkinson et al., 2011; Peters et

www.biogeosciences.net/9/3247/2012/ Biogeosciences, 9, 3247G-2012
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Fig. 1. Comparisons of global models of G@missions embodied in traded goods and services. Each country has the same scale for
production and consumption. The minimum value has not been taken as zero to highlight the differences, but relative to national totals, the
differences are smaller (cf., Tables 3 and 5). Although there is some variation among studies due to differences in the underlying data and
modelling methods, the patterns and trends are broadly consistent among all the studies shown.

al.,, 2011a, b; Wiebe et al., 2012). We restrict our com-EU27, the USA, Japan, China, the Russian Federation, and
parisons to global studies using MRIO approaches, despiténdia; though these studies cover up to 112 countries and
the existence of many country-specific studies (see the reregions. Table 1 shows the growth rates between the three
view articles; Wiedmann, 2009; Wiedmann et al., 2007). Fig-time-series studies (Peters et al., 2012; Wiebe et al., 2012;
ure 1 shows the results of the selected global studies for the_enzen et al., 2012). The figure shows that the results of the
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studies are broadly consistent. Here, we focus on three differthe reviewed studies (Fig. 1, Table 1). Comparisons of Fig.
ences: (1) different emissions data, (2) different definitionsand Table 1 show a correlation between the production- and
of consumption-based emissions, and (3) different allocatiorconsumption-based estimates; when the production-based
models; and we explore these differences in more detail irestimates are high in one study, then so are the consumption-
the following section. based estimates in that study. This suggests that a large part
Generally the studies show a correlation between theof the variation between studies is because different stud-
production-based estimates (left side of Fij. and the ies use different production-based emission estimates. Also
consumption-based estimates (right side): if the productionshown in Fig.l is that different definitions can also be impor-
based estimates are relatively high in comparison to othetant to explain the variations between studies. More detailed
studies, then the consumption-based estimates are usualiyodel comparisons should control for these two factors. The
also relatively high. There is also a large spread in theremaining differences between studies are due to different
production-based estimates. The EEBT and MRIO meth-economic and trade data.
ods of Peters et al. (2011b) in 1997, 2001, and 2004 and
the MRIO of Davis and Caldeira (2010) in 2004 all use the 3.2 Explanations of variations in results
CDIAC emissions data as input (Boden et al., 2011). While
Peters et al. (2012) also use the CDIAC data, the use of dhe variations between different studies demonstrated in the
later update of the CDIAC data leads to the difference withprevious section do not necessarily translate into uncertainty
Peters et al. (2011b). Peters and Hertwich (2008b), Hertwictas the different studies use different carbon emissions as in-
and Peters (2009), and Peters et al. (2011a) use a modifigeut, definitions, and different attribution models. In this sec-
version of the GTAP emissions data (Lee, 2008), which istion, we use modifications of the GTAP-MRIO to investigate
different than the CDIAC estimates. Atkinson et al. (2011) what may cause the variations between different studies. We
use an unmodified version of the GTAP emissions data. Ahfocus on the three categories of difference discussed in the
mad and Wyckoff (2003), Nakano et al. (2009), and Wiebeprevious section: (1) differences in production-based emis-
et al. (2012) are all based on the IEA energy or emissionssions, (2) differences in definitions, and (3) variations in the
data (IEA, 2011) — each study estimates different emissiongconomic data.
— and these estimates generally differ from the CDIAC es-
timates (see Andres et al., 2012 for more details). Since3.2.1 Production-based emissions
consumption-based estimates of emissions are essentially
production-based estimates adjusted for trade, differences iMVhile the range of estimates of global @®@missions may
the production estimates will lead to differences in the con-be small, variations at the region and sector level may be
sumption estimates. While the global emissions are the samirger in relative terms (Andres et al., 2012). As we have
for production and consumption, if the production-based es-noted, such differences in production-based emissions esti-
timates are high in one study for one country, then it follows mates will affect the resulting consumption-based emission
that the consumption-based estimates are also likely to b@stimates (Figl and Table 1). In this sub-section we explore
high. the differences in national emission estimates in more detail
As already discussed, there are also different ways ofocusing on (a) variation in total emissions, (b) allocation of
defining the consumption-based emissions, and hence difounker fuels, (c) allocation to sectors, and (d) the propagation
ferent consumption estimates can be derived from the sameffects on estimates of consumption-based emissions.
production-based emissions. Figdralso shows that the use
of two different definitions (labelled MRIO and EEBT) is
an important source of differences between studies. Petergariation in total emissions
et al. (2011b) in 1997, 2001, and 2004, Peters and Hertwich
(2008b) in 2001, Hertwich and Peters (2009) in 2001, andTable 3 shows estimates of carbon emissions from five dif-
Atkinson et al. (2011) in 2004 all present results for both ferent emission datasets (Table 2). We briefly summarise the
the EEBT and MRIO methods; thus, even though each studfive datasets here, but more details are discussed by Andres
starts with the same production-based estimates, the estet al. (2012).
mates for consumption are different due to different defini-
tions of consumption. The studies of Peters et al. (2011b) 1. The Carbon Dioxide Information Analysis Center
and Davis and Caldeira (2010) both use the same emissions (CDIAC) data includes emissions from the combustion
data and definitions, leading to equal estimates. Peters et of fossil fuels, emissions from cement production, and
al. (2011a) in 2004 uses an MRIO method extended to in- emissions from gas flaring (Boden et al., 2009). The
clude international transportation in more detail, and thus CDIAC data is based on energy statistics reported by
leads to different estimates. countries to the United Nations. Bunker fuels used for
Figurel and Table 1 show variation in consumption-based international transportation are not allocated to coun-
estimates. However, the trends over time are similar among  tries, but are included in the global totals.
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Table 2. The key features included in the different carbon emission datasets used in this study.

CDIAC UNFCCC EDGAR GTAP7.1 GTAP7ANAMEA
Fossil fuels Yes Yes Yes Yes Yes
Cement Yes Yes Yes No Yes
production
Gas flaring Yes Yes Yes No Yes
Other process No Yes Yes No Mixed
emissions
International No (but included No (reported as a Yes (we allocated Yes (in principle, Yes (in principle,

transport (bunker in global total)
fuels)

memo by the fuel to countries based though uncertain) though varies by
supplier) on fuel use) country)

Table 3. Estimates of territorial-based carbon emissions (2004) from fossil fuel combustion and, in some cases, process emissions from
different data sources. The first column shows the total emissions from CDIAC, and the other columns are percentage comparisons with
CDIAC (positive is greater than CDIAC). The characteristics of each dataset are shown in Table 2. The CDIAC global total here does not
include bunker fuels as we take the sum of the country totals excluding bunkers fuels. The “Top 10 differences globally” are sorted by the

range in estimates; maximum minus minimum.

Region CDIAC (GtC) UNFCCC (%) EDGAR (%) GTAP7.1(%) GTAP7.1+NAMEA (%)

Global 7397 - 37 22 04
1 - United States of America 1.517 9.2 7.3 135 6.7
2 ¥ China 1.442 - -1.3 —-12.0 -85
3 § Russian Federation 0.437 -4.8 2.3 0.5 -11
4 ©  Japan 0.344 1.8 9.9 —0.4 1.9
5 3 India 0.367 - -8.7 -17.3 —-15.7
6 ‘g’ Germany 0.226 6.7 15.3 9.8 6.3
7 9 Restof Western Asia 0.248 - 7.4 15.5 3.6
8 S United Kingdom 0.149 2.7 16.0 17.2 15.7
9 § Canada 0.152 41 4.7 11.1 8.0
10 Italy 0.128 4.4 5.9 5.1 4.9
1 T Netherlands 0.048 2.4 235 105.3 19.5
2 § Korea 0.132 - 12.6 14 —6.7
3 2 Ukraine 0.094 -84 37 —~10.9 —-16.5
4 3 France 0.106 75 16.5 6.0 5.7
5 g Caribbean 0.029 - -2.9 51.2 45.8
6 & Belgium 0.030 14.0 29.2 50.0 14.0
7 B South Africa 0.113 - —-13.0 —11.1 —11.7
8 S Nigeria 0.026 - ~111 ~46.3 1.6
9 § Thailand 0.073 - ~13.7 —14.9 —14.1
10 Taiwan 0.071 - 3.0 14.7 3.2

2. The UNFCCC data includes emissions from the com-

bustion of fossil fuels and process emissions such as
from cement production, flaring, and other activities

(IPCC, 2006). Bunker fuels are not allocated to coun-
tries, but each country shows a memo of the bunker fu-
els sold from that country.

. The Emissions Database for Global Atmospheric Re-
search (EDGAR, version 4.1) includes emissions from
the combustion of fossil fuels and process emissions

Biogeosciences, 9, 3243276 2012

such as from cement production, flaring, and other ac-
tivities (European Commission, 2011). The EDGAR
data allocates the emissions to sectors, and in the stan-
dard EDGAR database bunker fuels are not allocated to
countries. However, for the analysis that follows, we re-
allocated bunkers fuels to using countries based on the
economic activity in the GTAP database. The EDGAR
database includes forest fires, though for consistency
with the other datasets, we do not include them in our
analysis.
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4. The GTAP data only covers emissions from the com-ritory, and, for the purpose of energy statistics, this energy
bustion of fossil fuels Lee, 2008). The data is originally use occurs outside of the system boundary of a nation (IEA,
based on data from the International Energy Agency2005). This definition seems to also have been applied to
(IEA), but undergoes manipulation in construction of emissions statistics, where “[n]ational inventories include
the GTAP database (Narayanan and Walmsley, 2008pgreenhouse gas emissions and removals taking place within
and uses different assumptions than IEA to convert en-national territory andoffshore areas over which the coun-
ergy into CQ. Thus, the GTAP C@emissions will dif-  try has jurisdiction” (IPCC, 2006). A consequence of this
fer from the IEA CQ dataset (IEA, 2011). In principle, is that countries are not allocated emissions from the use
bunker fuels are allocated to countries based on the usef bunker fuels (international transport); however, countries
of bunker fuels by resident institutions within a country; do report the sales of bunker fuels as a memo in UNFCCC
however, in version 7.1 of the GTAP database we use statistics. To be consistent with the System of National Ac-
the methodology for doing this is inadequate for an ac-counts, emissions from international transport should be al-
curate attribution (McDougall and van Leeuwen, 2010). located to the country where the operator of the vessel is

. o resident (Peters and Hertwich, 2008a; Peters, 2008; Peters

5. The GTARP-NAMEA data is a modification of the gt 51, 2009; European Commission, 2009), corresponding to
GTAP data (Peters and Hertwich, 2008b) to include theyye yser of the bunker fuel (and independent of the ship’s flag
National Accounting Matrices with Environmental Ac-  ang owner). Emissions statistics that allocate emissions con-
counts (NAMEASs) in the countries where they are eas-gjstent with the System of National Accounts are often called
ily available (mainly EU countries, Australia, Canada, National Accounting Matrices with Environmental Exten-
China, Japan, and the USA), in addition to including sjons (NAMEASs) (Pedersen and de Haan, 2006; European
the cement and flaring emissions from CDIAC. In the commission, 2009), though this terminology is not applied
countries that use NAMEAS, bunker fuels are aIIocateduniform|y_
according to resident institutions using bunker fuels. While estimates of bunker fuel emissions allocated to sell-

Table 3 shows the global total from each database, in additiof'd country are available, data on residency of using vessels
are often not reported (Peters et al., 2009). Many European

to the top 10 emitters and top 10 countries with the larges :
absolute difference in emissions. Even though the global to_countrles, however, report the necessary data to Eurostat to

tals are reasonably close, there is considerable variation bé’pa_ke the “bridge” table betvve<_an emissions _allocated to the
national accounts and the emissions submitted to the UN-

tween the country totals. These differences relate to differ- .

ent system boundaries, energy data, emission factors, de _CICC.lTabIe 4 der_notr;str(ajtsls;?gglffererlpes betéveen bunker

initions, and similar (Andres et al., 2012). At the country uel sales (memo in the reporting) an usage (as
required for NAMEAs) for the 17 European countries re-

level, even the biggest emitters have variations of up to 10 tina the data. For th tries. th | f bunker f

15%. The largest absolute difference is for the NetherlandsplOr Ing the ?86"1 o/or ftiselj:ﬁgégecs’. € sta es Oh'l unker ij

(up to 100 %), but this results from GTAP incorrectly assum- €ls represent ©.1 7 of the inventory, whiie use o
bunker fuels is slightly lower at 7.7 %, suggesting that, across

ing fossil fuels used as feedstock are combusted (this prob:

lem has been fixed in updated versions). Large absolute dif_Europe, bunker fuel sales roughly balance with bunker fuel

ferences occur for both developed and developing countrie l:|§age. However, there are large variations between coun-

which suggests that it is not only data quality that is at fault tries. The Netherlands, for example, has very high bunker

but inconsistent system boundaries, assumptions, etc. For thfgel sales (34 % of UNFCCC inventory) and relatively small

top 10 emitters, the average difference between the maxi¥S€ (11 %). Denmark, in contrast, has very large bunker fuel

mum and minimum values from the five datasets is 13%,use (almost equal to the total emissions reported to the UN-

i 0,
and the average range of all the 112 countries and regiongcr_\(,:(‘\’.)dbUt relaélyelt)/ sm?II bunker f'ueldsfalels (ldlt/o)' t and
in the database is 30 %. In the context of consumption-based esidency adjustments are required for fand transport an

tourist activities. Adjusting for land transport is particularly

emission estimates, it is important to note these large vari- bl tic f I tri hasL b h
ations, as these differences will propagate through to giveoro ematic for small countries, such as Luxembourg, where

differences of similar magnitude in consumption-based esti_there may be significant disparities between location of pur-

chases of petrol and location of use for driving. The correc-

mates. . . . . - :
tion for tourists requires removing the activities of foreign
tourists (which become exports: sales to other countries), and
Allocation of emissions from bunker fuels (international adding the activities of tourists abroad (which become im-
transport) ports: purchases from other countries).

For some countries, the method of allocating the emissions
from bunker fuels to countries can have a significant ef-
fect on the emission estimates (Peters, 2008; Peters et al.,
2009). The use of bunker fuels occurs in international ter-

www.biogeosciences.net/9/3247/2012/ Biogeosciences, 9, 3247G-2012



3256 G. P. Peters et al.: A synthesis of carbon in international trade

Table 4. The “bridge” table connecting the UNFCCC and NAMEA inventories for reporting European countries in 2007. By convention, the
UNFCCC memo on bunker fuels is recorded but not included in national totals. According to the NAMEA (economic accounting), allocation
should be based on resident institutes, and thus adjustments must be made primarily for bunker fuel use when converting from a UNFCCC
inventory to a NAMEA. The last set of rows shows the percentages relative to the UNFCCC totals. In most cases the NAMEASs are higher as
they include international transport, while the UNFCCC inventories do not.

0
L £ 2
= o =
=3 o ° c
% x > © ‘g é g §
14 = c > = o Kl T c X o
« 5 ¢ £ T 8 2 § ¢ 5 E 3z & T & & 3 3B
1] k=l 9] c 3 S I c = 2 g < 2 < 9] = ]
) 3] N 9 = © 3] S & = 5 ) S <] S = c s
Values for 2007 (MtC, %) < o ¢) [a] i [ O I 4 3 a z z o a 9] ) [
Emissions reported to the UNFCCC (1) 20 31 34 15 18 106 228 16 2 4 3 50 12 89 17 14 149 810
UNFCCC Memo: Bunker Fuels (2, not in any totals) 1 9 0 2 1 7 10 0 0 0 0 17 1 1 1 3 12 65
Activities by national residents abroad (3) 0 3 0 14 2 3 15 1 0 1 0 7 4 2 1 3 16 72
Activities by non-residents in the territory (4) 2 0 1 0 0 0 2 0 0 0 1 2 0 0 1 0 0 9
Other adjustments and statistical discrepancy (5) -1 0 1 0 0o -1 0 0 0 0 0 0 0 o -1 0 1 -1
Emissions for the NAMEA (5)=(1)+(3)(4)—(5) 19 34 33 29 20 109 241 16 3 5 2 5 16 91 18 17 165 874
UNFCCC Memo: Bunker Fuels (2)/(1) % 3.0 30.2 08 112 48 7.0 42 1.2 9.3 3.7 115 339 7.2 0.6 6.8 18.3 83 8.1
Net activities by residents (3—4)/(1) % -85 81 -09 968 92 26 58 35 144 141-28 105 311 22 -20 184 109 7.7
Emissions for the NAMEA (5)/(1) % 94 109 97 197 109 104 106 102 114 114 72 111 131 102 104 119 110 108
Allocation of emissions to sectors transport sectors (including bunker fuels), electricity, and the

energy intensive sectors such as metal manufacturing and ce-

For economic analysis, or attribution studies as in this arti-ment.
cle, emissions are distributed to the sectors where they oc- Thus, while emissions may vary at the country level, there
cur. For our analysis it is necessary to have detail for eachnay be more significant and important differences at the
of the 57 sectors in each region, but it is hot uncommon toseCtor level. The differences in these datasets will propa-
differentiate around 500 sectors in some individual countriesgate through to the estimates of the consumption-based emis-
(such as the USA and Japan). Uncertainty increases as emi§Lons.
sions are disaggregated to sectors, and consequently the dif-
ferences between datasets increase. In this section we cor3-2.2 Consumption-based emission estimates
pare the sector differences for direct emissions between three
datasets to indicate the possible implications they may hav&@he previous section demonstrated that there can be signif-
on consumption-based emissions inventories. icant differences between emission datasets and these oc-
Figure 2 shows the absolute difference between thecur at three levels: (1) aggregated emissions, (2) treatment
standard GTAP sector emissions and the updated versiomf bunker fuels, and (3) allocation of emissions to sectors.
GTAP+NAMEA. The relative differences are larger but of- For most countries, the production-based emissions account
ten occur in sectors with small emissions, and hence do nator the largest share of the consumption-based emission in-
have a large impact on results. Most of the differences occuwentories. Thus, the use of different production-based emis-
in the countries that are updated in GTARAMEA (Aus- sion estimates may lead to a perception that the methodology
tralia, New Zealand, Canada, China, Japan, the USA, ando construct consumption-based emission estimates is highly
the EU27). However, differences are also apparent in mineralincertain. This section quantifies these differences for five
products (cement), oil and gas (flaring), and refineries (down-emission datasets.
ward adjustment of incorrectly combusted feedstocks in the Table 5 shows the consumption-based emission estimates
original GTAP data). The differences can be quite large, inusing five different production-based emission inventories.
excess of 100 MtC in either direction. The largest differencesThe variation in consumption-based emission estimates is
occur due to the treatment of bunker fuels (air and sea transsomparable with the variation in production-based estimates.
port), land transport, and electricity. The average range of the estimates for the top 10 is 11 %,
Figure 3 shows the analogous results comparing theslightly less than for production estimates (13 %). The aver-
standard GTAP emissions with the EDGAR dataset. Theage range of all 112 countries and regions in the database
EDGAR dataset is initially allocated to different sectors thanis 16 %, less than the average for production (30 %). Inter-
GTAP, and thus we remapped the EDGAR sector emissiongstingly, the spread in production-based emission invento-
to the GTAP classification. This step may introduce addi-ries is generally higher than the spread in the consumption-
tional errors as the mapping is not one-to-one. Since théased inventories (Figl); 90 of the 112 countries and re-
EDGAR and GTAP database are independent, the differencegions have a more accurate consumption-based inventory.
are more widespread. The largest differences occur in th&his counter-intuitive result is probably since (1) the range
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Fig. 2. The difference between the default GTAP £&mission dataset and a version which includes (1) national statistics when available
(Australia, Nz, China, Japan, USA, Canada, EU27), (2) cement and flaring emissions, and (3) adjustments to feedstocks used in the refinery
sector. The differences are shown by sector and region and are in MtC for 2004. Positive values indicate that “GTAP” is larger. We only show

the sector and region combinations where the difference is greater than 5 MtC.
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Fig. 3. The difference between the default GTAP £€mission dataset and the EDGAR dataset with the sectors reallocated to the GTAP
sectors. The differences are shown by sector and region and are in MtC for 2004. Positive values indicate that “GTAP” is larger. We only

show the sector and region combinations where the difference is greater than 5 MtC.
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Table 5. Estimates of consumption-based inventories (2004) using the emissions data from Table 2 (see caption and text). The first column
shows the total emissions from CDIAC, and the other columns are percentage comparisons with CDIAC (positive is greater than CDIAC).
The percentage differences are around the same order as for production, suggesting that the dataset used for the production-based emissic
is important in determining the variation in consumption-based emissions between studies. The “Top 10 differences globally” are sorted by
the range in estimates; maximum minus minimum.

Region CDIAC (GtC) UNFCCC (%) EDGAR (%) GTAP71 (%) GTAP71+NAMEA (%)
Global 17397 37 22 04

1 . United States of America 1.730 7.6 54 9.5 5.1

2 T China 1.134 -1.0 —-10.9 -7.9

3 3 Japan 0.409 1.7 9.0 2.5 0.6

4 g Russian Federation 0.353 —4.4 0.3 -0.4 -1.1

5 @ Germany 0.277 4.9 13.6 11.5 4.2

6 E India 0.338 —-7.8 —15.9 —-14.4

7 9 United Kingdom 0.208 2.5 13.7 14.6 9.0

8 S Restof Western Asia 0.225 —4.6 6.9 2.1

9 §' Italy 0.164 3.5 7.0 4.1 3.3

10 France 0.151 5.3 11.6 6.1 4.1

1 % Canada 0.139 4.2 9.8 12.8 6.0

2 8 Netherlands 0.059 23 13.8 28.9 9.8

3 2 Korea 0.134 6.7 -2.3 -5.2

4 8 Caribbean 0.032 -0.3 35.7 31.2

5 G Australia 0.091 6.8 12.4 7.0 4.7

6 & Brazil 0.084 8.7 2.0 —-3.7

7 T South Africa 0.075 —-12.7 -9.9 -10.4

8 S Norway 0.016 2.6 59.5 19.5 15.1

9 §' Belgium 0.045 6.7 20.2 20.9 6.2

10 Ukraine 0.064 —-7.4 -8.4 —-11.0 -14.1

1403 tries with the largest spread in production-based estimates are
8 importing from countries with a lower range in production-
£ Lo based estimates, and this thereby reduces the overall varia-
2 tion in consumption-based estimates. As an extreme exam-
3 ple, if a country had a 10 % spread in the production-based
8 o 7S estimates and imported from countries with a 5% spread,
_§ g <) then it would be expected that the spread in the consumption-
£ A~ based estimates would be less than 10% but greater than
2 s ® o 5%. Likewise, if the import partners had a spread of 15 %,
E ) ¢ then it would be expected that the consumption-based esti-
g 0 p A mate would have a spread of between 10-159%. These ex-
5 ‘ Non-Annex | amples are based purely on the variation in the production-

o —Equality based estimates, and do not consider additional uncertainties

1602 1601 1400 LEs01 1402 1403 at the sector level which would need a more detailed analy-
sis (e.g. Lenzen et al., 2010; Lenzen, 2011). Despite this, the
. . , _ spreads in production- and consumption-based estimates are
F'g‘ 4. The range in the .pmdu.Ct'or.]' and consumptlon-_based ESof comparable magnitude. Thus, if two studies use an emis-
timates (2004). The straight line is equal ranges (y = x). The _. d h h 10 % di ducti
consumption-based estimates are, counter-intuitively, more accuS'on atasgt\{v ereacoqntry asa 0 spread in production-
rate than the production-based estimates. based emissions, then it would be expected that the spread
in the consumption-based emissions would be around 10 %

too. This result is also shown in a more qualitative nature in

Range in production-based estimates (MtC)

of the consumption-based estimates only includes a part oFig' L

the production-based with the remainder due to imports, and Figure _5 shows  the Sprea‘?' inthe difference in
(2) most exports come from large countries where there isconsumptlon—based and production-based estimates for the

a smaller spread in production-based estimates. The courf0 countries with the largest differences; this is similar
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400 > CDIAC such as Singapore, Taiwan, Malaysia, and Belgium (Peters
w0 le v et al., 2011a). The average difference for the 112 countries
8 GTAPT1 and regions in the database is 21 %, signifying that defini-
§ 200 GTAPTLHNAMEA tions could be a key reason for differences in results. While
§ ‘g‘ we have only compared two main definitions, other studies
25507 @ can use other different and less standard definitions (cf. Pe-
§T§§ o %8e8eee S ters and Solli, 2010). These results clearly show that to en-
g% °Zi S@:ﬁ\0&}véiq.,\\igi@\‘@;@i&#ﬁ}o{@’\&Q&Q;@?@o«a&ié@ sure robust 'compariso'ng'between studies, it is important to
g 10 ~ s & & control for different definitions.
& @:"0 ° _@?’5@ e
0 s v 3.2.4 Variations in economic data

-300

We are not aware of a detailed comparison of the differences
between MRIOTS, but we can get an indication using a com-
parison between GTAP7.0 and GTAP7.1. The main differ-
ences between these two versions are an update of all EU27
countries and updates of the macroeconomic data.

Table 7 shows the top 10 emitters and relative differences
to a “trade balance” in embodied emissions (Peters, 200gbetween the two versions of the GTAP7 database. The av-
Kanemoto et al., 2012). The uncertainty of both the pro-€rage difference over all countries was 1 %, the average for
duction and consumption results is included here, thougthe largest 10 emitters was 2 %, but the maximum difference
they may tend to cancel, leading to a relatively robust tradev@s 11 % (Bulgaria). The average difference for the top 10
balance. The figure shows that the trade imbalance of théelative differences was 5%. Of the 20 countries listed, 14

selected countries is robust across different datasets. Thare from the EU27, which is also where most of the dif-

resents a region without specific data (derived from other{@round 5% on average). This suggests that the changes in
countries’ data); hence, greater uncertainty is expected. Thie EU27 data primarily affected the carbon footprint of the
largest trade imbalances are for China and the USA. EverFU27 countries, and on the order of 5%. However, there
though the figure represents the 20 largest trade imbalance/€'® some surprises, such as the large absolute differences
some small countries that are highly dependent on trade agh the “Rest of Western Asia”, China, Japan, and the USA.
pear in the results, for example Taiwan, Switzerland, Bel-These are presumably due to changes in trade with the EU27
gium, and Hong Kong. The normalised trade balance (re|_and updated macro data. At least for the MRIOTs we com-
ative to the production-based emissions) is relatively stablg?@re here, the differences between MRIOTs are less than for
for the top 20 countries, excluding the small countries. Fordifferent emissions data and the consumption-based emission
smaller countries, in general, the spread in estimates is mucfefinition. Even if comparing the EU27 countries only, the
larger, and can change sign (results not shown). Overall, th&ifferences due to the emissions data and the consumption-
trade balances are robust for the largest emitters, independeR@sed emission definition are still larger.

of the dataset used.

Fig. 5. The difference between Production and Consumption for the
20 countries with the largest differences for the CDIAC database
(2004). The results are shown for all the databases. Note that UN
FCCC only has values in Annex | countries.

3.2.5 Parametric uncertainty

3.2.3 Differences due to the definition of
consumption-based emissions In the previous sections we compared results by changing

one factor at a time. It is also possible to perform a more
There are different ways to define the “carbon footprint” comprehensive uncertainty analysis using Monte Carlo anal-
or “consumption-based emissions” (Wiedmann and Minx,ysis (Bullard and Sebald, 1988). In general, when applied to
2008; Peters, 2008, 2010a; Kanemoto et al., 2012). Table @onsumption-based emission calculations, these studies gen-
shows the top 10 emitters, and top 10 relative differences, irerally find that the uncertainty is only slightly larger than the
terms of consumption using two different definitions (Petersuncertainty in production-based estimates (Yamakawa and
et al., 2011a). In the top 10, the differences can be as larg@eters, 2009; Lenzen et al., 2010; Wilting, 2012). However,
as 25 % (China). The mean relative difference for the top 10these results have to be put into perspective. It is generally
countries is 17 %. The largest relative differences are aroundiifficult to find uncertainty estimates for economic and trade
50 %, and occur for either small countries or countries withdata, thus it is often assumed that small transactions have
poor data. It is not possible to know the magnitude or di- a larger relative error than large transactions (Lenzen et al.,
rection of the difference without performing specific calcula- 2010). It is also assumed that the uncertainty of the trans-
tions (Su and Ang, 2011; Kanemoto et al., 2012). Differencesactions are uncorrelated, which is not the case; for exam-
are generally larger for small and trade-exposed countrieple, if coal consumption is higher than expected, then gas
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Table 6. The differences resulting from using different definitions for consumption-based inventories (2004), showing the top 10 emitters in
terms of consumption. The differences are measured relative to the MRIO definition.

Region EEBT (MtC) MRIO (MtC) Difference (MtC) Difference (%)
1 - United States of America 1619 1818 —198.8 —10.9
2 T China 1319 1044 275.3 26.4
3 § Russian Federation 432 349 83.0 23.8
4 ‘?’) Japan 350 411 —61.1 —14.8
5 § India 310 290 20.0 6.9
6 £ Germany 240 288 —48.3 -16.8
7 9 Restof Western Asia 257 229 27.2 11.9
8 S United Kingdom 172 227 —54.3 —24.0
9 § Canada 164 148 16.0 10.9
10 Italy 135 170 —-35.2 —20.7
1 = Nigeria 27 17 10.0 59.5
2 € Malawi 0.2 05 ~0.2 -53.3
3 o Malaysia 40 26 13.4 51.6
4 8 Switzerland 14 27 —-12.9 —48.3
5 g South Africa 100 67 32.3 47.9
6 & Latvia 2.1 4.0 -1.9 —47.9
7 E Hong Kong 16 29 —13.5 —46.0
8 < Singapore 12 21 -8.8 —42.6
9 é‘ Ukraine 78 55 22.9 41.5
10 Mauritius 0.7 11 -0.5 —41.4

Table 7. The top 10 emitters and relative differences using the GTAP7.0 and GTAP7.1 databases with the same (GTAP7.0) emission dataset
(2004). The main differences are for the EU27 countries, which is where the economic data is most different.

Region GTAP7.0 (MtC) GTAP7.1 (MtC) Difference (MtC) Difference (%)
1 United States of America 1828 1818 9.5 0.5
2 T China 1019 1044 —24.9 —2.4
3 & Japan 416 411 45 1.1
4 2 Russian Federation 349 349 -0.1 0.0
5 § India 291 290 1.3 0.4
6 £ Germany 293 288 4.9 1.7
7 g Rest of Western Asia 218 229 -11.4 -5.0
8 < United Kingdom 231 227 4.3 1.9
9 § Italy 163 170 -6.3 -3.7
10 France 160 157 3.7 2.3
1 = Bulgaria 13 11 13 11.2
2 & Finland 20.2 21.6 14 6.4
3 2 Sweden 27 26 1.6 6.2
4 8 Netherlands 68 64 3.7 5.8
5 & Slovenia 5 5 0.3 5.4
6 & Belgium 45.4 47.3 -1.9 -3.9
7 "g Austria 30 29 0.9 3.1
8 < Slovakia 10 10 0.3 2.9
9 § Romania 27 28 -0.8 -2.8
10 Ireland 17.1 17.4 -0.4 -2.1
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Fig. 6. The change in production-based £&missions when adjusted to a consumption basis (2004). The horizontal axis shows production
emissions, while the vertical axis shows the relative change. This figure disaggregates key regions from the RECCAP region set. In particular,
this highlights the significant difference between Japan and China, both in the East Asia region.

consumption may be lower. A typical MRIOA involves an  Figure 1 shows the variation between different emission
infinite number of additions and subtractions (achieved byestimates between published studies, but based on results
matrix inversion), and differences based on uncorrelated erin this section, it is expected that if these studies used the
rors tend to cancel (Peters, 2007). Thus, for these results teame production-based emission data and the same defini-
be confirmed, more detailed uncertainty data, including cor-tions, then the results would converge. This suggests that the
relations, is needed. In addition, since it is also found that themodel spread for consumption-based estimates may be less
most uncertain data are usually small and have only little im-than presently presumed. This finding is confirmed by Monte
pact on the results (Lenzen et al., 2010; Jensen, 1980; Jens&arlo analyses which find that consumption-based emission
and West, 1980), then it may be more effective to perform tar-estimates are only slightly more uncertain than production-
geted sensitivity analysis (Wilting, 2012). Nevertheless, thebased estimates. However, the Monte Carlo estimates assume
available literature suggests the variation in economic dataincorrelated errors. To confirm the findings reported here,
may not be that important for consumption-based estimatesnore detailed model intercomparisons, sensitivity analyses,
at the national level, but differences may persist at the sectoand Monte Carlo analyses are needed from a broad range of
level (Lenzen et al., 2010; Lenzen, 2011; Wilting, 2012). independent models.

3.2.6  Summary of the differences in consumption-based 3.3 Overview of key results

estimates The previous two sections have presented the reasons for
variation between consumption-based estimates, but not

Table 5, Table 6, and Table 7 show the differences inmuch has been said about the results. In this section, we sum-
consumption-based estimates when only one factor is varmarise some of the main conclusions using the GTAP-MRIO
ied at a time. In Table 5, we show the effect of vary- version 7.1 with 2004 data.
ing production-based emissions data. In Table 6, we show Figurel and Table 1 show that a significant fraction of
the effect of using different definitions of the consumption- emissions produced in emerging markets like China and In-
based emissions. In Table 7, we demonstrate the effect ofia are embodied in exported goods to consumers in de-
modest variations in the economic input data. The resultingveloped regions like the USA, Japan and the EU27. Fig-
consumption-based estimates were affected most by differenire6 shows the difference between production and consump-
production-based estimates, affected less by different definition emissions for the RECCAP regions with Japan, USA,
tions, and affected least of all different economic and tradeCanada, and China additionally disaggregated. Most devel-
data. However, it should be emphasised that the effect of difoped countries are importers of embodied JGnissions,
ferences in the economic and trade data is likely to be unwith the exception of some exporters such as Canada and
derestimated because most elements of the core dataset (ed@eeania (mainly Australia). We have separated Japan and
nomic and trade data) were the same. China from East Asia as the exports and imports tend to
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Fig. 8. The 12 largest inter-regional flows of carbon embodied in trade, from origin of emissions to the region of final consumption, with key
regions disaggregated (2004). The largest single inter-regional flow is from China to USA (98 MtC). These 12 flows account for 40 % of all
inter-regional flows using this grouping.

cancel each other losing some policy-relevant information;den 55 %). China is a particularly important country with a
we do the same for the USA, Canada, and North Americasizeable contribution to most other countries’ consumption-
While Europe imports 23% of its production-based emis- based emission estimates. FigBrghows the 12 largest trade
sions, there is a lot of variation within European countries; flows between the regions, highlighting the role of China and
for example, Latvia has a net import of 92 % and the CzechRussia as important exporters to both Europe and the USA.
Republic has a net export of 19 %, but 21 of the 27 EU coun-There are also large flows between Europe and the USA, but
tries are net importers of emissions. these tend to cancel each other.

Figure7 shows the consumption-based emission estimates Recent studies have found that the size of the emis-
in each RECCAP region and where the emissions occursion transfers are growing rapidly over time, much faster
At the regional level, most of the emissions occur within than many other macroeconomic variables (Nakano et al.,
the region, though for some individual countries most of 2009; Peters et al., 2011b; Wiebe et al., 2012; Lenzen et
the consumption-based emissions can occur outside of thal., 2012). Table 1 confirms that, in general, consumption-
country (e.g. Singapore 67 %, Switzerland 60 %, and Swebased emissions in developed countries are growing faster
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Table 8. The 2004 fossil fuel carbon extracted in each region (extraction), the amount and share exported, the consumption of fossil fuel
carbon (equal to the territorial-based emissions) amount and share imported, and the difference between extraction and production (anc
exports and imports). Exports and imports only represent the trade between the RECCAP regions, and do not include the trade betweer
countries within a region (e.g. Finland and Sweden). The shares are always in terms of extraction.

Extraction \ Production \ Balance

Region Extraction Exports Share Production Imports Shar¢ Balance Share

(MtC) (MtC) (%) (MtC) (MtC) (%) T (MtC) (%)
Africa 566 362 64 240 36 6 325 58
Oceania 245 153 6 115 23 9 130 53
East Asia 1230 24 1817 610 50 —-587 —-48
South East Asia 298 138 4 252 92 31 46 15
South Asia 249 4 2 344 99 40 -95 —-38
Europe 620 55 9 1191 626 101 -571 -92
North America 1567 60 1922 415 26 —-355 -23
Russia 840 350 4 520 30 4 320 38
South America 357 171 4 223 37 10 134 38
Central America 35 14 4 52 31 90 -17 —-49
Eastern Europe 39 1 69 31 78 -29 —74
West Asia 1247 759 6 547 60 5 699 56
Global 7293 2090 Zq 7293 2090 29\ 0 0

than production-based emissions, with the opposite holdingnly analysis of the physical flow of carbon in traded fossil
in developing countries. Although growth of emissions oc- fuels; that is, Davis et al. (2011) aggregated the fossil fuels
curring within these developed countries has slowed in soméy carbon content and not mass or energy content. The MFA
cases, the emissions related to goods and services consumsitidies generally use simplified trade analysis based on ap-
in these regions has continued to grow with increased importgarent consumption, while Davis et al. (2011) used a detailed
of embodied emissions (Fidl). Steinberger et al. (2012) MRIO attribution model including the conversion and trade
explore these differences in terms of indicators of humanin both primary and secondary fuels (e.g. refining of crude
development. Despite the rapid growth in embodied emis-oil into gasoline). Thus, refined petroleum is allocated back
sions, it is important to recall that territorial emissions to to the country of primary fuel extraction (Davis et al., 2011).
meet domestic consumption are still the largest contribu-The results of Davis et al. (2011) show the geographical con-
tor to consumption-based emissions in most countries. Theentration of fossil fuel resources: fuels extracted in China,
growth in the emission transfers do, however, have a signifithe USA, the Middle East (a region of 13 countries), Rus-
cant impact on regional emissions growth, and are thereforsia, Canada, Australia, India and Norway account for 67 %
highly relevant to the design of effective climate policies (Pe- of global CQ emissions. Oil and its refined products domi-
ters and Hertwich, 2008b; Hertwich and Peters, 2009; Davismate international trade in fossil carbon (7.0 Ggd©2004),
and Caldeira, 2010; Peters et al., 2011b; Caldeira and Davidyut international markets for coal (1.8 Gt@Cand natural
2011; Davis et al., 2011). gas (1.5 GtCQ) are substantial and growing (BP, 2011). For
this paper we updated the results of Davis et al. (2011) to in-
clude the most recent data updates and present the results by

4 Physical Flows of Carbon primary fossil fuels (coal, crude oil, and gas). The updated
results are very similar to the original results, but provide
4.1 Fossil fuels more detail. In 2004, 2.7 GtC (37 % of global emissions that

year) were from burning of fuels that were traded interna-
Global trade in fossil fuels is substantial and growing (BP, tionally. In this section, we focus on the results from the ex-
2011). A recent study that analysed £€missions from the  traction of fossil fuels to the point of energy consumption (or
burning of fossil fuels according to where the fuels were emjssion production). Davis et al. (2011) additionally link
extracted found that, in 2004, 2.8 GtC emissions (37 % ofthe results from energy consumption to emissions consump-
global emissions that year) were from burning of fuels thattion (embodied C@ emissions, as described in the previous
had been traded internationally (Davis et al., 2011). Whilesection).
several Material Flow Analyses (MFAS) have investigated Table 8 shows the results for the extended RECCAP

fossil fuels (e.g. Bringezu et al., 2004; Dittrich and Bringezu, regions. The largest extraction occurs in North America
2010; Bruckner et al., 2012), Davis et al. (2011) remains the
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Fig. 9. The top 12 inter-regional flows of fossil fuel carbon embodied in trade from extracting region to producing region, broken down
by primary fuel type, and disaggregated further to highlight key countries (2004). With Japan and China separated, the largest single inter-
regional flow is from Russia to Europe (245 MtC), primarily oil and gas. This grouping also highlights that most of the emissions imports to
North America are in fact to USA.

Table 9. The 2004 fossil fuel carbon used as feedstock in each region (production), the amount and share exported, the consumption of
feedstock for products (consumption) amount and share imported, and the difference between production and consumption (and exports an
imports). Exports and imports only represent the trade between the RECCAP regions, and do not include the trade between countries within
aregion (e.g. Finland and Sweden). The shares are always in terms of production.

Production \ Consumption \ Balance

Region Production Exports ShareConsumption Imports Share Balance Share

(MtC) (MtC) (%) (MtC) (MtC) (%) F (MtC) (%)
Africa 6 2 30 10 6 93 -4 —64
Oceania 2 1 32 5 3 138 -3 -106
East Asia 88 31 3 75 18 20 13 15
South East Asia 20 13 6 13 6 28 7 36
South Asia 16 4 27 16 5 31 -1 -3
Europe 66 17 26| 85 36 55 -19 -29
North America 103 20 1 113 30 29 -10 -10
Russia 17 10 5 10 2 14 8 45
South America 11 3 2 13 5 41 -1 -13
Central America 5 2 3 5 2 32 0 4
Eastern Europe 2 1 5 3 2 72 0 —-17
West Asia 30 18 60 20 8 27 10 33
Global 367 122 33| 367 122 33| 0 0

(1.6 GtC), followed by similar values in West Asia (1.2 GtC) 42 %). Key importers of fossil fuels are Europe (626 MtC),
and East Asia (1.2 GtC). Most of the extraction in North which imports as much as it extracts; East Asia (610 MtC),
America is used domestically (4 % exported), and this simi-which imports 50 % of its extraction; and North America
larly occurs in East Asia (2 % exported). In West Asia most (415 MtC), which imports 25 % of its domestic extraction.
of the carbon is exported (759 MtC, 61 % of extraction) and Even though North America imports large amounts of fos-
other regions exporting a large share of their extraction aresil fuels, it is less dependent on imported sources of fos-
the Russian region (350 MtC, 42 %), Africa (362 MtC, 64 %), sil fuels measured in terms of carbon than many other re-
Oceania (153 MtC, 62%) and South America (171 MtC, gions. Europe, East Asia, and North America are the largest
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net importers and West Asia, Africa, and the Russian regiorbon from East Asia to North America (7 MtC). The Russian
are the largest net exporters of carbon. These results changegion exports a large amount to Europe (4 MtC) which ac-
when production is further linked to consumption to provide counts for almost half of the region’s exports. Despite large
the full link from the extraction of fossil fuels to the point of trade flows relative to production, considerably less carbon
consumption of goods and services (Davis et al., 2011). is traded internationally in petroleum-derived products com-
Figure 9 shows the top 12 inter-regional flows disaggre- pared to fossil fuel carbon (petroleum-derived products are
gated by fuel type (coal, oil, gas) between the extended RECenly about 5% of fossil fuel carbon extracted). Since this is
CAP regions (USA, Canada, Japan, China disaggregatedjhe first study on physically embedded flows in petroleum-
The total trade between all 112 countries and regions in thelerived products, more analysis is needed to confirm our re-
database is 2.7 GtC (37 % total emissions), but due to intrasults.
regional trade flows this is lower at 2.1 GtC (29 %) between
the RECCAP regions. The largest flow is from the Russian4.3 Biomass Flows
region to Europe (245 MtC) dominated by oil and some gas. _ ) ) ) )
There are many large flows from West Asia, mainly oil, with !n th.|s section we consider physical flows of carbon via trade
the largest to Japan (165 MtC) and Europe (132 MtC). Africall Piomass: harvested wood products (HWPs), crops, and
has a large export to Europe (163 MtC) with a mix of coal, fged use.d for livestock. Following the convention in emis-
oil, and gas, and a large export of oil to North America SiO" statistics (IPCC, 2006), we assume that carbon emis-

(85MtC). There are large imports into Europe dominated bysions from oxidising_biomass are sequestered soon after in
the Russian region, Africa, and Middle East. North America th€ regrowth of the biomass (carbon neutral). In reality, there
has more varied imports from Canada, Mexico, South Amer-S @ time-lag between oxidation and regrowth, but we do not
ica, and Africa. Australia has a large export of coal to Japarconsider that here (Cherubini et al., 2011).

(62 MtC). These flows reflect the location of fossil resources,  SiNce we use the GTAP-MRIO to allocate carbon from

together with the demand for fossil fuel above domestic re-Piomass flows, we expect to get different results from pre-
SOUrces. vious studies as we include a high level of processing. In the

GTAP-MRIO the biomass carbon is allocated to the sector
that harvests it, and then the GTAP-MRIO reallocates it to
the sectors that consume the carbon. Most studies on biomass

Carbon is traded in petroleum-derived products such adlows in the literature only consider apparent consumption
plastics, fertilisers (e.g. ammonia and urea), and fue|sar_1d_thus do notinclude processing (e.g. Bringezu et al., 2004;
(e.g. methanol), though we are unaware of studies that atc1ais et al., 2007, 2008; Krausmann et al., 2008; Erb et al.,
tempt to estimate the amount of carbon in these products thag009: Dittrich and Bringezu, 2010). Some studies on appar-
enters international trade. The GTAP-MRIO emission datasefNt consumption, however, have considered multiple trade
(Peters et al., 2011a) includes estimates of the fossil carbolinks (Kastner et al., 2011a, b) which can be considered as
used as feedstock into chemical industries. The feedstockd tYP€ Of processing. Since the GTAP-MRIO considers mul-

are consistent with the feedstocks removed from the analysidP!€ trade links, and multiple levels of processing between
in the study on trade in fossil fuel carbon (Davis et al., 2011)Products, itis expected that the GTAP-MRIO would allocate
and presented in the previous section. a larger share to international trade compared to other studies

We estimate that in 2004 there was approximatelyin the literature. o _
367 MtC physically embedded in petroleum-derived prod- To explore the differences between s_tudles in more detail,
ucts. Of this, we found that 183 MtC (50 % of the carbon in we aIIocate_the carbon to countries using three different ap-
that year) were in petroleum-derived products traded internaProaches with the GTAP-MRIO:
ftionally, With this amount reducing to 122_MtC (33%)dueto 1 oyr standard approach, as presented in Table 10, is
intra-regional trade for the RECQAP regions. Tab_le93h0ws based on a full GTAP-MRIO model which consid-
the results for the RECCAP regions. North America has the
largest production of feedstocks for products (103 MtC), fol-
lowed by East Asia (88 MtC) and Europe (66 MtC). North
America and Europe use most of their feedstocks domesti-
cally and supplement them with net imports. Trade flows in
other regions are larger relative to North America and Eu-
rope. The largest export is from East Asia to North America 2. We also use a method called Emissions Embodied in
(12 MtC) and East Asia to Europe (9 MtC). North America Bilateral Trade (EEBT) which considers the domestic

4.2 Petroleum-derived products

ers full processing along the global supply chain. Our
method captures trade in a wide range of sectors even
if they are not clearly identified as containing biomass;
for example, miscellaneous toys and books would be in-
cluded.

exports to Europe (9 MtC) and Europe back to North Amer- (not global) supply chain and thus contains a lower
ica (6 MtC), giving a much smaller net export from North level of processing (Peters, 2008; Peters and Hertwich,
America to Europe (3MtC). Likewise, North America ex- 2008b). It is not possible to determine in advance if the
ports back to East Asia (5 MtC), giving a net flow of car- MRIO or EEBT method gives a higher estimate, as it
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Table 10. The 2004 industrial roundwood extracted in each region (production) in terms of carbon, the amount and share exported, the
consumption amount and share imported, and the difference between production and consumption (and exports and imports). Exports anc
imports only represent the trade between the RECCAP regions, and do not include the trade between countries within a region (e.g. Finland
and Sweden). The shares are always in terms of production.

Production \ Consumption \ Balance

Region Production Exports SharfeConsumption Imports Sharg Balance Share

(MtC) (MtC) (%) (MtC) (MtC) (%) F (MtC) (%)
Africa 19 4 22 17 3 14 1 8
Oceania 11 4 3 9 2 16 2 20
East Asia 25 9 34 42 25 99 -17 —65
South East Asia 22 14 6 9 2 8 13 58
South Asia 8 1 10 10 3 36 -2 —26
Europe 72 11 15 86 25 34 -14 -19
North America 138 14 1 143 19 14 -5 -4
Russian Region 31 18 5 15 2 5 17 53
South America 38 9 2 30 1 3 8 22
Central America 1 0 2 2 1 105 -1 —-76
Eastern Europe 5 3 5 3 1 15 2 42
West Asia 3 1 21 8 6 190 -5 -170
Global 373 88 24\ 373 88 24 \ 0 0

depends on how much trade a country has in intermediinto each region. Globally, we find that 373 MtC are ex-

ate (semi-processed) products (Peters, 2008; Kanemottracted, with the largest extraction occurring in North Amer-

etal., 2012). ica (138 MtC) followed by Europe (72 MtC), South America

_ _ . (38 MtC), and then the Russian region (31 MtC). The rank-

3. To de_term_me the effects of using apparent consumpnor]ng is only slightly changed when using a consumption ba-
(that is, without fgrther processing of tr_aded products),sis' with North America having a small net import to in-
we have also estimated trade flows using the monetaryease its contribution (to 143 MtC), Europe also having a
trade data from the GTAP-MRIO only (TRADE). FOr ot import increasing its share (86 MtC), East Asia having
this, we distribute the carbon directly to each sectory large increase in its contribution (42 Mt) representing a
according to the share of exports from that sector anthet import of 65 % of its harvest, and South America hav-
we distribute the exports according t_o the bilateral tradeing a slight decrease (30 MtC) representing a net export. The
data. In the case of HWPs, we distribute the forest har'largest importer is North America (143 MtC), followed by
vest over bot.h the forestry and wood and paper product%urope (86 MtC) and East Asia (42 MtC). The regions with
sectors (not just the default to the forestry sector). the largest differences between production and consumption

The results from these three approaches are compared to il @bsolute terms are the Russian region (exporter), East

sults from independent studies. Asia (importer)., Eurc_)pe (exporter), apd South East Asia (im-
porter). Countries with small domestic forestry sectors, such

4.3.1 Harvested Wood Products as in West Asia and Central America, have large relative im-
ports.

Estimates of carbon flows in harvested wood We estimate the global trade in HWPs to be 148 MtC

products (40% of global production), though when aggregating to

RECCAP regions, many of the intra-region flows cancel
We linked the GTAP-MRIO to harvested wood products (in- |eaving 88 MtC (24 % of the global total; Table 10). The
dustrial roundwood) to estimate the carbon traded via harveshtra-regional flow can be considerable: for example, includ-
wood products (HWPs). In this analysis we only consider theing intra-regional flows increases North America’s exports
transport of carbon between regions, and we do not estimatgom 14 MtC to 40 MtC mainly due to a large flow from
when that carbon maybe emitted to the atmosphere. The rezanada to the USA (22 MtC). Figurk shows the largest
lease of carbon to the atmosphere will depend on the decajter-regional trade flows. The Russian region is the largest
times of the different product pools (Pingoud et al., 2006; exporter of HWPs (18 MtC, 58 % of total), with large flows
Cherubini et al., 2012). to East Asia (6.2 MtC), Europe (5.9 MtC), and a smaller flow

Table 10 shows the industrial roundwood in terms of car-to North America (18 MtC) South East Asia is the next
bon that is harvested, consumed, exported, and imported
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Fig. 10.The top 10 flows for carbon flows in HWPs, crops, and livestock products (2004). The region colours represent the net flows out of
each RECCAP region (Table 13). The colours of the arrows refer to the different types of carbon flows. Most flows are dominated by carbon
in crops, then HWPs, with the carbon in livestock products much smaller.

biggest exporter (14 MtC, 66 % of total), with large flows Our MRIO and EEBT approaches generally give larger net
to East Asia (4.6 MtC), North America (3.1 MtC), and Eu- flows, and they are of similar magnitude and sign, except
rope (2.5 MtC). The third and fourth largest exporters (North for China. We find a total global trade flow of 148 MtC for
America and Europe) do not appear in many of the topthe MRIO method and 153 MtC for the EEBT method. The
flows, indicating that these regions export to a wide rangeTRADE approach gives a trade flow of 105 MtC, less than
of other regions. The fifth largest exporter is South Americathe MRIO and EEBT methods, but this is expected as it does
(9 MtC, 25% of total), with the largest flows to North Amer- not include processing. In most cases, TRADE also gives
ica (3.4 MtC) and Europe (2.5MtC). The large flow from smaller estimates at the country level. All three methods give
Oceania represents exports from Australia and New Zealanda similar trend for the countries shown. Ciais et al. (2008)
To put the inter-regional flows into perspective, the largestonly consider European countries with a base year of 1997.
intra-regional flow at the disaggregate level is from Canada toThey use an apparent consumption approach and their esti-
the USA (22 MtC), much larger than any single inter-regional mates are generally in line with the other results for the coun-
flow. In addition, the inter-regional flows can differ substan- tries considered. There is no clear trend on whether their ap-
tially depending on how the results are allocated. For examproach is better approximated by any of our three methods.
ple, the second largest inter-regional flow is from Chinatothe Kastner et al. (2011a) estimates a total global trade of 129
USA (3.6 MtC), which is not seen in the RECCAP results asMtC yr—! averaged over 1997-2007, representing 33 % of
it is offset by trade in the aggregated regions, for examplethe total extraction (our MRIO found 149 MtC or 40% in
from USA to Japan (3.1 MtC, third largest flow). Thus, care 2004). It is expected that the method of Kastner et al. (2011a)
needs to be taken if interpreting the inter-regional flows inis lower than our MRIO method as they do not include pro-
country specific applications. cessing between industry sectors. At the country level, we
find much larger variations between Kastner et al. (2011a)
and our estimates (Fid.1). China, for example, differs in
Comparisons with other studies size and considerably in magnitude (net importer of —21 MtC
in Kastner et al. (2011a) net exporter of 3 MtC in the GTAP-
We are not aware of many studies that consider internationaMRIO). There are other significant outliers for the Russian
trade in harvested wood products (HWPs) at the internationaFFederation, Indonesia, Chile, Korea, Japan, and the USA. In
level. We compare three methods of allocation using thethe particular case of China, there is considerable processing
GTAP-MRIO with the results of Kastner et al. (2011a) and of raw materials before export as manufactured products and
Ciais et al. (2008) in Figl1 Both of these authors use an ap- different levels of processing may be the underlying cause of
parent consumption approach, though Kastner et al. (2011&je differences we report. However, it is not possible to con-
consider multiple levels of trade (but not processing). Fig-clusively determine without further analysis what the cause
urel1shows a relatively large spread between the estimatef the difference is. For many other countries, their results.
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0 o GTAP RO ports, such as West Asia and Europe. Oceania and South
C] et America both have a net export of around 50 % of their pro-
® g o ;Kas}tneretal(ZOll) duction.
o ccmmeraion We estimate the global trade in crops to be 522 MtC
(31% of global total), though when aggregating to REC-

CAP regions, many of the intra-regional flows cancel leav-
ing 396 MtC traded (23 % of the global total; Table 11). Fig-
ure 10 shows the largest inter-regional trade flows. North
America is the largest exporter of crop carbon (92 MtC,
C e 35% of the South East Asian total), with large flows to
° East Asia (26 MtC), Africa (10 MtC), and Europe (10 MtC).
South East Asia is the next biggest exporter (83 MtC, 38 %
of the North American total), with large flows to East Asia
Fig. 11.A comparison of different methods of estimating the trade (21 MtC), Europe (17 MtC), and North America (11 MtC).
in harvested wood products (HWPs) for the 20 largest net (exportst he third largest exporter is South America (79 MtC, 47 %),
minus imports) flows (see text). The Ciais et al. (2008) results arewith large flows to Europe (26 MtC), East Asia (11 MtC),
for 1997, while all other studies are for 2004. and Africa (10 MtC). East Asia is the fourth largest exporter
(49 MtC, 15 %), with a large flow to Europe (14 MtC). The
largestimporter is Europe (99 MtC), followed closely by East
differ from our three methods, and there is not a clear trendAsia (95 MtC), and then North America (53 MtC), Africa
on whether any of our methods better approximate the result$39 MtC), and West Asia (38 MtC). These intra-regional
of Kastner et al. (2011a). flows hide the most significant inter-regional flows. The
Overall, Fig.11 shows that the carbon fluxes between re- largest regional flows are from the USA to Japan (22 MtC)
gions follow similar trends for all the methods used, thoughand China to Japan (15 MtC). These individual flows can be
the results of Kastner et al. (2011a) exhibit greater variabil-as large as the intra-regional flows as they tend to cancel; for
ity. Further investigation is required to understand these dif-example, the USA to Japan flow is partially compensated by

Net flow (MtC)
o

G

%, 5

r‘u
S

-30

ferences. flow from China to the USA (8 MtC). Thus, the RECCAP
inter-regional flows can mask significant and more policy-
4.3.2 Crops relevant flows between individual countries in and between

the RECCAP regions.

A small part of the crop carbon from Table 11 represents
crops that are fed to livestock; 244 MtC out of 1704 MtC of
We linked the GTAP-MRIO to crop production data to es- crops (14 %) or 3236 MtC of livestock carbon consumption
timate the physical carbon flows via crops. Table 11 showg7.5 %). We did not reallocate this to livestock and thus it re-
crops in terms of carbon that is extracted (produced), conmains in the crop data. Since we estimate the carbon flows as-
sumed, exported, and imported into each region. Glob-sociated with livestock using a feed demand model, this does
ally, we find that 1704 MtC are extracted, with the largest not affect the livestock results. Foley et al. (2011) report that
extraction occurring in East Asia (329 MtC) followed by 35 % of global crop production is used for animal feed and
North America (265 MtC), South East Asia (221 MtC), South Ciais et al. (2007) report 29 %. Our estimate of 244 MtC out
Asia (208 MtC), South America (168 MtC), and then Africa of 1704 MtC of crops (14 %) is considerably lower than these
(158 MtC). The ranking is only slightly changed from a con- estimates, but our results are consistent with the FAO data we
sumption basis, with East Asia having net imports to in- used (FAO, 2012a). Our input data for crops considers crops
crease its share (375 MtC), Europe increasing its contributiorprimarily used for human consumption and has less detail on
(246 MtC) through a large net import (83 MtC), North Amer- animal feed and foddér Thus, we assume livestock feed is
ica decreasing its contribution (226 Mt) with a net export, primarily estimated using the feed model presented earlier.
South Asia having a similar contribution (213 MtC), Africa
having a netimport to increase its contribution to (182 MtC),
South East Asia having a net export decreasing its contribu
tion (152 MtC), and South America having a large net ex-

Estimates of carbon flows in crops

Comparisons with previous studies

T 0 . - Figure12 shows a comparison of different methods and es-
port decreasing its contribution (96 MtC). The regions with timates of carbon trade in crops. We show three methods

Fhe largest differences betweerl production and conspmptlogased on the GTAP database — MRIO, EEBT, and TRADE
in absolute terms are Europe (importer), South America (ex- s explained earlier — and we show independent results from
porter), South East Asia (exporter), East Asia (importer), and’

North America (export). Countries with a small domestic  #http://faostat.fao.org/site/362/DesktopDefault.aspx?
crop sector compared to population have large relative im-PagelD=362
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Table 11.The 2004 crops extracted in each region (production) in terms of carbon, the amount and share exported, the consumption amount
and share imported, and the difference between production and consumption (and exports and imports). Exports and imports only represen
the trade between the RECCAP regions, and do not include the trade between countries within a region (e.g. Finland and Sweden). The
shares are always in terms of production.

Production \ Consumption \ Balance
Region Production Exports ShareConsumption Imports Sharg Balance Share
(MtC) (MtC) (%) (MtC) (MtC) (%) F (MtC) (%)
Africa 158.4 15.6 10 182.1 39.3 25| -237 -15
Oceania 225 16.9 7 11.2 55 24 11.4 50
East Asia 329.2 49.1 1 375.0 94.8 29| —-457 -14
South East Asia 221.2 83.1 38 152.8 14.7 7 68.3 31
South Asia 207.9 10.9 213.1 16.0 8 -5.1 -2
Europe 163.2 16.1 1 246.3 99.3 61 -83.1 51
North America 264.6 91.6 3 226.3 53.2 20 38.4 15
Russia 69.9 15.9 2 65.7 11.7 17 4.2 6
South America 167.6 79.3 4 96.2 7.9 5 71.4 43
Central America 15.1 4.6 3 20.1 9.5 63 —-49 -33
Eastern Europe 25.7 5.2 20 25.7 5.2 20 -0.1 0
West Asia 58.4 7.5 1 89.3 384 66| —-309 53
Global 1703.7  395.6 23 1703.7  395.6 23 0.0 0
60 o 6TaP MO Figure 12 shows a high degree of scatter in the results at
. e e the country level, although these can largely be explained
wir—o¢ © Krausmann et (2008) by the background methodologies. The GTAP-MRIO and
s, ° S GTAP-EEBT approaches both consider a high level of pro-
* e ® %o 0o cessing (for example, carbon from crops that are embodied
g |3 o o e ; ® g o in clothing). When using the TRADE method to approximate
é & o ég o : PRryn ‘ f 8.8 2D g PR apparent consumption, it is found that it is quite close to the
A ‘}f“ F&&TEFS \ S Tvery \é,fg? ‘g"f’o estimates of Krausmann et al. (2008) and Ciais et al. (2007).
S $ 8 This supports the conclusion that the variation in the results is
& ) H due to a different definition of consumption: apparent versus
- final consumption. Thus, based on this comparison, it would
] appear that processing is particularly important in estimating

-60

Fig. 12.A comparison of different methods of estimating the carbon

the physical carbon flows between regions.

trade in crops for the 20 largest net (exports minus imports) flows4.3.3  Livestock products
(see text). The Ciais et al. results are for 1997, Krausmann et al. for
2008, and the MRIO, EEBT, and TRADE results are for 2004.

Estimates of carbon flows in livestock products

Finally, we linked the GTAP-MRIO to a model on biomass

Krausmann et al. (2008) and Ciais et al. (2007). We con-consumption by livestock and conversion efficiencies to live-
vert the results of Krausmann et al. (2008) into carbon usingstock products to estimate the carbon traded in livestock
a dry matter to carbon conversion of 0.45tC/tDM. Kraus- products. Globally, we estimate that 3236 MtC are consumed
mann et al. (2008) estimate crop harvest as 1544 MtC andby livestock. After adjusting for the conversion efficiency of
crop trade as 393 MtC, comparable to our estimates of 170diomass into livestock products, we estimate that 129 MtC
and 396 MtC. We could expect similarity in the crop harvestremain in the livestock products. The global average conver-
due to the use of similar input data, but the similarity in the sion efficiency is 4 %, but varies from 1.1 % in Sub-Saharan
total trade may simply be chance, given large differences inAfrica to 9.2 % in Eastern Europe (Krausmann et al., 2008).
methodology; this is clearly seen at the country level, where Table 12 shows the carbon in livestock products that
there are marked variations. Ciais et al. (2007) estimate crore produced, consumed, exported, and imported into
harvest of 1290 MtC for 1998 and trade of 174 MtC. This is each region. Globally, we find that 129 MtC are in live-
lower than our estimate and Krausmann et al. (2008) as Ciaistock products, with the largest production occurring in
et al. (2007) only consider a subset of all crops. East Asia (26 MtC) followed by North America (25 MtC),
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Europe (25 MtC), South America (13 MtC), and South Asia as 5.3 GtC for 2004, comparable with the used extraction of
(12 MtC). The ranking is changed when allocated to the5.5GtC for 2000 in Krausmann et al. (2008). Krausmann et
region where the livestock products are consumed. Northal. (2008) estimate trade in plant biomass as 393 MtC (crops
America and Europe both have increases in their allocatiorand forests), which is less than our estimate for crops and
(29 MtC for North America and 28 MtC for Europe) due to forests (484 MtC, Table 10 and Table 11). Since Krausmann
net imports of 3MtC, while East Asia has a decreases in itset al. use apparent consumption, we expect their estimate to
contribution (22 MtC) through a net export (4 MtC). South be lower.
Asia decreases its contribution slightly (11 MtC) due to anet The actual carbon fluxes between regions (Table 13) are
import (0.5 MtC); South America decreases its contribution particularly important for balancing regional carbon bal-
(10 MtC) through a net export (3 MtC); and West Asia has ances. We find that the largest net exporters of carbon are
an increase in its contribution (8 MtC) due to a net import South America (83 MtC) and South East Asia (81 MtC). The
(2 MtC). The regions with the largest differences betweenlargest net importers of carbon are Europe (100 MtC), East
production and consumption in absolute terms are East Asidsia (159 MtC), and West Asia (38 MtC). Figuld® shows
(exporter), North America (importer), Europe (importer), the top 10 trade flows for carbon in HWPs, crops, and live-
and South America (exporter). Countries with a small do-stock products. The flows for crops dominate, followed by
mestic livestock sector compared to consumption have largéhe flows of HWPs, and livestock products are much smaller.
relative imports, such as West Asia (28 %) and Central Amer-The figure clearly shows there is a large net flux out of South
ica (21 %). Oceania has a net export of around 41 % of theirAmerica with the largest flows to Europe (31 MtC), and to
production, and South America 22 %. North America and East Asia (both 31 MtC). The large flows
We estimate the global trade in livestock carbon to beout of North America are almost completely compensated
28 MtC (22 % of global total), though when aggregating to by large inflows. The largest flows are an export to East
RECCAP regions, some of the intra-regional flows cancelAsia (51 MtC), an import from East Asia (25 MtC), an ex-
leaving 17 MtC traded (13 % of the global total; Table 12). port to Europe (17 MtC), and an import from South Amer-
Figure 10 shows the largest inter-regional trade flows. Eastica (15 MtC). East Asia also exports a large share to Europe
Asia is the largest exporter of livestock carbon (6 MtC, 23 % (20 MtC), and also has large imports from South East Asia
of total), with largest flows to North America and Europe (30 MtC).
(2 MtC each), and West Asia (0.3 MtC). South America is The flows are considerable in magnitude, about one-third
the next biggest exporter (3 MtC, 24 % of total), with largest of fossil fuels, and could have a large effect on balancing
flows to Europe (1 MtC), and North America and West Asia regional carbon budgets. Our estimates are higher than the
(0.4 MtC each). The largest net importers are Europe andnore common approach of apparent consumption (e.g. Ciais
North America (5MtC each), followed by East Asia and et al., 2008; Krausmann et al., 2008), thus we would suggest
West Asia (2 MtC each). These intra-regional flows hide thethat lateral fluxes are larger than currently assumed. How-
most significant inter-regional flows. The largest regional ever, since we consider such a high level of processing, it
flows are from China to the USA (2 MtC) and China to Japanmay also be that we overestimate the traded flows of reduced
(1 MtC). These individual flows can be as large as the intra-carbon as some may be oxidised along the supply chain. We
regional flows as they tend to cancel. Thus, the RECCAPhave not considered product decay (Pingoud et al., 2006;
inter-regional flows can mask significant and more policy- Cherubini et al., 2012), and this should be coupled with the
relevant flows between individual countries in and betweenbiomass flows as some of the biomass will be oxidised be-
the RECCAP regions. fore entering the trade flows (e.g. as waste in processing) and
some will be oxidised over multiple years (decay of HWPS).
Thus, further analysis of our results is required to determine

Comparisons with previous studies the relevance for regional carbon budgets.

We are not aware of other global studies that track carbon in
livestock products. 5 Discussion

4.3.4 Combined carbon in biomass flows Table 14 summarises the total carbon and flows of carbon
between all 112 countries and regions analysed and the 12
Table 13 shows the aggregated flows of forests, crops, anRECCAP regions considered. We split the table into fossil
livestock carbon (Table 10, Table 11, and Table 12). Thesduel carbon and biomass carbon. Fossil fuel carbon is split
tables show the carbon physically within products that enterinto physically traded carbon, embodied carbon which addi-
the economic system and hence trade flows. If we do not contionally includes cement and gas flaring (hence the total car-
sider the livestock conversion efficiencies (that is, considerbon is different from the total fossil fuel carbon), and carbon
biomass consumed by livestock and not the carbon in livein petroleum-based products. Physically traded fossil fuels
stock products) we estimate the total carbon in biomass flowsre the largest source of internationally traded emissions,
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Table 12.The 2004 carbon in livestock products in each region (production), the amount and share exported, the consumption amount and
share imported, and the difference between production and consumption (and exports and imports). Exports and imports only represent the
trade between the RECCAP regions, and do not include the trade between countries within a region (e.g. Finland and Sweden). The share
are always in terms of production.

Production \ Consumption \ Balance

Region Production  Exports Export Consumption  Imports Impor Net Net

(MtC) (MtC) share (%) (MtC) (MtC) share (%)| (MtC) share (%)
Africa 6.2 0.6 9 6.4 0.8 13| -0.2 -3
Oceania 4.2 2.0 4 25 0.3 7 1.7 41
East Asia 26.2 6.1 2 22.3 2.2 9 3.9 15
South East Asia 3.4 0.5 1 3.6 0.7 20| -0.2 -6
South Asia 11.8 0.7 11.3 0.2 2 0.6 5
Europe 24.7 2.0 27.7 5.0 20| -3.0 -12
North America 25.2 1.3 28.5 4.6 18 -3.4 -13
Russia 6.0 0.3 6.5 0.9 15| -0.5 -9
South America 12.8 3.0 2 10.0 0.2 2 2.8 22
Central America 0.7 0.1 1 0.9 0.3 34| -0.2 =21
Eastern Europe 21 0.4 2 2.0 0.3 16 0.1 5
West Asia 5.8 0.2 4 7.5 1.9 32| -1.6 -28
Global 129.2 17.4 13 129.2 17.4 13| 0.0 0

Table 13.The total biomass in carbon (HWPs, crops, livestock products) for production, consumption, exports, imports, and the balance
(2004). All percentages are relative to the regional production.

Production \ Consumption \ Balance

Region Production  Exports Export Consumption  Imports Impor Net Net

(MtC) (MtC) share (%) (MtC) (MtC) share (%)| (MtC) share (%)
Africa 183.2 20.2 11 205.6 42.7 23| -22.4 -12
Oceania 37.8 22.8 6 22.5 7.5 20 15.3 40
East Asia 380.8 63.7 1 439.3 122.2 32| -585 -15
South East Asia 246.6 98.0 4 165.8 17.2 7 80.8 33
South Asia 227.4 12.4 234.0 18.9 8/ -6.6 -3
Europe 259.8 29.0 1 359.9 129.0 50| —-100.1 -39
North America 427.6 106.8 2 397.7 77.0 18| 29.8 7
Russia 107.3 34.3 3 87.0 14.1 13 20.2 19
South America 218.3 91.7 4 135.8 9.1 4 82.5 38
Central America 17.0 5.0 3 23.0 11.0 65/ -6.0 -35
Eastern Europe 33.2 8.7 2 30.9 6.4 19 2.3 7
West Asia 67.1 8.3 1 104.6 45.8 68| -37.5 -56
Global 2206.2  500.9 23 2206.2  500.9 23 0.0 0

at 2.7 GtC from total emissions of 7.3 GtC from combus- are about half the size of the embodied emissions. The largest
tion of fossil fuels (37 %). Emissions embodied in interna- contribution is from the international trade in crops 0.5 GtC
tionally traded goods and services from fossil fuel combus-(31 % of 1.7 GtC total carbon); harvested wood products are
tion, cement, and gas flaring, represents 1.7 GtC (22 % ofnuch smaller with 0.1 GtC (40 % of 0.4 GtC), and carbon
all embodied emissions). Also associated with fossil fuels isin livestock products smaller again with 0.03 GtC (22 % of
the carbon in petroleum-derived products (plastics, fertilis-0.1 GtC). All of the flows are of sufficient magnitude to war-
ers, and so on). The total carbon for petroleum-derived prodfant deeper investigation, except perhaps the carbon in live-
ucts is much smaller (0.4 GtC), as are the trade flows 0.2 GtGtock products and petroleum-derived products. The carbon
(50 %). For biomass carbon, we consider the carbon in indusassociated with fossil fuels is of most relevance to climate
trial roundwood (HWPSs), crops, and livestock products. At policy, while the carbon associated with biomass is rele-
the aggregated level, the total trade flows in biomass carbowant to both climate policy and to balancing regional carbon
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Table 14.A summary of the total and traded carbon associated with different activities (2004). Embodied carbon is emitted in the production
of goods and services which are consumed in other countries, while all the other categories are physical flows of carbon. The total biomass
includes HWPs, crops, and livestock products. The total trade considers international trade between all 112 countries and regions in our
analysis, while RECCAP trade considers only the trade between the RECCAP regions.

\ Total trade \ RECCAP trade
Global Traded Share Traded Share
carbon (MtC) | carbon (MtC) traded (%) carbon (MtC) traded (%)
Fossil fuels \ \
Physical carbon 729 2673 37 2090 29
Embodied carbch 7427 1661 22 1199 16
Petroleum products 36 183 50 122 33
Biomass total 2206 699 32| 501 23
Livestock products 12 28 22 17 13
Crops 1704 522 31 396 23
HWPs 373 149 40 88 24

* Embodied carbon includes emissions from fossil fuel combustion, cement, and gas flaring and uses the{GTAREA
emission dataset. Thus, the total carbon differs to the total for physical carbon which necessarily uses the GTAP7.1 emission
dataset and does not include cement production and gas flaring.

budgets. International trade is growing rapidly at the globalWhile data and methods will improve over time with further
level (Peters et al., 2009), indicating these flows will becomeresearch, the greatest need for further research is to iden-
more important in time. tify how consumption-based emission estimates can be best
There is a growing literature on the importance of embod-utilised in policy settings.
ied emissions in climate policy (Wiedmann et al., 2007; Pe- The literature on physical flows of carbon in biomass flows
ters and Hertwich, 2008b; Hertwich and Peters, 2009; Wied-is relatively small. There are only a few global studies, all of
mann, 2009; Nakano et al., 2009; Davis and Caldeira, 2010which have different objectives (Ciais et al., 2007; Kraus-
Wiebe et al., 2012). Due to the rapid growth of international mann et al., 2008; Erb et al., 2009; Kastner et al., 2011a). All
trade relative to economic activity, embodied emissions areof these studies have used the concept of “apparent consump-
growing over time (Nakano et al., 2009; Peters et al., 2011btion”, and thus they do not include processing nor, with the
Caldeira and Davis, 2011; Wiebe et al., 2012). Much of theexception of Kastner et al. (2011a), multiple levels of inter-
literature has focused on the issue of weak “carbon leaknational trade. We believe our estimates are the first to link
age” (Peters, 2010b). The studies robustly indicate that theréhe most significant biomass flows to a standard and well-
are large, and increasing, flows of carbon between regionsgstablished attribution method. Since our analysis considers
with a net flow of embodied carbon from emerging to de- multiple levels of processing, our estimates of carbon flows
veloped countries. Understanding these flows helps to unare much higher than those reported in the cited literature.
derstand regional emission drivers (Raupach et al., 2007; L&he high level of processing in our method may not, how-
Quére et al., 2009) and may assist in the design of climateever, be suitable for all applications. In the case of regional
policies (Peters and Hertwich, 2008a; Peters, 2008). Underearbon budgets, the entry of carbon to the atmosphere is rel-
standing embodied flows is also useful for the assessmergvant, and our method may allocate too much to exports due
of border taxes (Atkinson et al., 2011) and competitivenesgo temporal decay along the supply chain (e.g. waste). While
concerns more broadly (Peters, 2010b). More recently, theur analysis on biomass flows was primarily in the context
importance of carbon flows in fossil fuels have been identi-of regional carbon budgets, there are also policy applica-
fied and compared with embodied carbon (Davis et al., 2011}ions. As for embodied carbon, understanding the regional
and linked to human development indicators (Steinberger edrivers of biomass production and consumption is important
al., 2012). The methods to estimate embodied emissions argkrausmann et al., 2008; Erb et al., 2009). Tracking carbon
well-established (Wiedmann et al., 2007; Wiedmann, 2009;in HWPs is already important in policy (Cowie et al., 2006;
Peters, 2010a), but independent studies often do not providBingoud et al., 2006), and has many parallels with concepts
a clear comparison with other studies and explanations foused in embodied carbon analysis. We believe carbon and
differences. Thus, it appears estimates vary considerably bediomass flows in international trade have currently received
tween studies when differences may be caused by controltoo little attention, and there is a need for more research on
lable difference in data and definitions, as shown here andanethodology, scientific applications, and understanding the
elsewhere (Peters and Solli, 2010; Wiedmann et al., 2011)implications for policy.
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