
 1 

Word count: 7048 1 

Identifying emission hotspots for low carbon 2 

technology transfers 3 

Version 22.11.2017 – submitted to Journal of Cleaner Production 4 

Kirsten S. Wiebe* 5 

Industrial Ecology Programme, Department of Energy and Process Engineering, Norwegian 6 

University of Science and Technology, Trondheim, Norway. Email: kirsten.s.wiebe@ntnu.no 7 

 8 

 9 

HIGHLIGHTS  10 

- An accelerated diffusion of existing low-carbon technologies is vital. 11 

- Emission hotspots for low-carbon technology transfer are identified. 12 

- The emission hotspot industries vary for different final products and countries. 13 

- Coal electricity is a recurring emission hotspot for technology transfer. 14 
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ABSTRACT  17 

Achieving the <1.5°C warming target is only feasible if carbon emissions peak before 2020. This 18 

means that we cannot wait for new breakthrough technologies that significantly alter the 19 

production structure of emission intensive industries such as electricity, iron and steel, or transport. 20 

An accelerated diffusion of existing low-carbon technologies is vital for achieving a plateauing, 21 

followed by a decrease of carbon emissions within the next few years. Data on consumption-based 22 

CO2 emissions raise the awareness of the link between final goods and the environmental pollution 23 

caused by upstream production processes. Consumers of final products learn where in the world 24 

CO2 was emitted along the upstream production chain. For producers of final products these data 25 

provide benchmarks for total CO2 emitted in upstream production processes. These are used 26 

together with an extended version of the inverse important coefficient methodology to identify 27 

‘emission hotspots’. ‘Emission hotspots’ are defined as countries/industries where a bulk of the 28 

upstream emissions occur and where a change in technology brings about the largest decrease in 29 

upstream emissions. This knowledge provides a basis for well-targeted technology transfers to 30 

clean up the upstream production chain, thus reducing the emission footprint of final goods 31 

production. The highest impact overall in a significant number global value chains analyzed here 32 

would be replacing upstream use of coal electricity by low carbon electricity. These results support 33 

the call of the ‘Powering Past Coal Alliance’ at the COP23 of ending the use of coal power sooner 34 

rather than later. 35 
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1. Introduction: Emissions and technology diffusion 39 

Achieving the <1.5°C warming target is only feasible if carbon emissions peak before 2020 40 

(Figueres et al., 2017). This means that we cannot wait for new breakthrough technologies that 41 

significantly alter the production structure of emission intensive industries such as electricity, iron 42 

and steel, or transport. An accelerated diffusion of existing low-carbon technologies is vital for 43 

achieving a plateauing followed by a decrease of carbon emissions within the next few years.  44 

An important tool in the Paris agreement to achieve a global diffusion of clean technologies is 45 

the UNFCCC Technology Mechanism (CTCN, 2013; Krause, 2015; UNFCCC, 2015, 2011). This 46 

mechanism supports the transfer of technologies from developed to developing countries (Shimada 47 

and Kennedy, 2015). Such transfers are facilitated by the Technology Executive Committee (TEC) 48 

and the Climate Technology Centre and Network (CTCN). However, it is not yet used widely 49 

enough to build networks between the recipient and source countries to facilitate technology 50 

transfer to a significant extent (Coninck and Sagar, 2015, p. 7). In short: suitable technologies 51 

exist, but they need to be increasingly diffused around the world (Piccard, 2016; UN, 2016). This 52 

is also supported by the IEA “Bridge Strategy” which aims at employing as much of already 53 

existing low-carbon technology as possible as long as new technologies are not yet available. The 54 

question remains: how can the technology diffusion process be advanced?  55 

An indirect way to support the diffusion of these technologies from a European perspective are 56 

(European) support policies that aid a cost reduction of low carbon technologies (Wiebe, 2016): 57 

First, via R&D support and, second, via an increased deployment in Europe and associated learning 58 

effects. With decreasing costs, the deployment of low carbon technologies becomes economically 59 

viable in more and more countries and thus diffused to these countries. Nonetheless, this indirect 60 
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mechanism via European-induced cost decreases needs to be complemented by other actions to 61 

accelerate the diffusion.  62 

Enhancing environmentally friendly behavior across related economic agents has been 63 

thoroughly researched; a prominent focus has been the effect of informing households about their 64 

energy consumption vis-à-vis social norms (Allcott, 2011) and identifying competitiveness as a 65 

significant component of green supply chain management (Kushwaha and Sharma, 2016; Luthra 66 

et al., 2016). This benchmarking gives incentives to improve their own actions compared to those 67 

of their peers. To this end, a final-product-based emission accounting scheme is used to inform 68 

industries about the emissions embodied in their final products (emission footprints). These are 69 

predicated upon industry averages, and can effectively give benchmarks against which 70 

establishments in that industry can compare their performance. Such benchmarking can increase 71 

pressure on firms to produce more cleanly, and, hence, be an effective means to overcome 72 

psychological barriers to climate change action (Stoknes, 2015, 2014; Wackernagel and Rees, 73 

1998). In addition to this ‘reputation-led’ behavior, ‘innovation-led’ and ‘imitation-led’ 74 

contributions to green supply chain management have been identified (Testa and Iraldo, 2010). 75 

While they cannot find any evidence for ‘cost-led’ contributions, earlier research argues that the 76 

pressure to cut costs have already led to very resource efficient manufacturing processes in the 77 

1990s (Orsato and Wells, 2007). 78 

As little as half a decade ago, very few assessments of embodied carbon existed due to a lack of 79 

measurement concepts and tools (Lee, 2012). The measurement of embodied carbon includes not 80 

only the direct environmental impact at the final production stage or during the consumption phase, 81 

but it also includes all upstream production processes, the environmental footprint. Two main ways 82 

to calculate this environmental footprint exist nowadays: bottom-up life-cycle assessment (LCA) 83 
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at the product-level and top-down environmentally extended multi-regional input-output analysis 84 

(EE MRIO) at the industry level. Of course, various blends of these two extremes have also been 85 

used (Cooper, 2003; Suh and Huppes, 2005; Tukker et al., 2009). LCA is more detailed (product-86 

specific) and requires extensive data when a range of products, and not just one or two, are 87 

considered. EE MRIO is less-detailed, but valuable in assessing a large set of industries 88 

simultaneously, especially across various countries (see for example (Tukker and Dietzenbacher, 89 

2013)) for an overview of existing datasets (Andrew and Peters, 2013; Dietzenbacher et al., 2013; 90 

Lenzen et al., 2013; Timmer et al., 2014; Tukker et al., 2013; Wiebe et al., 2012).  91 

Initiatives have tackled the lack of data and analysis using the LCA approach for few selected 92 

industries. These industries are for example the car industry (Kushwaha and Sharma, 2016; Lee, 93 

2011, 2012, Zhu et al., 2011a, 2011b) and more recently also the clothing industry, e.g. (Mair et 94 

al., 2016; Parisi et al., 2015; Resta et al., 2016; Roos et al., 2016; Wang et al., 2015; Zamani et al., 95 

2017). However, LCA studies are very labor and data intensive and can, unfortunately, not be 96 

applied to every industry in every country in the world. 97 

The focus in this paper is on final-product-based CO2 emissions calculated using the MRIO 98 

approach. The advantage is that the data are available not only for selected industries, or even only 99 

selected products within industries, but for all product groups/industries and countries represented 100 

in the MRIO database. These data on environmental footprints help to bridge dissonance and 101 

psychological distance for producers from a great variety of industries as they become aware of 102 

where CO2 was emitted along the supply chain that produces the goods they require (Stoknes, 103 

2014; Wackernagel and Rees, 1998). This is because consumers/producers feel more responsible 104 

for reducing the upstream emissions of ‘their’ final product as opposed to emissions that cannot 105 

be readily traced to their behavior. The idea is that such knowledge can be extended to develop a 106 
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better-targeted low-carbon energy technology transfers from CO2-consuming to CO2-producing 107 

countries. The emission hotspot analysis identifies industries/countries producing with high 108 

emission intensities and that are at the same time supplying a significant amount of the upstream 109 

product. Reducing the emissions in these hotspots using existing technologies is usually easier and 110 

more cost-efficient than further reducing the domestic emission intensity in countries/industries 111 

with already low emission intensity, possibly due to strict environmental policies. Naturally, this 112 

can also be applied at the country level, i.e. using consumption-based emission accounts for 113 

countries to identify where in the world the general investments into technology, e.g. by 114 

development cooperation programs, are necessary to reduce the country’s footprints outside its 115 

own boarders. 116 

The paper is structured as follows: At first, the data and calculation of final-product-based CO2 117 

emissions are introduced. Second, the methodology to identify upstream emission hotspots is 118 

developed, before discussing options for technology transfer. 119 

 120 

2. Data: Consumption-based and final-product-based emissions 121 

The UNFCCC currently uses a territorial production-based accounting system when assessing 122 

emissions. That is, the UNFCCC allocates CO2 and other greenhouse gases (GHGs) to the country 123 

in which they are emitted. Using data from the IEA’s publication of CO2 emission from fuel 124 

combustion (IEA, 2015a) and the MRIO EXIOBASE, Figure 1 plots where in the world final 125 

demand for motor vehicles occurs, where most of the value is added to the motor vehicles and 126 

where the CO2 is emitted along global value chains.  127 

While North American and European countries account for about 50% of global motor vehicle 128 

demand and value added, only 27% of CO2 associated with motor vehicle production is emitted in 129 
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these regions. Germany (part of “Europe” in Figure 1) and Japan (part of “other Asia” in Figure 130 

1) each yields 4 percentage points more in product value share than their world demand share (11% 131 

VA compared to 7% FD and 10% compared to 6% respectively). This suggests their relatively 132 

high involvement in the production chain. Still, their shares as an originator of CO2 emissions are 133 

much lower (4% and 6% respectively), underlining very low polluting in the course of their 134 

vehicle-related production activities. This is due either to their engagement in cleaner links of the 135 

production chain, or to the use of cleaner production technologies than those used by other 136 

countries, or some combination of both. The USA comprises a 20% share in global final demand 137 

for motor vehicles, while its share in value added is only 16%, leaving the USA being more of a 138 

consumer than a producer. But as in Japan and Germany, its share of CO2 emissions related to 139 

motor vehicle production is comparably small (11%).  140 

In China and India, the opposite is true: their shares in CO2 emitted along global production 141 

chains for motor vehicles are disproportionately high compared to demand and value added shares. 142 

China owns a 37% share of all CO2 emissions, but its shares of final demand and value added are 143 

less than half of that. This suggests that China participates in more pollution-intensive stages of 144 

the motor-vehicle production supply chain, or that its industries pollute more than their 145 

counterparts in other countries. The same holds true for India, which also has a share of related 146 

CO2 emissions that is higher than its world shares of demand and value added for motor vehicles, 147 

albeit by a factor of three. 148 

 149 
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Figure 1: Regional FD, VA and CO2 shares of global demand for Motor vehicles in 2011 150 

  151 

Notes: FD denotes final demand, VA value added and CO2 carbon emissions.  152 
Source: Own calculations based on IEA CO2 emission from fuel combustion(IEA, 2015a) and EXIOBASE3.4. Similar 153 
results are found when using the OECD’s intercountry input-output table (OECD, 2015; Wiebe and Yamano, 154 
2016). 155 

 156 

The evidence is naturally slightly different for each industry, but the basic picture remains across 157 

them all. That is, OECD countries are relatively important consumers and contribute relatively 158 

high shares of value within global production chains. Meanwhile non-OECD countries tend to 159 

emit disproportionately high shares of CO2 within the same global production chains. That is, the 160 

developed nations close to the technology frontier are essentially exporting pollution to meet their 161 

final demands. This fundamental international inequity highlights the importance of linking the 162 

social and environmental costs of upstream emissions either to countries in which the final good 163 

is produced (final-product-based emission accounting) or in which the final product is consumed 164 

(consumption-based emission accounting). The difference is in the allocation of exports of final 165 

products to the exporting industry/country or to the importing country. In mathematical terms 166 

consumption-based emissions by country and industry are calculated as 167 
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𝐂𝐎𝟐𝐶𝑜𝑛𝑠 = 𝑖′�̂�(𝐈 − 𝐀)−1�̂� + ℎ′ (1) 168 

with �̂� = [
�̂�11 … �̂�1𝑀

⋮ ⋱ ⋮
�̂�𝑀1 … �̂�𝑀𝑀

], M denoting the total number of countries and �̂�𝑘𝑗 being the 169 

diagonalized final demand vector (either one or the sum of the FD categories) of country 𝑗 directed 170 

at final goods of country 𝑘, and ℎ being direct emissions by final demand. �̂� is the diagonalized 171 

matrix of emission intensities by industry and country and (𝐈 − 𝐀)−1 is the multi-regional Leontief 172 

inverse matrix. In the resulting vector, 𝐂𝐎𝟐𝐶𝑜𝑛𝑠, entry (c-1)*M+k corresponds to consumption–173 

based emissions of country c’s demand for goods from industry k. Final-product based emissions 174 

in contrast are allocated to country where the final product is produced, not where it is consumed. 175 

That is the emissions associated with the production of a car by the German motor vehicle industry, 176 

which is sold as a final product to Belgium, are allocated to Germany and not to Belgium (where 177 

it would be allocated to in case of consumption-based emissions). The mathematical notation for 178 

final-product-based emissions is 179 

𝐂𝐎𝟐𝐹𝑃 = 𝑖′�̂�(𝐈 − 𝐀)−1�̂̇� + ℎ′ (2) 180 

with �̇� = [
𝐲11 + ⋯ + 𝐲1𝑀

⋮
𝐲𝑀1 + ⋯ + 𝐲𝑀𝑀

] and 𝐲𝑐𝑑 being final demand vector (either one or the sum of the 181 

FD categories) of country 𝑑 directed at final goods of country 𝑐. Then 𝐲𝑐𝑃 = 𝐲𝑐1 + ⋯ + 𝐲𝑐𝑀 is 182 

the total demand for final goods produced in country 𝑐. Final demand for products in country 𝑐 183 

would be the “column sum” of the vectors in 𝐘, i.e. 𝐲𝑐𝐷 = 𝐲1𝑐 + ⋯ + 𝐲𝑀𝑐. Then, entry (c-1)*M+k 184 

of vector 𝐂𝐎𝟐𝐹𝑃 corresponds to final-product–based emissions of country c’s industry k. This 185 

concept adds yet another possible allocation to the existing concepts (Davis et al., 2011) of 186 

extraction-based, territorial- and production-based, consumption-based emissions and correcting 187 

consumption-based emissions for technology differences (Kander et al., 2015). Recognizing that 188 
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exporters’ technology weighs heavily on the final-product-based and consumption-based 189 

emissions, it is important to use different accounting perspectives to identify emission hotspots 190 

and, thus, potential partners for technology transfer. As emission intensities in those 191 

countries/industries are higher than in the corresponding domestic industry, corresponding 192 

mitigation technologies and practices most likely already exist. Transfers of already existing 193 

technologies are cheaper than developing new or improving domestically employed technologies 194 

that are already comparably energy/emission efficient. If industries (countries) care about the CO2 195 

footprints of their final products, technology transfers to the ‘emission hotspots’ can provide a 196 

cost-effective way of reducing their footprint. 197 

In an industry mapping, an ‘emission hotspot’ is an industry in upstream partner countries that 198 

emits a large share of a country’s consumption-based or final-product-based CO2 and where a 199 

change in the technology, i.e. the input structure of the industry, makes the largest difference in 200 

embodied emissions.  Consumption-based emissions reflect aggregate consumer choices and final 201 

product-based emissions the choice of the industry supply chain. Thus, for governments to identify 202 

the partner countries for technology transfer, the origin of this country’s consumption-based 203 

‘emission hotspots’ by partner country and by industry is valuable information. If there are specific 204 

industry initiatives, it may be more useful to look at the final-product-based emissions in order to 205 

trace upstream industries and countries that are emission hotspots. 206 

The research of green supply chain management shows that there are some incentives for 207 

reducing upstream emissions (Orsato and Wells, 2007; Testa and Iraldo, 2010). Nonetheless, 208 

further research in the fields of climate psychology and climate sociology is necessary to show 209 

that the knowledge about upstream emissions indeed fosters mitigation efforts taken by consumers 210 

and final goods producers. Nonetheless, for those who already care, the data and analysis at hand 211 
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present where they could start to decrease their own environmental footprint by improving the 212 

technologies used in upstream production processes. 213 

 214 

3. Methodology: Identifying ‘emission hotspots’ for technology transfer using an 215 

extended version of the inverse important coefficient methodology 216 

Note that any type of emission account of a specific country is dominated by CO2 emissions 217 

related to domestic production and consumption of electricity as well as of the use of fossil fuel 218 

products (mainly for transport). These are well-known drivers of total consumption-based 219 

emissions that are tackled by domestic policies. That is, they cannot be reduced by international 220 

technology transfer, rather only via market incentives that encourage technology diffusion 221 

intranationally. The identification of these hotspots (both national and international) is illustrated 222 

below using final products of the German motor vehicles industry as an example. This analysis of 223 

industry-specific final-product-based ‘emission hotspots’ can be done for all industries in all 224 

countries available in an MRIO.  225 

For identifying ‘emission hotspots’ for technology transfer, this paper extends the inverse 226 

important coefficient approach (Casler and Hadlock, 1997; Hewings et al., 1988; Sonis and 227 

Hewings, 2009, 1992). The goal is to identify those industries, where technological change would 228 

result in the largest decrease in upstream emissions of the final product. The methodology to 229 

identify inverse important coefficients is adapted to also include emission intensities of the 230 

industries. The goal is to find the upstream emission hotspot industries 𝑗 in countries 𝑠 of industry 231 

𝑖 (motor vehicles) in country 𝑟 (Germany). In mathematical terms this is: 232 

 𝑚𝑎𝑥𝑠,𝑗,�̅� (𝛼�̅�,𝑗
𝑠 𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐
𝑐 𝜆𝑗,𝑖

𝑠,𝑟)  (4) 233 
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with �̅� ∈ 𝐾, the set of industries supplying fuels for combustion, 𝜆𝑗,𝑖
𝑠,𝑟

 being the entry of the multi-234 

regional Leontief multiplier matrix 𝐋 = (𝐈 − 𝐀)−1, corresponding to industry 𝑖 in country 𝑟 and 235 

industry 𝑗 in country 𝑠. Here we assume that it does not matter from which country fuel �̅� comes, 236 

thus when using the index �̅� we need to consider that those inputs come from all countries 𝑐. 𝛼�̅�𝑗
𝑠  237 

denotes the change in the emission intensity of industry 𝑗 in country 𝑠 given a change in the input 238 

of fuel �̅�. The size of 𝛼�̅�𝑗
𝑠  depends on the current fuel mix of industry 𝑗 and the emissions related 239 

to burning fuel �̅� relative to burning the other fuels used by industry 𝑗. 240 

The unknown 𝛼�̅�𝑗
𝑠 reduces to E�̅�,𝑗

𝑠  (see supplementary material), the CO2 intensity of industry 𝑗 241 

in country 𝑠 burning fuel �̅�. Hence, it is necessary to find those industries 𝑗 in countries 𝑠 for which 242 

a change in the input of fuel �̅� has the largest impact on the overall emissions associated with that 243 

upstream production step 244 

 𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗
𝑠 𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐
𝑐 𝜆𝑗,𝑖

𝑠,𝑟) (5) 245 

As the aim is to identify industry d in country j, the sum over all CO2 relevant products taken 246 

 𝑚𝑎𝑥𝑠,𝑗(𝜆𝑗,𝑖
𝑠,𝑟 ∑ E𝑘,𝑗

𝑠
𝑘∈Κ + 𝑒𝑗

𝑠 ∑ 𝜆𝑗,𝑘
𝑠,𝑐𝜆𝑗,𝑖

𝑠,𝑟
𝑐,𝑘∈Κ ) (6) 247 

The full derivation of this equation is given in the Appendix.  248 

For EXIOBASE3, data for E𝑘,𝑗
𝑠  exist (if at all) only for the supply-use framework, i.e. for product 249 

𝑘 and industry 𝑗. The derivation above also holds for in the supply-use framework (Lenzen and 250 

Rueda-Cantuche, 2012): 𝑘 and 𝑖 are product indexes and 𝑗 is an industry index. Thus, the 251 

corresponding 𝜆𝑗,𝑖
𝑠,𝑟

 can just be taken from the product-by-industry part of the compound Leontief 252 

inverse 𝐿∗ = [
𝐈 −𝐁

−𝐃 𝐈
]

−1

. The industry technology assumption is underlying this compound 253 

Leontief inverse, but this could also be the product technology assumption. As the detailed E𝑘,𝑗
𝑠  254 
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data are currently not yet available, the preliminary results are based on calculations where E𝑘,𝑗
𝑠  is 255 

approximated by the corresponding industry average 𝑒𝑗
𝑠 for all CO2 relevant products 𝑘.  256 

The results do take into account both interindustry and trade relations through the multi-regional 257 

Leontief multipliers. Considering these is important to account not only for the emission intensity 258 

of the upstream products, but also for the amount of inputs used from industries in other countries 259 

during the production of the final goods. In by including these multipliers the emission intensities 260 

are weighed by the amount used (see Equations (5) and (6)). Hence, if there is a particularly high 261 

emission intensity of a certain upstream industry, but this provides only a very small share of the 262 

inputs into final product, the industry will not be ranked among the top industries for technology 263 

transfer. 264 

 265 

4. Results and discussion: Emission hotspot analysis for selected industries 266 

The results are shown in Figure 2 for final motor vehicles, trailers and semi-trailers produced in 267 

Germany, final wearing apparel products produced Italy, and computers produced Japan satisfying 268 

final demand in Japan and elsewhere. The results are based on the calculations using Equation (6) 269 

and the total reduction potential is defined as the sum over all countries 𝑠 and products 𝑗. The top-270 

left rectangle in each figure corresponds to the solution of the maximization problem. The results 271 

are available for all countries and all industries1.  272 

Regarding the upstream emission reduction potential for the motor vehicle industry, for most of 273 

the countries, their own and the Chinese electricity by coal industry offer the highest potential of 274 

                                                 

1 Some results are included in the supplementary material. Please contact the authors for other 

industries/countries. The results will also be made available on zenodo.org, an open data 

repository. 
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reducing upstream emissions. Germany’s electricity by coal and rubber and plastics production in 275 

the Middle East also offers potential to reduce embodied emissions for other European countries. 276 

Other upstream industry/country combinations that are common across producer countries are the 277 

Chinese iron and steel industry as well as Chinese manufacture of rubber and plastics products and 278 

the Russian steel industry. Most of the green supply chain management studies in this field find 279 

that a significant share of the emissions embodied in their products stems from (coal) electricity 280 

use. But those mostly only look at scope 1 and scope 2 emissions, which is not sufficient (Lee, 281 

2011, 2012).  282 

From the second panel, it is visible that the upstream production potentials in the wearing apparel 283 

industry are slightly different. In addition to the energy industries in various countries retail and 284 

wholesale trade play a significant role. Other research with a global MRIO approach shows that 285 

the share of CO2 emissions embodied in European consumption originating from the BRIC 286 

countries (Brazil, Russia, India and China) has increased with the energy and resources industry 287 

being the largest contributor  (Mair et al., 2016), which is exactly in line with our findings. The 288 

LCA studies (Resta et al., 2016; Roos et al., 2016; Wang et al., 2015) unanimously identify 289 

‘spinning’ and ‘weaving’/’fabric production’ as the most carbon intense process in clothing 290 

production. This is due to the high use of electricity at these production stages. However, their 291 

estimation of the contribution of the ‘distribution’ stage, which corresponds to wholesale and retail 292 

trade in the EXIOBASE classification, is lower. 293 

For final products of the Japanese computer industry, the first four industries with the largest 294 

reduction potential are fossil fuel electricity industries in Japan and China, as visible in the third 295 

panel of Figure 2. These four alone add up to 40% of the total reduction potential. This indicates 296 

that production processes of intermediate inputs into computers are very electricity intensive and 297 
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that the shortage in electricity production in Japan due to the shutting down of all nuclear plants in 298 

2011 had initiated a switch to fossil fuel electricity plants. In addition, the rubber and plastics 299 

industry in Japan, China and other Asian countries also exhibit significant reduction potential.  300 

For all of these products it becomes clear that greening the domestic electricity industry has a 301 

very large impact on the emissions embodied in the final product. Other industries that occur often 302 

are rubber and plastics (for both motor vehicles and computers) as well as industries related to iron 303 

and steel production. This is unsurprising, as these industries are generally energy intense 304 

industries. However, these results show which downstream final product producers are inducing 305 

the production and related emissions in the upstream industries, thus providing a clear link on 306 

where and how technological change through technology transfer to upstream production 307 

processes has the largest impact on embodied emissions. One of the major advantages for 308 

industries/enterprises of engaging in low carbon technology transfers, be it renewable energy 309 

technologies or energy efficiency improvements, are the lower energy costs in the future. If 310 

upstream products are produced with less fossil energy, they also become cheaper (once the initial 311 

investment costs have been repaid). 312 
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Figure 2 Upstream industries with largest reduction potential (in % of total reduction potential) 313 

314 
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5. Conclusions for technology transfer 315 

The single most often listed industry in all upstream emission hotspots is the coal industry. This 316 

means, a change in the inputs of this industry leads to the largest decrease in upstream emissions. 317 

Changing the inputs into this industry, however, needs to be reinterpreted in this context. In 318 

contrast to many other more aggregated industries, the electricity industry in EXIOBASE is 319 

already disaggregated into its major technologies. Thus, even though coal electricity plants may 320 

have some emissions saving potential, technological change here actually is the use of a different 321 

electricity producing technology. This finding of replacing coal electricity with low-carbon 322 

electricity support the call of the “Powering Past Coal Alliance” at the COP23 in November 2017 323 

of ending the use of coal power rather sooner than later (Department for Business Energy & 324 

Industrial Strategy, 2017). The natural general starting point would be for industry initiatives to 325 

support low-carbon electricity technology transfers, of course, among others, more specific to the 326 

industry. 327 

For the technology transfer to be successful, certain prerequisites in the receiving country are 328 

necessary, such as the openness to receive the technology as well as the capability to deploy and 329 

use the new technologies (Wurlod and Eaton, 2015) as well as a credible policy mix supporting 330 

the new technologies and giving the investors some security. Technology transfer should be seen 331 

in their broadest definition, that it is not limited to the transfer of/investment in the new hardware, 332 

but it also encompasses training and knowledge transfer, R&D support and collaboration, energy 333 

efficiency improvements and related management practices (e.g. green supply chain management 334 

(Diabat and Govindan, 2010)) as well as other innovation strategies (Coninck and Sagar, 2015). 335 

In this way, the clean technologies further contribute to structural change, new industrialization 336 
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patterns and hence an enhanced economic development (Günther and Alcorta, 2011; Mathews and 337 

Tan, 2016, 2014). These additional indirect effects can also be analysed using the MRIO approach. 338 

Calculating the footprints using MRIO analysis gives industry averages and is, therefore, 339 

especially interesting for industry networks, where multiple enterprises would like to collaborate 340 

to reduce the industry-wide footprints. While individual enterprises can better assess their specific 341 

footprint through LCA, they can use MRIO analysis in two ways: First, to estimate the emissions 342 

that are truncated in an LCA (using hybrid methods) and, second, as benchmarks, i.e. to compare 343 

their performance to the industry average. Thus, the results presented here should be seen as 344 

complements to existing analyses (Schneider et al., 2014; Tarne et al., 2017; Zimmer et al., 2017) 345 

and initiatives, such as the European Automotive Working Group on Supply Chain Sustainabilityii 346 

or the Sustainable Businesses unit of the European Apparel and Textile Confederationiii.  347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

                                                 

ii http://www.csreurope.org/european-automotive-working-group-supply-chain-sustainability-1  

iii http://www.euratex.eu   

http://www.csreurope.org/european-automotive-working-group-supply-chain-sustainability-1
http://www.euratex.eu/
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Mathematical Appendix 380 

Let M denote the total number of countries, ℎ be direct emissions by final demand, �̂� be the 381 

diagonalized matrix of emission intensities by industry and country and (𝐈 − 𝐀)−1 be the multi-382 

regional Leontief inverse matrix. Final-product-based emissions are calculated as 383 

𝐂𝐎𝟐𝐹𝑃 = 𝑖′�̂�(𝐈 − 𝐀)−1�̂̇� + ℎ′ (A1) 384 

with �̇� = [
𝐲11 + ⋯ + 𝐲1𝑀

⋮
𝐲𝑀1 + ⋯ + 𝐲𝑀𝑀

] and 𝐲𝑟𝑠 being final demand vector (either one or the sum of the FD 385 

categories) of country 𝑟 directed at final goods of country 𝑠. 𝐲𝑟𝑃 = 𝐲𝑐1 + ⋯ + 𝐲𝑐𝑀 is the total 386 

demand for final goods produced in country 𝑐. Final demand for products in country 𝑐 would be 387 

the “column sum” of the vectors in 𝐘, i.e. 𝐲𝑟𝐷 = 𝐲1𝑟 + ⋯ + 𝐲𝑀𝑟. Then, entry (r-1)*M+k of vector 388 

𝐂𝐎𝟐𝐹𝑃 corresponds to final-product–based emissions of country r’s industry k. 389 

The goal is to find the upstream emission hotspot industries 𝑗 in countries 𝑠 of industry 𝑖 (motor 390 

vehicles) in country 𝑟 (Germany). Final-product-based emissions of one product unit of 𝑖 (this 391 

excludes direct emissions from final demand as these are zero in case of motor vehicles) are 392 

calculated as 393 

𝐂𝐎𝟐𝐹𝑃[𝑟, 𝑖] = ∑ 𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟
𝑠,𝑗 , (A2) 394 

with 𝜆𝑗,𝑖
𝑠,𝑟

 corresponding to entry of country 𝑠 industry 𝑗 and country 𝑟 industry 𝑖 in the Leontief 395 

inverse matrix  396 

𝐋 = (𝐈 − 𝐀)−1 = [
𝜆11

11 ⋯ 𝜆1𝑁
1𝑀

⋮ ⋱ ⋮
𝜆𝑁1

𝑀1 ⋯ 𝜆𝑁𝑁
𝑀𝑀

]. (A3) 397 

The change in final product based emissions then is 398 

Δ𝐂𝐎𝟐𝐹𝑃[𝑟, 𝑖] = Δ(∑ 𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟
𝑠,𝑗 ) = ∑ Δ(𝑒𝑗

𝑠𝜆𝑗,𝑖
𝑠,𝑟)𝑠,𝑗 = ∑ (Δ𝑒𝑗

𝑠𝜆𝑗,𝑖
𝑠,𝑟 + 𝑒𝑗

𝑠Δ𝜆𝑗,𝑖
𝑠,𝑟)𝑠,𝑗 . (A4) 399 
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The emission hotspot industries are those industries 𝑗 country 𝑟 for which a technological 400 

change, i.e. a change in the corresponding input coefficient combined with a change in emission 401 

intensity results in the biggest change in 𝐂𝐎𝟐𝐹𝑃[𝑟, 𝑖]. Using (Casler and Hadlock, 1997) for the 402 

decomposition of the change in the Leontief coefficients Δ𝜆𝑗,𝑖
𝑠,𝑟 = ∑ ∑ 𝜆𝑗,𝑘

𝑠,𝑟Δ𝑎𝑘,𝑙
𝑟,𝑠𝜆𝑙,𝑖

𝑠,𝑟
𝑙𝑘 , the 403 

maximization problem can be phrased as  404 

 𝑚𝑎𝑥𝑠,𝑗Δ(𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟) = 𝑚𝑎𝑥𝑠,𝑗(Δ𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠Δ𝜆𝑗,𝑖

𝑠,𝑟)   405 

                                      = 𝑚𝑎𝑥𝑠,𝑗(Δ𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ ∑ 𝜆𝑗,𝑘

𝑠,𝑐Δ𝑎𝑘,𝑙
𝑐,𝑠𝜆𝑙,𝑖

𝑠,𝑟
𝑙𝑐,𝑘 )  (A5) 406 

Only changes in input coefficients in industry 𝑗 in country 𝑠 lead to changes in the emission 407 

intensity 𝑒𝑗
𝑠of industry 𝑗 in country 𝑠 (the emission intensity depends on the use of emission 408 

relevant inputs that are burned during production processes). If there is no change in𝑒𝑗
𝑠, i.e. Δ𝑒𝑗

𝑠 =409 

0, the first term vanishes. Thus, it is  continued as 410 

                                      = 𝑚𝑎𝑥𝑠,𝑗 {
Δ𝑒𝑗

𝑠𝜆𝑗,𝑖
𝑠,𝑟 + 𝑒𝑗

𝑠 ∑ 𝜆𝑗,𝑘
𝑠,𝑐Δ𝑎𝑘,𝑗

𝑐,𝑠 𝜆𝑗,𝑖
𝑠,𝑟

𝑐,𝑘

𝑒𝑗
𝑠 ∑ ∑ 𝜆𝑗,𝑘

𝑠,𝑐Δ𝑎𝑘,𝑙
𝑐,𝑠𝜆𝑙,𝑖

𝑠,𝑟
𝑠,𝑙𝑐,𝑘

  
𝑖𝑓 Δ𝑒𝑗

𝑠 ≠ 0

𝑖𝑓 Δ𝑒𝑗
𝑠 = 0 

  (A6) 411 

A change in any input coefficient can lead to a reduction in upstream emissions, as this can be 412 

achieved through a switch of intermediate products supply from a more emission intense to a less 413 

emission intense industry. But, as only possibilities for emission saving technological change are 414 

considered, the case of Δ𝑒𝑗
𝑠 = 0 is dismissed.  415 

Not all input coefficients have an impact on the emission intensity of industry 𝑗 in country 𝑠. 416 

Only those input coefficients corresponding to the industries that supply fuels for combustion, a 417 

subset Κ of the set of all industries, determine the emissions of industry 𝑗 in country 𝑠. Thus, the 418 

maximization problem reduces to 419 

𝑚𝑎𝑥𝑠,𝑗𝚫(𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟) = 𝑚𝑎𝑥𝑠,𝑗(𝚫𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,𝑘

𝑠,𝑐𝚫𝑎𝑘,𝑗
𝑐,𝑠 𝜆𝑗,𝑖

𝑠,𝑟
𝑐,𝑘∈Κ ).  (A7) 420 
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Before solving this maximization problem, the change in the emission intensity, 𝚫𝑒𝑗
𝑠, 421 

corresponding to the changes in the different input coefficients, 𝚫𝑎𝑘,𝑗
𝑐,𝑠

’s needs to be determined. 422 

Depending on the set-up of the MRIO or MRSUT table, only one or possibly different 423 

combustible energy fuels are supplied by industry/product group 𝑘 ∈ Κ. In the OECD ICIO (Wiebe 424 

and Yamano, 2016) the relevant ISIC Rev. 3 industries are ‘C Mining and quarrying’, ‘D23 425 

Manufacture of coke, refined petroleum products and nuclear fuel’, and ‘E Electricity, gas, and 426 

water supply’. These industries are too aggregated for a detailed analysis of substitution 427 

possibilities between different energy carriers. For that, a further breakdown of the industries, 428 

using the IEA Energy Balance data (IEA, 2015b), is necessary.  429 

In contrast, in EXIOBASE (Tukker et al 2013, Stadler et al forthcoming), the sector breakdown 430 

is more detailed, showing the different energy products individually, see Table 1. During the 431 

estimation of the environmental accounts of EXIOBASE, a matrix allocating CO2 emissions by 432 

energy product 𝑘 to industries 𝑗 will be created, 𝐂𝐎𝟐𝐄𝐏𝐱𝐈. It is not differentiated where product 433 

𝑘 comes from, i.e. whether it is domestically produced or imported.  Note that ∑ 𝐂𝐎𝟐𝐄𝐏𝐱𝐈𝑘,𝑗
𝑠

𝑘∈𝐾  434 

is equal to country 𝑠 industry 𝑗‘s total CO2 emissions. Using this information country-specific 435 

CO2EPxI coefficients, E𝑘,𝑗
𝑠 , can be calculated by dividing the emissions by the corresponding 436 

monetary flow in the aggregated (that is the sum over all import partner countries and domestic 437 

flows) intermediate flow matrix 𝐙 of country 𝑠: 438 

E𝑘,𝑗
𝑠 =  

𝐂𝐎𝟐𝐄𝐏𝐱𝐈𝑘,𝑗
𝑠

Z𝑘,𝑗
𝑠 . (A8) 439 

This in turn gives 440 

𝐂𝐎𝟐𝐄𝐏𝐱𝐈𝑘,𝑗
𝑠 = E𝑘,𝑗

𝑠 × Z𝑘,𝑗
𝑠 . (A9) 441 

The overall CO2 intensity of industry 𝑗 in country 𝑠, 𝑒𝑗
𝑠, is 442 
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𝑒𝑗
𝑠 =

∑ 𝐂𝐎𝟐𝐄𝐏𝐱𝐈𝑘,𝑗
𝑠

𝑘∈Κ

𝑥𝑗
𝑠 =

∑ E𝑘,𝑗
𝑠 ×𝐙𝑘,𝑗

𝑠
𝑘∈Κ

𝑥𝑗
𝑠   (A10) 443 

       = ∑ E𝑘,𝑗
𝑠

𝑘∈Κ

𝐙𝑘,𝑗
𝑠

𝑥𝑗
𝑠 = ∑ E𝑘,𝑗

𝑠
𝑘∈Κ a𝑘,𝑗

𝑠 = ∑ E𝑘,𝑗
𝑠

𝑘∈Κ a𝑘,𝑗
𝑠  (A11) 444 

Where a𝑘,𝑗
𝑠  are the coefficients corresponding to the aggregated intermediate flow matrix of 445 

country 𝑠, i.e. a𝑘,𝑗
𝑠 = ∑ 𝑎𝑘,𝑗

𝑐,𝑠
𝑐 . Thus, the change in 𝑒𝑗

𝑠 that results from a change in a�̅�,𝑗
𝑠  is 446 

Δ�̅�𝑒𝑗
𝑠 = E�̅�,𝑗

𝑠 ∆a�̅�,𝑗
𝑠 = E�̅�,𝑗

𝑠 ∆a�̅�,𝑗
𝑠 , and (A12) 447 

 𝑚𝑎𝑥𝑠,𝑗,�̅� (Δ�̅�𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐∆𝑎�̅�,𝑗
𝑐,𝑠

𝑐 𝜆𝑗,𝑖
𝑠,𝑟) = 𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗

𝑠 ∆a�̅�,𝑗
𝑠 𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐∆𝑎�̅�,𝑗
𝑐,𝑠

𝑐 𝜆𝑗,𝑖
𝑠,𝑟)448 

 (A13) 449 

Any of the inputs from the CO2 relevant products 𝑘 ∈ Κ (coming from all countries c) may 450 

change. Unfortunately, these changes a𝑘,𝑗
𝑠  s are not independent of each other. There are basically 451 

two possibilities 452 

1. A negative change in a𝑘,𝑗
𝑠  is associated with an average positive change in the coefficient of 453 

any or all other industries 𝑖 ∈ {1, … 𝑁}, also including other energy products, possibly more 454 

carbon intense then the one in question. 455 

2. A negative change in a𝑘,𝑗
𝑠  is associated with a use of energy carriers that do not emit carbon 456 

when being used, e.g. electricity, i.e. a positive change in the input coefficient from the 457 

electricity industry. 458 

Nonetheless, the goal is to find out which individual change has the greatest impact, i.e. what 459 

needs to be changed about the current technology used. That is, it suffices to compare the same 460 

change in any input coefficient 𝚫a𝑘,𝑗
𝑠 , e.g. Δa𝑘,𝑗

𝑠 = Δ𝑎𝑐ℎ𝑎𝑛𝑔𝑒 ∀𝑘∈𝐾,𝑠,𝑗, without considering the 461 

associated change in other input coefficients. Then the maximization problem reduces to  462 

 𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗
𝑠 ∆a�̅�,𝑗

𝑠 𝜆𝑗,𝑖
𝑠,𝑟 + 𝑒𝑗

𝑠 ∑ 𝜆𝑗,�̅�
𝑠,𝑐∆𝑎�̅�,𝑗

𝑐,𝑠
𝑐 𝜆𝑗,𝑖

𝑠,𝑟) 463 
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 = 𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗
𝑠 Δ𝑎𝑐ℎ𝑎𝑛𝑔𝑒𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐Δ𝑎𝑐ℎ𝑎𝑛𝑔𝑒𝑐 𝜆𝑗,𝑖
𝑠,𝑟) 464 

 = Δ𝑎𝑐ℎ𝑎𝑛𝑔𝑒𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗
𝑠 𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐
𝑐 𝜆𝑗,𝑖

𝑠,𝑟) 465 

         = 𝑚𝑎𝑥𝑠,𝑗,�̅� (E�̅�,𝑗
𝑠 𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,�̅�

𝑠,𝑐
𝑐 𝜆𝑗,𝑖

𝑠,𝑟).  (A14) 466 

The target industry for technology transfer is identified by summing over all CO2 relevant 467 

products 𝑘 ∈ Κ:  468 

 𝑚𝑎𝑥𝑠,𝑗𝚫(𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟) = 𝑚𝑎𝑥𝑠,𝑗(𝚫𝑒𝑗
𝑠𝜆𝑗,𝑖

𝑠,𝑟 + 𝑒𝑗
𝑠 ∑ 𝜆𝑗,𝑘

𝑠,𝑐∆𝑎𝑘,𝑗
𝑐,𝑠 𝜆𝑗,𝑖

𝑠,𝑟
𝑐,𝑘∈Κ ) 469 

                                      = 𝑚𝑎𝑥𝑠,𝑗(𝜆𝑗,𝑖
𝑠,𝑟 ∑ E𝑘,𝑗

𝑠
𝑘∈Κ + 𝑒𝑗

𝑠 ∑ 𝜆𝑗,𝑘
𝑠,𝑐𝜆𝑗,𝑖

𝑠,𝑟
𝑐,𝑘∈Κ ) (A15). 470 

Those industries that are identified as the maximum here are those in the top-left rectangles in the 471 

different panels of Figure 2.  472 
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Table 1: EXIOBASE3 energy products related to CO2 emissions from combustion: Set 𝚱 473 

 No Product Code 

1 20 'Anthracite' 'p10.a' 

2 21 'Coking Coal' 'p10.b' 

3 22 'Other Bituminous Coal' 'p10.c' 

4 23 'Sub-Bituminous Coal' 'p10.d' 

5 24 'Patent Fuel' 'p10.e' 

6 25 'Lignite/Brown Coal' 'p10.f' 

7 26 'BKB/Peat Briquettes' 'p10.g' 

8 27 'Peat' 'p10.h' 

9 28 'Crude petroleum and services related to crude oil extraction, excl surveying' 'p11.a' 

10 29 'Natural gas and services related to natural gas extraction, excl surveying' 'p11.b' 

11 30 'Natural Gas Liquids' 'p11.b.1' 

12 64 'Coke Oven Coke' 'p23.1.a' 

13 65 'Gas Coke' 'p23.1.b' 

14 66 'Coal Tar' 'p23.1.c' 

15 67 'Motor Gasoline' 'p23.20.a' 

16 68 'Aviation Gasoline' 'p23.20.b' 

17 69 'Gasoline Type Jet Fuel' 'p23.20.c' 

18 70 'Kerosene Type Jet Fuel' 'p23.20.d' 

19 71 'Kerosene' 'p23.20.e' 

20 72 'Gas/Diesel Oil' 'p23.20.f' 

21 73 'Heavy Fuel Oil' 'p23.20.g' 

22 74 'Refinery Gas' 'p23.20.h' 

23 75 'Liquefied Petroleum Gases (LPG)' 'p23.20.i' 

24 77 'Ethane' 'p23.20.k' 

25 78 'Naphtha' 'p23.20.l' 

26 79 'White Spirit & SBP' 'p23.20.m' 

27 80 'Lubricants' 'p23.20.n' 

28 81 'Bitumen' 'p23.20.o' 

29 83 'Petroleum Coke' 'p23.20.q' 

30 84 'Non-specified Petroleum Products' 'p23.20.r' 

31 91 'Charcoal' 'p24.e' 

32 142 'Coke oven gas' 'p40.2.a' 

33 143 'Blast Furnace Gas' 'p40.2.b' 

34 144 'Oxygen Steel Furnace Gas' 'p40.2.c' 

35 145 'Gas Works Gas' 'p40.2.d' 

36 178 'Plastic waste for treatment: incineration' 'p90.1.c' 

37 179 'Intert/metal waste for treatment: incineration' 'p90.1.d' 

38 180 'Textiles waste for treatment: incineration' 'p90.1.e' 

39 182 'Oil/hazardous waste for treatment: incineration' 'p90.1.g' 
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