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Abstract

A growing body of literature discusses the LCémissions of cities. Still, little is

known about black carbon (BC), a short-lived wamgnagent. Identifying the drivers
of urban BC emissions is crucial for targeting olga efforts. A consumption-based
approach enables all emissions to be allocatedgalbe production chain to the
product and place of final consumption, whereasraytion approach attributes
emissions to the place where goods and servicepradtced. In this study, we
calculate the production-based and consumptionebasaissions in 2012 in four
Chinese megacities: Beijing, Shanghai, Tianjin @mbngqging. The results show that
capital formation is the Ilargest contributor, agting for 37%-69% of

consumption-based emissions. Approximately 44% @fdBnissions related to goods
consumed in Chongging and more than 60% for Beij8ttganghai and Tianjin occur
outside of the city boundary. The large gap betwesmsumption and

production-based emissions can be attributed togteat difference in embodied
emission intensities. Therefore, collaborative #ffdo reduce emission intensity can
be effective in mitigating climate change for mates as either producers or

consumers.

Keywords: Black carbon, megacities, input-output analysésainposition analysis



1 Introduction

Black carbon (BC) is mainly emitted by the incontpleombustion of fossil fuels
and biofuel (Bond et al., 2013). BC is an efficieitsorber of solar radiation and
contributes to global climate change (Mitchell et 2997); its role is second only to
CO, as the main driver of climate change (Bond et 2013; Ramanathan and
Carmichael, 2008). Due to its short atmospheratitiie, reducing BC emissions can
immediately contribute towards the goal of limitiggpbal warming to 2 °C above
pre-industrial levels (Ramanathan and Carmichd&£82Rypdal et al., 2009; Shindell
et al., 2012; Wallack and Ramanathan, 2009).

BC emissions are of concern at a variety of spa@lles ranging from the
individual city to the globe (Bond et al., 2013;dCat al., 2006; Jagrgensen, 2016;
Koch et al., 2009; Wang et al., 2012a). Asia cbuoties more than half of all global
anthropogenic BC emissions, and China is the largestter, due to its rapid
economic growth and urbanization (Wang et al., 2014hang et al., 2009). At
present, more than half of China’s population liresirban areas (NBSC, 2015), and
China’s cities contribute more than 80% of thelteteergy consumption in China (Mi
et al., 2016). Cities have been identified as hqwivajor potential for reducing energy
consumption and related emissions (Chen and CH&t,2016a, b; Chen et al.,
2015).

There are two widely used approaches to measurirganu emissions:

production-based and consumption-based accourRiogluction-based accounting is



used to measure emissions caused by local productithout considering where
goods are used or who ultimately uses them (Merad.,e2016b; Wang et al., 2014a;
Wang et al., 2014b; Wang et al., 2012a). Thesenitovies have been extensively used
to guide the implementation of emission control sweas. By contrast,
consumption-based accounting attributes all emmssazcurring along the production
chain to the final consumers of products (Davis &addeira, 2010; Meng et al.,
2016c; Tukker and Dietzenbacher, 2013; Wiedmanr9R0In this framework,
emissions embodied in product imports are allocdtedhe city where they are
consumed while the emissions embodied in expodseacluded (Peters, 2008). A
series of studies have demonstrated that consumb#ised accounting opens the
door to new solutions to combating climate charng¢ bring together producers and
final consumers (Girod et al., 2014; Jakob et2fl1,4; Steininger et al., 2015).

There are numerous studies on consumption-basedlgrase gas emissions for
cities (Feng et al., 2014; Guo et al., 2012; Malet2015; Mi et al., 2016; Shao et al.,
2016). Feng et al. (2014) analyzed consumptionébasebon emissions for four
Chinese megacities and found that urban consumptiposed high emissions on
surrounding regions via interregional trade. Makt(2016) employed an input-output
model to calculate consumption-based.@missions for thirteen Chinese cities and
found that CQ emissions related to urban consumption are largakgourced to
other regions. Shao et al. (2016) also accountedcémsumption-based carbon
emissions from the fossil fuel consumption of Bwggjiin 2012. These studies all

provided insights useful for designing climate gation policies as important
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complementary indicators to the production-base&on inventory. Some attention
has also been paid to consumption-based air potletaissions in cities (Jiang et al.,
2016; Li et al., 2016a).

However, few studies have focused on consumptieeda8BC emissions for
cities. Li et al. (2016b) and Zhao et al. (2013bg@plored the emissions embodied in
inter-provincial trade and international trade 02 and then derived the
consumption-based emissions for 30 provinces im&hincluding Beijing, Tianjin,
Shanghai and Chongging. Meng et al. (2015a) as$edse consumption-based
particulate matter emissions in Beijing and analytiee impacts of domestic and
international trade on Beijing’s emissions. Hertbés study fills this gap by building
consumption-based emission inventories for citissmgithe most recent data from
2012. We choose four megacities, Beijing, Tianfghanghai and Chongging, as our
case study due to their prominent positions and daailability. The sources of BC
emissions in this study consist of industrial emosssources (i.e. agriculture,
industrial activity, power generation, transpodatiand non-transportation services)
directly emitted from energy combustion and resiidém®emissions (e.g. cooking and
heating). To achieve our research targets, we ftaborate our methodology,
including data collection and the detailed compatatprocess. We then offer a
detailed description of results and a deep analydie finally discuss policy

implications for reducing BC emissions in our carsobns.



2 Methods
2.1 Estimation of production- and consumption-based BC emissions

Extended environmental input-output (EEIO) asalys a popular tool that allows
final consumption in one sector to be tracked tootiler sectors (Miller and Blair,
2009). This method is being increasingly applied aimalyze a wide-range of
environmental issues such as greenhouse gas ensig§ao et al., 2012; Shao et al.,
2016), land use (Chen and Han, 2015; Costello.e2@11), water consumption (Han
et al., 2014; Zhao et al., 2015b), energy conswnptLi et al, 2016c; Yuan et al.,
2010), air pollutants (Li et al., 2015; Meng et, &015a; Meng et al., 2015b),
biodiversity loss (Lenzen, 2012), and materials(/gedmann et al., 2013)

In the framework of the original input-output arsb) the monetary balance of
the urban economy is

X=Z+Y+EP+EF -MP -MF 1)

whereX is the vector of total economic output in eacht@e& represents the direct
requirement coefficient matrix for each elemenjtrepresents the required input from
sectori to produce output in sectgr Y is a vector of domestic consumption,
consisting of urban household consumption, ruraluskbold consumption,
government expenditure, capital formation and inwBn increase.EP and ET,
respectively, represent the vectors of exportdhiergrovinces and to other countries.
MP and MF, respectively, represent the vectors of inflowanfrother provinces and

imports from other countries.



Inflows MP and ImportsM™ represent final consumption and intermediate
consumption. Due to the lack of an import matmixthe original 10 table, we
followed previous studies (Guan et al., 2009; Gearal., 2014c; Lin et al., 2014;
Meng et al.,, 2015a; Meng et al., 2015b; Weber gt24l08) and assumed that all
consumers (industry, government, and households)inflows/imports in the same
proportions. Thus, we used the following equatitmsplit intermediate use (Z) and

final use (F, including Y and E)

7y =2 X(MP1 (x; +MP+M7)) (2)
zi =z x(M{/ (x; +MP+M ) (3)
EP =F x(M?/(x,+ M’ + M) (4)
FF=F x(MF/(x,+MP+MF)) (5)

Thus, equation (1) can be expressed as
X=Z+Y+E°+E"-MP-MF
:ZijL +Zi;3 +ZijF +FiL +FiD +FiF _MiD _MiF
:Zi;'-+FiL + (Zi;'D +FiD _MiD)+ (ZIZ: +FiF _MiF)
2} +F

(6)

Consumption-based emissions of an urban econd&d) €an be accounted
by

EC=h(I- A°) 'Y +e°MP +cFMF (7)
Here, | is the identity matrix, A° represents the normalized technology
coefficients matrix or direct requirement coeffitiematrix for each elementy;
represents the required input from sect@xcluding inflows/imports) to produce unit
output in sectof; L=(1-A°)? is the direct and indirect matrix, in which elerhén

represents how many products of sectane locally needed to produce one unit of the



product for final use in sectgr °and £ are the embodied emissions intensity
(direct and indirect emissions induced by unit fidamand along the whole supply
chain) of imported products from other regions dstically and imported products
internationally, respectively. The embodied BC msi¢y of imported products can be
found in Table Al in supplementary information. $hin(I- A°) 'Y represents the
emissions generated locally due to local final desnas®M ®and s*MF are the
emissions embodied in domestic inflows and inteonal imports, respectively.

Emissions embodied in exports can be expressed a

EE = h(I- A°) ™ (E?'+ EF") (8)
EP'and EF 'are revised outflows/exports and remove the re-gxjo

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

2.2 Index decomposition analysis of emissions embodied in trade

The index decomposition of BC emissions embodiddaide is given by

= = QEZ -
E ZE Z‘QQQ. 2.QSF €)

where E describes the BC emissions embodied inrexpo imports, Q is the GDP
value of exports or imports, andr&fers to the share of the GDP value for sector i,
which reflects the economic structure; I the BC emissions per unit of
imported/exported finished products of sector iughthe factor contributing to the
net trade in embodied emissions can be expresssetl ban the logarithmic mean

divisia index (LMDI) approach as:

AE — EirmOrt _ Eexport = AEQ +AES +AEF (10)



where AEis the difference between the BC emissions emboaidiehports (E™")
and the BC emissions embodied in expo§¥"); AE,, AEs and AE, refer to
the effect of the trade volume of finished produdte trade structure and trade

emissions intensity, respectivelpE,, AEsand AE; are expressed as:

BB =2 |n(8_:;) (11)
0E,= Y m%) 12)
2E. =Y In(,f—if,) (13)
W =ﬁ (14)

Q',S'andF' are the trade volume, trade structure and emisstensity of imports,
respectively. Q°, S’ andF,° are the trade volume, trade structure and emission

intensity of exports, respectively.
2.3 Data source

The energy-related BC emissions (C) was calculayed

c:iia,jEE,j (15)

i=1 j=1

where C is total BC emissions (gF, ; represents the energy consumption of fuel
in sectorn (kg); EF ; is the emission factor of energy j in sedtarhich incorporates
the technology split and removal efficiency (Li at, 2016b; Meng et al., 2015a;

Meng et al., 2016b; Wang et al., 2012a; Wang e8l12b). The direct BC emission



inventory covered all 30 economic sectors (Tablg #ladjust to the input-output
table.Data regarding direct fossil energy in 2012 wemmfrthe China Emission

Accounts and Datasets (CEADSs, http://www.ceadg,nstiich are all collected from

the regional Statistical Yearbooks (Shan et all62@Emission factors used in this
study were obtained from previous studied (Wangl.et2014a; Wang et al., 2012a;
Wang et al., 2012b) , which had conducted an ekternerature reviewed to collect
emission factor and built an emission factor degab®etailed methods to build the
database and uncertainty analysis of the emissi@niory can be found in previous
studies (Meng et al., 2015a; Wang et al., 2012ang\&t al., 2012b). A global BC
emission inventory has also been compiled and igilable 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 é@ssions of the four
megacities in 2012. We can see that Shanghai lealsighest population density and
the highest per capita territory BC emissions caegbavith the other three cities.
Tertiary industries in Beijing and Shanghai conitéd76.4% and 60.4% to their GDP,
respectively. By contrast, secondary industriestheeeconomic engines in Tianjin
and Chongging. Tianjin has the highest per capitd®@nd, at the same time, the
highest consumption-based BC emissions per peSbangqging is less developed

than the other three cities, and its per capita &DJBss than half of the other three
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cities, while its per capita consumption-based siois are approximately 70% of

those in Beijing and Shanghai.
Insert Table 1

Insert Fig.1

The production-based BC emissions cover energyeeklamissions from all
industrial and residential households. The produebased BC emissions in
Shanghai and Chongging were 23.6 and 20.1 Gg, cegply, while Beijing’s and
Tianjin’s production-based emissions were lowerl B and 13.9 Gg, respectively.
Table A2 compares the BC emissions in this study wrevious studies. The total
emissions in the four megacities corresponds closgth the previous estimations,
except that BC emissions in Beijing 2000 doublezl BC emissions in Beijing 2012
in this study. This can be attributed to the sbif86-year-old Capital Iron and Steel
Works, known as Shougang, from Beijing to Hebecsif007.

An urban economy has extensive cross-boundary aictiens in terms of
monetary, commodity and resource flows (Jiang ¢t28116; Liu and Muller, 2013;
Meng et al., 2015a; Shao et al., 2016). Territogi@issions in a city relate to local
consumption and exports to other provinces or fpraegions, while the city also
induced BC emissions outside of the city boundaigure 1 shows that more than 44%
of BC emissions related to goods consumed in Chaogggnd more than 60% for
those consumed in Beijing, Shanghai and Tianjiruoed outside of the territorial

city boundary in 2012. Overall, the consumptiondzhsemissions in these four
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megacities were much larger than the productioedasmissions, especially in
Beijing and Tianjin, whose consumption-based ermoissiwere almost double their
production-based emissions. This finding of BC emoiss in this study are similar to
CO, emissions to some extent (Feng et al., 2014).sithdar pattern for C@and BC
confirms that urban consumers in China's megacdreslargely relying on goods
produced elsewhere, thus inducing emissions andeméing the environment in
other regions.

From a consumption perspective, these four meegacitionstitute various
structures of final demand. More than half of tlmmsumption-based emissions in
Tianjin and Chongqging were induced by capital faiorg e.g., road construction and
housing development, in the cities. Capital formratiequires a huge amount of steel,
iron, and cement, as well as electricity, to supgbe production. These input
materials are all highly emission-intensive produdthe shares of emissions caused
by capital formation in Beijing and Shanghai welighgly smaller (37% and 38%,
respectively), while those for Tianjin and Chongpmere 69% and 48%, respectively.
This high contribution of capital investments iretmegacities to BC emissions is
driven by rapid economic growth and urbanizatios, veell as being driven by
government policies (Guo et al., 2012; Meng et2dl15a; Mi et al., 2016; Shao et al.,
2016). For megacities in 2007 (Feng et al., 20tdpital formation accounted for
more than 50% of the total G@onsumption-based emissions. For BC emissions in
2012, Beijing and Shanghai had a relatively lowentgbution of capital formation

and a relatively higher contribution of urban hdwdd consumption compared to
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Tianjin and Chongging, approaching those of dewsdopiestern countries. As the
capital city of China, Beijing has a relatively dar contribution from government
expenditure.

Urban household consumption was the second greaiesibutor. Although the
ratio of direct emissions from rural residentiabsgy consumption to that from urban
energy consumption ranged from 31% (Shanghai) upa téactor of 35 times
(Chongqing), the level of embodied emissions inatmodities consumed by urban
residents is much larger than that in the commesliionsumed by rural residents,
even amounting to 18 times in Shanghai, while thealr population and urban
population were comparable. Annually, approximatdymillion people move from
rural areas to urban areas, which incentivizes nefrastructure and housing
requirements as well as substantial commoditiesh@ases due to changing lifestyles
(Feng and Hubacek, 2016). Household consumptiprojgected to drive growing BC
emissions. The megacities are facing similar chghs in terms of BC emissions if
they are to maintain their growth momentum. Thewfaonsumer choices urgently
need to be shifted, for example, energy-efficiewelings, eating less (red) meat,
lower fossil fueled mobility, and purchasing highlyerality long-lived goods (Girod et

al., 2013, 2014).

Insert Fig.2

3.2 Embodied BC emissionsin trade

Emission inventories from a consumption perspectigther than a production

perspective, imply the need for policy instrumethiat allow the emissions of such
13



key traded productions or services to be addresBéd.emissions embodied in
imports and exports vary greatly in the four metiesi(see Figure 3), but all four
tend to import resources (e.g., coal, oil and gas) materials produced by secondary
industries. The sector ahineral products was the main contributor in all four
megacities, ranging from 18% in Beijing to 23% ihdBgqging. The sector @bal, oil
and gas was the biggest contributor to Shanghai and Bggiemissions embodied in
imports, accounting for 19% and 37%, respectivi@lycontrast, emissions embodied
in the construction sector were responsible for 49% of the total ingebemissions in
Tianjin. The monetary inflow in theonstruction sector has increased from 58 trillion
in 2007 to 368 trillion in 2012 for Tianjin, at acgvth rate of 44.7% annually (NBSC,
2014). The emissions embodied in exports in the foegacities are mainly related to
thetransport and storage sector, especially in Shanghai, which has 53%nug&ions
embodied in exports attributed to this sector. Bbrfour cities, BC emissions
embodied in imports were much greater than thodsodiad in exports. For example,
the emissions embodied in Beijing’s imports wenear fomes the amount embodied in

its exports.

Insert Fig.3

3.3 Socioeconomic driving forces of emissionsimbalance

It can be seen that all four megacities were ngomers of BC emissions and
that imported and exported products differ gredthese cities can be net importers of
BC emissions for a number of reasons: (a) a raptiow emission intensity of GDP

(i.e., the amount of direct and indirect BC emissido produce a unit of GDP), (b)
14



import specialization in carbon-intensive producésd (c) a trade deficit. The
determinants are important research and policyessBecause the international
imports of these four cities were too small (ldsnt1%) compared to their domestic
trade, we decomposed the net emissions embodiedomestic trade into the

abovementioned three factors.

Insert Fig.4

Fig. 4 presents the contribution of each factoth® major difference in the net
emissions transfer. Trade structure here refléepercentage of emissions-intensive
products within the traded products. The tradecstine of Tianjin and Chongqging
were responsible for approximately half of the B& imports. What ultimately
matters for Beijing and Shanghai is the differeimcthe intensity of inflows compared
to outflows; emission intensity difference conttibdi 11.5 Gg and 7.6 Gg of the net
BC emissions embodied in imports, which were pastfget by the trade deficit.

BC is an important component of fine particulatettera(PMy5) and has an
adverse impact on human health and the environfBamd et al., 2013). As part of
the efforts to improve air quality, the Chinese gmment has imposed strict
regulations on pollutant emissions in megacitieeryl et al., 2016a). One of these
measures is to shift industry out of these regiasithout changing consumption
patterns, which may result in an increase in tptdlutant emissions. This increase

would be due to generally inefficient production less-regulated areas and
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geographically extended supply chains. A seriestoflies has highlighted that the
emission intensity of developing country exports ngich greater than that of
developed country exports (Davis and Caldeira, 2040 et al., 2016; Meng et al.,
2016c); the same holds true for developing and Idped cities within one country.
Despite some policies such as installing scrubiogpyoving energy mix to reduce
fossil fuel consumption (Hossain and Fara; Rosed #&mwohi-Fayegh, 2016),
cost-effective mitigation of BC emissions may regypolicies that cover the entire
supply chain, which in turn will depend upon a ditative understanding of
emissions transport between producers and consumémsumption-based
accounting has clear benefits in terms of facii@tthe diffusion of cleaner
production practices and technologies to less dgeel regions (Guan et al., 2014a).
For instance, the Clean Development Mechanism (Cbhcept is completely
compatible with the consumption-based accountin@@@femissions. Peters (2008)
posited that a consumption-based approach woubvatiroject sponsors to enact

mitigation projects in areas where they import picid.

4 Conclusions

Consumption-based accounting has been widely usegpeén the door to new
solutions to combating climate change. Comparea pooduction-based approach, a
consumption-based method provides insight intoBBeemissions in the production
of products to support consumption. The aim ofdbesumption-based approach has

not been to replace the production-based approaiciather to serve as a supplement.
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The policy implications include not only portionsetted at reducing BC emissions
in some specific industries, for instance, imprgvproduction technologies, but also

options to alter consumption patterns.

In this study, we use the latest data to calcutate consumption-based BC
emissions for four megacities in China and identiifg forces driving the difference
between consumption and production-based emissWadfind that consumption in
these cities induces emissions not only locally &isb beyond the boundary via
interregional trade. For example, more than 60%oosumption-based BC emissions
in Beijing and Shanghai were embodied in importenfrother regiond-lowever, the
big gap in net emissions embodied in trade wasduet to trade imbalances but
instead stems from the large difference betweerethbodied emission intensity of
exports from these megacities and imports fromratbgions. Indeed, this has already
been demonstrated for G@&missions (Feng et al., 2014; Mi et al., 2016gHevels
of consumption in China’s developed regions areimlgi emissions in less developed
provinces, where CQOemission intensity is much greater. This findinghlights the
magnitude and importance of interregional tradéramsferring embodied emissions
between regions. Improving technology and reduciadpon intensity are critical for
mitigating climate change for megacities as eitpevducers or consumers. The
national government should coordinate design arglement effective mechanisms
and channels to encourage technology transfer leatiwtee more and less developed

regions of China (Guan et al., 2014b).
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Capital formation was the largest contributor tonsumption-based BC
emissions in the four cities, particularly in Tiemjand Chongging. Beijing and
Shanghai were more like a mature economy, withadively lower contribution from
capital formation and a relatively higher contribnt from urban household
consumption compared to Tianjin and Chongqging. growing cities such as Tianjin
and Chongqing, which are expanding their infrastmgs, more sustainable urban
forms and spatial planning are urgently neededna®itant long-term factors towards
sustainable lifestyles (Creutzig et al., 2015; Fand Hubacek, 2016; Ramaswami et
al., 2016). Household consumption is the secorgesdrdriver, while the per capita
BC footprint in urban areas was much larger that th rural areas. In the future,
more residents will transition from rural to urbhfestyles as China continues its
rapid urbanization, leading to increased BC emissiagelated to household
consumption. Clearly, improving emission intensiiy production-focused efficiency
measures and end-of-pipe control is essential. Meweleveloping lifestyles that
decouple economic growth and emissions will req@indstantial debates on the

limits of green consumerism and the potential stanable consumption.
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Table1
Socioeconomic information and BC emissions for the four megacitiesin 2012

Beijing Shanghai Tianjin Chongqging

Population (million) 20.69 23.80 1413 29.45
Area (km?) 16,411 6219 11,920 82,400
Population density(person/km?) 1261 3827 1185 357
GDP/capita (RMB) 86037 84459 91252 38742
Primary industry proportion 0.8% 0.6% 13% 82%
Secondary industry proportion 22.8% 38.9% 51.7% 52.4%
Tertiary Industry proportion 76.4%  60.4% 47% 39.4%
Production-based BC emissions (Gg) 119 23.6 13.9 20.1
Production-based BC emissions per person (kg) 0.58 0.99 0.98 0.68
Consumption-based BC emissions (Gg) 195 21.7 18.7 20.9

Consumption-based BC emissions per person (kg) 0.94 0.91 1.32 0.71




Figure caption

Fig. 1. Production-based BC emissions (prod.) and consumption-based BC emissions (including
local emissions (cons.)

Fig. 2. Composition of embodied emissionsin major final demand categories (in percentage).

Fig. 3. Embodied BC emissionsin trade at the sectoral level (Gg)

Fig. 4. Contribution of factors to net importers of embodied BC emissions for the four megacities
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Fig. 1. Production-based BC emissions (prod.) and consumption-based BC emissions (including
local emissions (cons.) and emissions embodied in inflows/imports) for Beijing, Shanghai, Tianjin
and Chongqing. The percentage on the top of each bar indicates the share of the emissions
embodied in inflows/imports within total consumption-based emissions.
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Fig. 2. Composition of embodied emissions in major final demand categories (in percentage). The

size of the pie denotes the value of consumption-based emissions.
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