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Abstract: To develop effective policies to mitigate climate change, it is important to understand 28 

the emission accounting of the sectors comprising the global supply chain network and implement 29 

the appropriate policies. Focusing on the relationship between sectors’ position in the global 30 

supply chain and its policy implications, this study develops a structural position analysis 31 

framework based on input-output analysis. Our framework reveals high-priority sectors and 32 

transactions, and the best strategies for CO2 emission reduction in the global supply chain. We also 33 

expand the discussion on emission reduction policies to inter-sectoral and international 34 

collaboration based on a multi-regional input-output table, focusing on cross-border transactions. 35 

The results indicate that the United States (U.S.) and China have different priorities and 36 

characteristics (even vis-à-vis the same industry), and that joint emission reduction policies should 37 

be coordinated to take advantage of each country’s emission reduction potential. Our findings 38 

suggest that, in the U.S. and Europe, policies to promote the reduction of direct emissions from 39 

production of goods for exports through carbon taxes are important. Contrarily, in Asian countries, 40 

carbon emissions originate mainly from intermediate goods trades, suggesting the need for 41 

mandatory life cycle assessment reporting and emissions disclosure. Our analytical framework 42 

thus proposes specific policies that could effectively reduce specific sectors and transactions’ 43 

carbon footprints. 44 
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 46 

1. INTRODUCTION 47 

Understanding the complex structure of the global supply chain network and the characteristics of 48 

its constituent sectors and transactions is important for both economic policy and environmental 49 

management. In terms of global climate change actions, unprecedented efforts are needed in 50 

emission reduction policies (Intergovernmental Panel on Climate Change, 2021). Additionally, the 51 

issue of emission transfer (instead of the reduction of domestic emissions) has been discussed, 52 

with emphasis on international cooperation (e.g., Japan–China hydrogen cooperation and Japan–53 

United States [U.S.] technology cooperation) and the control of carbon leakages. 54 

With growing research on carbon leakage and sectoral emissions at the global level, the 55 

European Union has submitted the carbon border adjustment mechanisms proposal to provide 56 

benefits to low-emission companies in target sectors. However, conflicts have surfaced between 57 

developing countries seeking to engage in free trade in accordance with the World Trade 58 

Organization’s principles and developed countries seeking to implement environmental 59 

regulations for international trade. This is because, for emerging countries, the economic growth 60 

expected from free trade far outweighs the benefits of implementing environmental regulations. 61 

Thus, there is an urgent need to create a mechanism to provide incentives for implementing 62 

environmental regulations (Japan External Trade Organization, 2021; Wood et al., 2019). Various 63 

studies have demonstrated the emission reduction effects of global supply chain participation 64 

(Antweiler et al., 2001; Shi et al., 2021), and it is important to establish complementary supply 65 

chains from both an economic and environmental perspective, as well as implement environmental 66 

policies that focus on international coordination and global supply chain management (Kagawa et 67 

al., 2015; Tokito, 2018). 68 

To develop fair and effective policies for mitigating climate change, various greenhouse gas 69 

(GHG) emission accounting methods have been developed in input-output (IO) analysis. The 70 

production-based emission (PBE) accounting method helps us to identify the main emitters of 71 

GHGs (e.g., the energy sector), whereas the consumption-based emission (CBE) accounting 72 

method enables us to identify the final consumers of products (e.g., the construction sector), who 73 

directly and indirectly contribute to GHG emissions (Dietzenbacher et al., 2020; Peters et al., 2011; 74 

Wiedmann, 2009). Additionally, Liang et al. (2016) introduced the betweenness-based emission 75 

(BBE) accounting method to identify critical transmitters (i.e., sectors emerging in supply-chain 76 

paths with large emissions, such as the metal sector) that can contribute to a significant reduction 77 

in the carbon footprint along global supply chain networks. In other words, BBE covers the 78 

emissions that an industry induces upstream through intermediate goods manufacturing. 79 

Specifically, PBE, BBE, and CBE identify upstream sectors, midstream sectors, and downstream 80 

sectors, respectively, in the supply chain. In this paper, we collectively refer to PBEs, BBEs, and 81 

CBEs as “position-based emissions.” Position-based emission accounting allows us to assign 82 

responsibility and a role in emission reduction to all industries in the supply chain that may benefit 83 

through production and provides us with an understanding of the various supply chain structures. 84 

The structural position of sectors in the supply chain affects policies’ effectiveness. Sectors 85 

located upstream of a production process with higher emission intensity often require 86 

technological improvements for cleaner production. Conversely, consumption policies (such as 87 
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eco-labeling) are effective for downstream sectors to reduce embodied emissions through the 88 

supply chain. Additionally, an effective policy for middle-stream sectors is green supply chain 89 

management for intermediate sectors and restrictions on the use of intermediate goods with high 90 

BBE. However, the three aforementioned accounting methods—PBE, BBE, and CBE—are 91 

independent and have distinct criteria. Therefore, it is difficult to compare these three emission 92 

accounting methods, and it is difficult for policymakers to judge which climate policy should be 93 

prioritized using position-based emission accounting (Tokito et al., 2022). 94 

For example, the construction sector tends to have high PBE and CBE, which makes it difficult 95 

for policymakers to understand which climate policy should be prioritized—emission intensity 96 

reduction or green procurement.  97 

When comprehensively discussing each industry’s responsibility for emissions (i.e., emitting 98 

industries, emission-inducing industries as intermediate goods sectors, and emission-inducing 99 

industries as final goods sectors), it is necessary to evaluate the emissions through supply chains 100 

involved in a specific industry sector. Specifically, these emissions can be calculated by the sum 101 

of emissions from the supply chain paths passing through the industry at least once from the graph 102 

theoretical perspective, and these emissions are equivalent to hypothetical extraction impacts 103 

(HEM, Cella, 1984; Hertwich, 2021) widely used in IO analysis (Hanaka et al., 2022; Tokito et al., 104 

2022).  105 

For further analyses, Hanaka et al. (2022) developed the structural attribution analysis 106 

framework to quantitatively identify specific sectors’ structural positions within a supply-chain 107 

network. They calculated the gross emissions from all supply chain paths passing through a 108 

specific sector using the HEM and decomposed them into three types: production-oriented 109 

emissions (POEs), consumption-oriented emissions (COEs), and betweenness-oriented emissions 110 

(BOEs). We refer to POEs, COEs, and BOEs as “position-oriented emissions,” in contrast to 111 

position-based emissions.  112 

The left-hand side of Figure 1 shows the seven patterns of supply-chain paths passing through 113 

the car production sector (i–vii). The emissions accounting for all PBE, CBE, and BBE are 114 

interpreted as the reduction potential of emissions associated with a sector. Position-based 115 

emissions account for the emissions of all supply-chain paths in which a particular sector is in a 116 

specific position (production, betweenness, and consumption). For example, PBEs of car 117 

production comprise total emissions from supply chain paths whose emission sector is car 118 

production and are calculated as (i) + (ii) + (iii) + (v) (Figure 1). Therefore, if a sector is a 119 

producer (emitter) and a final goods sector in a supply chain path, emissions from this supply chain 120 

path are counted in the sector’s PBE and CBE (pattern (iii) in Figure 1). PBE, CBE, and BBE are 121 

different criteria, and therefore, it is difficult to compare the structural position of each sector. The 122 

position-oriented emissions accounting proposed by Hanaka et al. (2022) aimed to elucidate 123 

sectors’ structural position. The right-hand side of Figure 1 shows the criteria for position-based 124 

emissions and position-oriented emissions for the seven supply chain patterns of car production 125 

(Hanaka et al., 2022). A sector’s position-oriented emissions are calculated by allocating emissions 126 

associated with all supply chain paths passing through the sector. The advantage of structural 127 

attribution analysis is that it can compare sectors’ individual characteristics (production, 128 

betweenness, and consumption-oriented), which cannot be accomplished by existing emission 129 

accounting methods (position-based emissions). Therefore, this approach can provide an 130 

understanding of a specific sector based on the three structural positions, thus helping us 131 

disentangle supply chain complexity and allocate limited environmental budgets efficiently. 132 
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Hanaka et al. (2022) used structural attribution analysis to identify potential policymakers, but 133 

they did not prioritize policy enforcement target sectors based on their HEM impacts. Therefore, 134 

the present study offers valuable insights for life cycle assessment (LCA) and the reporting of 135 

Scope 3 emissions, a task that has already been undertaken by companies worldwide (Greenhouse 136 

Gas Protocol, 2008). Specifically, it provides a global and comprehensive supply chain analysis 137 

that cannot be carried out using the stacked method. In the implementation of the clean 138 

development mechanism (CDM) and international collaboration, it is crucial to consider country-139 

specific industrial characteristics due to international fragmentation. It is also possible to discuss 140 

the simplicity of technology transfer through CDM and establish clear standards for reducing 141 

carbon dioxide (CO2) emissions that may be relevant not only for policymaking but for policy 142 

implementation as well; this may be accomplished by comparing the structural position of each 143 

country in each industry. Effective budget allocation through these analyses, combined with 144 

emission reporting by companies that act, can make a significant contribution to emission 145 

reduction. It is meaningful to examine budget allocation and government guidelines from a macro 146 

perspective through an IO analysis. This could enable companies to implement specific emission 147 

reduction strategies by referring to their individual reports. 148 

[Insert Figure 1] 149 

 150 

Although structural attribution analysis successfully identifies the characteristics of a specific 151 

sector, it should be noted that the sector may have different structural positions for each trading 152 

partner. For example, the iron or steel sectors behave as production-oriented sectors when they 153 

trade with sectors that mainly produce intermediate goods (such as components of engines for a 154 

motor vehicle) and have betweenness-oriented characteristics when they trade with sectors that 155 

mainly produce final goods (such as motor vehicles; Hanaka et al., 2022). Furthermore, even 156 

within the same iron sector, the quality and emission intensity of iron for construction and motor 157 

vehicles vary significantly and from company to company. This indicates that the features of the 158 

transactions linking sectors are different for each trading partner. Therefore, extending the 159 

structural attribution analysis to transactions can enhance the specificity and feasibility of policy. 160 

Reportedly, no study has addressed these points. This study develops a new structural position 161 

analysis framework that extends to inter-sector transactions based on global supply chain network 162 

structures and visualizes the characteristics of sectors and transactions within the complex network 163 

structure. Furthermore, this framework allows us to advocate for specific CO2 emission reduction 164 

measures through inter-sector collaboration. Therefore, this study develops the structural 165 

attribution analysis of Hanaka et al. (2022) from two perspectives (in the discussion of its results 166 

and methodology) and applies the analysis to a multi-region IO framework. This paper’s 167 

discussion section focuses on the development of budget allocation and implementation guidelines 168 

for policymakers through country- and industry-specific sector structural position analysis as well 169 

as technology transfer through emission-oriented similarity. 170 

Furthermore, this study focuses on cross-border transactions, identifies the characteristics of the 171 

international transactions, and discusses which emission reduction policy should be adopted by 172 

expanding the methodology used by Hanaka et al. (2022). From the perspective of global 173 

emissions reduction through international cooperation, the benefits of focusing on international 174 

transactions are twofold. First, it facilitates coordination among sectors and companies in domestic 175 

transactions. Second, since the orientation of the important transactions is clear, it allows us to 176 

understand whether focusing on the consumption side or the supply side is more important, which 177 
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is useful for policymaking. These results suggest that incorporating environmental rules, including 178 

guidelines on specific policies (e.g., carbon tax, CO2 emissions disclosure, eco-labeling, and 179 

supply chain engagement) into the economic partnership could effectively reduce specific sectors 180 

and transactions’ carbon footprint. 181 

The rest of this paper is organized as follows: Section 2 explains the methodology and data used; 182 

Sections 3, 4, and 5 present this study’s findings, discuss their implications for relevant literature, 183 

and present the conclusions, respectively. 184 

 185 

2. METHODS 186 

Figure 1 provides an overview of our methods, while a detailed breakdown is presented as follows. 187 

Let 𝐙 = (𝑧𝑖𝑗
𝑟𝑠) be a transaction matrix of a multi-regional IO table, where 𝑧𝑖𝑗

𝑟𝑠 is an intermediate 188 

input from industry i in country r to industry j in country s. Let 𝐱 = (𝑥𝑖
𝑟) be the total output vector 189 

and 𝐟 = (∑ 𝐹𝑖
𝑟𝑠

𝑠 ) be the final demand vector, where 𝐹𝑖
𝑟𝑠 is the final demand from industry i in 190 

country r to final consumers in country s. In the multi-regional IO analysis framework, the 191 

following holds: 192 

𝐱 = 𝐙 + 𝐟. 193 

(1) 194 

After defining the intermediate input coefficient matrix 𝐀 = (𝑎𝑖𝑗
𝑟𝑠) = (𝑧𝑖𝑗

𝑟𝑠/𝑥𝑗
𝑠), Eq. (1) can be 195 

reformulated as 196 

𝐱 = 𝐀𝐱 + 𝐟 198 
(𝐈 − 𝐀)𝐱 = 𝐟 199 

𝐱 = (𝐈 − 𝐀)−1𝐟. 197 

(2) 200 

In Eq. (2), 𝐋 = (𝐈 − 𝐀)−1 = (𝑙𝑖𝑗
𝑟𝑠)  is called the Leontief inverse matrix, whose elements 201 

represent the output of industry i in country r that is directly and indirectly needed to satisfy one 202 

unit of final demand from industry j in country s. 203 

 204 

2.1 Hypothetical Extraction Method 205 

We used the HEM to calculate the sum of the emissions of the supply chain paths passing through 206 

a specific sector and transaction. This method was originally developed to evaluate a sector’s 207 

importance in the economy (Paelinck et al., 1965; Schultz, 1977; Strassert, 1968; Meller & Marfan, 208 

1981; Dietzenbacher ). The total output through the supply chain associated with a specific sector 209 

can be obtained by the decrease according to the difference between the total output of the original 210 

IO system and the total output of the hypothetical IO system excluding the sector. We call this 211 

difference a sector’s HEM impact, which can be formulated as follows: First, 𝐀(𝑝)̅̅ ̅̅ ̅ indicates the 212 

partial technical coefficient matrix for sector 𝑝 , where 𝑎𝑖𝑗
(𝑝)̅̅ ̅̅ ̅

= 𝑎𝑖𝑗  if neither 𝑖  nor 𝑗  is 𝑝  and 213 

otherwise 0. Thus,  214 
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𝐀(𝑝)̅̅ ̅̅ ̅ =

[
 
 
 
 
𝑎11 ⋯ 0

⋮ ⋮

⋯ 𝑎1𝑛

⋮
0 ⋯ 0
⋮

𝑎𝑛1 ⋯
⋮
0

⋯ 0

⋯

⋮
𝑎𝑛𝑛]

 
 
 
 

. 215 

 216 

Subsequently, the total output of the hypothetical IO system can be represented as 217 

𝐢′(𝐈 − 𝐀(𝑝)̅̅ ̅̅ ̅)
−1

𝐟 = 𝐢′𝐋(𝑝)̅̅ ̅̅ ̅𝐟, 218 

 219 

where 𝐋(𝑝)̅̅ ̅̅ ̅ = (𝐈 − 𝐀(𝑝)̅̅ ̅̅ ̅)
−1

 and 𝐢 is a column vector in which all elements are 1. Thus, the HEM 220 

impact of sector 𝑝 is defined as 221 

𝐻𝐸𝑀𝑝 = 𝐢′𝐋𝐟 − 𝐢′𝐋(𝑝)̅̅ ̅̅ ̅𝐟 = 𝐢′(𝐋 − 𝐋(𝑝)̅̅ ̅̅ ̅)𝐟. 222 

(3) 223 

Let 𝐉(𝑝𝑞) be a matrix whose (p, q)th element is 1 and the others are 0. For simplicity, 𝐉(𝑝) denotes 224 

𝐉(𝑝𝑝) and 𝐉(−𝑝) = 𝐈 − 𝐉(𝑝). Then, the output of sector 𝑝 for the final demand of sector 𝑝, 𝐢′𝐉(𝑝)𝐟(=225 

𝑓𝑝), which does not have an intermediate input structure, is not included in HEM impact in this 226 

study. By replacing 𝐢′ with an emission coefficient vector 𝐞, Eq. (3) can be generalized to the HEM 227 

impact of a sector concerning emissions, which is the difference between the total emission of the 228 

original IO system and the total emission of the hypothetical IO system: 229 

𝐻𝐸𝑀𝑝 = 𝐞′𝐋𝐟 − 𝐞′𝐋(𝑝)̅̅ ̅̅ ̅𝐟 = 𝐞′(𝐋 − 𝐋(𝑝)̅̅ ̅̅ ̅)𝐟. 230 

 231 

According to Tokito et al. (2022) and Hanaka et al. (2022), 𝐻𝐸𝑀𝑝 can be interpreted as the gross 232 

emissions from all supply chain paths passing through sector 𝑝 from the perspective of network 233 

theory and as the emission reduction potential for sector 𝑝.   234 
 235 

2.2 Structural Position Analysis for Sectors 236 

From the network perspective, 𝐞′𝐋(𝑝)̅̅ ̅̅ ̅̅ 𝐟 can be interpreted as the total emissions associated with the 237 

whole supply chain, excluding sector 𝑝; in other words, this represents the total emissions along 238 

all the supply chain paths not passing through sector 𝑝. Thus, 𝐞′(𝐋 − 𝐋(𝑝)̅̅ ̅̅ ̅)𝐟 represents the total 239 

emissions along all the supply chain paths passing through sector 𝑝 at least once. In structural 240 

position analysis, 𝐞′(𝐋 − 𝐋(𝑝)̅̅ ̅̅ ̅)𝐟 is decomposed into three types of emissions: POEs (𝑃𝑂𝐸𝑝), BOEs 241 

(𝐵𝑂𝐸𝑝), and COEs (𝐶𝑂𝐸𝑝). Thus, 242 

𝐻𝐸𝑀𝑝 = 𝐞′(𝐋 − 𝐋(𝑝)̅̅ ̅̅ ̅)𝐟 = 𝑃𝑂𝐸𝑝 + 𝐵𝑂𝐸𝑝 + 𝐶𝑂𝐸𝑝. 243 

 244 

Here, 𝑃𝑂𝐸𝑝, 𝐵𝑂𝐸𝑝, and 𝐶𝑂𝐸𝑝 are defined as follows: 245 

𝑃𝑂𝐸𝑝 = 𝑣𝑝
𝑃 +

1

2
𝑣𝑝

𝑃𝐶 +
1

2
𝑣𝑝

𝑃𝐵 +
1

3
𝑣𝑝

𝑃𝐵𝐶, 246 

𝐵𝑂𝐸𝑝 = 𝑣𝑝
𝐵 +

1

2
𝑣𝑝

𝑃𝐵 +
1

2
𝑣𝑝

𝐵𝐶 +
1

3
𝑣𝑝

𝑃𝐵𝐶, and 247 

𝐶𝑂𝐸𝑝 = 𝑣𝑝
𝐶 +

1

2
𝑣𝑝

𝑃𝐶 +
1

2
𝑣𝑝

𝐵𝐶 +
1

3
𝑣𝑝

𝑃𝐵𝐶 . 248 

 249 
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 The values 𝑣𝑝
𝑃𝐵𝐶 , 𝑣𝑝

𝑃𝐵 , 𝑣𝑝
𝑃𝐶 , 𝑣𝑝

𝐵𝐶 , 𝑣𝑝
𝑃 , 𝑣𝑝

𝐵 , and 𝑣𝑝
𝐶 , which represent seven types of emissions 250 

along all the supply chain paths passing through sector 𝑝  in Figure 1 (see the Supporting 251 

Information for the formal definitions). Additionally, the production-oriented score (POS), 252 

betweenness-oriented score (BOS), and consumption-oriented score (COS) of sector 𝑝 are defined 253 

as follows: 254 

𝑃𝑂𝑆𝑝 =
𝑃𝑂𝐸𝑝

𝐻𝐸𝑀𝑝
, 255 

𝐵𝑂𝑆𝑝 =
𝐵𝑂𝐸𝑝

𝐻𝐸𝑀𝑝
, 256 

𝐶𝑂𝑆𝑝 =
𝐶𝑂𝐸𝑝

𝐻𝐸𝑀𝑝
. 257 

In this paper, we further develop and use the structural position analysis for sector aggregation. 258 

The details of the decomposition are provided in the Supporting Information. 259 

 260 

2.3 Structural Position Analysis for Transactions 261 

 262 

In this subsection, we propose position-oriented emissions and a position-oriented score for 263 

transactions. The total emissions along all the supply chain paths passing through a transaction 264 

from sector 𝑝 to sector 𝑞 at least once that are equivalent to the HEM impact of the transaction are 265 

formulated as 𝐻𝐸𝑀𝑝𝑞 = 𝐞′(𝐋 − 𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ )𝐟 , where 𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ = (𝐈 − 𝐀(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅)
−1

 and 𝐀(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅  is the partial 266 

technical coefficient matrix for a transaction from sector 𝑝 to sector 𝑞, where 𝑎𝑖𝑗
(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅

= 0 if 𝑖 = 𝑝 267 

and 𝑗 = 𝑞, and otherwise 𝑎𝑖𝑗
(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅

= 𝑎𝑖𝑗. Thus,  268 

𝐀(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅ =

[
 
 
 
 
𝑎11 ⋯ 𝑎1𝑞

⋮ ⋮

⋯ 𝑎1𝑛

⋮
𝑎𝑝1 ⋯ 0

⋮
𝑎𝑛1 ⋯

⋮
𝑎𝑛𝑞

⋯ 𝑎𝑝𝑛

⋯

⋮
𝑎𝑛𝑛]

 
 
 
 

. 269 

 270 

We also define 𝐓(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅ = 𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ − 𝐈 = 𝐀(𝑝𝑞)̅̅ ̅̅ ̅̅ ̅𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ . 271 

Figure 2 shows the position-oriented emissions of transactions from the metal production sector 272 

to the car production sector in the supply chain. The total emissions along all the supply chain 273 

paths passing through the transaction from the metal production sector to the car production sector 274 

at least once can be divided into seven patterns, as shown in Figure 2. The position-oriented 275 

emissions of a transaction are calculated by allocating emissions associated with all the supply 276 

chain paths passing through the transaction.  277 

[Insert Figure 2] 278 

 279 

 280 

In structural position analysis, 𝐞′(𝐋 − 𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ )𝐟 is decomposed into three types of emissions: POE 281 

𝑃𝑂𝐸𝑝𝑞, BOE 𝐵𝑂𝐸𝑝𝑞, and COE 𝐶𝑂𝐸𝑝𝑞. Thus,  282 

𝐻𝐸𝑀𝑝𝑞 = 𝐞′(𝐋 − 𝐋(𝑝𝑞)̅̅ ̅̅ ̅̅ )𝐟 = 𝑃𝑂𝐸𝑝𝑞 + 𝐵𝑂𝐸𝑝𝑞 + 𝐶𝑂𝐸𝑝𝑞. 283 

 284 

Here, 𝑃𝑂𝐸𝑝𝑞, 𝐵𝑂𝐸𝑝𝑞, and 𝐶𝑂𝐸𝑝𝑞 are defined as follows: 285 



8 

 

𝑃𝑂𝐸𝑝𝑞 = 𝑔𝑝𝑞
𝑃 +

1

2
𝑔𝑝𝑞

𝑃𝐶 +
1

2
𝑔𝑝𝑞

𝑃𝐵 +
1

3
𝑔𝑝𝑞

𝑃𝐵𝐶, 286 

𝐵𝑂𝐸𝑝𝑞 = 𝑔𝑝𝑞
𝐵 +

1

2
𝑔𝑝𝑞

𝑃𝐵 +
1

2
𝑔𝑝𝑞

𝐵𝐶 +
1

3
𝑔𝑝𝑞

𝑃𝐵𝐶, and 287 

𝐶𝑂𝐸𝑝𝑞 = 𝑔𝑝𝑞
𝐶 +

1

2
𝑔𝑝𝑞

𝑃𝐶 +
1

2
𝑔𝑝𝑞

𝐵𝐶 +
1

3
𝑔𝑝𝑞

𝑃𝐵𝐶. 288 

 289 

The values 𝑔𝑝𝑞
𝑃𝐵𝐶, 𝑔𝑝𝑞

𝑃𝐵, 𝑔𝑝𝑞
𝑃𝐶, 𝑔𝑝𝑞

𝐵𝐶, 𝑔𝑝𝑞
𝑃 , 𝑔𝑝𝑞

𝐵 , and 𝑔𝑝𝑞
𝐶 , which represent seven types of emissions 290 

along all the supply chain paths passing through the transaction (𝑝, 𝑞)  in Figure 2 (see the 291 

Supporting Information for the formal definitions).. As with the case of sectors, the POS, BOS, 292 

and COS of transactions from sector 𝑝 to sector 𝑞 are defined as follows: 293 

𝑃𝑂𝑆𝑝𝑞 =
𝑃𝑂𝐸𝑝𝑞

𝐻𝐸𝑀𝑝𝑞
, 294 

𝐵𝑂𝑆𝑝𝑞 =
𝐵𝑂𝐸𝑝𝑞

𝐻𝐸𝑀𝑝𝑞
, and 295 

𝐶𝑂𝑆𝑝𝑞 =
𝐶𝑂𝐸𝑝𝑞

𝐻𝐸𝑀𝑝𝑞
. 296 

 297 

In this study, we apply the proposed method to Exiobase 3.8 for 2015 (Stadler et al., 2018, 2021), 298 

a database that includes data on 163 industries and 49 regions, to visualize the structural positions 299 

of sectors and transactions in the global supply chain. It should be noted that the results, especially 300 

HEM, are affected by a sector aggregation or rough sector classification problem (See Supporting 301 

Information). In addition, see Dietzenbacher et al. (1993, 2013) for an explanation of HEM for the 302 

sector or regional aggregation. 303 

 304 

 305 

 306 

 307 

3. RESULTS 308 

 309 

3.1 Structural Position Analysis for Sectors 310 

Figure 3 visualizes the structural position of each sector listed in Exiobase, with the three axes 311 

representing POS, BOS, and COS. The numbers in the figure represent sector codes, and details 312 

are shown in the Supplementally Information. The size of each circle in Figure 3 indicates the 313 

HEM impact (𝐻𝐸𝑀𝑝 ) of each sector, and the color represents each region. We can see the 314 

industries in China (green) and the rest of Asia (blue) have a large HEM impact. Each region has 315 

a different distribution of the sector’s structural positions. The Middle East region has a 316 

concentration of industries with a large HEM impact on the production-oriented side (lower left), 317 

while Europe has more industries with small-scale production orientation and a large HEM impact 318 

in the betweenness- and consumption-oriented side (from the top to the lower right of the triangle 319 

graph). The Middle East exhibits high direct CO2 emissions from raw materials production, while 320 

Europe has industries that induce high indirect carbon emissions through the production of final 321 

goods and intermediate goods. The sectors with a large HEM impact in the Asian region are located 322 

between production- and betweenness-oriented industries (i.e., industries that have a relatively 323 

high emission intensity and induce high CO2 emission through the supply chain) and between 324 

betweenness- and consumption-oriented industries (i.e., industries that are used both as 325 
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intermediate and final goods sectors), which are located from the left-center to the right-center of 326 

the triangle graph.  327 

Figure 4 shows the structural position of the U.S. sectors. Compared to Chinese sectors in Figure 328 

3, the top HEM-impact sectors include strongly betweenness-oriented manufacturing industries, 329 

such as basic iron (#72), electrical machinery (#88), and machinery and equipment (#86), as well 330 

as production-oriented manufacturing industries, such as the cement industry (#69) in China. Other 331 

business activities (#135) and consumption-oriented services such as public administration and 332 

defense (#136), real estate activities (#131), and health and social work (#138) are among the top 333 

HEM-impact sectors in the U.S. Further, China has industries with large HEM impacts in the 334 

production- and betweenness-oriented side (from lower left to top), while the U.S. has industries 335 

with large HEM impacts in the betweenness- and consumption-oriented side (from the top to the 336 

lower right of the triangle graph), similar to Europe. In terms of budget allocation for climate 337 

mitigation, the main focus in China is on reducing emission intensity and the use of intermediate 338 

goods with high emissions for the manufacturing sectors. Incentives need to be provided to each 339 

office of the manufacturing sector to manage their supply chain in a greener way through subsidies. 340 

In the U.S., it is necessary to establish consumption policies (such as eco-labels) for the service 341 

industry and guidelines that interweave multiple measures. When promoting cooperation between 342 

the U.S. and China in emission reduction, it is necessary to consider the structural position of 343 

sectors in each country, as there is a difference in the amount of emissions that can be reduced 344 

through similar policies. 345 

 346 

[Insert Figures 3 and 4] 347 

Among the relatively large HEM-impact sectors, chemicals (#63), petroleum refinery (#57), and 348 

manufacture of basic iron (#72) are industries whose structural position in the supply chain varies 349 

from region to region. Figure 5 visualizes the structural positions of these sectors in each region. 350 

The chemicals industry is identified as a betweenness-oriented sector; however, the chemicals 351 

sectors in China and the rest of the world are different from the viewpoint of COEs. The reason 352 

for this is that chemical products are scarcely consumed as final products in China. Additionally, 353 

the chemicals industry accounts for a large share of POEs in China and Russia and has significant 354 

upstream-induced emissions, as well as its own emissions. The chemicals industry has higher 355 

COEs in Canada and Latin America, whereas, in the U.S., it exhibits all structural positions to the 356 

same degree. In all regions, the HEM impact of the chemicals sector is high, indicating that budgets 357 

should be allocated to emission reduction, although different reduction policies are needed in 358 

different regions. 359 

The petroleum refinery industry can be divided into three major patterns: production-oriented 360 

(Africa, the Middle East, and Russia); betweenness-oriented (China); and the rest of the world, 361 

where all structural positions appear symmetrical. The petroleum refinery sectors in Africa, the 362 

Middle East, and Russia, which are production-oriented, exhibit emission intensities twice as large 363 

as those of the U.S., Japan, and other Asian regions. It is necessary to transfer technologies with 364 

low direct emissions through the CDM and joint implementation (JI).  365 

Basic iron appears between production- and betweenness-oriented in all regions (i.e., basic iron 366 

has significant direct and indirect emissions as an intermediate goods sector); however, the ratios 367 

to HEM impact vary widely. The basic iron sector in Russia is more production-oriented; China, 368 

Europe, and Latin America show similar characteristics; and the rest of the regions, especially the 369 

Middle East and the U.S., are more betweenness-oriented. As the inducement to electricity is 370 



10 

 

significant in regions that are highly betweenness-oriented, upstream emissions cannot be ignored 371 

in emission reduction strategies. 372 

[Insert Figure 5] 373 

 374 

3.2 Structural Position Analysis for Transactions 375 

Figure 6 shows the top 30 international transactions for HEM impact (𝐻𝐸𝑀𝑝𝑞). The width of the 376 

edges represents the HEM impact of the transaction, and their colors reflect the largest structural 377 

position (𝑃𝑂𝑆𝑝𝑞, 𝐵𝑂𝑆𝑝𝑞 , 𝐶𝑂𝑆𝑝𝑞). By focusing on international trade, production-oriented sectors 378 

with high emission intensity (e.g., the electricity [#96–107] sector) and betweenness-oriented 379 

sectors (e.g., the transmission and distribution [#108–109] sector), are not ranked high, while 380 

consumption-oriented construction industry (#113) is also underrepresented. These sectors are not 381 

directly connected to foreign industries and require domestic supply chain management and 382 

coordination, while the extraction of crude petroleum (#21), petroleum refinery (#57), and 383 

chemicals (#63) industries have an important role in reducing emissions through trade deals. 384 

Additionally, the presence of the Asian (WWA) and Middle East (WWM) regions is more 385 

prominent compared with the U.S. and China, indicating that these countries are important regions 386 

in the global supply chain. 387 

The international transaction with the largest HEM impact is that between the Canadian 388 

extraction of crude petroleum industry (#21) to the U.S. petroleum refinery industry (#57), with 389 

52.7 Mt-CO2. The second largest HEM impact is from the WWM extraction of crude petroleum 390 

industry (#21) to the Chinese petroleum refinery industry (#57), with 27.6Mt- CO2, 46.7% of 391 

which was betweenness-oriented. Overall, most transactions are from the extraction of crude 392 

petroleum industry to the petroleum refinery industry. Export transactions from the Middle East 393 

extraction of crude petroleum industry (#21) are betweenness- and consumption-oriented, while 394 

the export transaction from the extraction of crude petroleum industry in the rest of the world is 395 

production-oriented. This means that transactions from the Middle East extraction of crude 396 

petroleum industry (#21) occur between mid- and downstream in the global supply chain. This is 397 

because the extraction of crude petroleum in the Middle East requires much higher electricity 398 

inputs (especially from gas and oil), compared with other regions. The structural position of these 399 

transactions differs across countries. 400 

Many transactions between China and the rest of Asia (WWA) have large HEM impacts, with 401 

those between the WWA nonmetallic mineral products (#71) industry to the Chinese construction 402 

industry (#113) having the largest HEM impact. Nonmetallic minerals from WWA play an 403 

important role in Chinese building materials, which induce significantly high emissions within 404 

WWA for electricity and other purposes. 405 

The WWA chemicals (#63) and China’s basic iron (#72) industries exhibit several top edges 406 

with a large HEM impact, indicating that they are hubs. The WWA chemicals (#63) industry has 407 

consumption-oriented export transactions with the Chinese health and social work industry (#138), 408 

while exports to the Chinese and Indian chemicals industries are betweenness-oriented. Contrarily, 409 

imports from China’s office machinery (#87) and leather industry (#49) industries are more 410 

betweenness-oriented. Chemical products are more likely to appear in the global supply chain 411 

because of their diversity of suppliers and sources, as well as their ease of crossing borders (Tokito 412 

et al., 2022).  413 

 414 
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[Insert Figure 6] 415 

 416 

 417 

 418 

4. DISCUSSION 419 

Applying structural position analysis, industries with a high priority for policymaking were 420 

identified. Multi-oriented sectors (including betweenness-oriented ones) that are from the center 421 

to the top of the triangle graph (e.g., copper production in WWA and paper manufacturing in the 422 

U.S.) did not rank high in the position-based emission analysis. Budgetary allocations and 423 

reduction policies need to be clearly devised for these industries. This study proposes the following 424 

domestic policy framework: 425 

1. Prioritize industries for emission reductions based on the HEM and allocate the budget 426 

considering industries’ emission reduction potential. 427 

2. Specify how the budget will be used based on their structural position, considering multi-428 

orientation. 429 

The general framework for the use of the budget will be a reduction policy that fits each 430 

structural position, but some flexibility is required according to each company’s LCA report. In 431 

this study, we promote initiatives at the individual business site level for firms. Firms with a broad 432 

supply chain from upstream to downstream need to implement policies from several perspectives, 433 

and to do so, they need to assign each reduction policy to the most appropriate business site. Firms 434 

should prepare CSR reports based on their initiatives and promote the structural position of each 435 

business site and the emission reductions it is implementing. For example, as the chemicals 436 

industry in the U.S. exhibits all orientations (production, betweenness, and consumption) to the 437 

same degree, it is necessary for each company to allocate a budget for each necessary business 438 

location and implement its own effective policy for energy use, materials, supply chain 439 

management, and so on. If the framework is to be carried out within the global network, it could 440 

be coordinated with other countries with a similar industrial orientation (e.g., basic iron in China, 441 

Latin America, and Europe, petroleum refineries in Asia and Latin America) to promote a common 442 

“transition” strategy. Furthermore, by providing new incentives to reduce HEM impact in addition 443 

to the assigned amount and credits of carbon emissions under the Paris Agreement, further 444 

emission reduction can be achieved through CDM and JI if countries involved in emissions 445 

(intermediate inducers) that have been previously overlooked can be identified. 446 

As seen from the structural position analysis of industry sectors, there are sectors with structural 447 

positions to the same degree (such as those located in the center of the triangle graph), which have 448 

diverse characteristics for each trading partner. Moreover, even within the same industry, a given 449 

structural position may differ across regions. Even in the same industry, the process may differ 450 

across countries, depending on vertical intra-sector trade in the global supply chain, while 451 

technology may also differ. Therefore, policy guidelines should be established for each 452 

transaction’s structural position rather than implementing the same policy to industries and 453 

commodities (Figure 7). 454 

1. Determine the critical transactions that require focused policymaking based on their HEM 455 

impact. 456 

2. Determine the policy for each transaction based on their most significant structural position. 457 

i. In the case of production-oriented sectors, the intensity of emissions should be reduced 458 

since exporting industries have large direct emissions and are located at the upstream of 459 
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the global supply chain with large emissions. Specifically, it is important to eco-enhance 460 

the import side’s acquisition strategy through a carbon tax, as well as to compensate and 461 

invest in the export side through carbon tax revenues. 462 

ii. In the case of betweenness-oriented sectors, the export side is an intermediate industry 463 

that induces large emissions upstream from its own industry; therefore, it is important to 464 

manage its materials and energy. On the contrary, the import side is an intermediate 465 

industry that is in great demand from downstream industries; therefore, the restrictions on 466 

the use of goods from that industry in the importing country are important. Hence, it is 467 

necessary to have the entire supply chain disclose emissions based on these reports in 468 

accordance with the Task Force on climate-related financial disclosure through the 469 

preparation of LCA reports for the export side and the listing and management of 470 

suppliers on the import side. 471 

iii. In the case of consumption-oriented sectors, the trade is between the primary supplier and 472 

the final goods manufacturer. LCA reporting to the export side (primary supplier) and 473 

disclosure of LCA emissions to the import side (final goods industry) are required. 474 

Moreover, demand policies (such as eco-labeling) are needed in final consumption 475 

countries. 476 

[Insert Figure 7] 477 

 478 

In particular, the chemicals industry in WWA, which is a hub sector, has betweenness-oriented 479 

export transactions to Indian and Chinese chemicals. This suggests that in the Asian region, the 480 

chemicals sector would basically be an industry where LCA reporting and supplier disclosure are 481 

important. Moreover, the Asian region has many large betweenness-oriented trades in terms of its 482 

overall industry and is a hub connecting upstream industries with high emission intensity and 483 

extensive final consumption in each region. Taking advantage of the vast trading blocs (e.g., the 484 

Trans-Pacific Partnership and the Regional Comprehensive Economic Partnership), thorough 485 

supply chain emission control and the establishment of a green supply chain in Asia will greatly 486 

contribute to global emission reduction. 487 

As the U.S. and European countries have many production-oriented import transactions, 488 

especially from oil and gas extraction sectors, it is crucial to reduce direct emissions among trade 489 

partners. Establishing a carbon tax on direct emissions will encourage low-carbon competition at 490 

the corporate level, while carbon tax revenues will be used to invest in technology in emitting 491 

countries, thereby contributing to emission reduction from both the supply and demand sides. 492 

 493 

5. CONCLUSIONS 494 

In this study, we developed a framework that enables the comprehensive discussion of emission 495 

reduction policies from the perspectives of traditional production- and consumption-based 496 

accounting, as well as emission reduction policies through supply chain management based on 497 

BBE accounting. The findings of this study can be used to identify the emissions generated 498 

throughout the supply chain of each industry in each country (not limited to emitting sectors or 499 

consuming countries/final products), as well as the emission characteristics and necessary policies 500 

for each sector. Through this study, we were able to plan budget allocation by country and analyze 501 

stakeholders with whom technology sharing and transfer is desirable. Furthermore, by extending 502 

the existing methodology, we were able to identify the characteristics of international intermediate 503 
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goods trade transactions and propose policy guidelines according to the different nature and 504 

characteristics of these transactions. 505 

Note that this study only refers to the emissions involved in each of its structural positions; 506 

further research is needed on the actual emission reduction potential and reduction costs, which 507 

should be analyzed in combination with firm-level reporting and the analysis of marginal reduction 508 

costs. However, for policymakers, a macro perspective using IO could prove useful for formulating 509 

policies, as the longer the supply chain, the more effective it is. To reduce GHG emissions, 510 

including those in developing countries, it is necessary to create new rules to keep the benefits of 511 

CDM for emitting countries. In this context, it is imperative to add value to the reduction potential 512 

of the entire supply chain by providing new incentives for consumption policies and the 513 

establishment of green supply chains. Accordingly, this study’s findings will significantly 514 

contribute toward this goal. 515 

 516 

This research was partially supported by the ESPEC Foundation for Global Environment 517 

Research and Technology (Charitable Trust), the Kurata Grants from The Hitachi Global 518 

Foundation, and Grant-in-Aid for Scientific Research (No. 20K20025 and No. 21K13277).  519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

  529 



14 

 

REFERENCES 530 

 531 

Antweiler, W., Copeland, B. R., & Taylor, M. S. (2001). Is free trade good for the environment? 532 

The American Economic Review, 91(4), 877–908. 533 

 534 

Cella, G. (1984). The Input–output measurement of interindustry linkages. Oxford Bulletin of 535 

Economics and Statistics, 46, 73–84. 536 

 537 

Dietzenbacher, E., & Lahr, M. (2013). Expanding extractions. Economic Systems Research, 538 

25(3), 341–360. 539 

 540 

Dietzenbacher, E., Cazcarro, I., & Arto, I. (2020). Towards a more effective climate policy on 541 

international trade. Nature Communications, 11, 1130. https://doi.org/10.1038/s41467-020-542 

14837-5 543 

 544 

Dietzenbacher, E., Linden, J., & Steenge, A. (1993). The regional extraction method: EC input–545 

output comparisons. Economic Systems Research, 5(2), 185–206. 546 

 547 

Greenhouse Gas Protocol. (2008). Corporate value chain (Scope 3) accounting and reporting 548 

standard. https://ghgprotocol.org/sites/default/files/standards/Corporate-Value-Chain-549 

Accounting-Reporing-Standard_041613_2.pdf 550 

 551 

Hanaka, T., Kanemoto, K., Kagawa, S. (2022). Multi-perspective structural analysis of supply 552 

chain networks. Economic Systems Research, 34, 199–214. 553 

https://doi.org/10.1080/09535314.2021.1883552 554 

 555 

Hertwich, E. (2021). Increased carbon footprint of materials production driven by rise in 556 

investments. Nature Geoscience, 14, 151–155. 557 

 558 

Intergovernmental Panel on Climate Change. (2021). Climate Change 2021: The physical 559 

science basis. In V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. 560 

Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, 561 

T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, B. Zhou (Eds.), Contribution of working group 562 

I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 563 

University Press. https://doi.org/10.1017/9781009157896 564 

 565 

Japan External Trade Organization (2021). Global Value Chain Development Report 2021. 566 

https://www.wto.org/english/res_e/booksp_e/00_gvc_dev_report_2021_e.pdf  567 

 568 

Kagawa, S., Suh, S., Hubacek, K., Wiedmann, T., Nansai, K., & Minx, J. (2015). CO2 emission 569 

clusters within global supply chain networks: Implications for climate change mitigation. Global 570 

Environmental Change, 35, 486–496. https://doi.org/10.1016/j.gloenvcha.2015.04.003  571 

 572 

https://doi.org/10.1038/s41467-020-14837-5
https://doi.org/10.1038/s41467-020-14837-5
https://doi.org/10.1080/09535314.2021.1883552
https://doi.org/10.1017/9781009157896
https://www.wto.org/english/res_e/booksp_e/00_gvc_dev_report_2021_e.pdf


15 

 

Liang, S., Qu, S., & Xu, M. (2016). Betweenness-based method to identify critical transmission 573 

sectors for supply chain environmental pressure mitigation. Environmental Science & 574 

Technology, 50, 1330–1337. https://doi.org/10.1021/acs.est.5b04855. 575 

 576 

Meller, P., & Marfan, M. (1981). Small and large industry: Employment generation, linkages and 577 

key sectors. Economic Development and Cultural Change, 29(2), 263–274. 578 

 579 

Paelinck, J., De Caevel, J., Degueldre, J. (1965). Analyse quantitative de certaines phénomènes 580 

du développement régional polarisé: Essai de simulation statique d’itinéraires de propagation. In 581 

Bibliothèque de l’Institut de Science Économique. No. 7. Problémes de conversion économique: 582 

Analyses théoriques et études appliquées [Master’s Thesis]. Génin, Paris. 341–387. 583 

 584 

Peters, G. P., Minx, J. C., Weber, C. L., Edenhofer, O. (2011). Growth in emission transfers via 585 

international trade from 1990 to 2008. Proceedings of the National Academy of Sciences, 108, 586 

8903–8908. https://doi.org/10.1073/pnas.1006388108 587 

 588 

Schultz, S. (1977). Approaches to identifying key sectors empirically by means of input‐output 589 

analysis. The Journal of Development Studies, 14, 77–96. 590 

https://doi.org/10.1080/00220387708421663 591 

 592 

Shi, X., Cheong, T., & Zhou, M. COVID-19 and global supply chain configuration: Economic 593 

and emissions impacts of Australia–China trade disruptions. Frontiers in Public Health, 9, 594 

752481. https://doi.org/10.3389/fpubh.2021.752481 595 

 596 

Stadler, K., Wood, R., Bulavskaya, T., Södersten, C.-J., Simas, M., Schmidt, S., Usubiaga, A., 597 

Acosta-Fernández, J., Kuenen, J., Bruckner, M., Giljum, S., Lutter, S., Merciai, S., Schmidt, J. 598 

H., Theurl, M. C., Plutzar, C., Kastner, T., Eisenmenger, N., Erb, K.-H., de Koning, A., Tukker, 599 

A. (2018). EXIOBASE 3: Developing a time series of detailed environmentally extended multi-600 

regional input-output tables. Journal of Industrial Ecology, 22(3), 502–515. 601 

https://doi.org/10.1111/jiec.12715 602 

 603 

Stadler, K., Wood, R., Bulavskaya, T., Södersten, C.-J., Simas, M., Schmidt, S., Usubiaga, A., 604 

Acosta-Fernández, J., Kuenen, J., Bruckner, M., Giljum, S., Lutter, S., Merciai, S., Schmidt, J. 605 

H., Theurl, M. C., Plutzar, C., Kastner, T., Eisenmenger, N., Erb, K.-H., de Koning, A., Tukker, 606 

A. (2021). EXIOBASE 3 (3.8.1) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.4588235 607 

 608 

Strassert, G. (1968). Zur Bestimmung strategischer Sektoren mit Hilfe von Input-Output-609 

Modellen. Jahrbücher für Nationalökonomie und Statistik, 182, 211–215. 610 

https://doi.org/10.1515/jbnst-1968-0114 611 

 612 

Tokito, S. (2018). Environmentally-targeted sectors and linkages in the global supply-chain 613 

complexity of transport equipment. Ecological Economics, 150, 177–183. 614 

 615 

https://doi.org/10.1021/acs.est.5b04855
https://doi.org/10.1073/pnas.1006388108
https://doi.org/10.1080/00220387708421663
https://doi.org/10.3389/fpubh.2021.752481
https://www.degruyter.com/journal/key/jbnst/html
https://doi.org/10.1515/jbnst-1968-0114


16 

 

Tokito, S., Kagawa, S., and Hanaka, T. (2022). Hypothetical extraction, betweenness centrality 616 

and supply chain complexity. Economic Systems Research, 34, 111–128. 617 

https://doi.org/10.1080/09535314.2020.1848807. 618 

Wiedmann, T. (2009). A review of recent multi-region input–output models used for 619 

consumption-based emission and resource accounting. Ecological Economics, 69(2), 211–222. 620 

 621 

Wood, R., Neuhoff, K., Moran, D., Simas, M., Grubb, M., & Stadler, K. (2019). The structure, 622 

drivers and policy implications of the European carbon footprint. Climate Policy, 20(sup1), S39-623 

S57. https://doi.org/10.1080/14693062.2019.1639489 624 

 625 

 626 

  627 

https://doi.org/10.1080/09535314.2020.1848807
https://doi.org/10.1080/14693062.2019.1639489


17 

 

SUPPORTING INFORMATION 628 

[Insert Supporting Information summary text here. See example.] 629 

 630 

 631 
 

Supporting Information 

 

Supporting information is linked to this article on the JIE website: 

 

Supporting Information S1: This supporting information provides the formulation of 

structural position analysis for sectors 

 

Supporting Information S2: This supporting information provides the extension of structural 

attribution analysis to sector aggregation 

 

Supporting Information S3: This supporting information provides the formulation of 

structural position analysis for transactions 

 

Supporting Information S4: This supporting information provides sector/regional 

aggregations and the robustness of structural position approach 
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Figure Legends 667 

 668 

Figure 1. Calculation of position-based and position-oriented emissions in the car production 669 

supply chain. 670 

Figure 2. Calculations of position-oriented emissions of transactions from the metal production 671 

sector to the car production sector along the supply chain. 672 

Figure 3. Triangle graphs of all regions  673 

Figure 4. Triangle graphs of the U.S. The size of circles is scaled by setting the maximum HEM 674 

impact value in each sample to 1. 675 

Figure 5. Triangle graphs of the chemicals (#63), manufacture of basic iron (#72), and petroleum 676 

refinery (#57) industries. The size of the circles is scaled by setting the maximum HEM impacts 677 

value in each sample to 1. 678 

Figure 6. Mapping of the top 30 transactions according to their HEM impact. 679 

Figure 7. Policy application from the result of structural position analysis of transaction 680 

 681 
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