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HIGHLIGHTS
- An accelerated diffusion of existing low-carbon technologies is vital.
- Emission hotspots for low-carbon technology transfer are identified.
- The emission hotspot industries vary for different final products and countries.

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

Achieving the <1.5°C warming target is only feasible if carbon emissions peak before 2020. This
means that we cannot wait for new breakthrough technologies that significantly alter the
production structure of emission intensive industries such as electricity, iron and steel, or transport.
An accelerated diffusion of existing low-carbon technologies is vital for achieving a plateauing,
followed by a decrease of carbon emissions within the next few years. Data on consumption-based
CO; emissions raise the awareness of the link between final goods and the environmental pollution
caused by upstream production processes. Consumers of final products learn where in the world
CO; was emitted along the upstream production chain. For producers of final products these data
provide benchmarks for total CO; emitted in upstream production processes. These are used
together with an extended version of the inverse important coefficient methodology to identify
‘emission hotspots’. ‘Emission hotspots’ are defined as countries/industries where a bulk of the
upstream emissions occur and where a change in technology brings about the largest decrease in
upstream emissions. This knowledge provides a basis for well-targeted technology transfers to
clean up the upstream production chain, thus reducing the emission footprint of final goods
production. The highest impact overall in a significant number global value chains analyzed here
would be replacing upstream use of coal electricity by low carbon electricity. These results support
the call of the ‘Powering Past Coal Alliance’ at the COP23 of ending the use of coal power sooner

rather than later.

KEYWORDS
Consumption-based emissions; embodied emissions; low-carbon technologies; technology

transfer; technology diffusion; multi-regional input-output analysis
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1. Introduction: Emissions and technology diffusion

Achieving the <1.5°C warming target is only feasible if carbon emissions peak before 2020
(Figueres et al., 2017). This means that we cannot wait for new breakthrough technologies that
significantly alter the production structure of emission intensive industries such as electricity, iron
and steel, or transport. An accelerated diffusion of existing low-carbon technologies is vital for
achieving a plateauing followed by a decrease of carbon emissions within the next few years.

An important tool in the Paris agreement to achieve a global diffusion of clean technologies is
the UNFCCC Technology Mechanism (CTCN, 2013; Krause, 2015; UNFCCC, 2015, 2011). This
mechanism supports the transfer of technologies from developed to developing countries (Shimada
and Kennedy, 2015). Such transfers are facilitated by the Technology Executive Committee (TEC)
and the Climate Technology Centre and Network (CTCN). However, it is not yet used widely
enough to build networks between the recipient and source countries to facilitate technology
transfer to a significant extent (Coninck and Sagar, 2015, p. 7). In short: suitable technologies
exist, but they need to be increasingly diffused around the world (Piccard, 2016; UN, 2016). This
is also supported by the IEA “Bridge Strategy” which aims at employing as much of already
existing low-carbon technology as possible as long as new technologies are not yet available. The
question remains: how can the technology diffusion process be advanced?

An indirect way to support the diffusion of these technologies from a European perspective are
(European) support policies that aid a cost reduction of low carbon technologies (Wiebe, 2016):
First, via R&D support and, second, via an increased deployment in Europe and associated learning
effects. With decreasing costs, the deployment of low carbon technologies becomes economically

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

Enhancing environmentally friendly behavior across related economic agents has been
thoroughly researched; a prominent focus has been the effect of informing households about their
energy consumption vis-a-vis social norms (Allcott, 2011) and identifying competitiveness as a
significant component of green supply chain management (Kushwaha and Sharma, 2016; Luthra
et al., 2016). This benchmarking gives incentives to improve their own actions compared to those
of their peers. To this end, a final-product-based emission accounting scheme is used to inform
industries about the emissions embodied in their final products (emission footprints). These are
predicated upon industry averages, and can effectively give benchmarks against which
establishments in that industry can compare their performance. Such benchmarking can increase
pressure on firms to produce more cleanly, and, hence, be an effective means to overcome
psychological barriers to climate change action (Stoknes, 2015, 2014; Wackernagel and Rees,
1998). In addition to this ‘reputation-led’ behavior, ‘innovation-led’ and ‘imitation-led’
contributions to green supply chain management have been identified (Testa and Iraldo, 2010).
While they cannot find any evidence for ‘cost-led’ contributions, earlier research argues that the
pressure to cut costs have already led to very resource efficient manufacturing processes in the
1990s (Orsato and Wells, 2007).

As little as half a decade ago, very few assessments of embodied carbon existed due to a lack of
measurement concepts and tools (Lee, 2012). The measurement of embodied carbon includes not
only the direct environmental impact at the final production stage or during the consumption phase,
but it also includes all upstream production processes, the environmental footprint. Two main ways

to calculate this environmental footprint exist nowadays: bottom-up life-cycle assessment (LCA)
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at the product-level and top-down environmentally extended multi-regional input-output analysis
(EE MRIO) at the industry level. Of course, various blends of these two extremes have also been
used (Cooper, 2003; Suh and Huppes, 2005; Tukker et al., 2009). LCA is more detailed (product-
specific) and requires extensive data when a range of products, and not just one or two, are
considered. EE MRIO is less-detailed, but valuable in assessing a large set of industries
simultaneously, especially across various countries (see for example (Tukker and Dietzenbacher,
2013)) for an overview of existing datasets (Andrew and Peters, 2013; Dietzenbacher et al., 2013;
Lenzen et al., 2013; Timmer et al., 2014; Tukker et al., 2013; Wiebe et al., 2012).

Initiatives have tackled the lack of data and analysis using the LCA approach for few selected
industries. These industries are for example the car industry (Kushwaha and Sharma, 2016; Lee,
2011, 2012, Zhu et al., 2011a, 2011b) and more recently also the clothing industry, e.g. (Mair et
al., 2016; Parisi et al., 2015; Resta et al., 2016; Roos et al., 2016; Wang et al., 2015; Zamani et al.,
2017). However, LCA studies are very labor and data intensive and can, unfortunately, not be
applied to every industry in every country in the world.

The focus in this paper is on final-product-based CO> emissions calculated using the MRIO
approach. The advantage is that the data are available not only for selected industries, or even only
selected products within industries, but for all product groups/industries and countries represented
in the MRIO database. These data on environmental footprints help to bridge dissonance and
psychological distance for producers from a great variety of industries as they become aware of
where CO> was emitted along the supply chain that produces the goods they require (Stoknes,
2014; Wackernagel and Rees, 1998). This is because consumers/producers feel more responsible
for reducing the upstream emissions of ‘their’ final product as opposed to emissions that cannot

be readily traced to their behavior. The idea is that such knowledge can be extended to develop a
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better-targeted low-carbon energy technology transfers from COz-consuming to CO»-producing
countries. The emission hotspot analysis identifies industries/countries producing with high
emission intensities and that are at the same time supplying a significant amount of the upstream
product. Reducing the emissions in these hotspots using existing technologies is usually easier and
more cost-efficient than further reducing the domestic emission intensity in countries/industries
with already low emission intensity, possibly due to strict environmental policies. Naturally, this
can also be applied at the country level, i.e. using consumption-based emission accounts for
countries to identify where in the world the general investments into technology, e.g. by
development cooperation programs, are necessary to reduce the country’s footprints outside its
own boarders.

The paper is structured as follows: At first, the data and calculation of final-product-based CO>
emissions are introduced. Second, the methodology to identify upstream emission hotspots is

developed, before discussing options for technology transfer.

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

The UNFCCC currently uses a territorial production-based accounting system when assessing
emissions. That is, the UNFCCC allocates CO; and other greenhouse gases (GHGs) to the country
in which they are emitted. Using data from the IEA’s publication of CO> emission from fuel
combustion (IEA, 2015a) and the MRIO EXIOBASE, Figure 1 plots where in the world final
demand for motor vehicles occurs, where most of the value is added to the motor vehicles and
where the CO» is emitted along global value chains.

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

demand and value added, only 27% of CO- associated with motor vehicle production is emitted in
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these regions. Germany (part of “Europe” in Figure 1) and Japan (part of “other Asia” in Figure
1) each yields 4 percentage points more in product value share than their world demand share (11%
VA compared to 7% FD and 10% compared to 6% respectively). This suggests their relatively
high involvement in the production chain. Still, their shares as an originator of CO; emissions are
much lower (4% and 6% respectively), underlining very low polluting in the course of their
vehicle-related production activities. This is due either to their engagement in cleaner links of the
production chain, or to the use of cleaner production technologies than those used by other
countries, or some combination of both. The USA comprises a 20% share in global final demand
for motor vehicles, while its share in value added is only 16%, leaving the USA being more of a
consumer than a producer. But as in Japan and Germany, its share of CO> emissions related to
motor vehicle production is comparably small (11%).

In China and India, the opposite is true: their shares in CO; emitted along global production
chains for motor vehicles are disproportionately high compared to demand and value added shares.
China owns a 37% share of all CO» emissions, but its shares of final demand and value added are
less than half of that. This suggests that China participates in more pollution-intensive stages of
the motor-vehicle production supply chain, or that its industries pollute more than their
counterparts in other countries. The same holds true for India, which also has a share of related
CO» emissions that is higher than its world shares of demand and value added for motor vehicles,

albeit by a factor of three.
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Figure 1: Regional FD, VA and CO2 shares of global demand for Motor vehicles in 2011

North-America Europe OECD Asia/Oceania
30 % 30% 30%
59588
25% 5% o % Rest of Europe 259%
Rest of EU
2% Canada 2 :/“ o = 2% Australia
- °
b Mexico 15% - P y % South Korea
10% 10% United Kingdom 10 %
# United States — = Japan
5% 5% I Beancs % B
0% 0% 26 0%
FD VA CO2 FD VA co2™oemany FD VA CO2
Non-OECD Asia
50 %
45%
40 %
Rest of the World 5% RoW Asié
30 % e 30% and Pacific
25% e 25% Indonesia
20% - - Middle East 20%
15% . w South Africa 15% = China
10%  —-— — ] Brazil 10%
5% Russia 5%
o -
FO VA coz "N FD VA CO2

Notes: FD denotes final demand, VA value added and COZ2 carbon emissions.

Source: Own calculations based on IEA COZ2 emission from fuel combustion(1EA, 2015a) and EXIOBASE3.4. Similar
results are found when using the OECD’s intercountry input-output table (OECD, 2015; Wiebe and Yamano,
2016).

The evidence is naturally slightly different for each industry, but the basic picture remains across
them all. That is, OECD countries are relatively important consumers and contribute relatively
high shares of value within global production chains. Meanwhile non-OECD countries tend to
emit disproportionately high shares of CO> within the same global production chains. That is, the
developed nations close to the technology frontier are essentially exporting pollution to meet their
final demands. This fundamental international inequity highlights the importance of linking the
social and environmental costs of upstream emissions either to countries in which the final good
is produced (final-product-based emission accounting) or in which the final product is consumed
(consumption-based emission accounting). The difference is in the allocation of exports of final
products to the exporting industry/country or to the importing country. In mathematical terms

consumption-based emissions by country and industry are calculated as
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CO2.pns = i'6I—A)Y+H (1)

yll ylM
with Y=| : ~ i |, M denoting the total number of countries and $*/ being the
5\,M1 yMM

diagonalized final demand vector (either one or the sum of the FD categories) of country j directed
at final goods of country k, and h being direct emissions by final demand. é is the diagonalized
matrix of emission intensities by industry and country and (I — A)~1 is the multi-regional Leontief
inverse matrix. In the resulting vector, CO2 .5, entry (c-1)*M+k corresponds to consumption—
based emissions of country ¢’s demand for goods from industry k. Final-product based emissions
in contrast are allocated to country where the final product is produced, not where it is consumed.
That is the emissions associated with the production of a car by the German motor vehicle industry,
which is sold as a final product to Belgium, are allocated to Germany and not to Belgium (where
it would be allocated to in case of consumption-based emissions). The mathematical notation for
final-product-based emissions is
CO2pp =i'8(I— AV +H ()

yi 4 o yIM

with ¥ = and y“¢ being final demand vector (either one or the sum of the

yMl 4 + yMM
FD categories) of country d directed at final goods of country c. Then yF = y°1 + ... + yM js
the total demand for final goods produced in country c. Final demand for products in country ¢
would be the “column sum” of the vectors in Y, i.e. y°? = y1¢ + --- + yM¢_Then, entry (c-1)*M+k
of vector CO2gp corresponds to final-product-based emissions of country ¢’s industry k. This
concept adds yet another possible allocation to the existing concepts (Davis et al., 2011) of
extraction-based, territorial- and production-based, consumption-based emissions and correcting

consumption-based emissions for technology differences (Kander et al., 2015). Recognizing that
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exporters’ technology weighs heavily on the final-product-based and consumption-based
emissions, it is important to use different accounting perspectives to identify emission hotspots
and, thus, potential partners for technology transfer. As emission intensities in those
countries/industries are higher than in the corresponding domestic industry, corresponding
mitigation technologies and practices most likely already exist. Transfers of already existing
technologies are cheaper than developing new or improving domestically employed technologies
that are already comparably energy/emission efficient. If industries (countries) care about the CO»
footprints of their final products, technology transfers to the ‘emission hotspots’ can provide a
cost-effective way of reducing their footprint.

In an industry mapping, an ‘emission hotspot’ is an industry in upstream partner countries that
emits a large share of a country’s consumption-based or final-product-based CO2 and where a
change in the technology, i.e. the input structure of the industry, makes the largest difference in
embodied emissions. Consumption-based emissions reflect aggregate consumer choices and final
product-based emissions the choice of the industry supply chain. Thus, for governments to identify
the partner countries for technology transfer, the origin of this country’s consumption-based
‘emission hotspots’ by partner country and by industry is valuable information. If there are specific
industry initiatives, it may be more useful to look at the final-product-based emissions in order to
trace upstream industries and countries that are emission hotspots.

The research of green supply chain management shows that there are some incentives for
reducing upstream emissions (Orsato and Wells, 2007; Testa and Iraldo, 2010). Nonetheless,
further research in the fields of climate psychology and climate sociology is necessary to show
that the knowledge about upstream emissions indeed fosters mitigation efforts taken by consumers

and final goods producers. Nonetheless, for those who already care, the data and analysis at hand

10
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present where they could start to decrease their own environmental footprint by improving the

technologies used in upstream production processes.

3. Methodology: Identifying ‘emission hotspots® for technology transfer using an
extended version of the inverse important coefficient methodology

Note that any type of emission account of a specific country is dominated by CO> emissions
related to domestic production and consumption of electricity as well as of the use of fossil fuel
products (mainly for transport). These are well-known drivers of total consumption-based
emissions that are tackled by domestic policies. That is, they cannot be reduced by international
technology transfer, rather only via market incentives that encourage technology diffusion
intranationally. The identification of these hotspots (both national and international) is illustrated
below using final products of the German motor vehicles industry as an example. This analysis of
industry-specific final-product-based ‘emission hotspots’ can be done for all industries in all
countries available in an MRIO.

For identifying ‘emission hotspots’ for technology transfer, this paper extends the inverse
important coefficient approach (Casler and Hadlock, 1997; Hewings et al., 1988; Sonis and
Hewings, 2009, 1992). The goal is to identify those industries, where technological change would
result in the largest decrease in upstream emissions of the final product. The methodology to
identify inverse important coefficients is adapted to also include emission intensities of the
industries. The goal is to find the upstream emission hotspot industries j in countries s of industry

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

(.5 3sT s S,C 4S,T
maxs ;g (ak,jAj,i +e X% Ay ) 4)

11
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with k € K, the set of industries supplying fuels for combustion, Aflr being the entry of the multi-
regional Leontief multiplier matrix L = (I — A)™1, corresponding to industry i in country r and

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

thus when using the index k we need to consider that those inputs come from all countries c. a; i

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

of fuel k. The size of a; ; depends on the current fuel mix of industry j and the emissions related

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

The unknown a3 jreduces to E%I ; (see supplementary material), the CO: intensity of industry j

in country s burning fuel k. Hence, it is necessary to find those industries j in countries s for which
a change in the input of fuel k has the largest impact on the overall emissions associated with that

upstream production step

_ § S,r s S,C 1S,7
maxg ; (Ek,]-/lj,l- +e XA A ) )

As the aim is to identify industry d in country j, the sum over all CO» relevant products taken
maxs,j(/lfl'ir YkeK Elsc,j + ejs Yo keK Ajsliljslr) (6)
The full derivation of this equation is given in the Appendix.
For EXIOBASE3, data for Ey ; exist (if at all) only for the supply-use framework, i.e. for product
k and industry j. The derivation above also holds for in the supply-use framework (Lenzen and
Rueda-Cantuche, 2012): k and i are product indexes and j is an industry index. Thus, the

corresponding A]Slr can just be taken from the product-by-industry part of the compound Leontief

—B1}

inverse L* = [_ID I ] . The industry technology assumption is underlying this compound

Leontief inverse, but this could also be the product technology assumption. As the detailed Ej;, j

12
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data are currently not yet available, the preliminary results are based on calculations where E; 18
approximated by the corresponding industry average e]-s for all CO2 relevant products k.

The results do take into account both interindustry and trade relations through the multi-regional
Leontief multipliers. Considering these is important to account not only for the emission intensity
of the upstream products, but also for the amount of inputs used from industries in other countries
during the production of the final goods. In by including these multipliers the emission intensities
are weighed by the amount used (see Equations (5) and (6)). Hence, if there is a particularly high
emission intensity of a certain upstream industry, but this provides only a very small share of the
inputs into final product, the industry will not be ranked among the top industries for technology

transfer.

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

The results are shown in Figure 2 for final motor vehicles, trailers and semi-trailers produced in
Germany, final wearing apparel products produced Italy, and computers produced Japan satisfying
final demand in Japan and elsewhere. The results are based on the calculations using Equation (6)
and the total reduction potential is defined as the sum over all countries s and products j. The top-
left rectangle in each figure corresponds to the solution of the maximization problem. The results
are available for all countries and all industries’.

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

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

! 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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297

reducing upstream emissions. Germany’s electricity by coal and rubber and plastics production in
the Middle East also offers potential to reduce embodied emissions for other European countries.
Other upstream industry/country combinations that are common across producer countries are the
Chinese iron and steel industry as well as Chinese manufacture of rubber and plastics products and
the Russian steel industry. Most of the green supply chain management studies in this field find
that a significant share of the emissions embodied in their products stems from (coal) electricity
use. But those mostly only look at scope 1 and scope 2 emissions, which is not sufficient (Lee,
2011, 2012).

From the second panel, it is visible that the upstream production potentials in the wearing apparel
industry are slightly different. In addition to the energy industries in various countries retail and
wholesale trade play a significant role. Other research with a global MRIO approach shows that
the share of CO2 emissions embodied in European consumption originating from the BRIC
countries (Brazil, Russia, India and China) has increased with the energy and resources industry
being the largest contributor (Mair et al., 2016), which is exactly in line with our findings. The
LCA studies (Resta et al., 2016; Roos et al., 2016; Wang et al., 2015) unanimously identify
‘spinning’ and ‘weaving’/’fabric production’ as the most carbon intense process in clothing
production. This is due to the high use of electricity at these production stages. However, their
estimation of the contribution of the ‘distribution’ stage, which corresponds to wholesale and retail
trade in the EXIOBASE classification, is lower.

For final products of the Japanese computer industry, the first four industries with the largest
reduction potential are fossil fuel electricity industries in Japan and China, as visible in the third
panel of Figure 2. These four alone add up to 40% of the total reduction potential. This indicates

that production processes of intermediate inputs into computers are very electricity intensive and
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that the shortage in electricity production in Japan due to the shutting down of all nuclear plants in
2011 had initiated a switch to fossil fuel electricity plants. In addition, the rubber and plastics
industry in Japan, China and other Asian countries also exhibit significant reduction potential.
For all of these products it becomes clear that greening the domestic electricity industry has a
very large impact on the emissions embodied in the final product. Other industries that occur often
are rubber and plastics (for both motor vehicles and computers) as well as industries related to iron
and steel production. This is unsurprising, as these industries are generally energy intense
industries. However, these results show which downstream final product producers are inducing
the production and related emissions in the upstream industries, thus providing a clear link on
where and how technological change through technology transfer to upstream production
processes has the largest impact on embodied emissions. One of the major advantages for
industries/enterprises of engaging in low carbon technology transfers, be it renewable energy
technologies or energy efficiency improvements, are the lower energy costs in the future. If
upstream products are produced with less fossil energy, they also become cheaper (once the initial

investment costs have been repaid).
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5. Conclusions for technology transfer

The single most often listed industry in all upstream emission hotspots is the coal industry. This
means, a change in the inputs of this industry leads to the largest decrease in upstream emissions.
Changing the inputs into this industry, however, needs to be reinterpreted in this context. In
contrast to many other more aggregated industries, the electricity industry in EXIOBASE is
already disaggregated into its major technologies. Thus, even though coal electricity plants may
have some emissions saving potential, technological change here actually is the use of a different
electricity producing technology. This finding of replacing coal electricity with low-carbon
electricity support the call of the “Powering Past Coal Alliance” at the COP23 in November 2017
of ending the use of coal power rather sooner than later (Department for Business Energy &
Industrial Strategy, 2017). The natural general starting point would be for industry initiatives to
support low-carbon electricity technology transfers, of course, among others, more specific to the
industry.

For the technology transfer to be successful, certain prerequisites in the receiving country are
necessary, such as the openness to receive the technology as well as the capability to deploy and
use the new technologies (Wurlod and Eaton, 2015) as well as a credible policy mix supporting
the new technologies and giving the investors some security. Technology transfer should be seen
in their broadest definition, that it is not limited to the transfer of/investment in the new hardware,
but it also encompasses training and knowledge transfer, R&D support and collaboration, energy
efficiency improvements and related management practices (e.g. green supply chain management
(Diabat and Govindan, 2010)) as well as other innovation strategies (Coninck and Sagar, 2015).

In this way, the clean technologies further contribute to structural change, new industrialization
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patterns and hence an enhanced economic development (Giinther and Alcorta, 2011; Mathews and
Tan, 2016, 2014). These additional indirect effects can also be analysed using the MRIO approach.

Calculating the footprints using MRIO analysis gives industry averages and is, therefore,
especially interesting for industry networks, where multiple enterprises would like to collaborate
to reduce the industry-wide footprints. While individual enterprises can better assess their specific
footprint through LCA, they can use MRIO analysis in two ways: First, to estimate the emissions
that are truncated in an LCA (using hybrid methods) and, second, as benchmarks, i.e. to compare
their performance to the industry average. Thus, the results presented here should be seen as
complements to existing analyses (Schneider et al., 2014; Tarne et al., 2017; Zimmer et al., 2017)
and initiatives, such as the European Automotive Working Group on Supply Chain Sustainability'

or the Sustainable Businesses unit of the European Apparel and Textile Confederation',

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

i http://www.euratex.eu
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Mathematical Appendix

Let M denote the total number of countries, h be direct emissions by final demand, é be the
diagonalized matrix of emission intensities by industry and country and (I — A)~! be the multi-

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

CO2pp = i'3(1— A1V + I (A1)
yil 4 oo g yIM

with ¥ = : and y"° being final demand vector (either one or the sum of the FD
yML 4 yMM

categories) of country r directed at final goods of country s. y"™® = y°! + --- + y°™ is the total
demand for final goods produced in country c. Final demand for products in country ¢ would be
the “column sum” of the vectors in Y, i.e. y"? = y!" + --- + yM"_Then, entry (-1) *M+k of vector
CO2;; corresponds to final-product—based emissions of country 7’s industry k.

The goal is to find the upstream emission hotspot industries j in countries s of industry i (motor
vehicles) in country r (Germany). Final-product-based emissions of one product unit of i (this
excludes direct emissions from final demand as these are zero in case of motor vehicles) are
calculated as

CO2pp[r,i] = Xs,; ef/'li‘[, (A2)

with /1]5;" corresponding to entry of country s industry j and country r industry i in the Leontief

inverse matrix

Mo AN

L=0-A)"1= B (A3)
AN AN

The change in final product based emissions then is

ACO2pp[r,i] = A(Zsj e/ A7) = X5 A€ A7) = X5 j(Ae7 A5 + 7 AXT). (A4)
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The emission hotspot industries are those industries j country r for which a technological
change, i.e. a change in the corresponding input coefficient combined with a change in emission
intensity results in the biggest change in CO2p[r,i]. Using (Casler and Hadlock, 1997) for the
decomposition of the change in the Leontief coefficients A/lf”ir =i Ajs",:AaZ’j/lls,’ir , the
maximization problem can be phrased as

max jA(e]-SA;‘iT ) = max;; (Aef/lf"ir + el AL )
= max ; (Aejs)ljs"ir +ef Yex i Aj’,ﬁAaf{’jAf"ir ) (A5)

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

intensity ef of industry j in country s (the emission intensity depends on the use of emission

relevant inputs that are burned during production processes). If there is no change ine?, i.e. Aejs =

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

SqS7T S s,C C,SqSTr . S

-man {53 ey ifseg =0 40

A change in any input coefficient can lead to a reduction in upstream emissions, as this can be
achieved through a switch of intermediate products supply from a more emission intense to a less
emission intense industry. But, as only possibilities for emission saving technological change are
considered, the case of Ae; = 0 is dismissed.

Not all input coefficients have an impact on the emission intensity of industry j in country s.
Only those input coefficients corresponding to the industries that supply fuels for combustion, a
subset K of the set of all industries, determine the emissions of industry j in country s. Thus, the

maximization problem reduces to

max jA(ejSA;’ir ) = max i (Aejslfl'ir + e Yo ke )lfl’,an,Cc'j-/ljS"ir ). (A7)
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Before solving this maximization problem, the change in the emission intensity, Ae]-s ,

corresponding to the changes in the different input coefficients, Aa,cc’j-’s needs to be determined.

Depending on the set-up of the MRIO or MRSUT table, only one or possibly different
combustible energy fuels are supplied by industry/product group k € K. In the OECD ICIO (Wiebe
and Yamano, 2016) the relevant ISIC Rev. 3 industries are ‘C Mining and quarrying’, ‘D23
Manufacture of coke, refined petroleum products and nuclear fuel’, and ‘E Electricity, gas, and
water supply’. These industries are too aggregated for a detailed analysis of substitution
possibilities between different energy carriers. For that, a further breakdown of the industries,
using the IEA Energy Balance data (IEA, 2015b), is necessary.

In contrast, in EXIOBASE (Tukker et al 2013, Stadler et al forthcoming), the sector breakdown
is more detailed, showing the different energy products individually, see Table 1. During the
estimation of the environmental accounts of EXIOBASE, a matrix allocating CO> emissions by
energy product k to industries j will be created, CO2ZEPXI. It is not differentiated where product
k comes from, i.e. whether it is domestically produced or imported. Note that 3. cx CO2ZEPxI} ;
is equal to country s industry j‘s total CO2 emissions. Using this information country-specific
CO2EPxI coefficients, Ey ;, can be calculated by dividing the emissions by the corresponding
monetary flow in the aggregated (that is the sum over all import partner countries and domestic

flows) intermediate flow matrix Z of country s:

CO2EPxIy, ;
E;:j = T] (A8)
This in turn gives
COZEPXI,SCJ- = E,i‘j X Z,Sc,j. (A9)

The overall CO; intensity of industry j in country s, ejs, is
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s _ Ykek CO2EPXI ;  Ypek Ey jXZj

e = T (A10)
= Ykek Ek] F = Yrek Exj akj = Zrex Ex,j ak,j (A1l)

J

Where aj, ; are the coefficients corresponding to the aggregated intermediate flow matrix of
country s, i.e. ay ; = X¢ ay’ ;- Thus, the change in e; ? that results from a change in a3, gl

Are; = Eg jAay ; = Ef ;Aay, ;, and (A12)

maxs ; (Akef/’lf‘r +e’ YA SCA ijljslr) maxs ; (Eijakj/lsr +e’ YA SCA k]/ljslr)
(A13)
Any of the inputs from the CO> relevant products k € K (coming from all countries ¢) may
change. Unfortunately, these changes ay, ; s are not independent of each other. There are basically
two possibilities

1. A negative change in aj, ; is associated with an average positive change in the coefficient of
any or all other industries i € {1, ... N}, also including other energy products, possibly more
carbon intense then the one in question.

2. A negative change in aj, ; is associated with a use of energy carriers that do not emit carbon
when being used, e.g. electricity, i.e. a positive change in the input coefficient from the
electricity industry.

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

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

change in any input coefficient Aaj, j» €8 Aay, i = Adchange Vkek,s,j» Without considering the

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

max,; (Ef 0a5 A7 + ef Lo ATeAags AT )
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— _ S S,r S s,C S,r
- maxs,j,k (Ek,jAachange/lj,i + ej Zc Aj,kAachange Aj,i )

— (gs 3T s S,C 4S,T
—_ Aachangemaxs’j’k (Ek,jlj,l + e] ZC A],k A],l )

= max, (Eil AT+ el B AT ) (A14)

The target industry for technology transfer is identified by summing over all CO, relevant

products k € K:

S$qS,7v — S1S,7r S S,C C,S 1S,7r
max; ;A(e; A ) = max; ;(Ae; AT +e Zc’keKAj,kAak‘j/lj‘i)

= maxs ; (4] Ykex Exj + € Vekex A xAT ) (A15).

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

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

O© 00 N O U1 B W N -

W W W W W W W W W W N DNDNDNDNDNDNDNDDNDNRRR R R R R R 2=
O© 00 N O U1 o W N P O O 0N O Ul B WIN FP O O O N O Ul b W N+, O

No
20
21
22
23
24
25
26
27
28
29
30
64
65
66
67
68
69
70
71
72
73
74
75
77
78
79
80
81
83
84
91
142
143
144
145
178
179
180
182

Product

'Anthracite’

'Coking Coal'

'Other Bituminous Coal'
'Sub-Bituminous Coal’
'Patent Fuel'
'Lignite/Brown Coal’
'BKB/Peat Briquettes'
'Peat’

'Crude petroleum and services related to crude oil extraction, excl surveying'

'Natural gas and services related to natural gas extraction, excl surveying'

'Natural Gas Liquids'

'Coke Oven Coke'

'Gas Coke'

'Coal Tar'

'Motor Gasoline'

'Aviation Gasoline'

'Gasoline Type Jet Fuel'

'Kerosene Type Jet Fuel'

'Kerosene'

'Gas/Diesel Oil'

'Heavy Fuel Oil'

'Refinery Gas'

'Liquefied Petroleum Gases (LPG)'
'Ethane’

'Naphtha'

'White Spirit & SBP'

'Lubricants’

'Bitumen'

'Petroleum Coke'

'Non-specified Petroleum Products'
'Charcoal’

'Coke oven gas'

'Blast Furnace Gas'

'Oxygen Steel Furnace Gas'

'Gas Works Gas'

'Plastic waste for treatment: incineration'
'Intert/metal waste for treatment: incineration'
'Textiles waste for treatment: incineration’

'Oil/hazardous waste for treatment: incineration’

Code
'pl0.a’
'p10.b’
'p10.c’
'p10.d’
'p10.e’
'pl0.f
'p10.g’
'p10.h'
'pll.a’
'p1l.b’
'p11.b.1"
'p23.1.a'
'p23.1.b’'
'p23.1.c'
'p23.20.a'
'p23.20.b’
'p23.20.c'
'p23.20.d’
'p23.20.¢'
'p23.20.f
'p23.20.g'
'p23.20.h'
'p23.20.i'
'p23.20.K'
'p23.20.1'
'p23.20.m’
'p23.20.n'
'p23.20.0'
'p23.20.q'
'p23.20.r'
'p24.¢'
'p40.2.a'
'p40.2.b’'
'p40.2.c'
'p40.2.d'
'p90.1.c'
'p90.1.d'
'p90.1.€'
'p90.1.g'
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