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ABSTRACT: Accounting for greenhouse gas (GHG) emis-
sions of nations is essential to understanding their importance
to global climate change and help inform the policymaking on
global GHG mitigation. Previous studies have made efforts to
evaluate direct GHG emissions of nations (a.k.a. production-
based accounting method) and GHG emissions caused by the
final consumption of nations (a.k.a. consumption-based
accounting method), but overlooked downstream GHG
emissions enabled by primary inputs of individual nations
and sectors (a.k.a. income-based accounting method). Here we
show that the income-based accounting method reveals new
GHG emission profiles for nations and sectors. The rapid
development of mining industries drives income-based GHG
emissions of resource-exporting nations (e.g., Australia, Canada, and Russia) during 1995−2009. Moreover, the rapid
development of sectors producing basic materials and providing financial intermediation services drives income-based GHG
emissions of developing nations (e.g., China, Indonesia, India, and Brazil) during this period. The income-based accounting can
support supply side policy decisions and provide additional information for determining GHG emission quotas based on
cumulative emissions of nations and designing policies for shared responsibilities.

■ INTRODUCTION

Accounting for greenhouse gas (GHG) emissions of nations is
essential to understanding their contributions to and
responsibilities for global climate change and inform the
policymaking on global GHG mitigation. Existing studies focus
on the accounting of GHG emissions of nations. The United
Nations Framework Convention on Climate Change
(UNFCCC) is based on GHG emissions of nations according
to their direct geographic GHG emissions (e.g., region B in
Figure 1),1 a.k.a. production-based accounting method.2 The
production-based accounting method neglects indirect GHG
emissions embodied in the supply chain, causing carbon leakage
which undermines the effects of international climate
policies.3,4 Consumption-based accounting method is proposed
to assign supply chain GHG emissions to final consumers (e.g.,
region C in Figure 1).2,5−7 In order to engage both direct
emitters and final consumers in global GHG mitigation, studies
have suggested that nations/regions should share production-
based and consumption-based emission responsibilities.2,8−10

On the other hand, economies can be regarded as not only
demand-driven (corresponding to the consumption-based
accounting method) but also supply driven.11,12 Primary inputs
(e.g., supplies of labor forces and capital) at the beginning of
supply chains enable the production and GHG emissions of
downstream users. Production-based and consumption-based

accounting methods overlook the role of primary inputs in
global supply chains.
To highlight the role of primary inputs in global supply

chains, income-based accounting method has been proposed as
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Figure 1. A three-region economy showing the production-based,
consumption-based, and income-based accounting methods. Region B
have g1 direct emissions, whereas regions A and C do not have direct
emissions. Region A supplies to the production of region B, and region
B supplies to the final consumption of region C. Region B is identified
as important based on the production-based accounting; region C is
identified as important based on the consumption-based accounting;
and region A is identified as important based on the income-based
accounting.
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an alternative approach to allocate global GHG emissions to
nations. It assigns global emissions to primary suppliers (e.g.,
region A in Figure 1) that enable downstream emissions
through primary inputs.13−16 Identifying critical primary
suppliers can help inform supply side policymaking such as
influencing product allocation behaviors (e.g., encouraging
mining enterprises to sell resources to downstream users that
have low GHG intensity) and primary input behaviors (e.g.,
properly limiting loan supply and subsidies to mining
enterprises that have large income-based GHG emissions),17,18

which are different from production-side (corresponding to the
production-based accounting method) and demand-side
(corresponding to the consumption-based accounting method)
policies.
In addition, existing studies on income-based GHG

emissions of nations are limited to carbon dioxide emissions
based on data for a specific year (i.e., 2001,13 2004,14 and
201116). A time-series analysis of income-based GHG
emissions of nations can examine historical trends and thereby
allow for an understanding of the dynamics of GHG emissions
resulting from each nation’s primary inputs. Moreover, existing
studies on income-based GHG emissions are at the national
level, instead of the nation-sector level which can support
supply side, sector-specific policymaking for global GHG
mitigation.
In this study we constructed a time-series GHG emission

inventory of nations during 1995−2009 using income-based
accounting method. We first examined income-based GHG
emissions of nations. We then identified key nation-sectors in
income-based GHG emissions. We also compared historical
trends of nations in income-based, production-based, and
consumption-based GHG emissions. We found that the
income-based accounting reveals new profiles for GHG
emissions of nations and sectors. In addition, GHG emissions
considered in this study cover carbon dioxide, methane, and
nitrous oxide, instead of just carbon dioxide in previous studies.

■ MATERIALS AND METHODS

Production-based accounting investigates a nation’s role as a
direct emitter, and production-based GHG emissions of a
nation mean its direct geographic GHG emissions. Con-
sumption-based accounting investigates a nation’s role as a final
consumer, and consumption-based GHG emissions of a nation
mean both direct and indirect upstream GHG emissions caused
by its final consumption. Income-based accounting investigates
a nation’s role as a primary supplier, and income-based GHG
emissions of a nation mean both direct and indirect
downstream GHG emissions enabled by its primary inputs.
This study uses a global environmentally extended multire-
gional input−output (EE-MRIO) model to evaluate produc-
tion-based, consumption-based, and income-based GHG
emissions of nations.
Input−output models describe product transactions within

an economy.19 The core of the EE-MRIO model is a
multiregional input−output (MRIO) table describing product
exchanges within and among nations.20,21 GHG emissions of
sectors are treated as the satellite account of the MRIO table.
The EE-MRIO model traces GHG emissions from the nation
of final consumption (i.e., final consumers) to the nation of
production (i.e., producers) by capturing product supply
chains.15,20,21 It also traces GHG emissions from the nation
of primary inputs (i.e., primary suppliers) to the nation of

production (i.e., producers) by capturing product sale
chains.13−15

Production-based (eq 1), consumption-based (eq 2), and
income-based (eq 3) GHG emissions of nations can be
measured by eqs 1−3:

= ′p e xr r (1)

= ′ − −c e f(I A)r r
1

(2)

= − −i v e(I B)r r
1

(3)

where pr, cr, and ir indicate production-based, consumption-
based, and income-based GHG emissions of nation r,
respectively. The column vector e represents GHG emissions
by unitary output of sectors, which equals to GHG emissions of
each sector divided by its total output. The notation ’ means
the transposition of the vector e. The column vector xr indicates
the total output of each sector in nation r; the column vector f r
indicates the final demand of nation r; and the row vector vr
indicates the primary input of each sector in nation r. The
matrix I is an identify matrix. The block matrix A shown in eq 4
is the direct input coefficient matrix, and the block matrix B
shown in eq 5 is the direct output coefficient matrix. The block
Ars shows direct purchases from sectors of nation r by unitary
output of each sector in nation s. The block Brs shows direct
sales from sectors of nation r, in terms of unitary output in each
sector of nation r, to sectors in nation s.
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The matrix (I−A)−1, regarded as the Leontief Inverse matrix,
captures the effect of global supply chains by describing both
direct and indirect inputs from various sectors required to
satisfy unitary final demand of products from particular sectors.
The matrix (I−B)−1, regarded as the Ghosh Inverse matrix,
captures the effect of global sale chains by describing both
direct and indirect outputs from various sectors enabled by
unitary primary input of particular sectors.
Leontief MRIO model is regarded as demand-pull. Changes

in the final demand drive upstream outputs.22 On the other
hand, Ghosh MRIO model is regarded as supply push. Changes
in primary inputs (e.g., labor and capital) drives downstream
outputs.22 This study uses the Leontief MRIO model to capture
the effect of global product supply chains in a particular year,
which is the basis of consumption-based accounting. It also uses
the Ghosh MRIO model to capture the effect of global product
sale chains in a particular year, which is the basis of income-
based accounting. In essence, the consumption-based account-
ing allocates emissions to final consumers, while the income-
based accounting attributes emissions to primary suppliers.
In particular, the income-based accounting method is

different from the extraction-based accounting method23 on

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b02510
Environ. Sci. Technol. 2017, 51, 346−355

347

http://dx.doi.org/10.1021/acs.est.6b02510


two fronts. First, the extraction-based accounting method traces
emissions back to the point of fuel extraction, while the
income-based accounting method traces emissions back to
primary inputs (e.g., labor forces and capital). In other words,
the extraction-based accounting method only examines fuel
extraction sectors and fuel supply chains, while the income-
based accounting method examines all sectors and full product
sale chains. Second, the extraction-based accounting method
only considers GHG emissions from fuel combustion, while the
income-based accounting method takes into account all types
of GHG emission sources (e.g., fuel combustion, industrial
processes, agricultural activities, and waste disposal activities).
This study finds that although the income-based and extraction-
based accounting methods can both identify mining as a critical
sector, the income-based accounting method can also identify
other critical sectors (e.g., financial intermediation, agriculture,
and wholesale and commission) that cannot be identified by
the extraction-based accounting method.
Data for MRIO tables and GHG emissions of sectors are

from the World Input−Output Database (WIOD, released on
November 2013) during 1995−2009. The WIOD divides the
world into 41 nations/regions and 1435 nation-sectors (35
sectors per nation) for each year.24,25 GHG emissions
considered in this study cover carbon dioxide, methane, and
nitrous oxide, instead of just carbon dioxide in previous studies.
Carbon dioxide equivalent (CO2-e) values of carbon dioxide,
methane, and nitrous oxide are from the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change.26

The population and gross domestic products (GDP, in

constant 2011 international dollars) of nations used to
normalize their GHG emissions are from the World Bank
database,27 except for Taiwan which is not separately listed in
the World Bank database. The population and GDP of Taiwan
are from its statistical departments.28 In particular, data for
China in the World Bank database do not include Hong Kong
and Macau, while data for China in the WIOD database cover
Hong Kong and Macau. We sum up data for China, Hong
Kong, and Macau in the World Bank database to be consistent
with the system boundary of the data for China in the WIOD
database.
It is worth noting that there are many other global MRIO

databases such as Eora,29 GTAP,30 and EXIOPOL.31 Scholars
observed significant differences in data quality among these
databases32−34 and are trying to find ways to harmonize
them.35,36 Future studies based on global MRIO databases will
greatly benefit from the harmonization in the data quality of
these global MRIO databases. Moreover, given that sector and
nation aggregation in input−output (IO) data can affect results
of IO analyses,37−41 it is an interesting future research avenue
to improve sector and nation resolution of the WIOD data.

■ CUMULATIVE INCOME-BASED GHG EMISSIONS
OF NATIONS

China is the largest contributor to global GHG emissions in
2009. Its production-based, consumption-based, and income-
based GHG emissions in 2009 are 8.6, 8.2, and 7.8 billion
tonnes of CO2 equivalents (Bt CO2-e), respectively, which are
62%, 44%, and 44% higher than GHG emissions of the U.S. in

Figure 2. Cumulative GHG emissions of nations during 1995−2009. Per capita cumulative GHG emissions of a nation equal to its cumulative GHG
emissions during 1995−2009 divided by its population in 2009, while per gross domestic products (GDP) GHG emissions of a nation equal to its
cumulative GHG emissions during 1995−2009 divided by its cumulative GDP during this period.
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2009 (Supporting Information (SI) Figure S1). However, the
US has the largest cumulative GHG emissions during 1995−
2009. Its cumulative production-based, consumption-based,
and income-based GHG emissions during 1995−2009 are 85.9,
92.3, and 86.9 Bt CO2-e, respectively, which are 1%, 16%, and
13% higher than cumulative GHG emissions of the second
contributorChina during this period (Figure 2A).
The income-based accounting method reveals different GHG

emission profiles of nations over the production-based and
consumption-based accounting methods. Russia, a major
contributor to global GHG emissions, is more important as a
primary supplier than as a direct emitter or final consumer of
GHG emissions. It is a major exporter of resources (e.g.,
timber, mineral ores, and fossil fuels) which are essential inputs
to industrial production. Resource extraction and exports of
Russia enable downstream production and large amounts of
GHG emissions (e.g., in electricity generation and metal
smelting) (SI Figure S2). Cumulative income-based GHG
emissions of Russia are 57% and 4% higher than its
consumption-based and production-based GHG emissions
during 1995−2009, respectively (Figure 2A). We observe
similar situation for GHG emissions of another two resource-
exporting nations: Australia and Canada (Figure 2A and SI
Figure S2). Thus, the income-based accounting method
highlights the important roles of resource-exporting nations
as primary suppliers for global GHG emissions. If global GHG
reduction takes into account income-based GHG emissions of
nations, in addition to their production-based and consump-
tion-based GHG emissions, resource-exporting nations will
share more responsibilities. This finding also informs that
supply side measures should pay more attention to resource-
exporting nations.
On the other hand, we observe the opposite situation for

resource-importing nations. Cumulative income-based GHG
emissions of the U.S.the biggest contributor to global
cumulative GHG emissionsare 6% lower than its cumulative
consumption-based GHG emissions during 1995−2009. More-
over, cumulative income-based GHG emissions of Chinathe

second biggest contributor to global cumulative GHG
emissionsare 9% and 3% lower than its cumulative
production-based and consumption-based GHG emissions
during 1995−2009, respectively (Figure 2A). These nations
are major resource importers and locate in downstream stages
of global supply chains. They are more important as producers
or final consumers than as primary suppliers. If global GHG
reduction takes into account income-based GHG emissions of
nations, in addition to their production-based and consump-
tion-based GHG emissions, resource-importing nations will
probably share less responsibilities. Such findings highlight the
additional insights afforded by the income-based accounting
method in relation to nations’ roles in driving global GHG
emissions. Demand-side measures should pay more attention to
resource-importing nations.
Developed nations generally have smaller populations with

better life quality than developing nations. Therefore, per capita
cumulative GHG emissions of developed nations are generally
larger than those of developing nations (Figure 2B).
Luxembourg (414 t CO2-e/capita) and Australia (389 t CO2-
e/capita) are the two largest countries in per capita cumulative
income-based GHG emissions, whereas India (21 t CO2-e/
capita) and Indonesia (33 t CO2-e/capita) are the two smallest.
Moreover, developed nations usually command more

advanced and environmental friendly technologies, and are
subject to stricter environmental regulations than developing
nations. Thus, per gross domestic products (GDP) GHG
emissions of developed nations are generally smaller than those
of developing nations (Figure 2C). Russia (967 g CO2-e/US$)
and China (807 g CO2-e/US$) has the largest per GDP
income-based GHG emissions (Figure 2C), as a large portion
of their primary inputs are given to sectors producing basic
materials (e.g., agriculture, mining, fossil fuel processing, metal
production, and electricity generation) and services which also
enable large downstream GHG emissions (SI Figure S2).
Levels of nations’ importance as drivers of global GHG

emissions change substantially within the income-based,
production-based, and consumption-based accounting meth-

Figure 3. Top 20 sectors with the largest cumulative income-based GHG emissions during 1995−2009. RoW represents Rest of World.
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ods. For instance, Russia has the largest per GDP production-
based (933 g CO2-e/US$) and income-based (967 g CO2-e/US
$) GHG emissions, whereas China has the largest per GDP
consumption-based GHG emissions (829 g CO2-e/US$)
during 1995−2009.

■ CUMULATIVE INCOME-BASED GHG EMISSIONS
OF NATION-SECTORS

Results at the sector level (Figure 3) show that top 20 sectors
in income-based GHG emissions during 1995−2009 are mainly
related to basic materials (i.e., agriculture, mining, metals, and
electricity) and manufacture-related services (i.e., renting and
other business, wholesale and commission trade, f inancial
intermediation, inland transport, and other services). Basic
materials and these services are essential to industrial
production and enable large amounts of downstream GHG
emissions. These sectors mainly locate in nations with large
GDP, that is, the U.S., China, India, Russia, and Brazil.
The income-based accounting method reveals different

importance degrees of nation-sectors over the production-
based and consumption-based accounting methods. Three
sectors of the U.S. (i.e., renting and other business, wholesale and
commission trade, and f inancial intermediation) have relatively
few production-based and consumption-based GHG emissions,
but large income-based GHG emissions. For instance, income-
based GHG emissions of renting and other business sector of the
U.S. are 389% and 554% higher than its production-based and
consumption-based emissions, respectively. These three sectors
are more important as primary suppliers than as direct emitters
and final consumers. They provide essential services to
downstream producers and enable large amounts of down-
stream GHG emissions.
Moreover, the income-based accounting method gives

different sector rankings compared to the production-based
and consumption-based accounting methods. For instance, the
mining sector of China ranks the 163rd in cumulative
consumption-based GHG emissions, but the sixth in cumulative
income-based GHG emissions during 1995−2009. Moreover,
the f inancial intermediation sector of the U.S. ranks 119th in
cumulative production-based GHG emissions, but 15th in
cumulative income-based GHG emissions during 1995−2009.
These findings are validated by the relatively low correlation

among the sector rankings by cumulative production-based,
consumption-based, and income-based GHG emissions (SI
Table S1). The correlation coefficient for sector rankings by
cumulative income-based and production-based GHG emis-
sions is 0.7, and that by cumulative income-based and
consumption-based GHG emissions is 0.6. Both of the
correlation coefficients are a little far from 1 which indicates
the same sector rankings between two accounting methods.
Figure 4 shows the variation trends in correlation coefficients
for sector rankings by three accounting methods. An upward
trend means that the sector rankings (indicating the importance
degrees of sectors) between two methods are becoming more
and more similar. On the contrary, a downward trend means
that the difference in results between these two methods are
becoming larger and larger. We observe a downward trend in
the correlation coefficient between results of the income-based
and production-based accounting methods during 1995−2009,
indicating that there is an increasing separation between
primary inputs (e.g., capital and labor forces) and GHG
emitters along the global supply chains. Such an increasing
separation validates the necessity of the income-based

accounting method in identifying the importance of nation-
sectors, in addition to the production-based accounting
method. The correlation coefficient between the income-
based and consumption-based accounting methods has a
fluctuant trend during 1995−2009, and we observe similar
situation between the production-based and consumption-
based accounting methods during this period. This indicates
that the separation status between primary inputs and
consumption as well as between the production and
consumption remains stable, with the average correlation
coefficients as 0.6182 and 0.6245, respectively.
Thus, the income-based accounting method can identify new

critical nation-sectors leading to global GHG emissions which
are unidentifiable in the production-based and consumption-
based accounting methods, such as the renting and other
business, wholesale and commission trade, and f inancial
intermediation sectors. Supply side policies are needed to
guide primary input behaviors (e.g., limiting loan supply and
subsidies17,18) and product allocation behaviors (e.g., promot-
ing enterprises in these sectors to sell their products to less
GHG-intensive downstream users18) in these sectors.

■ TEMPORAL TRENDS IN INCOME-BASED GHG
EMISSIONS OF NATIONS

Income-based GHG emissions of developing nations keep
growing during 1995−2009 (Figure 5), mainly due to their
continuously increasing primary inputs (e.g., capital and labor
forces) to promote economic development. Income-based
GHG emissions of China, Indonesia, India, and Brazil in 2009
increased by 97%, 74%, 58%, and 31%, respectively, over 1995
levels (SI Figure S3). This increase is mainly driven by the rapid
development of sectors producing basic materials (e.g.,
agricultural products, mineral ores and fossil fuels, metals,
and electricity) and providing financial intermediation services
(SI Figure S4). These products are essential to industrial
production, and primary inputs to their production enable large
amounts of downstream GHG emissions.
On the other hand, income-based GHG emissions of

developed nations remain relatively steady during 1995−
2009, except for Australia, Canada, and Luxembourg (Figure
5). Income-based GHG emissions of Australia and Luxembourg
in 2009 increase by 41% and 60% than 1995 levels, respectively
(SI Figure S3). Income-based GHG emissions of Canada
reached the peak in 2008 by increasing 33% compared to the

Figure 4. Temporal trends in correlation coefficients indicating the
correlation of sector rankings during 1995−2009.
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1995 level, and then dropped after 2008 under the global
financial crisis.
It is worth noting that income-based GHG emissions of most

nations, except for China and India, dropped after 2007 or
2008, probably due to the influence of global financial crisis.
The global financial crisis has little impact on income-based
GHG emissions of China and India, reflecting its limited effect
on capital investments in these two nations due to their strict
capital control policies.

The income-based accounting method reveals different
temporal trends in GHG emissions of nations (e.g., Australia,
Canada, Germany, Japan, Russia, the US, and Luxembourg,
Figure 5 and SI Figure S3) over the production-based and
consumption-based accounting methods. The rapid develop-
ment of mining industries in resource-exporting nations (e.g.,
Australia, Canada, and Russia) drives their income-based GHG
emissions (SI Figure S5). Income-based GHG emissions of
these three nations remain higher than their production-based

Figure 5. GHG emissions of nations during 1995−2009 (units: Mt CO2-e).

Figure 6. Per gross domestic products (GDP) GHG emissions of nations during 1995−2009 (units: g CO2-e/US$).
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and consumption-based GHG emissions after 2002 (Figure 5),
probably due to the increasing resource exports to emerging
economies (e.g., China). Increasing resource demand of
emerging economies in the future will probably further drive
resource exports and income-based GHG emissions of
resource-exporting nations.
Moreover, income-based GHG emissions of Germany keep

higher than its production-based and consumption-based GHG
emissions after 2001, due to the increase in downstream GHG
emissions enabled by primary inputs in its renting and other
business sector (SI Figure S6). Although Luxembourg has a
small amount of GHG emissions in the world, the temporal
trend in its GHG emissions is enlightening to global GHG
mitigation. Production-based and consumption-based GHG
emissions of Luxembourg keep steady during 1995−2009, but
its income-based GHG emissions increased quickly in this
period, especially during 2001−2007. The rapid increase in
Luxembourg’s income-based GHG emissions is mainly due to
the increasing downstream GHG emissions enabled by primary
inputs in its f inancial intermediation and renting and other
business sectors (SI Figure S6). These two sectors have large
primary inputs and income-based GHG emissions, but
relatively few production-based and consumption-based GHG
emissions (SI Figure S7). Such findings indicate that only
concerning production-based and consumption-based GHG
emissions of particular nations is not enough to mitigate global
GHG emissions, if more developing nations switch to service-
dominant economies (especially to renting and other business,
f inancial intermediation, and wholesale and commission trade
sectors). It is crucial for global GHG reduction to take into
account income-based GHG emissions of nations.
The percentage decrease in income-based GHG emissions of

Japan and the U.S. is larger than that of their production-based
and consumption-based GHG emissions (SI Figure S3). The
decrease in their income-based GHG emissions is mainly due
to the decline in the downstream GHG emissions enabled by
primary inputs in their renting and other business, f inancial
intermediation, and wholesale and commission trade sectors (SI
Figure S8). Such a finding can guide supply side measures to
focus on the reduction of income-based GHG emissions of
these critical sectors.
Since population changes of nations are relatively small,

temporal trends in income-based GHG emissions of nations on
per capita basis (SI Figures S9 and S10) are similar to results on
the quantity basis. This finding does not apply to the temporal
trends on per GDP basis (Figure 6). Per GDP income-based
GHG emissions of most nations, except for Indonesia and
Luxembourg, have decreased during 1995−2009, indicating the
relative decoupling of supply side GHG emissions of nations
from their economic development. Income-based GHG
emissions per GDP of Indonesia reached the peak in 2006
(20% higher than 1995 level), whereas that of Luxembourg
peaked in 2007 (30% higher than 1995 level) (SI Figure S11).
Although Luxembourg has lower per GDP production-based
and consumption-based GHG emissions during 1996−2009
than 1995 levels, its per GDP income-based GHG emissions
during 2003−2008 are higher than the 1995 level.
We find that the trends of nations’ GHG emissions change

under the income-based accounting method compared to the
production-based and consumption-based accounting methods.
On one hand, this finding reveals new trends in historical GHG
emissions of nations, which provides additional information for
responsibility accounting in global GHG reductions based on

cumulative emissions of nations.42,43 On the other hand, this
finding reveals trajectories of income-based GHG emissions of
different types of nations, informing potential drivers and
hotspots for solutions.

■ DISCUSSION
With the income-based accounting method, this study identifies
new critical nations and sectors and new temporal trends which
cannot be uncovered with the production-based and con-
sumption-based accounting methods. The income-based
accounting method can complement the production-based
and consumption-based accounting methods to support policy
decisions on global GHG mitigation, emission quota
determination, and shared responsibility design.

Supporting Policy Decisions from Multiple Perspec-
tives. The income-based accounting method implies different
policy implications compared to the production-based and
consumption-based accounting methods. The production-
based accounting identifies critical nations and sectors directly
discharging large amounts of GHG emissions (e.g., electricity
generation sector of the US and China). It informs policy
decisions related to energy usage and end-of-pipe control (e.g.,
improving energy usage efficiency, promoting low-carbon
energy sources, and implementing carbon capture and storage
technologies). The consumption-based accounting identifies
critical nations and sectors the final consumption of which
induces large amounts of upstream GHG emissions (e.g.,
construction sector in China and public administration sector
in the US). It informs policy decisions related to consumption
behaviors (e.g., influencing consumption behaviors through
carbon tax on consumed products) and international
collaboration (e.g., transferring technologies and capital from
final consumers to direct emitters through emissions trading
scheme).18,44−49 The income-based accounting identifies
critical nations and sectors primary inputs of which enable
large amounts of downstream GHG emissions (e.g., the renting
and other business, wholesale and commission trade, and f inancial
intermediation sectors of the U.S.). It informs policy decisions
related to items in the value-added (e.g., adjusting the rates of
taxes and subsidies on products and the rates of loans to the
production) and product allocation behaviors (e.g., financial
incentives on selling products to low-carbon users). Decision
makers can choose to invest in dominant enterprises of sectors
that have less income-based GHG emissions and limit loan
supply and subsidies to dominant enterprises of sectors that
have high income-based GHG emissions. Moreover, primary
suppliers can reduce their income-based GHG emissions by
selling to less GHG-intensive downstream users. For example,
the U.S. could encourage its financial intermediation enterprises
(e.g., through government subsidies) to preferentially serve
enterprises with lower GHG intensity instead of those with
higher GHG intensity. Primary suppliers can also help reduce
GHG emissions of downstream users with higher GHG
intensity by transferring related technologies and capital
investments to their downstream users (e.g., through emissions
trading scheme).
The Carbon Disclosure Project (CDP) of the UK requires

major enterprises to report GHG emissions caused by their
production and upstream inputs.50 Such information is used to
change market behaviors of decision makers. Encouraging an
enterprise to trace GHG emissions of its downstream users in
the CDP can help reveal its income-based GHG emissions.
This is a promising way to implement supply side policies
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discussed above. On one hand, this action can provide
additional information for decision makers to change their
market behaviors (e.g., capital investment). On the other hand,
this action can help identify critical downstream users
influencing an enterprise’s income-based GHG emissions,
supporting the choice of downstream users and emissions
trading scheme. Similar measures should also be encouraged in
mineral ore and fossil fuel mining enterprises of resource-
exporting nations (e.g., Russia, Australia, and Canada), which
are critical primary suppliers of the global GHG emissions.
Governments should reply on both administrative and

economic tools to implement the production-side, demand-
side, and supply side measures. For example, administrative
tools can be setting standards on GHG intensity of direct GHG
emitters, embodied GHG certification of final consumers, and
enabled GHG certification of primary suppliers. Economic
tools can be using the rates of taxes, subsidies, and loans to
influence product prices, consumption behaviors, and primary
factor prices.
Supporting Emission Quota Determination. Existing

studies find that, to mitigate global GHG emissions, designing
emission quotas based on cumulative emissions of nations may
be more reasonable than simply on a particular year.42,43 Time-
series analysis of income-based GHG emissions of nations in
this study provides a foundation for determining quotas on
cumulative emissions. Temporal trends in income-based GHG
emissions of specific nations are much different from those in
production-based and consumption-based GHG emissions. If
quotas on cumulative emissions only consider production-
based or consumption-based GHG emissions, the rapid
increase of a nation’s primary inputs in sectors with higher
income-based GHG emissions than production-based and
consumption-based GHG emissions (e.g., the f inancial
intermediation sector of China) will still be responsible for the
growth of global GHG emissions. Thus, results of the income-
based accounting can be an important element in designing
reasonable quotas on cumulative emissions.
Supporting Shared Responsibility Design. Scholars

propose that nations should share the production-based and
consumption-based emission responsibility.2,8−10 In addition to
the production-based and consumption-based accounting
methods, the income-based accounting method provides
additional information on shared responsibility studies. If
resource-exporting nations continue to export large amounts of
resources to foreign nations, their income-based GHG
emissions and the global total GHG emissions will increase,
although their production-based and consumption-based GHG
emissions may remain relatively stable. Thus, the income-based
accounting method should also be taken into account by shared
responsibility studies.
The Kyoto Protocol and Paris Agreement of the UNFCCC1

mainly focus on production-based GHG emissions of nations
(e.g., emission reduction commitments and the emission
peaking of nations), but pay little attention to consumption-
based and income-based GHG emissions of nations. This
situation will lead to emission leakages from final consumers to
upstream suppliers and from primary suppliers to downstream
users. Similar situation can be observed in GHG reduction
actions of particular nations. For example, the U.S. Environ-
mental Protection Agency (EPA) proposed a Clean Power Plan
(CPP) for CO2 reductions in existing power plants in 2015.51

This CPP only concerns production-based CO2 emissions of
power plants and states, while ignores consumption-based and

income-based emission responsibilities of other sectors on the
electricity sector. Incorporating demand-side and supply side
actions in other sectors can more effectively reduce CO2
emissions of power plants. Moreover, CO2 reduction goals of
the U.S. and China in the U.S.-China Joint Announcement on
Climate Change52 only focus on production-based emissions of
these two nations and ignore their consumption-based and
income-based emissions. Similar situations are found in the
UK’s CDP and the CO2 reduction goals of China’s Five-Year
Plans.
Thus, the UNFCCC should count emission responsibilities

of nations from multiple viewpoints such as the production,
consumption, and income perspectives. This requires the
development of hybrid approaches that consist of production-
based, consumption-based, and income-based input−output
models. The UNFCCC should also encourage nations to take
shared responsibilities by making not only production-based
but also consumption-based and income-based emission
reduction commitments. This can enforce nations to take not
only production-side but also demand-side and supply side
measures to control global GHG emissions. However, design-
ing shared responsibilities is a challenging job. For example,
assigning reasonable weights to multiple emission accounts is
complex, because it must consider many relevant factors such as
emission amounts, development levels, and the population of
nations. Designing shared responsibilities is an important and
interesting future research avenue. Future studies should also
focus on the development of hybrid approaches that consist of
production-based, consumption-based, and income-based
input−output models prior to carbon cap or carbon quota
policy making.
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