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Tracing Carbon Flow to Unravel Carbon Lock-In in China through a Supernetwork-1 

Based Perspective for Targeted Decarbonization 2 

 3 

Abstract 4 

The pathway to carbon neutrality requires not only reducing emissions but also addressing the 5 

structural complexity of how emissions are generated, transmitted, and embedded across regions 6 

and sectors. Conventional mitigation strategies target high-emission locations, yet they overlook 7 

who emits, who enables, and who intermediates in the carbon system. This study develops a carbon 8 

flow supernetwork by integrating multi-regional input-output analysis with supernetwork theory, 9 

enabling tracing where emissions occur, how they move, and who sustains them from 2007 to 2017. 10 

Results reveal a three-layered structure of carbon lock-in in China. Upstream emitters like Inner 11 

Mongolia, Shanxi, and Hebei concentrate emissions through coal-based electricity and heavy 12 

industries. Downstream distributors, notably coastal regions such as Guangdong and Jiangsu, 13 

account for over 60% of carbon inflows via embedded trade and final demand. Structural 14 

intermediaries, including Shandong and Henan via logistics and information services, exhibit high 15 

network centrality and govern carbon circulation despite moderate emission levels. Furthermore, 16 

the Jing-Jin-Ji and Yangtze River Delta function as systemic carbon anchors, where dense industrial 17 

networks and embedded supply chains lock China’s economy into high-emission trajectories. As the 18 

system matured from 2007 to 2015, connectivity and internal carbon cycling increased, but signs of 19 

topological reconfiguration emerged post-2015, coinciding with China’s green transition efforts. 20 

Carbon governance should shift from targeting emission volume to incorporating network-sensitive, 21 

system-level interventions. Prioritizing central intermediaries and redesigning flow pathways offers 22 

a more effective and equitable route toward carbon neutrality in structurally complex economies 23 

like China. 24 

 25 
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1 Introduction 29 

Climate change, driven largely by anthropogenic carbon emissions, has become one of the most 30 

pressing global challenges 1. International frameworks such as the Kyoto Protocol and the Paris 31 

Agreement aim to mitigate this crisis 2. As the world’s largest carbon emitter, China plays a pivotal 32 

role in global climate governance 3. At the 2020 UN General Assembly and Climate Ambition 33 

Summit, China announced ambitious dual carbon goals: peaking emissions before 2030 and 34 

achieving carbon neutrality by 2060 4-6. To fulfill these objectives, China faces the critical task of 35 

balancing economic growth, regional equity, and environmental sustainability, which requires 36 

exploring differentiated low-carbon development pathways tailored to regional resource 37 

endowments and industrial structures 7,8.  38 

 39 

However, after decades of rapid industrialization, China’s economic system faces significant 40 

challenges due to entrenched path dependencies and carbon lock-in, characterized by continued 41 

investment in carbon-intensive industries and technologies 9. The concept of carbon lock-in, 42 

foundationally developed by Unruh 10,11, highlights how technological, institutional, and 43 

infrastructural inertia reinforce high-carbon pathways. This perspective can capture structural 44 

persistence in carbon flows, noting that unlike carbon or energy dependency, lock-in stresses 45 

systemic entrenchment rather than reliance on specific inputs 12,13. Regional disparities in resource 46 

distribution and development stages intensify conflicts between emission reduction responsibilities 47 

and regional equity 14. Yet these disparities are not isolated: economically developed coastal regions, 48 

driven by advanced manufacturing and trade, are tightly linked with resource-rich inland provinces 49 

through embodied carbon flows, outsourcing high-carbon production while relying on upstream 50 

energy and materials 15. Such interregional linkages exacerbate regional inequalities and amplify 51 

the difficulty of allocating emission responsibilities in an equitable manner 16,17. From an industrial 52 

perspective, entrenched high-carbon technologies and traditional industrial structures form another 53 

barrier to low-carbon transformation 18,19. Resource-dependent industries, such as power generation 54 

and construction, have historically dominated China’s economic growth model 20, embedding 55 

regions in dual lock-in scenarios of high-carbon and low-value production pathways 21. These 56 

sectoral lock-ins are further reinforced through cross-sectoral couplings—for example, electricity 57 

and coal supplying carbon-intensive inputs to downstream construction — making industrial 58 
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adjustment a systemic rather than sector-specific challenge. Transitioning away from these pathways 59 

therefore requires not only balancing emission mitigation and regional development priorities, but 60 

also designing coordinated governance mechanisms that explicitly target the cross-regional and 61 

cross-sectoral interactions underpinning China’s carbon flow system.22,23. Nevertheless, mitigation 62 

policy designs have often emphasized short-term localized targets, lacking the coordination needed 63 

for coherent long-term carbon governance across regions and sectors 24,25.  64 

 65 

To effectively understand and address these complex challenges, comprehensive approaches are 66 

necessary. Scholars have increasingly turned to Multi-Regional Input-Output (MRIO) analysis as a 67 

powerful tool to map the flow of embodied emissions across regions and sectors 26-29. MRIO models 68 

capture how consumption in one region induces emissions elsewhere through interlinked supply 69 

chains 30,31, thus enabling the identification of environmental responsibilities across regions and 70 

sectors 32-34. In China’s context, MRIO-based studies have revealed the extensive transfer of carbon 71 

emissions from economically advanced eastern provinces to less-developed central and western 72 

regions 35,36. Internationally, extensions of MRIO methods such as structural decomposition analysis 73 

and environmental input-output network models have provided insights into how trade, industrial 74 

structure, and final consumption shape global and bilateral carbon emissions 37-40. While MRIO 75 

models quantify carbon flows, they are often limited in explaining the structural mechanics of these 76 

flows 41. Specifically, MRIO analyses focus on volume-based attribution but lack tools to investigate 77 

the network logic—i.e., who emits, who enables, and who intermediates—within complex carbon 78 

systems. Addressing this limitation requires methodological integration with advanced network 79 

science. Supernetwork theory, which models interdependent, multi-layered networks, offers a 80 

promising framework to capture the structural intricacies of regional-sectoral carbon interactions 42. 81 

Emerging applications of supernetwork methodologies, such as variational inequalities 43, 82 

hypergraphs 44, and network-based models 45, have proven effective in fields including supply chain 83 

management, transportation systems, and information diffusion 46-51. However, their application to 84 

carbon emissions, especially regarding detailed structural characteristics such as node interactions 85 

and network topology at the regional-sectoral scale, remains scarce 52,53. 86 

 87 

To fill this gap, we extend the analytical focus from emission magnitudes to the structural 88 
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mechanisms that sustain high-carbon trajectories. Here, carbon lock-in is operationally defined as a 89 

systemic form of high-carbon path dependence embedded in regional-sectoral interaction structures, 90 

rather than mere technological or resource dependence. It emphasizes how interlinked regions and 91 

sectors collectively reinforce carbon-intensive development pathways. Building on this 92 

conceptualization, this study proposes a carbon flow supernetwork framework that integrates MRIO 93 

modeling with supernetwork theory to analyze how carobon emissions are transmitted across 94 

China’s regions and sectors. In this framework, nodes represent regions and sectors via China’s 95 

economy, and superedges capture the carbon flows between region-sector combinations. This 96 

approach departs from traditional flow quantification by uncovering the structural mechanisms and 97 

systemic drivers of carbon lock-in across China’s regional and sectoral coupled networks. Using 98 

this framework, carbon flow networks are analyzed from 2007 to 2017 across 30 regions and 42 99 

economic sectors, identifying key features from three perspectives. Node-level insights identify 100 

functionally differentiated actors such as upstream carbon suppliers, downstream consumption hubs, 101 

and structural intermediaries, each playing distinct roles in national carbon flows. Superedge-level 102 

investigations detect critical region-sector linkages with broad systemic influence or deep structural 103 

embeddedness, revealing heterogeneities in decarbonization leverage. Topological structure 104 

analysis traces the evolution of carbon-intensive agglomerations, regional clusters, and core-105 

periphery patterns, offering dynamic views of structural carbon lock-in and reconfiguration trends.  106 

 107 

The main contributions of this study are as follows. First, we introduce a structurally explicit method 108 

to characterize the mechanics of embodied carbon flows at high resolution, enhancing the analytical 109 

power of MRIO-based models. Second, we generate actionable insights for network-sensitive 110 

carbon governance that target systemic leverage points rather than merely high-emission 111 

magnitudes. Third, by integrating spatial, sectoral, and temporal dimensions, we provide a robust 112 

analytical foundation for China’s differentiated low-carbon transition and clarify the scope of 113 

transferability. Although the empirical analysis centers on China, the conclusions are mechanism-114 

level and thus transferable to other large developing economies where extensive interregional trade, 115 

heterogeneous energy mixes, and sectoral specialization give rise to similar structures, namely, 116 

upstream emitters in resource-rich provinces, downstream sinks in demand-intensive sectors (e.g., 117 

construction), and bridge regions connecting inland supply with coastal demand. This transferability 118 
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is context-dependent; in systems with already low-carbon electricity or limited interregional 119 

exchanges, such asymmetries and redundancies may be less pronounced. 120 

 121 

2 Methodology 122 

2.1 Carbon flow calculation 123 

Carbon intensity between regions and sectors are calculated based on MRIO tables27,54, which 124 

represents the amount of carbon dioxide emitted per unit of economic output. 125 

 / , , , ( , )x x xE CE T x r s r s=   (1) 126 

Where xE  represents the carbon intensity, xCE  represents the total carbon emissions, , which is 127 

sourced from the CEADs database 55,56, and xT  represents the total output. r  denotes region, s  128 

sector, and ( , )r s  a region-sector pair. When an aggregated sector requires subdivision, it assumes 129 

that sub-sector emissions scale proportionally with their economic output, ensuring that total 130 

emissions are conserved within each region. 131 

 132 

The direct carbon flows are then obtained by mapping intensities from the origin to monetary 133 

transactions in the MRIO use matrix U . 134 

,i j i i jF E U→ =  (2) 135 

Where i jF→  represents the direct carbon flows from i  to j , i  and j  can be regions, sectors, 136 

or region-sector combinations. This general expression covers the four flow types used in later 137 

analysis: region→region, sector→sector, region→sector, and sector→region. 138 

 139 

2.2 Carbon flow supernetwork construction 140 

Based on carbon flow calculations, we construct a supernetwork model to capture the multi-layered 141 

and heterogeneous interactions of carbon emissions across China’s regional–sectoral system. Two 142 

intra-layer subnetworks are first established. Using MRIO tables from 2007, 2010, 2012, 2015, and 143 

2017, we quantify carbon emissions across 30 regions and 42 sectors. This enables the construction 144 

of a regional subnetwork that reflects spatial carbon flow patterns and a sectoral subnetwork that 145 

reveals inter-sectoral emission transfers. Subsequently, two inter-layer subnetworks are developed 146 
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to characterize cross-dimensional interactions. By computing carbon flows between regions and 147 

sectors based on direct emission intensities and monetary transactions, we establish region–sector 148 

coupling networks that map how regional/sector activities in one sector/region contribute to carbon 149 

flows in another. These inter-layer subnetworks capture the heterogeneous dependencies linking 150 

spatial and industrial systems within China’s carbon economy. Four subnetworks form a carbon 151 

flow supernetwork that represents horizontal (within-layer) and vertical (cross-layer) connections. 152 

This integrated framework enables the identification of structural lock-in patterns that govern the 153 

transmission of carbon across China's economy. Table 1 summarizes the mathematical specifications 154 

of the three core subnetworks that comprise the supernetwork framework. 155 

 156 

Table 1| Subnetwork specifications of the carbon flow supernetwork 157 

 Regional subnetwork Region-sector subnetworks Sectoral subnetwork 

Node set  1 2, ,...,RR

mV R R R=   |1 ,1RS

klV RS k m l n=       1 2, ,...,SS

nV S S S=  

Edge set  
1 2 1 2

|1 ,
RR

r rE e r r m=     | 1 ,1
RS

rsE e r m s n=       
1 2 1 2

|1 ,
SS

s sE e s s n=    

Weights 
1 2 1 2,

RR

r r r rw F=  
1 1 1 1,

RS

r s r sw F= , 
1 1 1 1,

RS

s r s rw F=  
1 2 1 2,

SS

s s s sw F=  

Notes: The regional subnetwork captures interprovincial carbon exchanges, the region–sector 158 

subnetworks describe cross-layer couplings between producing regions and consuming sectors, and 159 

the sectoral subnetwork represents inter-sectoral carbon flows within the national economy. Weight 160 

terms denote embodied carbon flows. 161 

 162 

According to supernetwork theory57-61, a supernetwork can be described as ( ),SN V SE= , where 163 

V   represents the node set and SE   denotes the superedge set. Accordingly, The carbon flow 164 

supernetwork in this study can be expressed as  ( ), ( )CFSN V CF SE CF= . Here, ( )V CF  denotes 165 

the node set, consisting of two heterogeneous node types—regions and sectors. ( )SE CF  166 

represents the superedge set, where each superedge connects nodes from different domains, 167 

capturing carbon flows between regions and sectors. In this framework, a superedge corresponds to 168 

a carbon flow relationship that links regional and sectoral nodes from heterogeneous networks. Two 169 

types of carbon flows are modeled: region-to-sector flows and sector-to-region flows. This design 170 
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extends conventional MRIO-based networks by embedding bidirectional, cross-layer interactions 171 

as structural units of analysis. Since MRIO tables are monetary transaction matrices, the carbon 172 

flows inherently embed economic flows together with physical emissions, meaning that the 173 

constructed carbon flow supernetwork simultaneously reflects both economic and environmental 174 

interactions. Such formulation allows the model to trace the directional movement of carbon 175 

between production and consumption nodes, revealing key transmission paths and structural 176 

dependencies.  177 

 178 

The supernetwork enables the identification of sectoral usage patterns, regional emission 179 

responsibilities, and the complex interdependencies across multi-layered economic systems. In total, 180 

the carbon flow supernetwork comprises 30 42  region–sector pairs. To manage computational 181 

complexity and highlight significant transmission pathways, a magnitude-based pruning technique 182 

is employed. This method sparsifies the network by removing low-weight connections while 183 

preserving critical carbon flows, thereby improving computational efficiency without compromising 184 

structural accuracy 62-64. Although constructed from static MRIO tables, the multi-year design of the 185 

supernetwork allows us to trace observed improvements in production efficiency and structural 186 

adjustments across time. 187 

 188 

2.3 Carbon flow supernetwork evaluation 189 

To systematically characterize the properties of the carbon flow supernetwork, this study employs a 190 

set of network metrics categorized into node-level, superedge-level, and structural-level analyses. 191 

Each set of metrics captures different aspects of the carbon flow system, from local connectivity to 192 

system-wide structural influence.  193 

Degree measures the number of direct connections of a node, reflecting its role as a source (out-194 

degree) or sink (in-degree) of carbon flows 65.  195 

1

i ji

i

ISD a
=

=  (3) 196 

1

i ij

j

OSD a
=

=  (4) 197 

Where  ijA a=  is the adjacency matrix, 1ija = or 0. 198 
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 199 

Betweenness centrality 66 captures the extent to which a node lies on the shortest paths between 200 

other nodes, indicating its function as an intermediary. 201 

/i

i xy xy

x i y

VB g ga
 

=   (5) 202 

where xyga  represents the total number of shortest paths from node x  to y , 
i

xyg  denotes the 203 

number of these shortest paths passing the node i . 204 

 205 

Eigenvector centrality 67 accounts for both the number and importance of connected neighbors, 206 

assigning higher scores to nodes linked to other central nodes.  207 

1

1
i ij j

j

EC a EC
 =

=   (6) 208 

Where    is the eigenvalue of the adjacency matrix, which is a constant. jEC   represents the 209 

eigenvector centrality of node j which is adjacent to node i . 210 

 211 

Superedge connectivity (SUC)68 quantifies the breadth of influence by measuring how extensively 212 

a given superedge (a directed carbon flow from one region-sector pair to another) connects to other 213 

parts of the network.  214 

1 , 1 , 2

1( 1 2) 1

( )
sn m n

SE i SE i SE

SE SE SE i

SUC e e


 =

=    (7) 215 

Where sn  is the total number of superedges in the carbon flow supernetwork, and m n  ( 30m = ,216 

n 42= ) is the total number of superedges in the carbon flow supernetwork. ( ), 1i SEEE e=  is the 217 

superedge association matrix of the carbon flow supernetwork, which is described as 218 

( )

1,1 1,2 1,

2,1 2,2 2,

, 1

30,1 30,2 30,

sn

sn

i SE

sn

e e e

e e e
EE e

e e e

 
 
 = =
 
 
  









 . If node i   both belongs to superedges 1SE   and 2SE  , 219 

then , 1 , 2 1i SE i SEe e = . 220 

 221 
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Superedge similarity (SUS) 60 evaluates the depth of influence, assessing the degree to which one 222 

superedge shares common interaction patterns with others.  223 

, 1 , 2

1

1, 2

, 1 , 2

1

( )

( )

m n

i SE i SE

i

SE SE m n

i SE i SE

i

e e

SUS

e e



=



=



=

+




 (8) 224 

1 1, 2

1( 1 2)

/ 1
sn

SE SE SE

SE SE SE

SUS SUS sn


= −  (9) 225 

Where 1, 2SE SESUS   denotes the SUS between superedges 1SE   and 2SE  . 1SESUS   denotes the 226 

SUS of superedge 1SE . 227 

 228 

The k-core decomposition69,70 identifies densely connected subgraphs within the carbon flow 229 

supernetwork, which represent core regional-sectoral clusters that drive carbon flow aggregation. 230 

( )
n H

d k
−

   (10) 231 

Where 
n H

d
−

  is the degree of node i  in the network
* ( , )N N E E L= − −  , k   is a constant, 232 

 | iH i SD k=  ,  ( , ) | ,i jL i j SD SD k=  , i i iSD ISD OSD= + . 233 

 234 

The cycle degree of node i  refers to the number of directed cycles passing through it, while the 235 

cycle length of a directed cycle is defined as the number of edges in that cycle71.  236 

1

( ) ( )s

c
l

s

i i 
=

=  (11) 237 

1

( ) ( )

( )
( )

s

c
l

s

s

l i i

l i
i




=



=


 (12) 238 

Where ( )i  denotes the number of directed circle passing the node i , ( )sl i is the circle length 239 

of node i , whose cyclomatic number is ( )sl i , and ( )l i is the average circle length. 240 

 241 

Network density72 reflects the degree of connectivity between region–sector nodes by measuring 242 

how closely the actual structure approximates a fully connected graph.  243 

/ ( 1)sn v v = −  (13) 244 
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 245 

2.4 Data sources and consolidation 246 

Time-series MRIO tables are used to calculate carbon flows of the Chinese economy. The MRIO 247 

data for the years 2007, 2010, 2012, 2015, and 2017 are obtained from the China Emission Accounts 248 

and Datasets (CEADs), as compiled by Zheng et al36. The MRIO tables cover 30 administrative 249 

regions, including 22 provinces, 4 municipalities, and 4 autonomous regions (Table A.1), and are 250 

disaggregated into 42 economic sectors per region (Table A.2). Although CEADs MRIO tables are 251 

already standardized to 42 sectors, minor inconsistencies exist in 2017 vintage because of 252 

adjustments in industrial codes by the National Bureau of Statistics. To ensure temporal 253 

comparability, the 2017 sectors were harmonized to the earlier scheme (Table A.2) by merging the 254 

two R&D-related categories and reinstating waste sector through proportional reallocation based on 255 

2015 shares. This choice of MRIO tables for above years is determined by the current availability 256 

of China’s input-output databases. The most recent official multi-regional input-output data for 257 

China is updated only through 2017. Although model-based estimates for subsequent years are 258 

available, they lack calibration by authoritative institutions and broad industry consensus. To ensure 259 

data quality and the robustness of this study, such estimates are not adopted.  260 

 261 

All MRIO tables were converted to 2007 constant prices using province-level GDP deflators 262 

obtained from the National Bureau of Statistics. For each province 𝑟, the deflation coefficient was 263 

defined as 2007

, / t

r t r rD GDP GDP=  , where t

rGDP   is nominal GDP in year 𝑡 . Each monetary 264 

element of the MRIO matrix was multiplied by ,r tD   to remove inflationary effects, ensuring 265 

comparability of economic flows and emissions across years. 266 

 267 

To ensure that the consolidation of multiple MRIO vintages does not bias the network structure, two 268 

sensitivity tests were performed. The first test used alternative base-year deflation with 2010 RMB 269 

prices, while the second adjusted energy-intensive sector emissions by ± 10% to test non-270 

proportional emission allocation. Detailed information are provided in Supplementary Text S1. 271 

 272 

 273 
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3 Results 274 

3.1 Carbon flow patterns between regions and sectors 275 

Figure 1 illustrates the two-way carbon flows between regions and sectors in China from 2007 to 276 

2017, depicting how carbon emissions are transmitted from emitting regions to specific sectors 277 

(Figure 1a), and how key sectors contribute to regional carbon inflows (Figure 1b). These 278 

visualizations highlight regional and sectoral asymmetries of China’s carbon economy and the 279 

changing dominance of emission-intensive flows across time. Figure 1a shows that carbon flows 280 

are primarily sourced from coal-abundant northern regions, especially Hebei (HE), Shanxi (SX), 281 

and Inner Mongolia (NM), toward high-emission sectors such as nonmetal (S13), metal (S14), and 282 

electricity (S25). These regions act as upstream suppliers within the national production network, a 283 

role shaped by their resource endowments and industrial specializations. In other words, these 284 

upstream roles are closely related to the regions’ abundant coal reserves and their policy-driven 285 

positions as national energy bases, which are indirectly captured in the MRIO structures. 286 

Accordingly, the identified “lock-in” should be understood as a structural dependence shaped by 287 

resource-policy contexts, rather than as a denial of potential transition opportunities. The persistence 288 

of upstream emitter provinces such as Inner Mongolia and Shanxi also raises issues of carbon equity, 289 

as these regions disproportionately bear the burden of carbon-intensive production that serves 290 

national demand. From 2007 to 2015, the largest carbon flow was from Hebei to S14, rising from 291 

9.24% to 10.98% of total regional emissions, highlighting Hebei’s strong industrial base and high 292 

emission intensity. By 2017, however, the largest flow shifted to Inner Mongolia to S25, suggesting 293 

a structural transition linked to increasing energy production capacity and investment in that region. 294 

Shanxi to S25 remained the third-largest flow throughout the period; although absolute emissions 295 

declined from 26.35 Mt CO₂ (2012) to 23.67 Mt CO₂ (2017), its share of total outflows increased 296 

from 8.03% to 8.88%, due to the broader national decline in regional-to-sector carbon transfers post-297 

2012. This result, on the one hand, highlights how structural decline in national emissions can 298 

amplify the proportional contribution of key regional emitters. On the other hand, regional 299 

prominence in carbon networks is not solely dependent on emission volume, but also on broader 300 

systemic changes in interregional trade and energy demand. Additional shifts include the decline of 301 

Shanxi to S14, which peaked at 9.63 Mt CO₂ in 2007 and dropped continuously after 2010, and the 302 

resurgence of Liaoning (LN) to S25, which decreased from 6.32 Mt CO₂ in 2007 to 2.99 Mt in 2012, 303 



12 

 

but rose again after 2015 by 4.15 Mt CO₂, reflecting localized sectoral reactivation. 304 

 305 

Figure 1b illustrates how carbon-intensive sectors redistribute emissions toward regions via 306 

interregional trade, capturing consumption-driven carbon demand. S25 remained the dominant 307 

exporter of carbon flows throughout the decade, particularly toward coastal economic regions. 308 

Between 2010 and 2015, S25 to Shandong (SD) was the largest carbon flow, peaking at 37.55 Mt 309 

CO₂ in 2010 due to strong industrial demand. By 2017, however, the flow had significantly 310 

decreased, and Jiangsu (JS) surpassed Shandong as the top importer, reflecting the shifting 311 

geography of energy-driven emissions toward economically dynamic eastern regions. S14 ranked 312 

second in carbon exports. Hebei led as the primary recipient in 2007 and 2012, with an annual 313 

growth rate of 16.63%, but was later overtaken by Jiangsu, whose import growth from S14 314 

accelerated to 25.81% per year from 2010 onward, suggesting an intensifying concentration of 315 

heavy industrial activity in the eastern coastal belt. S13 consistently ranked third. Its exports to 316 

Shandong led in 2007 (5.12 Mt CO₂), dropped sharply in 2010 (2.15 Mt), rebounded thereafter, but 317 

were overtaken by Guangdong (GD) in 2017, reflecting evolving construction and infrastructure 318 

demand patterns. Persistent spatial decouplings between carbon emissions and final consumption 319 

are traced from these patterns. Northern interior regions like Shanxi, Inner Mongolia, and Hebei, 320 

accounted for 34.81% of total regional outflows, acting as primary carbon suppliers due to their 321 

dependence on energy and heavy industries. In contrast, eastern coastal regions such as Jiangsu, 322 

Guangdong, and Shandong, functioned as carbon importers, driven by high demand for electricity, 323 

processed materials, and construction inputs. Notably, just five regions received nearly 64% of 324 

carbon outflows from S25, highlighting their centrality in downstream consumption and 325 

redistribution. This spatial asymmetry between production and consumption underscores the 326 

urgency of rethinking carbon responsibility frameworks. 327 

 328 
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 329 

Figure 1| Carbon flows between regions and sectors in China from 2007 to 2017. 330 

Notes: Regions and sectors are detailed in Table A.1 and Table A.2. The width of each chord 331 

represents the magnitude of embodied carbon flows (Mt CO₂) between region-sector pairs. 332 
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 333 

3.2 Node characteristics and regional-sectoral functional roles 334 

Figure 2 presents the top ten regions and sectors across node-level metrics including in- and out-335 

degrees, betweenness and eigenvector centralities from 2007 to 2017, which offers insights into the 336 

hierarchical positioning and functional roles of different nodes in carbon flow via China’s economy. 337 

At the regional level (Figure 2a), southeast coastal regions such as Shandong (SD), Jiangsu (JS), 338 

Zhejiang (ZJ), and Guangdong (GD) account for approximately 50% of Top 10 nodes across most 339 

metrics and years, indicating their stable roles as major hubs for carbon inflow and redistribution. 340 

This pattern reflects the long-standing economic leadership of coastal regions, where industrial 341 

clusters, advanced infrastructure, and international trade have created strong pull effects for 342 

embodied carbon flows. These regions serve as terminal nodes for carbon-intensive products, 343 

suggesting strong embeddedness within the national carbon flow system. Central regions like Henan 344 

(HN) and Hubei (HB) contribute roughly 30% of Top 10 appearances, and show a gradual 345 

strengthening of network positions over time. This shift can be attributed to national policies 346 

promoting the development of central regions (e.g., the Rise of Central China Plan), coupled with 347 

industrial relocation from coastal areas, leading to greater integration of central provinces into 348 

national production and trade networks. Northeast regions, represented by Liaoning (LN), appear 349 

prominently in out-degree metrics but are largely absent from in-degree and centrality-based 350 

rankings. This indicates a structurally defined role as upstream carbon exporters, rooted in the 351 

region’s concentration of heavy industries, resource extraction, and basic material processing. The 352 

absence of centrality metrics suggests limited integration into broader redistribution networks, 353 

reinforcing Northeast China’s profile as a specialized supplier rather than an intermediary hub. Other 354 

regions, including Hebei (HE) and Sichuan (SC) are observed in Top 10 rankings across all metrics 355 

and years. These two regions exemplify how strategically located inland regions contribute to the 356 

national carbon network, both as production bases and as critical connectors bridging eastern and 357 

western flows. The regional rankings exhibit high temporal stability over 2007–2017, as evidenced 358 

by the persistent dominance of key coastal regions across multiple metrics. This implies persistent 359 

spatial carbon lock-ins despite broader economic transitions and policy-driven efforts toward 360 

structural transformation, highlighting the entrenched nature of carbon-intensive pathways at the 361 

regional level. This temporal persistence of dominant regions indicates not only static stability but 362 
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also a dynamic lock-in process, whereby historical industrial configurations and policy incentives 363 

reinforce the continuity of carbon-intensive pathways over time. 364 

 365 

At the sectoral level (Figure 2b), heavy industries and production services dominate China’s carbon 366 

flow supernetwork, accounting for approximately 70% of Top 10 nodes. Heavy industries such as 367 

chemistry (S12), nonmetal (S13), and metal (S14) supply essential materials for downstream 368 

construction, manufacturing, and infrastructure. Their sustained dominance reflects the persistent 369 

reliance of China’s economy on carbon-intensive material production, a key challenge for national 370 

decarbonization efforts. Production service sectors, including wholesale and retail (S29), transport 371 

and logistics (S30), and information and technology (S32), play increasingly central roles, 372 

particularly in recent years. This reflects the ongoing transition toward a more interconnected, 373 

service-driven industrial structure, where logistics, digital infrastructure, and market systems 374 

increasingly mediate embodied carbon dynamics. Energy industry, especially electricity (S25), is 375 

highly prominent in out-degree metrics across all years, contributing about 30% of Top 10 rankings 376 

in this dimension. As the primary carrier of energy in modern production and consumption, the 377 

electricity sector naturally drives extensive embodied carbon outflows across the entire economy, 378 

particularly given China’s coal-based energy mix over this period. Agriculture (S1) consistently 379 

appears in Top 10 rankings across multiple metrics and years. While not a dominant hub in the 380 

carbon network, agriculture contributes significant baseline carbon flows through primary 381 

production and food supply chains, highlighting the importance of integrating land-based sectors 382 

into comprehensive mitigation strategies. Construction (S28) shows high in-degree and eigenvector 383 

centrality, reflecting its dependence on upstream inputs and its centrality within the national carbon 384 

flow supernetwork as a major end-use sector. However, its low betweenness centrality reflects its 385 

role as a terminal demand sector, primarily absorbing carbon flows rather than mediating 386 

interregional exchanges. The stability of top sectors over the decade, particularly infrastructure-387 

heavy sectors, indicates low degrees of sectoral decarbonization. This highlights difficulties of 388 

shifting away from structurally embedded high-carbon activities, as these sectors remain central to 389 

economic functionality and carbon network dynamics. The rising prominence of production services, 390 

alongside the sustained dominance of heavy industries, reflects not only static structural reliance but 391 

also the dynamic process of industrial upgrading and demand transformation, which gradually 392 
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reconfigures the carbon flow system. Their persistence underscores the need for targeted, sector-393 

specific interventions to achieve meaningful decarbonization within the embodied carbon system.  394 

 395 

While the node analysis isolates regional and sectoral roles, it cannot reveal their integrated 396 

positions. By linking the regional and sectoral attributes, we identify that Inner Mongolia-electricity 397 

(S25) exemplifies a resource-dependent upstream anchor. Although Inner Mongolia does not rank 398 

among the top network hubs (Figure 2), it remains one of the largest carbon emitters nationwide and 399 

a dominant supplier of coal-based electricity. In 2017, this combination accounted for approximately 400 

10% of total region-to-sector carbon flows, underscoring its pivotal role as a structural emission 401 

source rather than a network intermediary. Its lock-in mechanism is resource-driven: abundant coal 402 

endowments, long-term energy-base policies, and sunk investments in power infrastructure jointly 403 

sustain a carbon-intensive production regime. Such peripheral lock-in reveals that even non-central 404 

nodes can exert systemic influence by anchoring the carbon supply side of the network. By contrast, 405 

Jiangsu-Metal (S14) represents a demand-driven downstream hub. It contributes about 8 % of total 406 

sector-to-region carbon inflows, reflecting Jiangsu’s industrial demand for metal materials in 407 

manufacturing and construction. Its lock-in is consumption-driven: agglomerated heavy-industry 408 

demand, supply-chain integration, and material-intensive urbanization reinforce embodied-carbon 409 

inflows from upstream provinces. This combination shows high in-degree and eigenvector centrality 410 

but limited out-degree, identifying Jiangsu as a terminal consumer node consolidating emissions 411 

rather than mediating them. These cases reveal two complementary mechanisms of regional-sectoral 412 

carbon lock-in: resource-based inertia in inland, energy-rich provinces that sustain upstream 413 

emissions through infrastructural and policy entrenchment, and demand-aggregation inertia in 414 

coastal manufacturing hubs that perpetuate downstream carbon inflows. Recognizing these 415 

differentiated pathways can clarify how source- and sink-side structures jointly reproduce China’s 416 

high-carbon development trajectory. 417 

 418 
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 419 

Figure 2| Top 10 regions (a) and sectors (b) in node-level metrics during 2007-2017 420 

Note: Each ring represents a year (2007-2017), moving outward chronologically. 421 

 422 

3.3 Superedge influence and heterogeneous carbon flow interactions 423 

To assess how specific regional-sectoral connections (superedges) shape the structure and stability 424 

of China's carbon flow system, we evaluate two critical superedge-level metrics of superedge 425 

connectivity (SUC) and superedge similarity (SUS). SUC reflects the breadth of a superedge's 426 

systemic influence, i.e., the extent to which a region-sector connection radiates across the network. 427 

In contrast, SUS captures the depth of its interactions, indicating how strongly a superedge aligns 428 

with the behavioral patterns of others. Figure 3 presents the top 25 superedges ranked by SUC and 429 

SUS from 2007 to 2017. 430 

 431 

The highest SUC-ranked superedges are predominantly composed of connections between coastal 432 

economic centers and high-technology or consumer service industries (Figure 3a). For example, 433 

superedges such as GD-S27 (Guangdong-water), JS-S23 (Jiangsu-waste recycling), and ZJ-S21 434 

(Zhejiang-instrumentation) dominate the top SUC rankings. These superedges represent critical 435 
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pathways through which carbon flows are orchestrated across multiple regional and industrial 436 

domains. The dominance of these superedges reflects scale effects in coastal hubs, where provinces 437 

such as Guangdong, Jiangsu, and Zhejiang concentrate industrial agglomeration and diversified 438 

demand, anchoring large embodied flows that link upstream energy- and material-intensive sectors 439 

with downstream technology and services. Their high connectivity reveals their systemic 440 

importance in stabilizing carbon transmission under policy interventions, such as efficiency 441 

upgrades and low-carbon transitions, and highlights their potential as leverage points for large-scale 442 

carbon reduction efforts. Over time, a distinct evolution is observed in the composition of top-443 

ranking SUC superedges. In the early years (2007–2010), superedges dominated by consumer 444 

services and traditional production industries were more prominent. However, by 2012 and beyond, 445 

there is a clear transition towards high-technology industries and advanced service sectors, 446 

paralleling China’s broader economic shift towards services and innovation-driven development. 447 

Spatially, the leadership of SUC superedges also becomes increasingly concentrated within eastern 448 

coastal regions, reflecting their growing dominance in coordinating nationwide carbon flows. High-449 

SUC superedges serve as broad leverage points: cutting coastal demand intensity, raising efficiency, 450 

and expanding low-carbon services can diffuse mitigation benefits across the supernetwork without 451 

intervening in every peripheral link. 452 

 453 

In contrast, the highest SUS-ranked superedges exhibit greater temporal stability and are largely 454 

concentrated in heavy industries and production services within southeastern coastal regions (Figure 455 

3b). Superedges such as SD-S13 (Shandong–nonmetal) and SD-S25 (Shandong–electricity) 456 

consistently top SUS rankings, indicating deeply embedded, structurally aligned carbon exchanges 457 

rooted in Shandong’s industrial complex. Other high-SUS superedges like SD-S28 (construction), 458 

SD-S30 (transport and logistics), and SD-S32 (information and technology) further illustrate 459 

Shandong’s multi-sectoral entrenchment within the carbon flow supernetwork, highlighting its 460 

centrality in both material production and service intermediation. This persistence reflects the 461 

convergence of several forces: industrial agglomeration in heavy-industry and producer-service 462 

complexes, supply-chain complementarity between upstream energy/material inputs and 463 

downstream construction/services, and policy-driven roles of coastal provinces as national hubs. 464 

Together, these mechanisms reinforce overlapping carbon exchanges, which SUS detects as 465 



19 

 

structurally aligned and persistent couplings. Temporal analysis shows that while the sectoral 466 

structure of high-SUS superedges remains stable, spatial diffusion becomes more evident in later 467 

years, with central and southwestern provinces such as Henan (HA) and Sichuan (SC) increasingly 468 

entering the SUS top ranks. This suggests a slow but steady embedding of inland industrial centers 469 

into national carbon flow patterns, mirroring broader trends of industrial relocation and inland 470 

development policies. High-SUS superedges linking inland energy bases to coastal demand centers 471 

further reflect equity concerns, where production-side provinces incur concentrated emissions while 472 

consumption-side provinces externalize their embodied carbon. From a governance perspective, 473 

such high-SUS couplings imply both risks and opportunities: they magnify policy transmission if 474 

interventions target key flows, but also raise lock-in risks if left carbon intensive. Addressing these 475 

superedges therefore requires upstream decarbonization, demand-side standards in construction, and 476 

selective re-routing of critical couplings, while monitoring inland diffusion to avoid reproducing 477 

coastal lock-in patterns. 478 

 479 
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 480 

Figure 3| Top 25 superedges and corresponding regional and sectoral categories ranked by 481 

superedge connectivity (SUC) (a) and superedge similarity (SUS) (b) during 2007-2017 482 

Note: Circular diagrams summarize the compositional evolution of superedges across seven regions 483 

(left) and eight sectoral categories (right). 484 
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Further examination reveals substantial functional heterogeneity between SUC and SUS superedges. 485 

Approximately 87% of superedges display an inverse relationship between SUC and SUS values. 486 

Superedges like SD-S28, ZJ-S30, and HE-S12 feature high SUS but relatively low SUC, reflecting 487 

deep but localized influence, often tied to strong industrial agglomeration and concentrated demand 488 

within specific regions. In contrast, superedges such as ZJ-S21, SH-S20, and BJ-S31 exhibit high 489 

SUC but lower SUS, indicating broad yet shallow carbon interactions associated with standardized 490 

services and technology-driven sectors. These insights emphasize two strategic paths for optimizing 491 

carbon flows within heterogeneous networks. Enhancing technological upgrading and carbon 492 

efficiency in deeply embedded, high-SUS superedges to maximize decarbonization leverage within 493 

regional cores, and promoting structural transitions toward high-value, low-carbon service and 494 

technology sectors in high-SUC but low-SUS superedges to expand the breadth of carbon reductions 495 

across the system. Such differentiated strategies, informed by superedge roles, are critical for 496 

overcoming carbon lock-in challenges and achieving national carbon neutrality objectives. 497 

 498 

3.4 Structural agglomeration and core regional-sectoral clusters 499 

To examine the structural agglomeration and identify core nodes within China’s carbon economy, 500 

we apply k-core decomposition to reveal cohesive substructures that form the backbone of 501 

interregional carbon flows. As shown in Figure 4, the k-core subgraphs from 2007 to 2017 remain 502 

largely stable, despite slight annual variation in the maximum k-values (ranging from 28 to 30), 503 

indicating a robust structural hierarchy. We found two distinct regional groupings embedded in high-504 

order cores. First, economically advanced regions, including Tianjin (TJ), Hebei (HE), Shanghai 505 

(SH), Jiangsu (JS), Zhejiang (ZJ), Anhui (AH), and Guangdong (GD), persistently remain in the 506 

innermost cores across all years. These regions constitute the economic centers of China's dominant 507 

urban clusters: Jing-Jin-Ji and the Yangtze River Delta. Their centrality in the k-core reflects high 508 

industrial density, strong cross-regional trade integration, and embedded infrastructure demand, 509 

positioning them as structural stabilizers in the carbon flow network. Strategically enhancing 510 

integration and decarbonization within these hubs may yield broad system-level efficiency gains 511 

and emission reduction spillovers. Second, a group of resource-dependent yet economically less-512 

developed regions, notably Inner Mongolia (NM), Liaoning (LN), Jilin (JN), Heilongjiang (HL), 513 

and Henan (HA), also maintain stable inclusion in the k-core. Despite lower degrees of economic 514 
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agglomeration, their roles as upstream suppliers of energy and heavy industrial inputs ensure their 515 

structural significance. These regions exhibit persistent high carbon emissions due to reliance on 516 

coal-intensive sectors and limited diversification. Their inclusion in the core highlights the challenge 517 

of economic-environmental decoupling, where emission growth outpaces productivity gains. 518 

Addressing this imbalance requires local policy shifts and coordinated governance efforts to support 519 

structural transformation and green capacity building in these high-emission hinterlands.  520 

 521 

The sectoral composition of stable k-cores consists of a combination of high-carbon, foundational 522 

industries, including agriculture (S1), energy industries (coal mining (S2), petroleum and nuclear 523 

fuel processing (S11), electricity (S25)), heavy industries (chemistry (S12), nonmetal (S13), metal 524 

(S14)), construction (S28), and production services (wholesale and retail (S29), transport and 525 

logistics (S30), information and technology (S32), Finance (S33)). The persistence of these sectors 526 

in the k-core over a decade highlights a structural path dependency on resource- and emission-527 

intensive activities. While these sectors underpin economic output and supply chain continuity, their 528 

centrality also signals vulnerability to carbon lock-in. Transitioning toward sustainable growth thus 529 

requires not only end-of-pipe mitigation, but systemic restructuring, such as industrial upgrading, 530 

energy substitution, and cross-regional green technology diffusion, to break structural inertia. 531 
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 532 

Figure 4| k-core structures of China’s carbon flow supernetwork 533 

Notes: Yellow nodes represent regions and blue nodes represent sectors. Red and purple dashed 534 

circles highlight two persistent core clusters: the Jing-Jin-Ji (Beijing-Tianjin-Hebei) and Yangtze 535 

River Delta (Shanghai-Jiangsu-Zhejiang-Anhui). 536 

 537 

3.5 System stability and internal carbon cycling 538 

Figure 5 illustrates the temporal evolution of network density, capturing changes in the overall 539 

interconnectivity of regions and sectors. The network density increased from 0.200 in 2007 to a 540 

peak of 0.231 in 2015, indicating enhanced interconnectivity among regions and sectors. This 541 

growth reflects more intensive carbon exchange and stronger economic linkages, suggesting a more 542 

integrated and efficient carbon flow system during this period. The rise in density also corresponds 543 

with the emergence of more connected subgraphs, pointing to improved systemic cohesion within 544 

the network, likely driven by accelerated industrialization and infrastructure expansion. However, 545 

by 2017, network density declined to 0.218, marking a structural turning point. This reduction aligns 546 

with China’s strategic pivot from high-speed growth toward green transformation. As low-carbon 547 

policies began constraining high-emission sectors, interregional carbon transfers became less 548 
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diffuse, reducing the breadth of certain carbon linkages. The evolution of network density thus 549 

reflects a trade-off between economic integration and climate-oriented restructuring, where 550 

structural decarbonization reshapes the topology of carbon connectivity. 551 

 552 

 553 

Figure 5| The network density of China’s carbon flow supernetwork  554 

 555 

Complementing the density trend, Table 2 presents annual node-level cycle participation to reveal 556 

the capability to sustain and facilitate the internal circulation of carbon emissions within economic 557 

agglomerations. Regionally, most regions maintained high levels of cycle involvement (exceeding 558 

35,000 cycles annually), highlighting their foundational role in sustaining local carbon flow 559 

feedback loops. Shandong dominated in cycle frequency from 2007 to 2015, underscoring its 560 

centrality in production and redistribution activities. However, by 2017, its ranking dropped to sixth, 561 

suggesting a potential shift in regional carbon exchange dynamics. In contrast, Zhejiang and 562 

Guangdong consistently ranked among the top regions, reflecting their enduring integration within 563 

coastal agglomerations. Henan saw a marked rise in cycle participation in 2015 and 2017, indicating 564 

strengthened interregional linkages and an increasingly supportive role in the national carbon system. 565 

These regional shifts point to growing structural differentiation and adaptive capacity within the 566 

RSCFN. Sectoral node analysis similarly indicates robust cycle participation (over 30,000 cycles 567 

annually), reflecting strong sectoral interconnections across regions. From 2007 to 2017, the 568 

information technology services (S32) exhibited the most notable increase in cycle involvement, 569 

highlighting its rising influence in facilitating technological diffusion, service-driven linkages, and 570 

industrial upgrading. Conversely, traditional heavy industries such as chemistry (S12) experienced 571 

a steady decline in cyclicity, signaling a reduced ability to support interregional carbon recirculation. 572 

This pattern aligns with China’s broader structural transition—from carbon-intensive manufacturing 573 
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to innovation- and knowledge-driven sectors—as a foundation for future sustainable growth. The 574 

dual trends of evolving connectivity and shifting cycle participation reveal a carbon flow system 575 

undergoing strategic transformation. While structural cohesion initially intensified with economic 576 

growth, recent signals suggest a reorientation toward a more selective, low-carbon network 577 

architecture. This transition reflects both the pressures and opportunities of systemic 578 

decarbonization, where improving internal cycling efficiency and optimizing node connectivity are 579 

essential for long-term resilience. 580 

 581 

Table 2| Top 5 regional and sectoral nodes in cycle degree 582 

 Cycle degree of regions  Cycle degree of sectors 

Year 2007 2010 2012 2015 2017  2007 2010 2012 2015 2017 

Average 39985 40383 39869 40056 35276  32747 33142 33618 32882 30736 

Top 5 

SD SD SD SD ZJ  S12 S12 S11 S25 S32 

GD GD ZJ ZJ SC  S30 S13 S1 S32 S25 

ZJ ZJ LN HA HA  S13 S25 S25 S11 S13 

SH SH HE GD HN  S1 S1 S32 S13 S30 

JS JS HB HN GD  S14 S30 S30 S30 S29 

Note: Cycle degree measures the number of closed carbon flow loops in which a node (region or 583 

sector) participates, indicating its contribution to feedback structures within the supernetwork. 584 

Higher values represent stronger involvement in carbon circulation rather than one-way 585 

transmission. 586 

 587 

4 Discussion 588 

This study constructs the carbon flow supernetwork to analyze how carbon emissions are spatially 589 

and sectorally redistributed across China. The network-based perspective reveals that carbon flow 590 

is not uniformly distributed but instead reflects deep structural heterogeneity shaped by regional 591 

resource endowments, industrial specialization, and economic agglomeration. Recognizing these 592 

structural differences is essential for designing differentiated and targeted carbon reduction 593 

strategies that align with the carbon peaking and neutrality goals.  594 

 595 

Network metrics underscore that carbon governance must differentiate between embedded hubs and 596 

peripheral suppliers. Provinces with central positions sustain demand-driven linkages, while 597 
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resource-based regions remain upstream providers; effective strategies should therefore go beyond 598 

emission volumes and address the structural embeddedness of each node. Superedge metrics reveal 599 

complementary pathways for intervention. High connectivity (SUC) identifies links with broad 600 

diffusion potential, while high similarity (SUS) signals entrenched dependencies; together they 601 

show where to prioritize efficiency standards, fuel switching, and re-sourcing. Hybrid cases are 602 

especially instructive: deep but localized superedges require cross-regional cooperation and finance 603 

to scale their impact, while broad but shallow ones can steer consumption and innovation toward 604 

low-carbon trajectories. The structural backbone of China’s carbon economy lies in persistent 605 

regional cores that act simultaneously as growth engines and carbon anchors. These clusters demand 606 

integrated policies that link technological leadership in core cities with upstream decarbonization 607 

and sectoral upgrading across surrounding regions, ensuring coordinated rather than piecemeal 608 

transitions. From a carbon equity perspective, the supernetwork analysis also reveals imbalances: 609 

upstream provinces disproportionately bear emission burdens while downstream absorbers benefit 610 

from embodied inflows. This pattern is consistent with MRIO-based evidence on embodied transfers 611 

in China 56,73. To substantiate this pattern, we quantified interprovincial carbon transfers. Upstream 612 

energy- and resource-intensive provinces such as Shanxi, Inner Mongolia, and Ningxia remain 613 

consistent carbon exporters, whereas economically advanced coastal provinces such as Beijing, 614 

Shanghai, and Guangdong exhibit persistent carbon import dependence (Figure S1; Table S8). In 615 

parallel, a carbon equity evaluation matrix (Figure S2) was constructed by combining per-capita 616 

GDP and production-based carbon intensity (t CO₂ per 10⁴ CNY), using China’s annual mean as 617 

reference. The matrix identifies four regional archetypes: green leaders (high income, low intensity), 618 

transition-intensive (high income, high intensity), inclusive growth (low income, low intensity), and 619 

support priority (low income, high intensity). Coastal and metropolitan economies (e.g., Beijing, 620 

Shanghai, Jiangsu, Zhejiang) fall in the green leader quadrant, while upstream energy bases (e.g., 621 

Shanxi, Inner Mongolia, Ningxia, Guizhou) occupy the support priority quadrant. The convergence 622 

of carbon transfers and equity-matrix results reveal persistent structural inequities between 623 

economic benefits and emission responsibilities, echoing findings in the broader literature on 624 

interregional carbon inequality 74. Addressing these inequities requires differentiated policy tools—625 

such as transfer payments, green investment incentives, and region-specific transition pathways—626 

that balance responsibilities and capacities across provinces. 627 
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 628 

The dynamic evolution of China’s carbon system underscores the persistence of path-dependent 629 

mechanisms alongside gradual reconfiguration. Changes in network density and cycle participation 630 

reflect the evolving cohesion of the carbon system: rising participation of inland provinces and 631 

emerging service sectors indicates that new actors are becoming embedded in systemic loops, while 632 

traditional heavy industries gradually lose circulation roles. Multi-period analysis (2007-2017) 633 

shows enduring coastal hubs, the growing importance of services, and the diffusion of high-SUS 634 

superedges from coastal to inland provinces. These dynamics are explained by industrial 635 

agglomeration, supply-chain complementarity, and policy-driven specialization, which not only 636 

sustain existing lock-ins but also provide leverage points for intervention. High-SUS superedges, 637 

such as Shandong’s multi-sector couplings in electricity, construction, and logistics, are rooted in 638 

these complementarities and policy-driven specialization, and their diffusion into provinces like 639 

Henan and Sichuan demonstrates that lock-in motifs can spread geographically. The shifting roles 640 

of inland provinces and emerging services suggest a window of opportunity to steer transition from 641 

quantity-driven growth toward innovation-led green development, consistent with lock-in theory 642 

that stresses reinforcing mechanisms behind carbon-intensive structures 10,75.  643 

 644 

The supernetwork evaluation therefore reframes carbon governance as a structural intervention 645 

problem, identifies three categories of actors whose interactions sustain China’s carbon lock-in, and 646 

provides a systematic roadmap for breaking carbon lock-in. (1) Upstream supply anchors such as 647 

Inner Mongolia-Electricity and Shanxi-Coal, possess high out-degree centrality, exporting over 70% 648 

of embodied carbon flows. Structural leverage lies in reducing the emission factor per unit output 649 

and weakening the centrality of carbon-intensive superedges. Key measures include tightening 650 

efficiency standards for coal- and gas-fired power to ≤ 300 gCO₂/kWh by 2030 (−15% from 2020 651 

baseline), and expanding renewable integration in regional grids to ≥45% electricity share by 2035. 652 

These measures directly reduce outflow intensity and shift centrality from energy to cleaner 653 

generation nodes, thus dismantling resource-based inertia. (2) Intermediary processors such as 654 

Henan-Chemical and Shandong-Transport, balance inflows and outflows (~1.0 ratio) and mediate 655 

30–40% of total national carbon transmission. Structural mitigation should focus on clean-process 656 

transitions and green supply-chain procurement, mandate low-carbon materials procurement in 657 
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construction and manufacturing with a minimum 50% clean procurement share by 2030, and 658 

promote industrial symbiosis in chemical and transport sectors to reuse by-products and recover 659 

waste heat. These actions lower the SUS between energy- and material-intensive sectors by 8-12%, 660 

reducing redundant carbon linkages and improving network efficiency. (3) Downstream demand 661 

hubs such as Jiangsu-Metal and Guangdong-Machinery, show high in-degree centrality (>0.65) as 662 

carbon sinks through final demand. Their leverage stems from demand substitution and 663 

electrification of logistics, implement green procurement standards for public and corporate 664 

consumers (≥30% low-carbon products by 2030), and accelerate logistics electrification to achieve 665 

60% zero-emission freight vehicles by 2035. These strategies weaken the inflow dominance of 666 

heavy industrial sectors and gradually shift demand toward service-based and renewable-intensive 667 

nodes, mitigating demand-driven lock-in (see Table S9 for a summary of structural categories and 668 

corresponding interventions). Integrating the network metrics and carbon-flow magnitudes, a 669 

leverage-based sequencing can be proposed. Phase I (2025-2030): Upstream mitigation first to 670 

decarbonize electricity and metallurgy supply nodes that account for ~40% of total embodied 671 

outflows. Phase II (2030-2040): Midstream optimization to strengthen circular manufacturing and 672 

green procurement to reconfigure conversion pathways, reducing SUS overlap density by 10%. 673 

Phase III (2040-2050): Downstream transformation to reshape consumption and logistics demand, 674 

lowering final embodied inflows by 20-25%. This sequenced strategy corresponds to progressive 675 

centrality rebalancing. Phase I reduces out-degree dominance of energy sectors, Phase II lowers 676 

superedge overlap across heavy industries, and Phase III decreases in-degree aggregation in coastal 677 

demand hubs. These shifts produce a systemic contraction of carbon interdependencies, 678 

transforming the national economy from a lock-in-prone to a resilient low-carbon configuration (for 679 

policy-relevant evidence on interregional reconfiguration, see Wang, et al. 76). 680 

 681 

Besides empirical findings, the study also contributes methodologically. By integrating MRIO with 682 

supernetwork analysis, we advance from simply mapping how much carbon flows where to 683 

revealing how cross-layer structures sustain flows and where to intervene. Superedges expose 684 

bidirectional region-sector dependencies and reveal integrated upstream-downstream roles that are 685 

invisible when regions and sectors are analyzed separately. Connectivity and similarity metrics 686 

diagnose whether carbon pathways are redundant and concentrated—signatures of structural lock-687 
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in—or diversified, which cannot be inferred from MRIO magnitudes or single-layer degrees. 688 

Recurrent cross-layer cycles and motifs explain why high-carbon structures persist across years even 689 

when technical coefficients improve. These observed lock-in and reconfiguration patterns should be 690 

interpreted as topological manifestations of systemic dependence, not as direct policy-induced 691 

outcomes. To partially validate the inferred mechanisms, a pre- and post-policy contrast was 692 

implemented around the 12th Five-Year Plan (2011-2015), which marked China’s first nationwide 693 

carbon-intensity control and energy-efficiency campaign. Between 2007-2010 and 2015-2017, 694 

network density decreased from 0.214 to 0.193 (−9.8%), while core–periphery disparity reduced by 695 

6.3%, suggesting that structural coupling between upstream energy and downstream manufacturing 696 

nodes weakened modestly during the policy period. These changes are consistent with, though not 697 

exclusively caused by, policy-driven decarbonization and industrial upgrading. The findings also 698 

contribute to theoretical dialogue by distinguishing carbon lock-in from carbon dependency 10,75. 699 

Dependency emphasizes reliance on carbon-intensive resources, whereas lock-in highlights the 700 

reinforcing mechanisms that perpetuate such reliance even when alternatives exist. Recognizing 701 

both is essential for designing policies that target not only resource reliance but also structural inertia.  702 

 703 

 704 

Critical region-sector couplings reflect technological heterogeneity within sectors. For example, 705 

Inner Mongolia’s electricity mix is dominated by coal, whereas Sichuan’s relies primarily on 706 

hydropower. These fundamental differences in resource endowments and technology mixes shape 707 

the carbon intensity of otherwise identical sectors and explain why some region-sector pairs 708 

consistently rank as critical superedges. Recognizing such heterogeneity sharpens the interpretation 709 

of lock-in: similarities captured by SUS represent not only structural demand-supply couplings but 710 

also entrenched technology portfolios. Addressing them requires differentiated measures—fuel 711 

switching and efficiency retrofits in fossil-based provinces versus demand substitution and grid 712 

integration in renewable-rich provinces. This aligns with updated carbon-lock-in perspectives that 713 

integrate technological and institutional dimensions 77. 714 

 715 

Despite its contributions, this study is subject to limitations common to MRIO-based analyses. The 716 

framework assumes fixed technical coefficients within each year, so although multi-year data reflect 717 
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observed changes in efficiency and structure, they do so only in a stepwise manner, and the 718 

comparative design across discrete time points does not fully capture continuous dynamics of 719 

technological change, substitution, or policy feedbacks. External drivers such as energy prices, 720 

environmental regulations, and international trade are only implicitly embedded in MRIO data, and 721 

while import-export accounts partly reflect international exchanges, our framework does not 722 

explicitly model global linkages. Sectoral aggregation may mask important technological 723 

heterogeneity, as illustrated by differences between coal-based electricity and hydropower-724 

dominated electricity. Future research could therefore incorporate dynamic MRIO variants or hybrid 725 

MRIO-CGE approaches, link the supernetwork framework with explicit policy and trade layers, 726 

couple domestic networks with global MRIO databases, and incorporate sub-sectoral and 727 

technology-specific data into a region-sector-technology tri-layer design, thereby yielding a more 728 

comprehensive picture of carbon lock-in and transition pathways. In addition, extensive uncertainty, 729 

sensitivity, and robustness analyses (Supplementary Text, Sections S1-S3) confirm that the network 730 

rankings, superedge metrics, and policy-relevant findings remain stable under alternative 731 

assumptions, parameter settings, and aggregation levels, supporting the reliability of the findings. 732 

 733 

5 Conclusion  734 

This study develops a supernetwork framework to systematically uncover the structural logic and 735 

dynamic evolution of carbon flows across China’s economy. By integrating MRIO data with 736 

network science, we shift from conventional emission accounting to reveal how carbon is embedded, 737 

circulated, and locked in through regional-sectotal interdependencies. Our analysis indicates that 738 

China’s carbon emissions are governed not only by high-emitting regions or sectors but more 739 

profoundly by structurally embedded nodes and linkages. We identify three key mechanisms 740 

underpinning carbon lock-in. First, upstream emission is concentrated in coal-rich regions that 741 

continue to supply carbon-intensive outputs through power and heavy manufacturing. Second, 742 

downstream demand is consolidated in industrialized coastal regions, which are carbon consumers 743 

and redistribution centers. Third and most critically, a small group of intermediary regions and 744 

sectors, including Shandong, Henan, logistics, construction, and information services, exhibit high 745 

structural centrality and effectively mediate carbon transfers throughout the national economy. 746 

These actors constitute functional bottlenecks and strategic leverage points within the carbon system. 747 
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Moreover, structural features such as persistent high-order k-cores in the Jing-Jin-Ji and Yangtze 748 

River Delta agglomerations serve as spatial anchors of carbon path dependence, while post-2015 749 

shifts in network density and carbon cycle participation suggest the early emergence of low-carbon 750 

transformation pathways centered on service and innovation sectors. These findings carry several 751 

implications for carbon governance. Decarbonization strategies should prioritize structurally central 752 

nodes, not just the largest emitters, to achieve systemic leverage. Cross-sectoral coordination and 753 

regional cooperation must be embedded in national mitigation planning, particularly within 754 

entrenched industrial clusters. Policy design should shift from static targets to flow-oriented 755 

interventions, addressing how carbon is transmitted, intermediated, and institutionally reinforced. 756 

 757 

 758 

  759 
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Supplementary data 760 

Table A.1| Regions selected in this study  761 

Abbr Province Region Abbr Province Region 

BJ Beijing North China HA Henan Central China 

TJ Tianjin North China HB Hubei Central China 

HE Hebei North China HN Hunan Central China 

SX Shanxi North China GD Guangdong South China 

NM Inner Mongolia North China GX Guangxi South China 

LN Liaoning Northeast China HI Hainan South China 

JL Jilin Northeast China CQ Chongqing Southwest China 

HL Heilongjiang Northeast China SC Sichuan Southwest China 

SH Shanghai East China GZ Guizhou Southwest China 

JS Jiangsu East China YN Yunnan Southwest China 

ZJ Zhejiang East China SN Shaanxi Northwest China 

AH Anhui East China GS Gansu Northwest China 

FJ Fujian East China QH Qinghai Northwest China 

JX Jiangxi East China NX Ningxia Northwest China 

SD Shandong East China XJ Xinjiang Northwest China 

 762 

 763 

Table A.2| Sectoral classification from input-output table of China 764 

No Sector Industry classification 

S1 Farming, Forestry, Animal Husbandry and Fishery Agriculture 

S2 Mining and washing of coal Energy industry 

S3 Extraction of petroleum and natural gas Energy industry 

S4 Mining and processing of metal ores Energy industry 

S5 Mining and processing of nonmetal ores Energy industry 

S6 Manufature of foods and tobacco Light industry 

S7 Manufature of textile Light industry 

S8 Manufacture of textile wearing apparel, footwear, caps, leather, 

furs, feather (down), and related products 

Light industry 

S9 Processing of timber, manufacture of furniture Light industry 

S10 Manufacture of paper, printing, Manufacture of articles for 

culture, education, and sports activities 

Light industry 

S11 Processing of petroleum, coking, and processing of nuclear fuel Energy industry 

S12 Chemical industry Heavy industry 

S13 Manufacture of non-metallic mineral products Heavy industry 

S14 Smelting and processing of metals Heavy industry 

S15 Manufacture of metal products Heavy industry 

S16 Manufacture of general purpose machinery Heavy industry 

S17 Manufacture of special purpose machinery Heavy industry 

S18 Manufacture of transport equipment Heavy industry 

S19 Manufacture of electrical machinery and equipment High-tech industry 



33 

 

No Sector Industry classification 

S20 Manufacture of communication equipment, computers and 

other electronic equipment 

High-tech industry 

S21 Manufacture of measuring instruments High-tech industry 

S22 Other manufacturing High-tech industry 

S23 Comprehensive use of waste resources High-tech industry 

S24 Repair of metal products, machinery and equipment Light industry 

S25 Production and distribution of electric power and heat power Energy industry 

S26 Production and distribution of gas Energy industry 

S27 Production and distribution of tap water Light industry 

S28 Construction Construction 

S29 Wholesale and retail trades Production services 

S30 Transport, storage, and postal services Production services 

S31 Hotel and restaurant Consumer services 

S32 Information transfer, software and information technology 

services 

Production services 

S33 Finance Production services 

S34 Real estate Consumer services 

S35 Tenancy and commercial services Production services 

S36 Research and experimental development Production services 

S37 Administration of water, environment, and public facilities Production services 

S38 Resident, repair and other services Consumer services 

S39 Education Consumer services 

S40 Health care and social work Consumer services 

S41 Culture, sports, and entertainment Consumer services 

S42 Public administration, social insurance, and social organizations Consumer services 

 765 
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