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ABSTRACT

ARTICLE HISTORY

Globalisation has narrowed the gap between producers and consumers of goods and services. The linkages between international
trade and carbon dioxide (CO2 ) emissions have started to be recognised, yet the extent of outsourcing of emissions across nations is
unknown. Filling this gap in knowledge is critical for designing effective policy mechanisms for assigning responsibility for reductions in
emissions. Here we present a structural decomposition analysis of
global trends in outsourcing of emissions from 1990 to 2010 for 186
individual countries. To this end, we disaggregate total CO2 emissions for each country into contributions from the domestic economy and international trade. This allows us to unveil outsourcing
trends for all nations confirming a world-wide shifting of emissionsintensive production across borders. We categorise nations into
“outsourcers” – countries that outsource carbon-intensive production to so-called contractor nations. Our detailed assessment of the
commodity content of global outsourcing flows reveals interesting
insights about the trade of carbon-intensive commodities.
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1. Introduction
In November 2015, world leaders gathered in Paris to negotiate an agreement on reducing climate change caused by greenhouse gas emissions (UNCCC, 2015). Whilst there is
a global consensus that climate change is real and happening, a lot needs to be done to
limit global emissions to no more than 1.5°C above pre-industrial levels. In order to design
and implement strategies for effectively mitigating climate change, climate policy needs to
address the root causes of global warming, which in turn requires a thorough understanding of the trends and outsourcing of CO2 emissions (Ekins, 2004). In essence, outsourcing
of emissions refers to the decoupling of the location of production of goods from that of
consumption. Hoekstra et al. (2016) use the term outsourcing to refer to the purchase of
intermediate and final goods from abroad, whilst we refer to outsourcing as imports of carbon emissions embodied commodities. Many developing nations such as China and India
manufacture carbon-intensive goods that are eventually imported and consumed by developed nations such as the USA and many European countries, leading to significant carbon
flows around the globe (Peters et al., 2011).
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Undoubtedly, globalisation and international trade have narrowed the gap between producers and consumers. This is evident in the amazing levels of growth in the gross domestic
product of many nations (Dreher, 2006). The role of international trade in increasing carbon dioxide (CO2 ) emissions has been widely recognised (Peters et al., 2012); however, the
extent of outsourcing of emissions across borders is unknown. In particular, there is insufficient detail on the outsourcing trends of emissions for all world countries, more specifically
the kinds of CO2 -embodied commodities that are traded across borders (referred hereon
as the commodity content of outsourcing). The changes and trends in global carbon emissions can be studied using a well-established technique called structural decomposition
analysis (SDA).
SDA is based on macroeconomic input–output theory (Leontief, 1936). SDA can be used
to break down changes in CO2 emissions over time, into contributions from key physical and economic determinants such as fuel efficiency, technological change, affluence
and population growth. These determinants can act as either accelerators or retardants
of emissions. SDA has been widely used for identifying drivers of change for a range of
environmental indicators, such as energy use in the USA (Weber, 2009); CO2 emissions in
Norway (Yamakawa and Peters, 2011); air pollution in the Netherlands (De Haan, 2001);
material flow in Australia (Wood et al., 2009); nitrogen emissions in Denmark (Wier and
Hasler, 1999); and water use in China (Zhang et al., 2012), to name a few.
Most SDA-related studies to date have utilised a single-region input–output database,
and hence lack insight about international trade, which in turn is explicitly documented
in multi-regional input–output (MRIO) tables. Global MRIO databases include detailed
data on international trade between industry sectors of countries, and are therefore
acknowledged as a powerful cutting-edge tool for underpinning CO2 accounting from a
consumption perspective, widely known as carbon footprinting (Wiedmann, 2009; Peters,
2010). More importantly, these databases have been used to inform real-world policymaking with the aim of reducing greenhouse gas emissions (Barrett et al., 2013; Kokoni and
Skea, 2014). However, the compilation of MRIO data is a labour- and resource-intensive
task (Tukker and Dietzenbacher, 2013), and as a consequence, only the recent advent of
advanced computation has enabled IO practitioners to develop detailed MRIO databases
that in turn can be used for undertaking MRIO-based structural decomposition analyses of carbon emissions (Baiocchi and Minx, 2010; Arto and Dietzenbacher, 2014; Owen
et al., 2014; Xu and Dietzenbacher, 2014; see SI S1 for a detailed review of SDA-related
literature). Owing to the detail presented in MRIO databases, it is now well-understood
that international trade plays a major role in increasing global carbon emissions (Peters
et al., 2011). Even though it is known that rich developed countries outsource carbonintensive production to developing countries (Peters et al., 2011), there is insufficient
evidence about the change in outsourcing trends over time, in particular the commodity
content of outsourcing, for all world countries.
Here we present a comprehensive analysis of the outsourcing trends for 186 world countries using an MRIO-based SDA. Our study goes beyond prior work mentioned above (see
also SI S1), and advances the existing body of knowledge in four ways: (a) we present a
detailed assessment of global outsourcing trends for 186 world countries; (b) we analyse changes in outsourcing trends over a 20 years period, and are hence able to capture
developments within the former Eastern Bloc and the financial crisis of 2007–2008; (c) we
split the carbon footprint for each country into contributions from the domestic economy
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and from global imports, which allows us to unveil and quantify outsourcing of carbonintensive production and carbon leakage trends for every individual country; and (d) we
categorise the countries into “outsourcers” – those that outsource carbon-intensive production to so-called contractor world nations, and determine the commodity content of
global outsourcing flows.
Our paper is organised as follows. In Section 2, we provide a brief introduction of SDA
followed by the mathematical formulation of the technique. In Section 3, we present the
results and provide a detailed discussion of the trends. We conclude in Section 4.

2. Methods
We undertake a SDA to break down the total change in CO2 emissions during the period
from 1990 to 2010 into contributions from six key determinants – carbon efficiency,
production recipe, final demand composition, final demand destination, affluence and
population. First, we construct a time series of constant-price MRIO tables, which is a
key requirement for carrying out SDA. To this end, we use a high-resolution global MRIO
database containing domestic and international monetary transactions data for 186 world
countries, over a continuous time series from 1990 to 2010 (Lenzen et al., 2012). We convert
time series data into constant prices by following the “convert-first then deflate” procedure
(Fremdling et al., 2007), which involves converting the monetary data for each country into
a common currency (typically US dollars), and then deflating the resulting current-price
IO tables to remove the effects of inflation over time (see Appendix A in Lan et al. (2016) for
a detailed explanation). We then follow Leontief ’s generalisation (Leontief and Ford, 1970)
in linking these constant-price MRIO tables with data on CO2 emissions, obtained by converting energy consumption data for each country (IEA, 2012), using carbon content and
CO2 emission factors (IPCC, 2015). Next, we select Dietzenbacher and Los’ (1998) SDA
method, out of the three predominant approaches (Su and Ang, 2012) because this method
has been shown to be exact, zero-robust and non-parametric (Lenzen, 2006). We also
decompose the change in CO2 emissions geographically to highlight the phenomenon of
carbon leakage and outsourcing. To this end, we split the total carbon footprint (TCFP) for
each of the 186 countries into contributions from domestic production and international
trade. This allows us to quantify the domestic carbon footprint (DCFP) and the Rest-ofWorld carbon footprint (RoWCFP) for every nation. We then compare these footprints to
examine global outsourcing trends. These steps are explained in detail below.
2.1. Introduction to SDA
SDA relies on the input–output demand-pull model, formulated by the Nobel Prize
Laureate Wassily Leontief. In essence, the total output of an economy x can be
represented as
x = LY,

(1)

where L is a n × n Leontief inverse matrix capturing the interactions between different
sectors in an economy, and Y is a n × m matrix of final demand. L is derived from the
n × n matrix of technical coefficients, commonly called A, as
L = (I − A)−1 .

(2)
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To enumerate the drivers of a change in CO2 emissions over time, the aforementioned
input–output system needs to be generalised as
Q = qLY,

(3)

where Q represents the total CO2 emissions, and q is a 1 × n vector of direct CO2 emissions
intensity representing the CO2 emissions of each production sector per unit of the output
of the corresponding sector (e.g. Gg/$).
To examine the drivers of a change in emissions, Equation 3 can be further decomposed
into a number of elements:
(1) final demand composition u= (uid )n×m = F(ĝ−1 ), where F is the n × m flow matrix
of final demand and g = ni=1 Fid is the 1 × m matrix of total final demand by
category,
(2) final demand destination v = (vd )m×1 = (g(Y −1 )) ,
(3) final demand/capita y (1 × 1) and
(4) population P (1 × 1).
Note that F is a complete final demand matrix, Y is total final demand (scalar) and y is
final demand/capita (scalar). Also, final demand composition refers to the changes in the
consumption baskets of households, whilst final demand destination refers to the changes
in the consumption-vs.-investment balance.
Mathematically, the decomposition can be realised as follows:
Q∗ = qLuvyP.

(4)

Suppose the total CO2 emissions from production at time 0 and t are Q0 and Qt , respectively; the change in CO2 emissions Q∗ can then be decomposed into the following six
effects:
Q∗ = qLuvyP + qLuvyP + qLuvyP + qLuvyP + qLuvyP + qLuvyP, (5)
                 
Efficiency

Prod recipe

Dem compos

Dem destin

Affluence

Population

where,
q is carbon efficiency of production,
L is production recipe,
u is final demand composition,
v is final demand destination,
y is affluence and
P is population.
2.2. Mathematical formulation of SDA
We use the SDA method described by Dietzenbacher and Los (1998), because it is exact
(i.e. leaves no residual) and non-parametrical (Lenzen, 2006), as well as zero-robust (Wood
and Lenzen, 2004).
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When applying the D&L method in our study, it is obvious that the core of this method
is the existence of 6! = 720 equivalent exact decomposition forms based on the concept of
reordering the sequence of six drivers (q, L, u, v, Y and P) in the product terms contained
within individual exact decompositions. Assuming no preference of any particular form
the full D&L method, more popular in recent studies after 2005 than the approximate D&L
techniques (Su and Ang, 2012), takes all the 6! = 720 exact possibilities to address the
non-arbitrary issues with respect to the factor-sequence chosen as follows:

QDL
ek =

6

k=1

⎛

k−1

⎝

6

ek 0S(j)
j=1

⎞
ek TS(j) ekS(k) ⎠ ,

(6)

j=k+1

where S(j) is any sequence of the numbers 1–6, prescribing the ordering of the determinants (that is, the sequence of the integral path) in the sum in Equation 6. Detailed
explanation of the D&L method is provided elsewhere (Dietzenbacher and Los, 1998;
Lenzen, 2006).
Figure 1. MRIO-based geographical decomposition.
Notes: Schematic of MRIO-based geographical decomposition models for a three-country economy,
showing components of the carbon footprint of the United Kingdom of Great Britain and Northern Ireland (GBR) sourced from China (CHN) and France (FRA). TCFP – Total Carbon Footprint, DCFP – Domestic
Carbon Footprint, RoWCFP – Rest-of-World Carbon Footprint, T – intermediate transactions (MRIO), Y –
ﬁnal demand (MRIO), Q – carbon footprint (satellite). ”GBR”, “CHN” and “FRA” are ISO ALPHA-3 country
codes issued by the United Nations (UN, 2014).
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2.3. MRIO-based geographical decomposition
We decompose the change in CO2 emissions not only structurally but also geographically
to highlight the effect of international outsourcing of CO2 -intensive production processes.
To this end, we split the MRIO framework into a domestic component (referred hereon as
the DCFP) and an international trade component (referred hereon as the RoWCFP) for
every country we appraise. In essence, adding DCFP and RoWCFP results in the TCFP.
Taking the case of the Great Britain, the TCFP can be calculated as
QTCFP = qWorld LWorld yGBR ,

(7)

where qWorld is the direct CO2 emissions intensity for the entire world, LWorld is the Leontief ’s inverse for the world and yGBR is the final demand of the Great Britain (Figure 1).
Likewise, the DCFP of the Great Britain takes the Leontief ’s inverse LWorld for the whole
world and Great Britain’s final demand yGBR . However, it considers the direct CO2
emissions intensity for only the Great Britain qGBR . The equation can be written as follows:
QDCFP = qGBR LWorld yGBR .

(8)

The RoWCFP of the Great Britain takes into account all regions except the Great Britain.
Mathematically, the RoWCFP can be expressed as
QRoWCFP = qRoW LWorld yGBR .

(9)

3. Results and discussion
3.1. Carbon leakage and outsourcing
We decompose the change in global CO2 emissions over a 20-year period into six mutually
exclusive causal determinants:
(1) carbon efficiency (e.g. technological change leading to changes in emissions per unit
of output),
(2) production recipe (e.g. changes in the inputs of industries),
(3) final demand composition (e.g. changes in consumption baskets of households),
(4) final demand destination (e.g. changes in the consumption-vs-investment balance),
(5) affluence (e.g. changes in per-capita consumption) and
(6) population.
The effect of these determinants is shown as respective coloured-coded bars for selected
world countries (Figure 2). In the following paragraphs, we first provide a basic explanation
of Figure 2, and then delve deeper into the outsourcing trends depicted in the figure. The
countries shown in Figure 2 are typical of four economy types (starting from left to right):
(i) low-income developing nations, (ii) low-to-medium-income resource-rich emerging
economies, (iii) high-income resource-rich nations, and (iv) high-income resource-poor
nations. The countries are classified into groups according to their economic situation
between 1990 and 2010.
Out of the six colour-coded bars, two stand out in particular – carbon efficiency and
affluence. Carbon efficiency has resulted in a decrease in emissions for almost all world
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Figure 2. Structural decomposition of Total Carbon Footprints (TCFPs) (Colour online).
Notes: DCFP (top panel) and RoWCFP (bottom panel) in units of teragram (Tg)/Megaton (Mt) for 11 selected countries, based on diﬀerent economy types: low-income
developing nations (India, China and South Africa); low-to-medium-income resource-rich emerging economies (Brazil and Russia); high-income resource-rich nations
(Australia and USA); and high-income resource-poor nations (Japan, Germany, France and Great Britain).
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countries, whilst affluence has contributed to an increase in emissions (Figure 2). The green
bars show that carbon efficiency of all economy types has improved over time (Figure 2),
mostly due to key sectors becoming more energy-efficient. On the whole, improved energy
efficiency in vehicles, appliances and industrial processes has been driving an ongoing
decrease in emissions, facilitated by a range of policy strategies such as providing financial incentives to industries and/or organisations for accelerating the adoption of energy
efficiency measures (Geller and Attali, 2005). Affluence, in contrast, has predominantly
driven the staggering rise in CO2 emissions for almost all economy types (see red bars,
Figure 2). This finding is consistent with other SDA studies (Baiocchi and Minx, 2010).
Figure 2 shows two specific rows – top row for the DCFP, whilst the bottom row for
the RoWCFP for selected economies. In addition to structurally decomposing global carbon footprints, we split the total CO2 emissions of each country into contributions from
domestic production and global imports, and determine the drivers thereof. This split is
necessary to highlight the trends in outsourcing of emissions across borders. Note the
column diagram for Russia, where the effects of the Soviet Union break up are clearly visible as disintegrating production structures and tumbling family incomes. We find similar
trends for other former Soviet Republics (see SI S4). The 2007–2008 financial crisis is also
discernible as the columns labelled “05–10” are lower than preceding columns for many
developed nations that were primarily affected by the turmoil (Pincock, 2010; Hou et al.,
2012), but emissions growth is rather unaffected for strong exporters such as China, Brazil,
South Africa and India (see SI S2, S5 and S6).
Figure 2 also shows the outsourcing trends for different economy types over a 20-year
period, which has been divided into five-year intervals. Our trend analysis shows the
changes in outsourcing of emissions over time. Examining a sequence starting with lowincome developing nations proceeding with low-to-medium-income resource-rich emerging economies and high-income resource-rich nations, and ending with high-income
resource-poor nations, we find an interesting transition in the relationship between DCFP
and the RoWCFP. Over the 20-year period, low-income developing nations have experienced a strong growth in their DCFP, whilst their RoWCFP has not grown significantly.
As we move to the right of Figure 2, the RoWCFP increases in comparison to the domestic
footprint. Changes in the rest-of-world footprint of high-income resource-poor nations are
much higher than changes in their domestic footprint. In particular, the United Kingdom’s
(UK) and Germany’s DCFPs have continuously decreased at the cost of carbon embodied
in their imports. Moreover, the increase in the rest-of-the world footprint of Germany and
especially the UK is much larger than the decrease in their DCFP. This finding is consistent with previous work (Baiocchi and Minx, 2010; Lenzen et al., 2010; Wiedmann et al.,
2010), but here, we offer this kind of evidence using SDA over a 20-year period for the
entire world.
Our further investigation of individual international supply chains shows that the cases
of Germany and the UK constitute classic examples of outsourcing, where rich countries
shift emissions-intensive processes to pollution havens in developing countries that do not
have strict environmental legislation (Peters et al., 2011; Barrett et al., 2013) (see SI S3 for
more information on carbon leakage). A closer analysis of the drivers of both the domestic and the rest-of-the world footprints reveals interesting insights. For example, changes
in the UK’s own production recipes have had a retarding effect on its domestic carbon
emissions. However, the opposite is true for the rest-of-the world carbon footprint: the
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UK’s carbon-intensive imports are sourced from countries where the change in production
recipe is driving up emissions (see the light blue column segments, Figure 2). This finding
establishes clear evidence for carbon leakage to be associated with input substitution. This
effect is predominantly occurring with trading partners such as China and India, where
input restructuring has led to an increase in emissions (see SI S2 for detailed results). In
addition, these “sinks” of carbon leakage also happen to be countries where consumer baskets have become more carbon-intensive as these economies develop (see the pink column
segments, Figure 2).
3.2. Leaks and sinks of emissions
Some countries leaking carbon require others to absorb carbon, allowing the division of
the world into leaks and sinks. In this article, we refer to countries with RoWCFP growing stronger than their DCFP (see red countries in Figure 3) as carbon leaking nations, and
countries with DCFP growing stronger than their RoWCP (see green countries in Figure 3)
as carbon sinks. Unsurprisingly, China stands out as a sink – the country’s DCFP has
grown stronger than the RoWCFP, due to the rapid expansion of China’s domestic economy caused by rising population and domestic affluence, but as we show in SI S6 caused
Figure 3. Leaks and sinks (Colour online).
Notes: Outsourcing trends are indicated by comparing changes in the domestic and RoWCFPs, according to λ = (RoWCFP − DCFP)/TCFP with TCFP = (TCFP1990 + TCFP2010 )/2 being the average TCFP.
Red and green colour coding represents positive and negative values of λ, indicating disproportionately
high growth of the rest-of-world or domestic footprints, respectively. China stands out as a sink of carbon
emissions, whereas the majority of European countries are marked red indicating that they outsource
carbon-intensive production to other nations.
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mainly by the increasing production of exports for countries such as the United Kingdom,
Germany and France. Similarly, CO2 emissions in countries such as India, Brazil, Russia,
and certain Middle Eastern and African nations’ have grown domestically, but predominantly because of a growth in exports of resources such as minerals, oil and agricultural
commodities.
An escalation of the rest-of-the world carbon footprint in comparison to the domestic
footprint for countries coloured red (Figure 3) is primarily due to any of the following three
reasons:
(a) carbon leakage: outsourcing of carbon-intensive production to countries that have
laxer environmental legislation: for example, we have shown that high-income
resource-poor nations such as the United Kingdom, Germany and France (see also
Figure 2) outsource carbon-intensive production to China.
(b) shrinking of the domestic economy: for example Romania and Ukraine were hit heavily by recession in the late 2000s. In particular, Ukraine’s economy shrunk by almost
15% in 2009 leading to a decline in the country’s DCFP; and
(c) accumulation of considerable debt due to ongoing trade deficit: the reasons of this
could either be continued war, such as in Congo; natural calamity such as the drought
in Mauritania; or a reduction in resource production such as in Zimbabwe and
Mongolia (see SI S6 for individual country information).
3.3. Commodity content of outsourcing
International trade has grown rapidly over the past few decades. The value of export of
goods and services is about 300 times larger today than it was in 1950 (Wiedmann, 2015).
Interestingly, there are significant embodied flows of anthropogenic CO2 emissions in
international trade (Peters and Hertwich, 2008a). In this section, we assess the commodity
content of outsourcing flows for all world nations (Figure 4). Out of all nations, China and
USA stand out in particular as major trading partners.
China is the world’s leading exporter, with the country producing roughly US$ 2.3 trillion worth of goods for export in 2014 (CIA, 2014). China’s main export partners are USA,
Hong Kong, Japan and South Korea. China’s export of motor vehicle parts, bicycles, trailers, cars and other transport equipment to the USA (ATLAS, 2014) resulted in an increase
of roughly 7000 Gg of CO2 emissions from 1990 to 2010 (Figure 4). A similar increase can
be seen for the export of electrical machinery from China to the USA, in particular automatic data processing machines, telephones, printers and other energy-intensive electrical
equipment. China also exports electrical machinery to Brazil, Germany, South Korea and
Japan (Figure 4). China’s textile industry is a major emitter of greenhouse gases (Wei et al.,
2011). More specifically, China exports leather products to Hong Kong (ATLAS, 2014).
Even though China has employed measures for increasing energy and carbon efficiency,
rapid economic development, growth of manufacturing sectors and a rise in exports have
outpaced any efforts to reduce emissions (Guan et al., 2012). Being the top exporter, it is
unsurprising that China is also the world’s leading carbon emitter, with majority of the
emissions caused by the production of exports (Minx et al., 2011; Wang and Wang, 2015).
In addition to importing equipment from China, USA is also a significant exporter
(CIA, 2014). USA exports transport equipment to Japan (mainly aircraft, spacecraft and
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Figure 4. Commodity content of outsourcing (Colour online).
Notes: The arrows signify the emissions resulting from trade between diﬀerent countries. The commodity content of the trade is colour-coded according to respective
sectors listed in the key, for example, CO2 emitted in the metal products sector of South Africa for supplying products consumed by the electrical and machinery
sector of the USA resulted in an increase of 579 Gg of emissions from 1990 to 2010. Colour online.
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launch vehicles), Germany (mainly cars), Canada (mainly cars and motor vehicle parts)
and South Korea (mainly aircraft, spacecraft and launch vehicles), to name a few (ATLAS,
2014). For constructing transport equipment, the USA imports metal products, more
specifically iron and steel from India and ferroalloys from South Africa. Production of iron
and steel is energy and carbon-intensive (Sarker et al., 2013), mainly because the process of
converting iron to steel involves the use of carbon-intensive fuels and reductants (Kundak
et al., 2009). In the same vein, ferroalloy production has a high emission factor in countries such as South Africa and India, which still rely on carbon-intensive fuels for carrying
out the industrial processes (Gasik, 2013). International trade of petroleum products and
coal is also a major contributor to an increase in global carbon emissions (see SI S7 for an
exhaustive list of the commodity content of outsourcing flows).

4. Outlook
Climate change, caused by anthropogenic CO2 emissions, is considered as one of the
greatest threats to ecosystem’s life-support systems. CO2 has a long life span and has the
potential to affect the climate for thousands of years. Therefore, policy-makers recognise
the importance of devising effective strategies for mitigating the harmful effects of climate
change. Efforts to reduce CO2 emissions thus far have largely been directed towards specific countries leading to fragmentation and inefficient outcomes (Rosen, 2015). The Kyoto
protocol, in particular, has received significant criticism, primarily due to the exclusion of
developing countries such as China and India. Furthermore, it has been suggested that a
lack of global agreement has facilitated the phenomenon of carbon leakage where emission reductions by developed countries are achieved by outsourcing emissions-intensive
production to developing nations (Jakob et al., 2014). A prominent example is the case of
the United Kingdom (UK) that is included in Annex B of the Kyoto Protocol and thus was
bound by an emissions reduction target. The UK’s recent emission reductions and its meeting of targets (Baiocchi and Minx, 2010; Kanemoto et al., 2014) have been achieved mainly
by outsourcing carbon-intensive production to developing countries as is evident from the
results presented in this study. More recently, negotiations at 2015 United Nations Climate
Change Conference have paved the way for a global agreement to develop a more universal framework that requires all countries to take action against climate change (UNCCC,
2015). Regardless of these agreements, there is still the question of responsibility that needs
to be addressed – who is responsible for greenhouse gas emissions? The use of productionor consumption-based accounting for emission allocation is a highly debated topic.1 Jakob
et al. (2014) suggest the need to focus on certain highly traded emission intensive products
whilst devising abatement strategies; and the identification of these products (commodity
content of outsourcing) is the main contribution of this study. The results of this study have
implications for any international agreement aimed at imposing emission reduction targets
on countries. Our results emphasise the need to report on the rest-of-the world carbon
emissions, in addition to the domestic emissions. Not only would this provide an accurate assessment of a country’s total carbon responsibility, but would also facilitate greater
transparency and assist policy-makers in devising effective emissions abatement strategies.
1

See Munksgaard and Pedersen (2001), Bastianoni et al. (2004), Guan et al. (2008), Peters (2008), Peters and Hertwich
(2008b), Davis and Caldeira (2010), Davis et al. (2011), Kanemoto et al. (2011), Peters et al. (2012), and Barrett et al. (2013).
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