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Outsourced carbon mitigation between cities means that some cities benefit
from the carbon mitigation efforts of other cities more than their own.

This problem conceals the recognition of cities’ mitigation contributions.
Here we quantify local and outsourced carbon mitigation levels from 2012
to 2017 and identified ‘outsourced mitigation beneficiaries’ relying on
outsourced efforts more than their own among 309 Chinese cities by using
acity-level input-output model. It found that the share of outsourced
emissions rose from 78.6% to 81.9% during this period. In particular, 240
cities (77.7%) were outsourced mitigation beneficiaries, of which 65 were
strong beneficiaries (their local carbon emissions still grew) and 175 cities
were weak beneficiaries (with larger outsourced mitigation efforts thanlocal
mitigation efforts). Strong beneficiaries were often industrializing cities
with more agriculture and light manufacturing, focusing on local economic
growth. In contrast, weak beneficiaries were mainly at the downstream

of supply chains with services and high-tech manufacturing, which have
stronger connections with upstream heavy industry cities. The findings
suggest the need for policies to manage outsourced mitigation of supply
chains and encourage transformation, improving the fair acknowledgment
of cities’ carbon mitigation efforts.

As the hubs for economic activities, cities play an important role in
generating carbon emissions through production and consumption
activities'>. The success of their carbon mitigation largely determines
the deliverable of China carbon neutrality commitments and global
decarbonizationinitiative®*’. However, no cities stand alone, where their
demands are increasingly outsourced via supply chains®. Interlinked
production activity have environmental impacts that transcend city
borders’. It is essential to recognize the role of supply-chain and con-
sumption activities within cities in terms of carbon mitigation®’. Cross-
city emissions are a nonnegligible impact, allowing one city’s carbon
mitigation effects to transfer to other cities'. Relying on the efforts of
other cities rather than their local efforts, causing the outsourced miti-
gationbehaviors, significantly hampers equitable mitigation progres-
sion. This challenge underscores the necessity for each city tonot only

share responsibility in carbon mitigation but also adopt approaches
tailored to their regional heterogeneity” . Overlooking outsourced
mitigation behavior threatens coordinated mitigation efforts within
China and challenges China’s equitable progression toward carbon
neutrality. Considering the mechanisms of environmentalimpacttrans-
mission across cities is of utmostimportance to maximize cobenefits
and synergies while managing inevitable tradeoffs.

Freeridingis a classic problem where in a group that was provid-
ingitself with common goods, each member of the group would have
astrong tendency to be an ‘outsourced mitigation beneficiary’—to
contribute little or nothing toward the cost of the good, while grabbing
its benefits”. Previous studies have been integrating the concept of *
outsourced mitigation’ or ‘free riding’ into the discourse on carbon
mitigation responsibilities'®. This involves using historical data and
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Fig.1| Carbon footprint of Chinese cities. a,b, Carbon footprint of China’s cities
in2012 (a) and 2017 (b). ¢, Carbon footprint change. d,e, Outsourced share in
2012 (d) and 2017 (e). f, Outsourced share change from 2012 to 2017. g, Average
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composition of sectors of carbon footprint in different city types in2012 and
2017. h, Average contribution of local and outsource to carbon footprint changes
indifferent city types.

statistical analysis to examine carbon emission trends across regions"”
or assess the impact of policy interventions in mitigating free-riding
behavior’®. Studies simulate the impacts of outsourced mitigation,
adopting numerical models such as general equilibrium®, evolution-
ary game strategies’>”, simplified scenario*and urban metabolism?®.
These studies provide insights into the reasons and drivers of out-
sourced mitigation for asingle individual. Outsourced mitigation calls
foradetailed explorationinto the complex supply-chain dynamics and
the environmental nexus amongcities to ascertain its benefits or detri-
ments. Despite many previous studies focused on cross-region carbon
emissions?*?, there is no clear definition of outsourced mitigation
of carbon mitigation, especially at the city level. The lack of system-
atic methodology to quantify the outsourced mitigation behavior
and identify outsourced mitigation beneficiaries is the key barrier™.
The gap is particularly true for cities heavily relying on outsourced
supply chains. The city-level perspective needs to introduce unique
considerations of diversities in resource endowments and industrial
configurations**., This gap leads to an inadequate understanding of
the allocation of mitigation responsibilities between cities, thereby
affecting the development of high-resolution emission reduction
policies.

To bridge the gap, we investigate outsourced carbon mitigation
efforts at the city level by comparing carbon mitigation contributions
of both local and outsourced efforts in supply chains. Due to data
availability, we chose the period from 2012 to 2017, during which China
underwent economic reform, with industrial transformation shifting
from a stage of high gross domestic product (GDP) growth®***, We
constructed anenvironmentally extended multiregional input-output
(MRIO) model covering 309 Chinese cities and calculated their carbon
footprints over the period. Our analysis aims to identify the outsourced
carbonmitigation beneficiaries by attributing the change of city carbon
footprints to local and outsourced driving factors, which reveals the
mechanism of outsourced mitigation withina city network. By examin-
ingthe sources of these factors, we can help cities formulate strategies
toreduce emissions across cities and facilitate better regional coopera-
tion on carbon mitigation.

Results

The evolution of carbon footprint of China’s cities

From 2012 to 2017, the carbon footprint of 309 cities increased from
7,138.5 Mt t07,219.8 Mt (Fig.1a,b), of which the carbon footprint of 157
cities increased (Fig. 1c). The increase was highly disproportionate
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Fig. 2| Driving factors to carbon footprint change. Contributions of driving factors (carbon intensity, production structure and final demand) to the carbon
footprint change in Chinese cities from 2012 to 2017 and local and outsourced contributions of their factors.

and concentrated in a few super emitters. The top five cities with
the largest carbon footprint increased by 53.6 Mt, accounting for
65.9% of the total increase of 157 cities. These are all high-tech cities
and the centers of population and economic activity in China. For
example, the carbon footprint of Chongqing (top 1), the largest city
in Southwest China, increased from 188.5 Mt to 203.2 Mt over the
period.

The evolution of the carbon footprint was related to China’s eco-
nomic transition during the period of eliminating backward industries
and upgrading industries®. At the national level, the change in carbon
footprint was concentrated in the service, constructionand energy sec-
tors, whichincreased by 424.5 Mt, 314.4 Mt and 155.3 Mt, respectively.
In contrast, the carbon footprint of other sectors had decreased, espe-
cially equipment manufacturing with a decrease of 594.2 Mt. However,
there is strong heterogeneity among different types of cities (Fig. 1g
and Supplementary Fig. 1). High-tech cities saw the fastest growth in
the carbon footprint of the service sector at 6.4%, highlighting their
shift toward a service-oriented economy. As a modern metropolis,
Shanghai’s service sector carbon footprint increased from 32.0% to
53.7% of the total. However, the carbon footprint of equipment manu-
facturing decreased the most in high-tech cities (8.0% of the total
carbonfootprint), whichisrelated to theimprovement of production
efficiency during industrial upgrading. In light-industry cities, con-
structionis the largest contributor, and its share hasincreased by 10%,

indicating that these cities have improved infrastructure. In contrast,
energy has become the key role for heavy-industry cities due to the
rapid economic growth and rising energy demand, where the power
sector’sshare of carbon footprint has increased by 3.9%. For example,
Baotou, northern China’s largest heavy-industry city, saw its power
sector’s carbon footprint sharerise from4.9%t013.6% with production
expansion.

The carbon footprint of Chinese cities, divided into local and
outsourced emissions, shows outsourced share rising from 78.6% in
201210 81.9%in 2017. Outsourced emissions surpassed local emissions
as the dominant factor in 242 cities (80%) (Fig. 1d-f). This increase is
attributed to demands for cleaner and more efficient outsourcing
services in agriculture, light-industry and high-tech cities, whereas
energy and heavy-industry cities saw a decrease due to stricter envi-
ronmental regulations (Fig. 1h). Notably, some heavy-industry cities
inNortheast China (forexample, Changchun andJinlin) experienced a
shift toward higher outsourced emissions as local industries declined.
In contrast, energy cities, such as Yulin, reduced outsourced emissions
by12.0%, focusing onlocal industry supply under environmental policy
pressures. The construction sector has upstream supply chains rooted
in carbon-intensive industries, such as cement and steel in all types
of cities. The impact of these industries stretches goes beyond local
boundaries, spilling over to other cities and leading to an increase in
outsourced emissionsin 50.8% of cities.
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Fig. 3| City roles in terms of outsourced carbon mitigation beneficiaries. a, Quadrants classification of cities in terms of changes in emission per final demand
(RMB, Chinese currency) caused by local (x axis) and outsourced (y axis) mitigation efforts. b, Geographic distribution of city classification.

Driving factors to the evolution of city-level carbon footprint

To capturethe freeriders of carbon mitigation among Chinese cities, we
firstextracted the underlying driving factors of the change in city-level
carbonfootprints over the period. The evolution of carbon footprints
for each city from 2012 to 2017 was decomposed by a combination of

two production-side factors (carbon intensity and production struc-
ture) and one demand-side factor (final demand). Carbon intensity
reflects the energy mix and the adoption of low-carbon technologies,
while production structureis associated with the production efficiency
and technology level. Final demand indicates the goods and services
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Table 1| Average contribution of mitigation efforts from upstream cities and local to carbon footprint change for each city

type of outsourced carbon mitigation beneficiaries (Mt)

Outsourced Strong beneficiaries

Weak beneficiaries

carbon mitigation

P ot Agriculture  Energy High-tech Heavy- Light- Agriculture  Energy High-tech  Heavy- Light-
(e cities (15) cities(14) cities(5) industry industry cities (37) cities(11)  cities(53)  industry industry
cities (14) cities (17) cities (25) cities (49)
Migitgation efforts
Agriculture cities -0.3 -0.1 -0.9 =01 -0.3 -0.2 -0.2 -1.4 -0.2 -0.3
Energy cities -0.4 -0.3 -0.9 -0.2 -0.4 -0.3 =01 -2.0 -0.5 -0.5
High-tech cities -0.3 -0.7 -3.5 -0.5 -0.5 -0.4 -04 -3.3 -1.2 -1.3
Heavy-industry -0.4 -0.8 -2.3 -0.8 -0.6 -0.8 -0.9 -4.6 -1.6 -1.6
cities
Light-industry cities -01 -0.2 -1.7 -0.3 -0.3 -0.4 -0.3 -3.2 -17 -1.4
Local 0.7 5.7 11 1.8 0.7 -0.8 -0.6 -4.8 -1.6 -1.6

to meet the needs of household consumption and capital investment.
Intotal, the decrease in carbonintensity and the change of production
structure contributed to a decrease in the carbon footprint by -17.2%
(-691.9 Mt) and -14.5% (-1,397.1 Mt), respectively, while the rise in final
demand lifted up by +34.6% (+2,170.4 Mt).

Figure 2 shows that spatial heterogeneity across factors of inten-
sity, production structure and final demand driving the carbon foot-
printchange. The decreasein carbonintensity in 231 cities (74.7% of the
total) drove emissions down, exemplified by Wuhan’s 67.6 Mt reduction
duetoa35.0% decrease in carbon intensity. However, some northern
cities sawincreasesin carbonfootprint due to their power sectors and
heavy manufacturing sectors. Improved production structure led to
lower emissions in 278 cities (90.0%), showing a shift toward more
efficient technologies, especially in coastal eastern cities focusing on
industrial modernization (for example, the upgrading of industrial
structure in the Shandong Peninsula). In contrast, except for some
citiesin North Chinaand Northeast China, the increase in final demand
in the 242 cities (78.3%) led to an increase in emissions. Final demand
significantly promoted the increase of carbon footprint in high-tech
cities because these cities have stronger consumption potential
(forexample, theincrease in final demand caused the carbon footprint
inBeijing toincrease by 68.2 Mt).

Theimpact of the driving factors onacity’s carbon footprint can
be further decomposed to capture the impact of supply chains. We
divided these three factors into local and outsourced contributions.
Asthe supply chainisincreasingly outsourced, the outsourced impact
mainly dominates the three factors. In195 cities (63% of the total), the
contribution of carbonintensity change in upstream cities was greater
than the local mitigation. The carbon footprint of upstream cities in
southern cities has decreased more significantly, such as Wuhan, where
upstream contribution was 9.3 times that of local. Similarly, 241 cities
(78%) have a higher mitigation effect brought by production upgrade
in upstream cities rather than the local efforts. Eastern coastal cities
benefited more from the industrial upgrading of upstream cities.
For example, due to Shandong Peninsula’s industrial upgrading, out-
sourced production structure was more contributed by neighboring
cities, because the industrial upgrading of one city can prioritize the
surrounding cities. Moreover, 272 cities (88%) found that their carbon
emissions are more affected by imports from other cities than the local
demand. As a result, more developed cities import more products
from other regions. For example, in Beijing, importsincreased carbon
footprint was 6.2 times than local demand.

Key cities benefit from outsourced carbon mitigation effects
through the supply chain

By comparing the mitigation contribution of local and outsourced
efforts for each city, we identified 240 outsourced beneficiaries (almost

78% of all cities in the study). The identificationis based on the criteria
that the mitigation contribution of outsourced efforts in upstream
cities is greater than that of local efforts. Final demand promoted
carbon emission in most cities (Fig. 2) as it cannot adequately reflect
mitigation efforts, but rather reflects the trade pattern and market.
As outsourced carbon mitigation is about what extent the mitigation
effortsin upstream cities lead to the mitigation in downstream cities,
we only focus on production-side factors (carbon intensity and produc-
tionstructure) reflecting technical progress. However, when technical
progress on carbonmitigationinbothlocal and outsourced, mitigation
contribution of the party can be amplified by final demands (that s, cit-
iesinzone 3 and zone 4 are easily confused with comparison of local and
outsourced efforts). Therefore, we have considered the final demand
and removed the effect to compare local and outsourced mitigation
efforts by the change in emissions per final demand.

Figure 3a shows the quadrant classification of cities in terms of
local and outsourced mitigation efforts. All the cities are divided into
five zones based on therelationship between mitigation contribution
oflocaland outsourced efforts, namely bad performers (zone1), strong
beneficiaries (zone 2), weak beneficiaries (zone 3), rolemodels (zone 4)
and hard workers (zone 5). All beneficiaries show the significance of
declining effect of mitigation efforts in other cities; however, the local
performance varies. Therefore, the beneficiaries can be divided into
65 strong beneficiaries and 175 weak beneficiaries in terms of their
difference in outsourced mitigation degree. The former sees the lack
of local mitigation efforts with growing local carbon emissions. In
contrast, the latter shows the local mitigation efforts with declining
local emissions but still smaller than the outsourced mitigation efforts
from other cities. In contrast to these beneficiaries, other cities can
bedividedinto 56 role models, 15 hard workers and 4 bad performers.
Role models show that local mitigation efforts were greater than the
outsourced mitigation from other cities. Hard workers and bad per-
formers found their carbon footprint was dominantly increased by
outsourced impacts, instead of declining carbon footprints from the
supply chain as beneficiaries. However, the difference between them
isaboutlocal mitigation efforts. Hard workers saw the local mitigation
efforts with declined local emissions, but the bad performers still found
theincreased local emissions dueto the lack of local mitigation efforts.

Figure 3b shows the geographical distribution of outsourced ben-
eficiaries. Strong beneficiaries werelocatedin the northeast of China.
Strong beneificiaries were composed of 23.1% agriculture cities, 21.5%
energy cities, 7.7% high-tech cities, 21.5% heavy-industry cities and
26.5% light-industry cities (Table 1). These cities are heavily dependent
on fossil fuels, indicating higher local emissions. Strong beneificiar-
ies increased their local emissions by 131.8 Mt, as their local carbon
intensity increased by 27.9% on average over the period. In contrast,
their outsourced emissions were decreased by 166.8 Mt, largely due to
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mitigation efforts along the supply chain. For example, the outsourced
carbon intensity declined by 36.5% on average. On the downstream
beneficiary side, high-tech cities benefited from the highest average
outsourced mitigation contribution of 9.7 Mt from upstream cities. On
the upstream mitigation side, heavy-industry cities provided the high-
est mitigation contribution of 49.4 Mt to strong beneficiaries, account-
ing for 31.1% of total outsourced mitigation. The local efforts of strong
beneficiaries did not reduce the carbon footprint because these cities
wereintheindustrialization stage, and the development of industries
led toanincreasein emissions. According tolocal performance, energy
cities are heavily dependent on fossil fuel extraction and processing,
and theirinfrastructure was carbon locked in*. Their local production-
related factors increased the most, by 5.7 Mt on average. In contrast
to heavy-industry cities, the contribution of local production-related
factorstothe carbon footprint of agriculture and light-industry cities
was the lowest with an average of 0.7 Mt, indicating a large potential
to transform them into weak beneficiaries. They should be provided
with financial and technical support to maintain their local production-
related factors to promote emission reductions.

Weak beneficiaries, spread across coastal and developed inland
regions, include 21.1% agriculture cities, 6.3% energy cities, 30.2%
high-tech cities, 13.7% heavy-industry cities and 28.6% light-industry
cities. The mitigation forceis derived from bothlocal and outsourced
sources. The economic status of weak beneficiaries is relatively pros-
perous, with an average GDP 29.9% above the national average, and
they are transitioning to a low-carbon economy. They reduced local
emissions by 403.5 Mt due to declines in local intensity (223.5 Mt)
and production technology upgrades (180.1 Mt). Their outsourced
emissions werereduced by 1,302.7 Mt due to decreases in outsourced
intensity (462.2 Mt) and improvements in production technologies
(840.5 Mt). Given their downstream position of the supply chain, the
mitigation efforts of their upstreamcities are more likely to be realized.
On the downstream side, high-tech cities have benefited the highest
average outsourced mitigation contribution of14.6 Mt from upstream
cities. On the upstream mitigationside, heavy-industry cities provided
the most mitigation contributions of 401.2 Mt to weak beneficiaries,
accounting for 32.1% of total outsourced mitigation. Compared to
strong beneficiaries, the outsourced mitigation from upstream cities’
efforts to weak beneficiaries were more dispersed. Thus, the share of
mitigation contributions from efforts in the top ten largest cities was
18.3% of the total mitigation contribution from upstream cities for
weak beneficiaries (Supplementary Table 1). This was 20.2% less than
for strong beneficiaries. The energy cities that rely on outsourced
mitigation weakly demonstrate aminimal disparity of 1.3 Mt between
their average local and outsourced efforts in mitigating contributions.
This suggests a significant opportunity to transform them into role
models. These cities should enhance their technological research and
development efforts to enhance production efficiency and further
increasing their low-carbon industry share.

Role models, predominantly heavy-industry cities (30.8%) located
incentral China, are mid-supply chain andrely less on upstream cities
for emissions reduction. They reduced local emissions by 206.6 Mt
and outsourced emissions by 124.4 Mt, withimprovements due toboth
intensity reductions (62.1 Mt) and production technology upgrades
(62.3 Mt). Hard workers were mainly composed of 33.3% agriculture
citiesand 44.4% heavy-industry cities. Located innorthern China, their
remoteness from major cities hinders benefits from the outsourced
mitigation of cities advancing in low-carbon transitions. Hard work-
ers have reduced local emissions by 37.4 Mt, while their outsourced
emissions were increased by 13.7 Mt. They are suggested to receive
subsidies. Bad performers, including two energy cities and one each
fromlightand heavyindustryinnorthern China, focused onresource-
based economic growth, increasing emissions by 5.8 Mt locally and
0.9 Mt from outsourced activities. They should prioritize green trade
to lower emissions and aim to become strong beneficiaries.

Discussion

This study reveals awidespread trend among Chinese cities leveraging
supply-chain networks for carbon mitigation, indicating a prevalent
outsourced carbon mitigation behavior when cities benefit from the
mitigation efforts of upstream cities without comparable local efforts.
A comprehensive analysis of different types of cities provides insights
into the different determinants and consequences of carbon mitigation
ininterregional contexts. Cities downstream of supply chains, such as
high-techcities, can effectively reduce emissions through technology
and supply-chain management®*. It is vigilant that they transfer their
carbon-intensive industries causing emission increasing in other cities.
Those who take over these industries were mainly agriculture or light
industry. Insufficient technical and financial reserves for green and
low-carbon development hardly supported their low transformation
andindustrial upgrading. Some major emitters can effectively reduce
emissions, such as heavy-industry cities, through industrial upgrading,
providing huge benefit to other cities’ carbon footprint decreasing.
However, some major emitters, such asenergy cities, face the challenge
of slower economicgrowthandincreased competitive pressure, need to
embrace technological progress, fuel switching and cleaner substitutes.
Outsourced carbon mitigation is normal behavior. In the early stages
of industrialization, cities tend to focus on industrial development
and cannotrely ontheir own emission reductions. Outsourced carbon
mitigation by the supply chain provides a potential opportunity to
reduce carbon emissions by actively promoting industrial upgrading
and improving emissions performance.

Targeted policy initiatives are essential to promote equitable,
proactive mitigation across heterogeneous cities by addressing their
different barriers and motivations. It is necessary to systematically
assess the mitigation potential and mitigation costs of the dominated
industries based on socioeconomic conditions and developmental
levels®. For cities with limited mitigation potential, bad performers
should be encouraged to strengthen their trade with role models to
facilitate the reduction of their outsourced emissions and turn them
into strong beneficiaries (Fig. 3a). Strong beneficiaries are found in
energy cities and heavy-industry cities, with agriculture and power
asthe dominantindustries and lower marginal mitigation costs. Such
cities should be supported through financial and technical support
to transform outdated production capacity, such as retrofitting and
upgrading of coal power units, and transform them into weak benefi-
ciaries. Conversely, weak beneficiaries, characterized by their high-tech
and service-oriented industries with higher mitigation costs, should
amplify their investment in technological innovation and research
to enhance industrial efficiency, such as intelligent management of
power plants using digital twin technology, and transform them into
role models. Inaddition, the establishment of a carbon compensation
mechanismiis critical, whereby cities facing irreversible outsourced
mitigation due to high marginal mitigation costs require subsidies
to support hard workers for their more proactive mitigation efforts.
Effectively reducing emissions and acknowledging cities rolein climate
change mitigation require policies that are specifically designed to
address the distinct challenges and opportunities of each city.

Demand has a significant impact on the correlation between dif-
ferent cities in the supply chain. Outsourced demands canserve asan
important factor that determines free-riding behaviors to carbon miti-
gationalongthe supply chain. A total of 57% of beneficiaries outsourced
their final demands from upstream cities, which amplifies outsourced
mitigation efforts, due to economic specialization and the industrial
distribution (Supplementary Fig. 2). These cities, often concentrated
inheavy orenergy industries, either lack the capacity for local sustain-
able development or are inherently resource intensive, requiring the
import of cleaner, more efficiently produced goods and services from
upstream cities. This dynamic not only reflects the economicinterde-
pendencies that shaperegional trade patterns, but alsounderlines the
importance of collaborative efforts across cities to improve overall
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carbon mitigation strategies. Facilitating the incorporation of emis-
sionreduction strategies into the supply-chain management of cities
is acommendable measure®. The demand-side solution has played a
crucial role in driving mitigation efforts and is expected to have even
greater mitigation potential in the future. To address emission reduc-
tion challenges, cities should consider enhancing trade partnerships
with low-carboncities. This would enable them to procure clean energy
and low-carbon products, thereby minimizing their carbon footprint.
Itis important to recognize that a city’s demand is determined by its
socioeconomic situation over a long period of time, and addressing
the demand sside of theissue necessitates along-term strategy to avoid
the loss of local industry. It is crucial to consider the rebound effects
of demand-side emission reductions. These consequences caninclude
the establishment of high-carbon assets and the risks associated with
policy instability or reversal.

Asthelatest provincial input-output table and the city statistical
yearbook are not publicly available, the key data used in this study is
from the latest year of the city MRIO table, which can only be com-
piled up to 2017. Thus, this study did not capture the impact of socio-
economic changes in China post 2017. With China’s focus on clean
energy, central and western cities rich in wind and solar resources are
emerging as clean energy suppliers. This dynamicis compounded by
the growing demand for electricity from eastern high-tech cities due
to therise of the digital economy, which can lead to a situation where
cities benefit from other cities’ clean energy efforts without making a
commensurate contribution. Future works with more recent data on
city-level emissions and economic activity can examine outsourced
carbon mitigation behavior in this new context. In addition, given the
significant changes in consumer lifestyles and preferences, future
research will aim to incorporate these demand-side factors into our
assessment of outsourced carbon mitigation efforts, thereby creating
amore comprehensive assessment framework.

Methods
Carbon footprint accounting
This study developed an environmentally extended input-output
model to estimate carbon footprint of Chinese cities. This model can
trace spillover effects through regionally dispersed supply chains
and, therefore, yields comprehensive estimates of the environmental
impacts, suchasgreenhouse gases*®, air pollution®’, water sources***,
energy consumption*>*, forest landscape** and land use**°. In this
study, we utilized the MRIO table data for the years 2012 and 2017 to
estimate the carbon footprint of cities in China.

This study used the Leontief inverse model to calculate the carbon
footprint caused by final demand*’. Mathematically,

X=3U-A)Tr=1y, @

where Xis the vector of total output, /is the identity matrix and (/- A)™
isthe Leontiefinverse matrix, A is the technical coefficient matrixand Y
isthe final demand matrix. Onthe basis of the carbon intensity E (that s,
CO, emissions per unit of output), the carbon footprint is calculated as:

CF = ELY, 2)

where CFisavector of carbon footprint, referring total CO, emissions
ingoods and services used for final demand.

CO, emissioninventory construction
Equations (3) and (4) are used to calculate the fossil fuel-related and
process-related emissions, respectively, as:

CE; = >, AD;; x NCV; x CC; x Oy )
ij

CE, = AD, x EF,, 4)

where CE; is the CO, emissions caused by the sector j using the fossil
fueli; AD;refers toactivity data (thatis, consumption of corresponding

fossil fuel types and sectors); NCV; (net calorific value of fossil fuel),
CC; (carbon content of fossil fuel) and O; (oxygenation efficiency of
fossil fuel) are emission factors for fuel. CE,is CO, emissions induced
intheindustrial processes ¢, AD,is the production amount of processes
tand EF,isemission factor of processes .

Structural decomposition analysis

Tounderstand the socioeconomic driving forces, we employed struc-
tural decomposition analysis to decompose carbon footprint into
carbonintensity (E), production structure (L = (/ — A)™"), final demand
(F)inequation (2). We used the average of two polar decompositions*®
to solve numerical values as follows:

ACF = AC; + AC, + ACy

= % (AELLY; + AELyY,) + % (EoALY, + E;ALY,) + % (EoLoAY + EL,AY),
(5)

where O refers to base year (2012 year), and 1 refers to target year
(2017 year). Arepresents the change ina factor.

Mitigation efforts on technological progress

The totalimpact of change in production-side factors (that s, carbon
intensity per output and production structure) reflects the technology
progress as follows:

ACr = ACE + AC,, 9

where AC; represents the change in emissions due to technological
progress. However, AC; cannot truly reflect the real mitigation efforts of
technological progressin different cities due to different final demand
benchmarks. With the same magnitude of mitigation efforts on tech-
nological progress, cities with higher demand benchmarks will have a
greater contribution to emissionreduction. Therefore, we calculated
units to remove the effect of this amplifier:
AC;

final demand, +final demand, ’
2

where TP represents the change in emissions per final demand caused
by mitigation efforts.

TP = (10)

Datasource
According to our previous study’®, we constructed a Chinese MRIO
table consisting of 313 regions and 42 socioeconomic sectors for the
years 2012 and 2017, by using a feasible nonsurvey methodology*. We
collected economic statistics for 309 cities, including output, value-
added, GDP and trade data from city statistics books and the China
customs database. Using calibrated city-level output and trade data,
we estimated supply and demand by sector for citiesin each province.
The maximum entropy model was applied to disaggregate estimated
demand and supply into self-supplied and externally supplied catego-
ries. We then used the cross-entropy model to estimate single regional
input-output (SRIO) tables for each city based on these estimates and
the provincial SRIO table. Using the maximum entropy model again,
we estimated intercity trade flows by sector, linking all city-level SRIO
tables and trade flows to create a city-level MRIO table for each prov-
ince. These city-level MRIO tables were then nested into the China pro-
vincial MRIO table, excluding data for Hong Kong, Macau and Taiwan
due to data unavailability. The 313 regions covered include 309 cities
and Tibet, Yunnan, Qinghai and Hainan provinces, treated at the same
level as cities due to missing data. Both the 2012 and 2017 MRIO tables
were compiled using current year prices, with 2012 as the benchmark
year, and 2017 prices were converted to 2012 prices using deflators.
For the CO, emissioninventory of Chinese cities, we adopted the
methods developed by Shan***'. Thisinventory includes scope 1 emis-
sions from 17 types of fossil fuels and industrial processes as defined
by the Intergovernmental Panel on Climate Change®. The emissions
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inventory is organized using 47 socioeconomic sectors, aligned with
China’s national and provincial emission accounts. To estimate city-
level emissions, we applied a systematic approach that downscaled
provincial energy balances and sectoral energy consumption to the
city level, using auxiliary socioeconomic datasuch asindustrial output,
populationand GDP. To address inconsistencies in the statistical cali-
bration of energy consumption in China, the sum of city-level energy
consumption was constrained to match the sum of provincial energy
consumption statistics.

We segregated cities into five distinct industry dominated type:
agriculturecities, light-industry city, heavy-industry city, energy city and
high-tech city (Supplementary Table 2). This classification was based on
the percentage of each city’s GDP contributed by these sectors. Initially,
we condensed 42 different economic sectors into the five mentioned
categories and computed the proportion of value added by each sector.
Subsequently, we utilized the K-means algorithm with the Euclidean
distance measure, taking into account the value-added percentages of
the GDP attributable to each of the five sectoral groupsinthe year2017.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The city-level MRIO table for the 313 regions and the city-level carbon
inventory are available in the CEADs database via https://www.ceads.
net/.

Code availability

Code to calculate the carbon footprint and associated decom-
position analysis is available at https://github.com/ChenggqiXia/
Outsourced-Carbon-Mitigation-for-Chinese-Cities-from-2012-to-2017.
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