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Abstract

A growing body of literature discusses the CO2 emissions of cities. Still, little is known
about black carbon (BC), a short-lived warming agent. Identifying the drivers of urban
BC emissions is crucial for targeting cleanup efforts. A consumption-based approach
enables all emissions to be allocated along the production chain to the product and place
of final consumption, whereas a production approach attributes emissions to the place
where goods and services are produced. In this study, we calculate the production-based
and consumption-based emissions in 2012 in four Chinese megacities: Beijing,
Shanghai, Tianjin and Chongging. The results show that capital formation is the largest
contributor, accounting for 37%-69% of consumption-based emissions. Approximately
44% of BC emissions related to goods consumed in Chongging and more than 60% for
Beijing, Shanghai and Tianjin occur outside of the city boundary. The large gap between
consumption and production-based emissions can be attributed to the great difference
in embodied emission intensities. Therefore, collaborative efforts to reduce emission
intensity can be effective in mitigating climate change for megacities as either

producers or consumers.
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1 Introduction

Black carbon (BC) is mainly emitted by the incomplete combustion of fossil fuels
and biofuel (Bond et al., 2013). BC is an efficient absorber of solar radiation and
contributes to global climate change (Mitchell et al., 1997); its role is second only to
CO: as the main driver of climate change (Bond et al., 2013; Ramanathan and
Carmichael, 2008). Due to its short atmospheric lifetime, reducing BC emissions can
immediately contribute towards the goal of limiting global warming to 2 °C above pre-
industrial levels (Ramanathan and Carmichael, 2008; Rypdal et al., 2009; Shindell et
al., 2012; Wallack and Ramanathan, 2009).

BC emissions are of concern at a variety of spatial scales ranging from the
individual city to the globe (Bond et al., 2013; Cao et al., 2006; Jargensen, 2016; Koch
et al., 2009; Wang et al., 2012a). Asia contributes more than half of all global
anthropogenic BC emissions, and China is the largest emitter, due to its rapid economic
growth and urbanization (Wang et al., 2014a; Zhang et al., 2009). At present, more than
half of China’s population lives in urban areas (NBSC, 2015), and China’s cities
contribute more than 80% of the total energy consumption in China (Mi et al., 2016).
Cities have been identified as having major potential for reducing energy consumption
and related emissions (Chen and Chen, 2012, 20164, b; Chen et al., 2015).

There are two widely used approaches to measuring urban emissions: production-
based and consumption-based accounting. Production-based accounting is used to

measure emissions caused by local production, without considering where goods are



used or who ultimately uses them (Meng et al., 2016b; Wang et al., 2014a; Wang et al.,
2014b; Wang et al., 2012a). These inventories have been extensively used to guide the
implementation of emission control measures. By contrast, consumption-based
accounting attributes all emissions occurring along the production chain to the final
consumers of products (Davis and Caldeira, 2010; Meng et al., 2016c; Tukker and
Dietzenbacher, 2013; Wiedmann, 2009). In this framework, emissions embodied in
product imports are allocated to the city where they are consumed while the emissions
embodied in exports are excluded (Peters, 2008). A series of studies have demonstrated
that consumption-based accounting opens the door to new solutions to combating
climate change that bring together producers and final consumers (Girod et al., 2014;
Jakob et al., 2014; Steininger et al., 2015).

There are numerous studies on consumption-based greenhouse gas emissions for
cities (Feng et al., 2014; Guo et al., 2012; Mi et al., 2015; Mi et al., 2016; Shao et al.,
2016). Feng et al. (2014) analyzed consumption-based carbon emissions for four
Chinese megacities and found that urban consumption imposed high emissions on
surrounding regions via interregional trade. Mi et al. (2016) employed an input-output
model to calculate consumption-based CO> emissions for thirteen Chinese cities and
found that CO> emissions related to urban consumption are largely outsourced to other
regions. Shao et al. (2016) also accounted for consumption-based carbon emissions
from the fossil fuel consumption of Beijing in 2012. These studies all provided insights
useful for designing climate mitigation policies as important complementary indicators

to the production-based emission inventory. Some attention has also been paid to
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consumption-based air pollutant emissions in cities (Jiang et al., 2016; Li et al., 2016a).

However, few studies have focused on consumption-based BC emissions for cities.
Li et al. (2016b) and Zhao et al. (2015a) all explored the emissions embodied in inter-
provincial trade and international trade in 2007 and then derived the consumption-based
emissions for 30 provinces in China, including Beijing, Tianjin, Shanghai and
Chongging. Meng et al. (2015a) assessed the consumption-based particulate matter
emissions in Beijing and analyzed the impacts of domestic and international trade on
Beijing’s emissions. Hence, this study fills this gap by building consumption-based
emission inventories for cities using the most recent data from 2012. We choose four
megacities, Beijing, Tianjin, Shanghai and Chongging, as our case study due to their
prominent positions and data availability. The sources of BC emissions in this study
consist of industrial emission sources (i.e. agriculture, industrial activity, power
generation, transportation and non-transportation services) directly emitted from energy
combustion and residential emissions (e.g. cooking and heating). To achieve our
research targets, we first elaborate our methodology, including data collection and the
detailed computation process. We then offer a detailed description of results and a deep
analysis. We finally discuss policy implications for reducing BC emissions in our

conclusions.



2 Methods

2.1 Estimation of production- and consumption-based BC emissions

Extended environmental input-output (EEIO) analysis is a popular tool that allows
final consumption in one sector to be tracked to all other sectors (Miller and Blair, 2009).
This method is being increasingly applied to analyze a wide-range of environmental
issues such as greenhouse gas emissions (Guo et al., 2012; Shao et al., 2016), land use
(Chen and Han, 2015; Costello et al., 2011), water consumption (Han et al., 2014; Zhao
et al., 2015b), energy consumption (Li et al, 2016c¢; Yuan et al., 2010), air pollutants (Li
et al., 2015; Meng et al., 2015a; Meng et al., 2015b), biodiversity loss (Lenzen, 2012),
and materials use (Wiedmann et al., 2013).

In the framework of the original input-output analysis, the monetary balance of the
urban economy is
X=Z+Y+E°+EF -MP -MF (1)
where X is the vector of total economic output in each sector; Z represents the direct
requirement coefficient matrix for each element; z;; represents the required input from
sector i to produce output in sector j; Y is a vector of domestic consumption, consisting
of urban household consumption, rural household consumption, government
expenditure, capital formation and inventory increase. EP and EF, respectively,
represent the vectors of exports to other provinces and to other countries. MP and MF,
respectively, represent the vectors of inflows from other provinces and imports from

other countries.



Inflows MP and Imports MF represent final consumption and intermediate
consumption. Due to the lack of an import matrix in the original 10 table, we followed
previous studies (Guan et al., 2009; Guan et al., 2014c; Lin et al., 2014; Meng et al.,
2015a; Meng et al., 2015b; Weber et al., 2008) and assumed that all consumers
(industry, government, and households) use inflows/imports in the same proportions.
Thus, we used the following equations to split intermediate use (Z) and final use (F,

including Y and E)

22 =2, x(MP 1 (%;+ M?+ M) @)
2t =12, x(M{/ (X;+MP+ M) ©)
FP=F x(M3/ (% ® K @
FF=F x(MF/(x,+MP+MF)) (5)

Thus, equation (1) can be expressed as
X=Z+Y+E°+EF -MP-MF
=Z;+Z7+Z; +F"+F°+FR -M,"-M/
:ZijL +F" +(Zi? +F” - MiD)+(ZijF +F"-M;")
=Z; +F'

(6)

Consumption-based emissions of an urban economy (EC) can be accounted
by
EC =h(I-A°)'Y +&°MP +&"MF (7

Here, | is the identity matrix, AP represents the normalized technology coefficients
matrix or direct requirement coefficient matrix for each element; ajj represents the
required input from sector i (excluding inflows/imports) to produce unit output in sector
j; L=(1-AP) is the direct and indirect matrix, in which element Ljj represents how many

products of sector i are locally needed to produce one unit of the product for final use



in sector j. &®and &7 are the embodied emissions intensity (direct and indirect
emissions induced by unit final demand along the whole supply chain) of imported
products from other regions domestically and imported products internationally,
respectively. The embodied BC intensity of imported products can be found in Table
Al in supplementary information. Thus, h(I-A°)™Y represents the emissions
generated locally due to local final demand. £s°MPand &"MF are the emissions
embodied in domestic inflows and international imports, respectively.

Emissions embodied in exports can be expressed as:

EE= fI- AYC B+ B (@)
EP'and EF 'are revised outflows/exports and remove the re-export of

inflows/imports following equation (4) and (5).

2.2 Index decomposition analysis of emissions embodied in trade

The index decomposition of BC emissions embodied in trade is given by
E=YE=Y Q2 =Y 0sF ©
i i Q Qi i

where E describes the BC emissions embodied in exports or imports, Q is the GDP
value of exports or imports, and S; refers to the share of the GDP value for sector i,
which reflects the economic structure. Fi is the BC emissions per unit of
imported/exported finished products of sector i. Thus, the factor contributing to the net
trade in embodied emissions can be expressed based on the logarithmic mean divisia

index (LMDI) approach as:



AE — Eimport _ Eexport :AEQ +AES +AEF (10)

where AE is the difference between the BC emissions embodied in imports ( E™")
and the BC emissions embodied in exports (E®*"); AE,, AE; and AE, refer to the
effect of the trade volume of finished products, the trade structure and trade emissions

intensity, respectively. AE,, AEgand AE_ are expressed as:

AE, = Zw |n(8—i:) (12)
S!
AEg = ZW |n(S—_'O) (12)
Ft
AE. = ZW |n(F—_',,) (13)
E'—E}

W =—"0—"— 14
" InE/-InE; (14)

Qf,SfandF' are the trade volume, trade structure and emission intensity of imports,

respectively. Q°, S’ and F° are the trade volume, trade structure and emission

intensity of exports, respectively.
2.3 Data source

The energy-related BC emissions (C) was calculated by

m n

C:ZZEUEFH (15)

i=1 j=1

where C is total BC emissions (g); E;; represents the energy consumption of fuel

in sector i (kg); EF, ; isthe emission factor of energy j in sector i which incorporates

the technology split and removal efficiency (Li et al., 2016b; Meng et al., 2015a; Meng



etal., 2016b; Wang et al., 2012a; Wang et al., 2012b). The direct BC emission inventory
covered all 30 economic sectors (Table Al) to adjust to the input-output table. Data
regarding direct fossil energy in 2012 were from the China Emission Accounts and
Datasets (CEADs, http://www.ceads.net/), which are all collected from the regional
Statistical Yearbooks (Shan et al., 2016). Emission factors used in this study were
obtained from previous studied (Wang et al., 2014a; Wang et al., 2012a; Wang et al.,
2012b) , which had conducted an extensive literature reviewed to collect emission
factor and built an emission factor database. Detailed methods to build the database and
uncertainty analysis of the emission inventory can be found in previous studies (Meng
et al., 2015a; Wang et al., 2012a; Wang et al., 2012b). A global BC emission inventory

has also been compiled and is available online for free (http://inventory.pku.edu.cn/).

3 Results and Discussion

3.1 Production- and consumption-based BC emissions

Table 1 shows the socioeconomic information and BC emissions of the four
megacities in 2012. We can see that Shanghai has the highest population density and
the highest per capita territory BC emissions compared with the other three cities.
Tertiary industries in Beijing and Shanghai contribute 76.4% and 60.4% to their GDP,
respectively. By contrast, secondary industries are the economic engines in Tianjin and
Chongging. Tianjin has the highest per capita GDP and, at the same time, the highest
consumption-based BC emissions per person. Chongging is less developed than the

other three cities, and its per capita GDP is less than half of the other three cities, while
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its per capita consumption-based emissions are approximately 70% of those in Beijing

and Shanghai.

Insert Table 1

Insert Fig.1

The production-based BC emissions cover energy-related emissions from all
industrial and residential households. The production-based BC emissions in Shanghai
and Chongging were 23.6 and 20.1 Gg, respectively, while Beijing’s and Tianjin’s
production-based emissions were lower, at 11.9 and 13.9 Gg, respectively. Table A2
compares the BC emissions in this study with previous studies. The total emissions in
the four megacities corresponds closely with the previous estimations, except that BC
emissions in Beijing 2000 doubled the BC emissions in Beijing 2012 in this study. This
can be attributed to the shift of 86-year-old Capital Iron and Steel Works, known as
Shougang, from Beijing to Hebei since 2007.

An urban economy has extensive cross-boundary interactions in terms of monetary,
commodity and resource flows (Jiang et al., 2016; Liu and Miiller, 2013; Meng et al.,
2015a; Shao et al., 2016). Territorial emissions in a city relate to local consumption and
exports to other provinces or foreign regions, while the city also induced BC emissions
outside of the city boundary. Figure 1 shows that more than 44% of BC emissions
related to goods consumed in Chongging and more than 60% for those consumed in
Beijing, Shanghai and Tianjin occurred outside of the territorial city boundary in 2012.

Overall, the consumption-based emissions in these four megacities were much larger
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than the production-based emissions, especially in Beijing and Tianjin, whose
consumption-based emissions were almost double their production-based emissions.
This finding of BC emissions in this study are similar to CO2 emissions to some extent
(Feng et al., 2014). The similar pattern for CO2 and BC confirms that urban consumers
in China's megacities are largely relying on goods produced elsewhere, thus inducing
emissions and influencing the environment in other regions.

From a consumption perspective, these four megacities constitute various
structures of final demand. More than half of the consumption-based emissions in
Tianjin and Chongging were induced by capital formation, e.g., road construction and
housing development, in the cities. Capital formation requires a huge amount of steel,
iron, and cement, as well as electricity, to support the production. These input materials
are all highly emission-intensive products. The shares of emissions caused by capital
formation in Beijing and Shanghai were slightly smaller (37% and 38%, respectively),
while those for Tianjin and Chongging were 69% and 48%, respectively. This high
contribution of capital investments in the megacities to BC emissions is driven by rapid
economic growth and urbanization, as well as being driven by government policies
(Guoetal., 2012; Meng et al., 2015a; Mi et al., 2016; Shao et al., 2016). For megacities
in 2007 (Feng et al., 2014), capital formation accounted for more than 50% of the total
CO2 consumption-based emissions. For BC emissions in 2012, Beijing and Shanghai
had a relatively lower contribution of capital formation and a relatively higher
contribution of urban household consumption compared to Tianjin and Chongging,

approaching those of developed western countries. As the capital city of China, Beijing
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has a relatively large contribution from government expenditure.

Urban household consumption was the second greatest contributor. Although the
ratio of direct emissions from rural residential energy consumption to that from urban
energy consumption ranged from 31% (Shanghai) up to a factor of 35 times
(Chongging), the level of embodied emissions in the commaodities consumed by urban
residents is much larger than that in the commodities consumed by rural residents, even
amounting to 18 times in Shanghai, while the rural population and urban population
were comparable. Annually, approximately 20 million people move from rural areas to
urban areas, which incentivizes new infrastructure and housing requirements as well as
substantial commodities purchases due to changing lifestyles (Feng and Hubacek,
2016). Household consumption is projected to drive growing BC emissions. The
megacities are facing similar challenges in terms of BC emissions if they are to maintain
their growth momentum. Therefore, consumer choices urgently need to be shifted, for
example, energy-efficient dwellings, eating less (red) meat, lower fossil fueled mobility,

and purchasing higher quality long-lived goods (Girod et al., 2013, 2014).

Insert Fig.2

3.2 Embodied BC emissions in trade

Emission inventories from a consumption perspective, rather than a production
perspective, imply the need for policy instruments that allow the emissions of such key
traded productions or services to be addressed. BC emissions embodied in imports and
exports vary greatly in the four megacities (see Figure 3), but all four tend to import

resources (e.g., coal, oil and gas) and materials produced by secondary industries. The
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sector of mineral products was the main contributor in all four megacities, ranging from
18% in Beijing to 23% in Chongging. The sector of coal, oil and gas was the biggest
contributor to Shanghai and Beijing’s emissions embodied in imports, accounting for
19% and 37%, respectively. By contrast, emissions embodied in the construction sector
were responsible for 49% of the total imported emissions in Tianjin. The monetary
inflow in the construction sector has increased from 58 trillion in 2007 to 368 trillion
in 2012 for Tianjin, at a growth rate of 44.7% annually (NBSC, 2014). The emissions
embodied in exports in the four megacities are mainly related to the transport and
storage sector, especially in Shanghai, which has 53% of emissions embodied in
exports attributed to this sector. For all four cities, BC emissions embodied in imports
were much greater than those embodied in exports. For example, the emissions

embodied in Beijing’s imports were four times the amount embodied in its exports.

Insert Fig.3

3.3 Socioeconomic driving forces of emissions imbalance

It can be seen that all four megacities were net importers of BC emissions and that
imported and exported products differ greatly. These cities can be net importers of BC
emissions for a number of reasons: (a) a relatively low emission intensity of GDP (i.e.,
the amount of direct and indirect BC emissions to produce a unit of GDP), (b) import
specialization in carbon-intensive products, and (c) a trade deficit. The determinants are
important research and policy issues. Because the international imports of these four
cities were too small (less than 1%) compared to their domestic trade, we decomposed

the net emissions embodied in domestic trade into the abovementioned three factors.
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Insert Fig.4

Fig. 4 presents the contribution of each factor to the major difference in the net
emissions transfer. Trade structure here reflects the percentage of emissions-intensive
products within the traded products. The trade structure of Tianjin and Chongging were
responsible for approximately half of the net BC imports. What ultimately matters for
Beijing and Shanghai is the difference in the intensity of inflows compared to outflows;
emission intensity difference contributed 11.5 Gg and 7.6 Gg of the net BC emissions
embodied in imports, which were partly offset by the trade deficit.

BC is an important component of fine particulate matter (PM2.5) and has an adverse
impact on human health and the environment (Bond et al., 2013). As part of the efforts
to improve air quality, the Chinese government has imposed strict regulations on
pollutant emissions in megacities (Meng et al., 2016a). One of these measures is to shift
industry out of these regions without changing consumption patterns, which may result
in an increase in total pollutant emissions. This increase would be due to generally
inefficient production in less-regulated areas and geographically extended supply
chains. A series of studies has highlighted that the emission intensity of developing
country exports is much greater than that of developed country exports (Davis and
Caldeira, 2010; Liu et al., 2016; Meng et al., 2016¢); the same holds true for developing
and developed cities within one country. Despite some policies such as installing

scrubber, improving energy mix to reduce fossil fuel consumption (Hossain and Fara;

15



Rosen and Koohi-Fayegh, 2016), cost-effective mitigation of BC emissions may
require policies that cover the entire supply chain, which in turn will depend upon a
quantitative understanding of emissions transport between producers and consumers.
Consumption-based accounting has clear benefits in terms of facilitating the diffusion
of cleaner production practices and technologies to less developed regions (Guan et al.,
2014a). For instance, the Clean Development Mechanism (CDM) concept is completely
compatible with the consumption-based accounting of BC emissions. Peters (2008)
posited that a consumption-based approach would allow project sponsors to enact

mitigation projects in areas where they import products.

4 Conclusions

Consumption-based accounting has been widely used to open the door to new
solutions to combating climate change. Compared to a production-based approach, a
consumption-based method provides insight into the BC emissions in the production of
products to support consumption. The aim of the consumption-based approach has not
been to replace the production-based approach but rather to serve as a supplement. The
policy implications include not only portions directed at reducing BC emissions in some
specific industries, for instance, improving production technologies, but also options to

alter consumption patterns.

In this study, we use the latest data to calculate the consumption-based BC
emissions for four megacities in China and identify the forces driving the difference

between consumption and production-based emissions. We find that consumption in
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these cities induces emissions not only locally but also beyond the boundary via
interregional trade. For example, more than 60% of consumption-based BC emissions
in Beijing and Shanghai were embodied in imports from other regions. However, the
big gap in net emissions embodied in trade was not due to trade imbalances but instead
stems from the large difference between the embodied emission intensity of exports
from these megacities and imports from other regions. Indeed, this has already been
demonstrated for CO> emissions (Feng et al., 2014; Mi et al., 2016). High levels of
consumption in China’s developed regions are driving emissions in less developed
provinces, where CO2 emission intensity is much greater. This finding highlights the
magnitude and importance of interregional trade in transferring embodied emissions
between regions. Improving technology and reducing carbon intensity are critical for
mitigating climate change for megacities as either producers or consumers. The national
government should coordinate design and implement effective mechanisms and
channels to encourage technology transfer between the more and less developed regions

of China (Guan et al., 2014b).

Capital formation was the largest contributor to consumption-based BC emissions
in the four cities, particularly in Tianjin and Chongging. Beijing and Shanghai were
more like a mature economy, with a relatively lower contribution from capital formation
and a relatively higher contribution from urban household consumption compared to
Tianjin and Chongqing. For growing cities such as Tianjin and Chongging, which are
expanding their infrastructures, more sustainable urban forms and spatial planning are

urgently needed as important long-term factors towards sustainable lifestyles (Creutzig
17



et al., 2015; Feng and Hubacek, 2016; Ramaswami et al., 2016). Household
consumption is the second largest driver, while the per capita BC footprint in urban
areas was much larger than that in rural areas. In the future, more residents will
transition from rural to urban lifestyles as China continues its rapid urbanization,
leading to increased BC emissions related to household consumption. Clearly,
improving emission intensity via production-focused efficiency measures and end-of-
pipe control is essential. However, developing lifestyles that decouple economic growth
and emissions will require substantial debates on the limits of green consumerism and

the potential of sustainable consumption.

Acknowledgements

This study was supported by the National Key R&D Program of China
(2016YFA0602604), the Natural Science Foundation of China (41629501, 41328008),
the UK Economic and Social Research Council (ES/L016028/1) Natural Environment
Research Council (NE/N00714X/1) and British Academy Grant (AF150310).

Appendix. Supplementary material.

References

Bond, T.C., Doherty, S.J., Fahey, D., Forster, P., Berntsen, T., DeAngelo, B., Flanner, M., Ghan, S.,
Kércher, B., Koch, D., 2013. Bounding the role of black carbon in the climate system: A
scientific assessment. Journal of Geophysical Research: Atmospheres 118, 5380-5552.

Cao, G.L., Zhang, X.Y., Zheng, F.C., 2006. Inventory of black carbon and organic carbon emissions

from China. Atmos. Environ. 40, 6516-6527.
18



Chen, G., Han, M., 2015. Virtual land use change in China 2002—-2010: internal transition and trade
imbalance. Land Use Policy 47, 55-65.

Chen, S., Chen, B., 2012. Network environ perspective for urban metabolism and carbon emissions:
a case study of Vienna, Austria. Environ. Sci. Technol. 46, 4498-4506.

Chen, S., Chen, B., 2016a. Coupling of carbon and energy flows in cities: A meta-analysis and nexus
modelling. Appl. Energy. In press. DOI: 10.1016/j.apenergy.2016.10.069

Chen, S., Chen, B., 2016b. Tracking inter-regional carbon flows: a hybrid network model. Environ.
Sci. Technol. 50, 4731-4741.

Chen, S., Chen, B., Su, M., 2015. Nonzero-Sum Relationships in Mitigating Urban Carbon
Emissions: A Dynamic Network Simulation. Environ. Sci. Technol. 49, 11594-11603.

Costello, C., Griffin, W.M., Matthews, H.S., Weber, C.L., 2011. Inventory development and input-
output model of US land use: Relating land in production to consumption. Environ. Sci.
Technol. 45, 4937-4943,

Creutzig, F., Baiocchi, G., Bierkandt, R., Pichler, P.-P., Seto, K.C., 2015. Global typology of urban
energy use and potentials for an urbanization mitigation wedge. Proc. Natl. Acad. Sci. 112,
6283-6288.

Davis, S.J., Caldeira, K., 2010. Consumption-based accounting of CO2 emissions. Proc. Natl. Acad.
Sci. 107, 5687-5692.

Feng, K., Hubacek, K., 2016. Carbon implications of China’s urbanization. Energy, Ecology and
Environment 1, 39-44.

Feng, K., Hubacek, K., Sun, L., Liu, Z., 2014. Consumption-based CO 2 accounting of China's
megacities: The case of Beijing, Tianjin, Shanghai and Chongging. Ecol. Indic. 47, 26-31.
Girod, B., Van Vuuren, D.P., Hertwich, E.G., 2013. Global climate targets and future consumption

level: an evaluation of the required GHG intensity. Environ. Res. Lett. 8, 014016.

Girod, B., van Vuuren, D.P., Hertwich, E.G., 2014. Climate policy through changing consumption
choices: Options and obstacles for reducing greenhouse gas emissions. Glob. Environ. Change
25, 5-15.

Guan, D., Klasen, S., Hubacek, K., Feng, K., Liu, Z., He, K., Geng, Y., Zhang, Q., 2014a.

Determinants of stagnating carbon intensity in China. Nature Climate Change 4, 1017-1023.

19



Guan, D., Klasen, S., Hubacek, K., Feng, K., Liu, Z., He, K., Geng, Y., Zhang, Q., 2014b.
Determinants of stagnating carbon intensity in China. Nature Climate Change. 4, 1017-1023.

Guan, D., Peters, G.P., Weber, C.L., Hubacek, K., 2009. Journey to world top emitter: An analysis
of the driving forces of China’s recent CO2 emissions surge. Geophys. Res. Lett. 36, L04709.

Guan, D., Su, X., Zhang, Q., Peters, G.P., Liu, Z., Lei, Y., He, K., 2014c. The socioeconomic drivers
of China’s primary PM2. 5 emissions. Environ. Res. Lett. 9, 024010.

Guo, S., Shao, L., Chen, H., Li, Z., Liu, J., Xu, F, Li, J., Han, M., Meng, J., Chen, Z.-M., 2012.
Inventory and input—output analysis of CO 2 emissions by fossil fuel consumption in Beijing
2007. Ecol Inform 12, 93-100.

Han, M.Y., Guo, S., Chen, H., Ji, X., Li, J.S., 2014. Local-scale systems input-output analysis of
embodied water for the Beijing economy in 2007. Front Earth Sci-Prc 8, 414-426.

Hossain, M.F., Fara, N., Integration of wind into running vehicles to meet its total energy demand.
Energy, Ecology and Environment, 1-14.

Jorgensen, S.E., 2016. Urgent needs for multidisciplinary and transdisciplinary research. Energy,
Ecology and Environment 1, 3-9.

Jakob, M., Steckel, J.C., Edenhofer, O., 2014. Consumption-versus production-based emission
policies. Annu. Rev. Resour. Econ. 6, 297-318.

Jiang, W., Li, J., Chen, G., Yang, Q., Alsaedi, A., Ahmad, B., Hayat, T., 2016. Mercury emissions
embodied in Beijing economy. J Clean Prod 129, 134-142.

Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J.R., Balkanski, Y., Bauer, S.,
Berntsen, T., Bond, T.C., Boucher, O., Chin, M., Clarke, A., De Luca, N., Dentener, F., Diehl,
T., Dubovik, O., Easter, R., Fahey, D.W., Feichter, J., Fillmore, D., Freitag, S., Ghan, S., Ginoux,
P., Gong, S., Horowitz, L., Iversen, T., Kirkevag, A., Klimont, Z., Kondo, Y., Krol, M., Liu, X.,
Miller, R., Montanaro, V., Moteki, N., Myhre, G., Penner, J.E., Perlwitz, J., Pitari, G., Reddy,
S., Sahu, L., Sakamoto, H., Schuster, G., Schwarz, J.P., Seland, O., Stier, P., Takegawa, N.,
Takemura, T., Textor, C., van Aardenne, J.A., Zhao, Y., 2009. Evaluation of black carbon
estimations in global aerosol models. Atmos Chem Phys 9, 9001-9026.

Lenzen, M., 2012. International trade drives biodiversity threats in developing nations. Nature 486,

110-112.

20



Li, J., Chen, G., Chen, B., Yang, Q., Wei, W., Wang, P., Dong, K., Chen, H., 2016a. The impact of
trade on fuel-related mercury emissions in Beijing—evidence from three-scale input-output
analysis. Renewable Sustainable Energy Rev. In Press. DOI: 10.1016/j.rser.2016.11.051

Li, J.S., Chen, G.Q., Hayat, T., Alsaedi, A., 2015. Mercury emissions by Beijing's fossil energy
consumption: Based on environmentally extended input-output analysis. Renew Sust Energ
Rev 41, 1167-1175.

Li, J.S., Xia, X.H., Chen, G.Q., Alsaedi, A., Hayat, T., 2016c. Optimal embodied energy abatement
strategy for Beijing economy: Based on a three-scale input-output analysis. Renewable
Sustainable Energy Rev. 53, 1602-1610.

Li, Y., Meng, J., Liu, J., Xu, Y., Guan, D., Tao, W., Huang, Y., Tao, S., 2016b. Inter-provincial
Reliance for Improving Air Quality in China: A Case Study on Black Carbon Aerosol. Environ.
Sci. Technol.

Lin, J., Pan, D., Davis, S.J., Zhang, Q., He, K., Wang, C., Streets, D.G., Wuebbles, D.J., Guan, D.,
2014. China’s international trade and air pollution in the United States. Proc. Natl. Acad. Sci.
111, 1736-1741.

Liu, G., Miiller, D.B., 2013. Mapping the global journey of anthropogenic aluminum: A trade-linked
multilevel material flow analysis. Environ. Sci. Technol. 47, 11873-11881.

Liu, Z., Davis, S.J., Feng, K., Hubacek, K., Liang, S., Anadon, L.D., Chen, B., Liu, J., Yan, J., Guan,
D., 2016. Targeted opportunities to address the climate-trade dilemma in China. Nature Climate
Change 6, 201-206.

Lu, Y., Chen, B., 2016. Urban ecological footprint prediction based on the Markov chain. J Clean
Prod. In press. DOI: 10.1016/j.jclepro.2016.03.034

Meng, J., Liu, J.,, Fan, S., Kang, C., Yi, K., Cheng, Y., Shen, X., Tao, S., 2016a. Potential health
benefits of controlling dust emissions in Beijing. Environ. Pollut. 213, 850-859.

Meng, J., Liu, J., Guo, S., Huang, Y., Tao, S., 2015a. The impact of domestic and foreign trade on
energy-related PM emissions in Beijing. Appl. Energy

Meng, J., Liu, J., Guo, S, Li, J., Li, Z., Tao, S., 2016b. Trend and driving forces of Beijing's black
carbon emissions from sectoral perspectives. J Clean Prod 112, Part 2, 1272-1281.

Meng, J., Liu, J., Xu, Y., Guan, D., Liu, Z., Huang, Y., Tao, S., 2016¢. Globalization and pollution:

21


http://www.sciencedirect.com/science/journal/aip/13640321

tele-connecting local primary PM2. 5 emissions to global consumption, Proc. R. Soc. A. The
Royal Society, p. 20160380.

Meng, J., Liu, J., Xu, Y., Tao, S., 2015b. Tracing Primary PM2. 5 emissions via Chinese supply
chains. Environ. Res. Lett. 10, 054005.

Mi, Z.-F., Pan, S.-Y., Yu, H., Wei, Y.-M., 2015. Potential impacts of industrial structure on energy
consumption and CO 2 emission: a case study of Beijing. J Clean Prod 103, 455-462.

Mi, Z., Zhang, Y., Guan, D., Shan, Y., Liu, Z., Cong, R., Yuan, X.-C., Wei, Y.-M., 2016.
Consumption-based emission accounting for Chinese cities. Appl. Energy 184, 1073-1081.

Miller, R.E., Blair, P.D., 2009. Input-output analysis: foundations and extensions. Cambridge
University Press.

Mitchell, P., Lakshminarayan, P.G., Babcock, B., 1997. Trade-offs between producer profit and
agricultural CO2 emissions. Am J Agr Econ 79, 1726-1726.

NBSC (National Bureau of Statistic of China), 2014. China Statistical Yearbook, 2012. China
Statistic Press Beijing.

NBSC (National Bureau of Statistic of China), 2015. China Statistical Yearbook, 2014. China
Statistic Press Beijing.

Peters, G.P., 2008. From production-based to consumption-based national emission inventories.
Ecol. Econ. 65, 13-23.

Ramanathan, V., Carmichael, G., 2008. Global and regional climate changes due to black carbon.
Nat. Geosci. 1, 221-227.

Ramaswami, A., Russell, A.G., Culligan, P.J., Sharma, K.R., Kumar, E., 2016. Meta-principles for
developing smart, sustainable, and healthy cities. Science 352, 940-943.

Rosen, M.A., Koohi-Fayegh, S., 2016. The prospects for hydrogen as an energy carrier: an overview
of hydrogen energy and hydrogen energy systems. Energy, Ecology and Environment 1, 10-29.

Rypdal, K., Rive, N., Berntsen, T.K., Klimont, Z., Mideksa, T.K., Myhre, G., Skeie, R.B., 2009.
Costs and global impacts of black carbon abatement strategies. Tellus B 61, 625-641.

Shan, Y., Liu, J., Liu, Z., Xu, X., Shao, S., Wang, P., Guan, D., 2016. New provincial CO 2 emission
inventories in China based on apparent energy consumption data and updated emission factors.

Appl. Energy 184, 742-750.

22



Shao, L., Guan, D., Zhang, N., Shan, Y., Chen, G., 2016. Carbon emissions from fossil fuel
consumption of Beijing in 2012. Environ. Res. Lett. 11, 114028.

Shindell, D., Kuylenstierna, J.C., Vignati, E., van Dingenen, R., Amann, M., Klimont, Z., Anenberg,
S.C., Muller, N., Janssens-Maenhout, G., Raes, F., 2012. Simultaneously mitigating near-term
climate change and improving human health and food security. Science 335, 183-189.

Steininger, K.W., Lininger, C., Meyer, L.H., Mufioz, P., Schinko, T., 2015. Multiple carbon
accounting to support just and effective climate policies. Nature Climate Change. 6, 35-41.

Tukker, A., Dietzenbacher, E., 2013. Global multiregional input—output frameworks: an
introduction and outlook. Econ. Syst. Res. 25, 1-19.

Wallack, J.S., Ramanathan, V., 2009. The other climate changers: Why black carbon and ozone also
matter. Foreign Affairs, 105-113.

Wang, R., Tao, S., Balkanski, Y., Ciais, P., Boucher, O., Liu, J., Piao, S., Shen, H., Vuolo, M.R,,
Valari, M., 2014a. Exposure to ambient black carbon derived from a unique inventory and high-
resolution model. Proc. Natl. Acad. Sci. 111, 2459-2463.

Wang, R., Tao, S., Shen, H., Huang, Y., Chen, H., Balkanski, Y., Boucher, O., Ciais, P., Shen, G., Li,
W., 2014b. Trend in global black carbon emissions from 1960 to 2007. Environ. Sci. Technol.
48, 6780-6787.

Wang, R., Tao, S., Shen, H.Z., Wang, X.L., Li, B.G., Shen, G.F., Wang, B., Li, W,, Liu, X.P., Huang,
Y., Zhang, Y.Y,, Lu, Y., Ouyang, H.L., 2012a. Global Emission of Black Carbon from Motor
Vehicles from 1960 to 2006. Environ. Sci. Technol. 46, 1278-1284.

Wang, R., Tao, S., Wang, W.,, Liu, J., Shen, H., Shen, G., Wang, B., Liu, X., Li, W., Huang, Y.,
Zhang, Y., Lu, Y., Chen, H., Chen, Y., Wang, C., Zhu, D., Wang, X., Li, B., Liu, W., Ma, J.,
2012b. Black Carbon Emissions in China from 1949 to 2050. Environ. Sci. Technol. 46, 7595-
7603.

Weber, C.L., Peters, G.P., Guan, D., Hubacek, K., 2008. The contribution of Chinese exports to
climate change. Energy Policy 36, 3572-3577.

Wiedmann, T., 2009. A review of recent multi-region input—output models used for consumption-
based emission and resource accounting. Ecol. Econ. 69, 211-222.

Wiedmann, T.O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J., Kanemoto, K., 2013. The

23



material footprint of nations. Proc. Natl. Acad. Sci., 201220362.

Yuan, C., Liu, S., Xie, N., 2010. The impact on chinese economic growth and energy consumption
of the Global Financial Crisis: An input—output analysis. Energy 35, 1805-1812.

Zhang, Q., Streets, D.G., Carmichael, G.R., He, K., Huo, H., Kannari, A., Klimont, Z., Park, I.,
Reddy, S., Fu, J., 2009. Asian emissions in 2006 for the NASA INTEX-B mission. Atmos.
Chem. Phys. 9, 5131-5153.

Zhao, H., Zhang, Q., Guan, D., Davis, S., Liu, Z., Huo, H., Lin, J., Liu, W,, He, K., 2015a.
Assessment of China's virtual air pollution transport embodied in trade by using a
consumption-based emission inventory. Atmos. Chem. Phys. 15, 5443-5456.

Zhao, X., Liu, J., Liu, Q., Tillotson, M.R., Guan, D., Hubacek, K., 2015b. Physical and virtual water

transfers for regional water stress alleviation in China. Proc. Natl. Acad. Sci. 112, 1031-1035.

24



