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Abstract

The number of input-output assessments focused on energy has grown considerably in

the last years. Many of these assessments combine data from multi-regional input-



output (MRIO) databases with energy extensions that completely or partially depict the

different stages through which energy products are supplied or used in the economy.

The improper use of some energy extensions can lead to double accounting of some
energy flows, but the frequency with which this happens and the potential impact on the
results are unknown. Based on a literature review, we estimate that around a quarter of
the MRIO-based energy assessments reviewed incurred into double accounting. Using
the EXIOBASE MRIO database, we also analyse the effects of double accounting in the

absolute values and rankings of different countries’ and products’ energy footprints.

Building on the insights provided by our analysis, we offer a set of key recommendations
to MRIO users to avoid the double accounting problem in the future. Likewise, we
conclude that the harmonisation of the energy data across MRIO databases led by
experts could simplify the choices of the data users until the provision of official energy

extensions by statistical offices becomes a widespread practice.

Acronyms

COICOP Classification of individual consumption by purpose
EEU End energy use

EREU Emission-relevant energy use

GES Gross energy supply

GEU Gross energy use

IEA International Energy Agency

10 Input-output

MRIO Multi-regional input-output

NEU Net energy use

PES Primary energy supply

SEEA System of environmental-economic accounting
TPES Total primary energy supply



Variables

f Direct energy use by industries

geet Gross energy embodied in trade

gef Gross energy footprint

geu Gross energy use

i Country

j Industry and final consumption category
k Energy product

h Direct energy use by final consumers
L Leontief inverse

neet Net energy embodied in trade

nef Net energy footprint

neu Net energy use

s Direct energy intensity

y Final demand



1. Introduction

There is a growing volume of literature using input-output (I0) techniques to calculate
energy footprints and related metrics (e.g. Arto et al. (2016); Wood et al. (2018)). A
Google Scholar search of the terms “energy footprint” and “input-output analysis” yields

104 results in 2019 at the moment of writing these lines, compared to 11 in 2010.

The so-called consumption-based accounting makes use of IO and energy data to
compute both the direct and indirect energy flows induced by the final demand (i.e. the
energy footprint). Within a multi-regional framework, this method allows not only the
calculation of the total energy footprint caused by products consumed within a country in
a given year, but also the estimation of the energy use induced by trade between
countries. Such exercises require two elements: i) a multi-regional input-output (MRIO)
table mapping the monetary flows of goods and services between the different users
(industries and final demand) and countries of the global economy; and ii) the
corresponding energy extensions that record the direct supply and/or use of different
energy products by the industries and final demand components represented in MRIO

tables.

Most of the major MRIO databases (see Inomata and Owen (2014) for an overview)
contain information on energy flows that can be used for energy footprinting,
decomposition analysis and other policy-relevant exercises. In general, the energy
extensions available in those databases represent a variety of indicators that differ
depending on the database. However, this diversity of indicators can be a source of
confusion for users that are not familiar with the methodological concepts underlying the
construction of such extensions. This can ultimately lead to the selection of an energy
extension that is unsuitable for the intended analysis, which has implications for the

results.



Three main issues that need to be considered when selecting an energy extension have
been documented in the literature: i) methodological choices in the construction of the
extension, ii) supply vs. use perspective, and iii) double accounting of energy flows. In
this vein, Usubiaga and Acosta-Fernandez (2015) showed that the use of different
accounting principles affects considerably the air emission extensions - and therefore
the energy extensions - of multiple countries. Owen et al. (2017) and Wieland et al.
(2019), on the other hand, investigated the potential uses of energy supply and use
extensions, and quantified the numerical differences resulting therefrom. Last, Arto et al.
(2016) warned that using an extension that represents gross energy (i.e. that accounts
for both primary and secondary energy products) as opposed to net energy (i.e. that
omits the fraction of energy products that is transformed into other energy products)
would lead to accounting twice for certain energy flows, but did not elaborate on how

this could affect the results.

Against this background, this paper seeks to shed light on how common the double
accounting problem is and on its potential consequences. Thus, in section 2, we
introduce the key indicators represented through energy extensions and describe their
availability in different MRIO databases. While doing so, we show the instances that can
lead to double accounting when using certain energy extensions. Section 3 explains the
methodology used to quantify the frequency with which double accounting occurs and
how this can impact the results. Sections 4 and 5 present the results of our analysis and

discuss the main findings. Section 6 concludes.

2. Energy extensions and the double accounting problem

2.1. Overview of energy extensions

Energy extensions can be arranged around indicators that cover all or different stages of

the supply and use of energy as shown in Table 1. On the one hand, supply-side
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indicators record the energy flows entering the economy from the environment and the
outputs of transformation processes. On the other hand, use-side indicators represent
how primary and secondary energy products are allocated between various intermediate

and final users.

Table 1: Typology of energy extensions applicable to MRIO databases

Side Energy extension Definition

Supply of all energy products, primary or secondary, by
Gross energy supply (GES) domestic industries. It does not include imports in MRIO

format.
Supply

Supply of energy products extracted from the environment by
Primary energy supply (PES) domestic industries. It does not include imports in MRIO

format.

Use of all energy products, primary or secondary by domestic
Gross energy use (GEU) industries and final consumers such as households. It does not

include exports in MRIO format.

Use of energy products by domestic end users (*), including
Net energy use (NEU) the losses incurred during transformation, distribution,

transmission and transport, but excluding exports.

Use of all energy products by domestic end users (*), excluding
Use
End energy use (EEU) exports and the losses incurred during transformation,

distribution, transmission and transport.

Emission-relevant energy use Use of all energy products that lead to air emissions by

(EREU) domestic industries and final consumers such as households.

Direct use of energy products by households, split by type of
Direct household energy use
end use (e.g. heating, cooking, lighting and appliances,
by purpose
transportation, etc.).

Source: own elaboration.

Note: This table is not meant to capture all the energy indicators that can be represented through energy
extensions. Instead it shows the main energy indicators currently available in MRIO databases.

(*): End users represent the activities by industries and households where energy is used but not transformed

into other secondary energy products.



Gross energy extensions record separately all the flows of primary and secondary energy
products supplied and consumed by domestic industries and final consumers such as
households. In this context, primary energy refers to the energy resources captured or
extracted directly from the environment (e.g. crude oil, coal, natural gas, renewable
energy, biofuels and waste, etc.), while secondary energy covers the commodities
produced through the transformation of primary sources (e.g. electricity from fossil
fuels, refined petroleum products from crude oil, coke-oven coke from coking coal,
charcoal from fuelwood, etc.) (OECD et al. 2010). In this sense, the term ‘gross’ refers
to the fact that some energy products are mapped from the extraction to their final use,
and some of them are therefore accounted at two separate stages: as an input in the
transformation process and as the subsequent use of the resulting secondary product
(e.g. the coal used to produce electricity and the use of electricity produced by coal). At
the global level, the sum of GES of an energy product kK matches that of GEU (equation 1
and Figure S1 in the supplementary material). i refers to countries and j to industries

and final consumers.

YijGES;j) = X GEU; j i (1)

Supply can also be recorded in primary terms. Thus, the PES of a country covers the
domestic extraction of primary energy by domestic industries, similar to ‘domestic
extraction used’ in the environmental extension required for material footprinting in
environmentally extended IO analysis (Giljum et al. 2015) or the ‘primary inputs’ (e.g.
value added) in classical IO applications (Miller and Blair 2009). PES should not be
mistaken with total primary energy supply (TPES), an indicator used in the energy
balances of the International Energy Agency (IEA) to account for the net energy flows
entering the economy of a country either from the environment (i.e. as a domestic
extraction) or from other countries (through trade) that is not used as energy extension
in environmentally extended I0 analysis. TPES covers the domestic production of

primary energy, as well as the flows resulting from changes in stocks and from the
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physical trade balance between the imports and exports (including exchanges with
international aviation and marine bunkers) of both primary and secondary energy

products.

At the country level, TPES equals NEU, which records the direct energy used
(domestically produced and imported) by end users, less exports of energy products plus
all losses of energy (during transformation, distribution, transmission and transport) (see
equation 2). At the global level, since imports and exports are compensated, PES also
matches net energy use, when the latter includes the use of energy associated with
international marine and aviation bunkers (see equation 3). These relationships are

depicted in Figure S1 in the supplementary material.

i TPES; jx = XijNEU; j (2)

Yijk PES;jx = Xijx NEU; i (3)

Also from the use side, the end use extension represents the energy used by
intermediate and final users for purposes other than transformation, and excluding
exports. The direct energy use by households also provides policy-relevant information,
especially if disaggregated by purpose (e.g. space heating/cooling, water heating,
cooking, electric appliances, transportation, etc.). Last, the EREU extension records the
use flows of all the energy products that lead to emissions of air pollutants. For instance,
this extension would cover coal combusted in a power plant, but exclude the use of the
electricity and heat generated or the use of energy products for non-energy purposes
(e.g. feedstock), since the latter two do not lead to emissions. The compilation of EREU
extensions is an intermediate step towards the generation of air emission extensions
(Eurostat 2015). The main components of supply- and use-side energy indicators are

shown in Figure S2 in the supplementary material.



The coverage of these indicators in MRIO databases differs considerably. There are five
MRIO databases that are widely used for environmental footprinting exercises:
EXIOBASE (Stadler et al. 2018), WIOD (Timmer et al. 2015), EORA (Lenzen et al. 2013),
OECD ICIO (OECD and WTO 2012) and GTAP (Andrew and Peters 2013). Most of these
databases have energy extensions'. EXIOBASE provides GES and GEU data, as well as
PES, EREU and NEU data. WIOD covers GEU and EREU; GTAP and EORA include GEU and
NEU extensions respectively (see Table S1 in the supplementary material). ICIO does

not contain energy extensions.

2.2.Double accounting of energy flows

Double accounting in energy assessments occurs when the footprint of a product
group/industry/country incorporates both the inputs and outputs of transformation
processes. This gives a biased picture of the upstream energy requirements of the object
of study by penalising the use of secondary products. After all, the same energy service
can have a different energy footprint depending on whether secondary or primary

products were used to provide it.

In practice, this occurs when using GEU and GES extensions to calculate energy
footprints, energy embodied in trade, etc. For instance, when using the GEU extension to
calculate the energy footprint associated with the acquisition of a product that required
electricity produced through a diesel generator, the footprint would not only include the
electricity used during the production process (e.g. 0.4 gigajoules, GJ), but also the
diesel used as input in the diesel generator (e.g. 0.9 GJ of diesel to produce 0.4 GJ of
electricity) and the fraction of crude oil allocated to the diesel production in the oil
refinery (1 GJ of crude oil to produce 0.9 GJ of diesel assuming 10% losses). In other

words, the energy footprint would account for all the cumulative energy use of primary

1 GTAP is not published as a MRIO table, but can be converted into one.



(crude oil) and secondary energy (diesel, electricity). In this way the total amount of
energy computed as energy footprint (2.3 G] = 0.4 G] + 0.9 GJ + 1 GJ]) would be

greater than the actual primary energy (1 GJ).

As argued before, this situation applies to all energy carriers produced from primary
energy products (e.g. refined petroleum products from crude oil, coke-oven coke from

coking coal, charcoal from fuelwood, electricity from fossil fuels, heat, etc.).

3. Methodology

The paper has two main objectives. First, it intends to shed light on how often double
accounting occurs in MRIO-based energy analyses. Second, it seeks to show how double
accounting affects the results and the insights derived from them.

This section describes the methods used to identify the studies incurring in double

accounting and to quantify the bias introduced by such practices.

3.1. Search and selection strategy, and identification of studies incurring in

double accounting

In order to identify studies incurring in double accounting, we looked for relevant papers

in Scopus using the following search terms:

« KEY(energy AND ("input-output" OR footprint OR embodied)) AND ALL(EXIOBASE

OR WIOD OR GTAP OR EORA)

This search identified peer-reviewed studies that have the term ‘energy’ and at least one

in the “input-output, footprint, embodied” set of keywords. Since the focus is on MRIO

databases, the papers needed to mention at least one of the most widely used ones:
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EXIOBASE, WIOD, GTAP and EORA (ICIO OECD was not considered due to the lack of

energy extensions). The search was conducted on 12.02.2020 and yielded 273 results.

The set of 273 of studies includes several studies that are not focused on energy, are not
peer-reviewed (e.g. book chapters, conference proceedings) and do not use the
aforementioned databases. After screening the titles and abstract of the 273 studies, we
identified 67 that are peer-reviewed and combine MRIO databases and energy
extensions. WIOD is the database most used in the relevant studies (34), followed by

EORA (14), EXIOBASE (12) and GTAP (7).

Each of these studies was analysed by two authors independently to identify the energy
extension used and whether double accounting occurs. Among the studies that use the
GES, GEU or EREU? extensions to calculate or decompose the temporal change of energy
footprints or energy embodied in trade, we flagged those that consider all the (primary
and secondary) energy products included in the extensions. In those cases where the
study focuses on a specific energy product or on a set of primary energy products, it was
assumed that there is no double accounting. Disagreements over the analysis were

resolved jointly by the authors.

3.2.Effects of double accounting

Energy assessments that take a consumption perspective can be used to provide insights
on a variety of issues. For instance, they can be used to calculate the energy footprint of
a country and to monitor its evolution over time. They can also be used to calculate the
net energy embodied in trade at the national level. At a more detailed level, this type of
assessments can be used to calculate the energy footprint of specific product groups or

consumption clusters and to identify the main energy use hotspots.

2 While by definition the use of EREU would not lead to double accounting because it only considers energy
products that are combusted, the extension in WIOD includes electricity use and heat.
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In order to understand how double accounting can affect the results of energy analyses,
we computed a number of relevant indicators using the NEU and GEU extensions, and
compared the resulting figures. Given that we did not find studies using the GES
extension, we restricted the comparison to NEU and GEU. The database selected for this
exercise is EXIOBASE v3.7 (Stadler et al. 2018), since it is the only one that contains

publicly available NEU and GEU extensions.

The comparison of the results was done at three levels: national, industry and
consumption cluster. At the national level, we calculated energy footprints for the years
2000 and 2010, and energy embodied in trade for 2010 for the 44 countries and 5 rest-

of-world regions represented in EXIOBASE (equations 4, 5 and 6).

The total GEU/NEU of a country j is obtained directly from the environmental extensions
by summing the direct energy use (f) of all energy carriers (k) by national industries (j)

and the direct energy use by national final consumers (h).

geu; = Y fi,%cu + Yikhij (4a)

new; = Yk fllﬁu + Yjikhij (4b)

The gross/net energy footprint (gef, nef) of country i is the product of the row vector
energy intensity (s) by industry and country (in TJ per million €), the Leontief inverse
matrix (L), and the vector of final demand (y) of country /i, plus the energy use by final
consumers (h) in country j 3, Depending on the energy extension used (NEU or GEU),

the expressions for the calculation of the energy footprint would be:

3 .
In the equations, bold upper case letters, bold lower case letters and non-bold lower case letters are used to
represent matrices, vectors and scalars respectively.
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gefi = SGEU Lyl + hi (Sa)
Tlefi =SNEULyi+ hi (5b)

Finally, the gross/net energy embodied in trade (geet, neet) is a function of the energy
footprint and the domestic energy use. These ratios show the extent to which a country
is a net importer or exporter of energy. For instance, a value of 100% in equation 6b
shows that nef is twice as high as neu. Under these conditions, the country is a net
importer of energy, since the energy use induced by its final consumption is higher than
the energy used by the domestic industries and final consumers. Negative values show
the opposite, i.e. the energy use induced by the domestic final consumption of goods
and services is lower than the energy used by the domestic industries and final

consumers, which makes that country a net exporter of energy.

fi—geu;
geet; = 100 *% (6a)

neet; = 100 *% (6b)

i

The energy footprints were also calculated at industry and consumption cluster level. For
the latter, we allocated the footprints of industries to the main consumption categories
represented in the ‘Classification Of Individual Consumption by Purpose (COICOP) using
the allocation matrix in Castellani et al. (2019). Given that the allocation matrix was
produced for the European Union (EU), we only calculated the energy footprints at

COICORP level for the EU28 Member States represented in EXIOBASE.

Differences in the results were analysed using GEF-to-NEF ratios, as well as to Pearson

and Spearman rank correlations. Footprint ratios such as GEF-to-NEF shed light on the
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relative magnitude of the results obtained when using both extensions. Pearson and

Spearman rank correlations show the linear relationship of the results and their ranking.

4. Results

4.1.How common is double accounting in MRIO-based energy assessments?

The left side of Figure 1 shows the energy extensions used in the 67 studies identified
through the search and selection criteria presented in section 3.1. Most of the studies
use the official extensions made available along the MRIO databases. Thus, most WIOD
studies use GEU, followed by EREU. In a few cases, the users constructed their own
energy extension, which explains the use of NEU and PES. PES is also used in EORA and
GTAP despite the data not being part of the official MRIO database. The use of
extensions in EXIOBASE is more varied, in line with the wider availability of energy data.

In a few cases, it was not possible to identify the extension being used.

The right side of the figure further splits the studies based on whether double accounting
occurs or not. As argued previously, in principle, only the use of the GES or GEU
extensions can lead to double accounting. In the case of WIOD, the EREU extension also
includes electricity and heating, which if not removed when using it, would be
problematic. In total we identified 18 studies (27% of total) that seem to incur into
double accounting of energy flows. Most of these 18 cases are associated with the
misuse of the GEU extension. In four additional cases, we were not able to determine

whether double accounting occurs.

Most cases occur in WIOD (16), where an estimated 47% of the studies using the
database are potentially problematic (53% if considering the cases where we were not
able to determine if double accounting occurred). While many WIOD studies use the GEU

extension, many of them have avoided the double accounting problem by focusing on

14



single products such as electricity or primary products such as coal, crude oil, natural
gas and renewables. EXIOBASE accounts for the remaining 2 instances. No cases were
found in EORA and GTAP. Table 2 sorts the 67 studies reviewed based on the energy
extension used and the risk of double accounting. Unclear documentation could lead to

misclassification of papers.

Table 2in the Appendix contains the study-specific information.

Figure 1: Results of the literature review. a) Energy extensions used in selected studies; b) Instances of double

accounting per type of extension.
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Source: own elaboration.
Note: PES: Primary energy supply; GEU: Gross energy use; NEU: Net energy use; EEU: End energy use;

EREU: Emissions-relevant energy use; unc: unclear.

4.2.What are the potential consequences of double accounting?

Figure 2 shows the results of country energy footprints (including temporal change) and
energy embodied in trade in 2010 using the NEU and GEU extensions (GEF and NEF
respectively). As depicted in Figure 2a, GEF and NEF show high Pearson coefficients in

2010 (R=0.97). Nonetheless, most countries report per-capita GEF values considerably
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higher than those of NEF. The GEF-to-NEF ratios range from 1.29 to 2.44 depending on

the weight of secondary energy products in the supply chains.

The results of the relative change of footprints are also highly correlated (R=0.95), with
absolute differences going from -25% to +23% (Figure 2b). In 8 countries (out of 49)
relative change shows a different sign depending on the extension used, which gives a

conflicting message on whether the country is reducing its energy footprint.

The figures of net energy embodied in trade show a lower correlation than the previous
indicators (R=0.77), with differences in absolute differences ranging from -26% to
+173% (Figure 2c). In this case, 5 countries switch from being net importers to net

exporters (or vice versa) depending on the extension used.

Figure 2: Comparison of country performance using different consumption-based indicators using GEU and NEU
extensions. a) Energy footprints, 2010. b) Change in energy footprints, 2000-2010. ¢) net energy embodied in

trade, 2010.
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Source: own calculations based on EXIOBASE v3.7.

Footprints by consumption category show a more diverse picture. Consumption
categories are represented through the products of 163 different industries, hereinafter
referred to as products for readability purposes. Figure 3a shows the Pearson and

Spearman rank coefficients of country footprints for each product. Correlations of per-
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capita GEF and NEF change considerably from country to country, with 29% of countries
obtaining R values lower than 0.8 (51% with R<0.85). This indicates that the choice of
the extension affects the absolute values of the products differently in some countries.
This is, however, not the case with product footprint rankings, which barely differ when

different extensions.

Figure 3b focuses on the top 10 products that are most affected by the choice of
extension. Not surprisingly, the footprints of coke, refined petroleum products and
nuclear fuel (i23.1, i23.2 and i23.3) are among those that are most impacted. In the
extension, these industries have low losses when transforming primary energy products
into secondary energy products and therefore report NEU values much lower than GEU
values. This initial difference in the extension can be offset to a certain extent in the
footprint depending on the weight of other energy inputs in the supply chain of those
industries. Additional relevant products affected by the selection of the extension are
linked to some forms of electricity production and transmission (i40.11g, i40.12), as well
as to heat production (i40.3). Other products include terrestrial transportation (i60.2),
which relies heavily on refined petroleum products; coal and natural gas (i10 and i11.b),
and construction (i45.w). In this context, the GEF of most products in Figure 3b is higher
than NEF by a factor of 1.4 to 2.7 (median values). In the case of refined petroleum

products and coke the median GEF values are 6.1 and 4.6 respectively.
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Figure 3: a) Pearson and Spearman rank correlation coefficients of country footprints at product level, 2010. b)

GEF-to-NEF ratio of the top 10 products affected by the change of extension.
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Note: The selection of the products in figure b is based on the % of countries in which the GEF-to-NEF ratio of
a product is among the top 10 affected. This percentage is show within parenthesis after the code in the
following lines. i23.1 (100%): Manufacture of coke oven products, i23.2 (100%): Petroleum refinery, i40.3
(88%): Steam and hot water supply, i23.3 (69%): Processing of nuclear fuel, i60.2 (51%): Other land
transport, i1l1b (39%): Extraction of natural gas and services related to natural gas extraction, excluding
surveying, i10 (27%): Mining of coal and lignite; extraction of peat, i40.11.g (27%): Production of electricity
by biomass and waste, i45.w (27%): Re-processing of secondary construction material into aggregates, i40.12
(24%): Transmission of electricity.

The upper and lower edges of the rectangle represent the 75th and 25th percentiles, while the top and bottom
markers represent the maximum and minimum values excluding outliers. The latter are represented with

circles.

The ranking of the products that are most affected by the choice of the extension
depends on the product resolution of the MRIO database. For instance, if all the products
in i23 and i40 were represented in two single groups (as it is the case in WIOD for
instance), we would see a different set of products in Figure 3b. To better understand
how the results are impacted, we have represented the same information by aggregated
consumption categories in COICOP classification (Figure 4). The picture is somehow
similar. The GEF and NEF of the COICOP categories show relatively high Pearson
coefficients and very high Spearman coefficients (Figure 4a). This suggests that the
selection of the extension has limited effects on rankings, but that it affects the absolute

values of the COICOP categories differently in some countries. Transport and housing are
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the categories that show highest GEF-to-NEF ratios (Figure 4b). The former is
particularly affected, since the GEF values are 3.1 times higher than NEF values (median

value), but can be up to 4.5.

Figure 4: a) Pearson and Spearman rank correlation coefficients of country footprints at COICOP level, 2010. b)

GEF-to-NEF ratio of COICOP categories.
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equipment and routine household maintenance, CP06: Health, CP07: Transport, CP08: Communications, CP09:
Recreation and culture, CP10: Education, CP11: Restaurants and hotels, CP12: Miscellaneous goods and
services.

The upper and lower edges of the rectangle represent the 75th and 25th percentiles, while the top and bottom
markers represent the maximum and minimum values excluding outliers. The latter are represented with

circles.

5. Discussion

The previous sections have shown that there are several possibilities to undertake
energy footprinting and related analyses with MRIO databases. Users often choose
among the databases on the basis of factors such as country and time coverage and/or
industry/product resolution. After doing so, they can either use the energy extensions
available or produce their own, which is not completely unusual. This offers the users of

MRIO databases options beyond those shown in Table S1.
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While having more options is arguably good, as we previously hypothesised, it can also
lead to confusion among less experienced users, resulting in misleading or, at least,
biased messages. Our review confirms that a relevant number of studies has potentially
incurred in some type of double accounting of energy flows. Out of the 67 studies
included, 27% were flagged as potentially problematic, usually because they used the
GEU extension without correcting it to avoid representing the energy inputs and outputs
of transformation processes at the same time. Most of the cases of double accounting
occurred when using WIOD; EXIOBASE accounted for the rest. These figures could vary
slightly due to errors we might have made in the identification of the extensions used or
when determining whether a specific study had double accounting. Such errors are most
likely linked to poor documentation and inconsistent use of key energy terms in the
studies. When possible, we have tried to overcome this situation by comparing the

values reported in the studies with those in the original MRIO databases.

The effects of double accounting when using the GEU instead of the NEU extension vary
considerably depending on the specific research question to be answered. For instance,
rankings of nation and product footprints appear to be very insensitive to the choice of
the extension. Nonetheless, there are several cases in which countries move from being
net exporters to net importers of energy and from reducing to increasing their energy
footprints (or vice versa). This shows the extent to which conflicting messages can arise
at the country level when misusing energy extensions. At the product level, absolute
footprints are affected differently between countries. This depends on the weight of
secondary energy products in the supply chains of the product being assessed.
Consequently, refined oil products, heat, coke oven products and road transport are
among the most affected products. It is expected that the list of most affected products
will differ between MRIO databases, and depending on whether supply and use or 10
tables are used to calculate footprints (Lenzen and Rueda-Cantuche 2012). After all,

they have different industry/product resolutions and this has been shown to affect the
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absolute values of product footprints (Steen-Olsen et al. 2014; de Koning et al. 2015).
This bias is partially avoided when looking at the energy footprints of consumption
clusters such as COICOP categories. What seems clear is that the main insights provided
by a MRIO-based energy assessment can be affected if the user incurs in double
accounting of energy flows. Our analysis has used EXIOBASE to approach this problem
generically, but the specifics will depend on the focus of the assessment (e.g.

geographical scope, product resolution, target production category, etc.).

5.1.Recommendations for data users

Data users can do two things to avoid this problem: either choose a MRIO database that
contains energy extensions that can be used directly in the analysis or adapt/create the
energy extensions for a given MRIO database. Commonly, the first option involves the
use of PES or NEU and would therefore be suited for MRIO databases that already
contain that information. PES and NEU record energy only once, either at the point of
extraction or at the point where it is used or lost. Hence, both PES and NEU extensions
are suitable - as opposed to GEU and GES - to calculate energy footprints. This

statement is also valid for subsets of NEU such as EEU.

In this context, it is important to bear in mind that PES- and NEU-based footprints
provide different insights and are therefore meant to answer different research
questions. As explained by Owen et al. (2017), PES can be used as an extension to
address energy security and geopolitical issues, since the resulting footprint can be
disaggregated to show the origin of the primary energy carrier that has been either used
in its original form or as secondary product. NEU, on the other hand, is more suited to
explore issues related to energy efficiency in energy and non-energy industries, given
that the extension records the direct energy use by industries and the losses incurred
during transformation, storage, distribution and so on. While the effects of changes in

final demand in consumption-based energy indicators can be modelled using both PES
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and NEU extensions, the latter represents the direct energy use by households and thus,
it allows for a more comprehensive assessment of behavioural change, especially when
the direct energy consumption is split by purpose (e.g. cooking, heating, appliances,

etc.).

EREU has also been used a few times in energy assessments. EREU also records energy
use once - at the point of combustion - and therefore does not lead to double
accounting. EREU can be an interesting option if the assessment focuses on the drivers
of air emissions, although most users use the air emission extensions directly to

compute carbon footprints and other air emission footprints.

The second option is to customise an existing energy extension or to create a new one,
although the latter can be challenging and time consuming for less experienced users.
We have argued that because GEU records energy both before and after transformation
(e.g. coal and electricity, crude oil and refined petroleum products such as diesel,
gasoline or kerosene), it should not be used as given to calculate indicators such as

energy footprints or energy embodied in trade.

Some users only select the data of primary energy products or focus on single energy
products such as electricity or natural gas, thereby avoiding the double accounting
problem. This is not to say that GEU and GES as a whole do not provide useful
information. In fact, the concept of gross energy is very useful for modelling purposes
(Koesler and Pothen 2013; Kratena et al. 2013; Igos et al. 2015; Koesler and Schymura
2015), since it resembles the structure of the supply and use tables in the System of

National Accounts and the production functions used in models.

All in all, users should become familiar with the risks associated with using some energy

extensions and consider this when selecting the energy data to be used.
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5.2.Recommendations for data producers

There is also a role to be played by the producers of data in order to simplify the choices
to be made by the users. After all, the environmental extension has been identified as
the most relevant explanatory factor of the numerical differences in carbon footprints of
different MRIO databases (Moran and Wood 2014; Owen et al. 2014). Because most
carbon emissions result from the combustion of energy products, it is reasonable to
assume that energy extensions would also be a key contributing factor to different

results in MRIO-based analyses.

A relevant - but often overlooked — methodological aspect affecting use-based
extensions such as GEU, NEU or EREU refers to the system boundaries adopted when
constructing the accounts. Use-based extensions should be fully aligned with the System
of Environmental-Economic Accounting (SEEA) (UN 2015). The SEEA is the
environmental counterpart to the System of National Accounts (EC et al. 2009), which
provides the accounting rules to structure the monetary IO tables. In practice, this
means that energy accounts should be based on the residence principle (i.e. cover the
activities of the residents of the country) instead of the territory principle (i.e. cover the
activities that take place within the country; followed in the energy balances of the
International Energy Agency). As shown by Usubiaga and Acosta-Fernandez (2015), this
affects considerably the air emission extensions — and therefore the energy extensions -
of multiple countries. MRIO databases like EORA and GTAP do not seem to arrange their
energy extensions according to these rules. How originally misreported industrial energy
use data is handled (Fujimori and Matsuoka 2011) can also be relevant when

constructing energy extensions.

Because of the technicalities involved in the generation of energy extensions, in the
short-term, a harmonisation of the energy data across MRIO databases led by experts -

similar to the process facilitated by the International Resource Panel in relation to
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material flow accounts (IRP 2019) - could benefit the user by simplifying the choices to
be made and foster the policy uptake of energy footprints, and by extension of carbon
footprints. This could bridge the data gap until the majority of national statistical offices
report comparable energy flow account data on a regular basis. Eurostat and the OECD
are particularly well suited to lead a process in which the reporting of standardised

energy accounts by countries becomes the norm, rather than the exception.

6. Conclusions

The irruption of environmentally-extended MRIO databases produced by academics led
to a fast increase in energy footprinting and related studies in the last decade. These
studies used a variety of energy extensions. Some of them were made available along

these MRIO databases, while others were collated by the users themselves.

The wide availability of data allowed assessing the energy profiles of consumption from
different angles, but also resulted in the misuse of some extensions leading to double
accounting of energy flows. The problem of double accounting has been referred to in a
few publications in recent years, but its extent or the actual effects in the results were so
far unknown. To that end, this paper reviewed 67 studies, a quarter of which accounted
for some energy flows twice. Most cases where doubling accounting occurred were

related to the (mis)use of the GEU extension.

While it is not possible to document the actual implications in the problematic studies
without replicating them, this paper adopted a pragmatic approach to understand the
effects of double accounting. By calculating a series of footprint indicators using both
GEU and NEU extensions, we showed that the double accounting does have an impact on
the results, potentially leading to biased conclusions. This is particularly relevant for the
sectors that use secondary energy products. Country and sector rankings, on the other

hand, seem to be relatively insensitive to double accounting.
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Our results show that the effects of double accounting are by no means negligible. Users
can avoid potential problems by carefully selecting environmental extensions and/or
adapting them when necessary. There is also room for data producers to simplify the
choices of the users. Harmonisation of the energy extensions across MRIO databases

would be a useful first step.
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Appendix

Table 2 sorts the 67 studies reviewed based on the energy extension used and the risk

of double accounting. Unclear documentation could lead to misclassification of papers.

Table 2: Uses of energy extensions in MRIO databases

Energy No double Risk of double
Database Unclear
extension accounting accounting
Primary energy Rocco and Colombo
supply (2016b, 2016a)
Bortolamedi (2015); Kucukvar and Samadi
WIOD
Cortés-Borda et al. (2015); Xia et al.
Gross energy use -
(2015b, 2015a); (2015); Andreoni
Kucukvar et al. (2017); Kaya (2017);
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(2016); Liu et al.
(2016); Tang et al.
(2016); Zhong
(2018); Kucukvar et
al. (2019); Wang and
Song (2019); Ezici et
al. (2020); Wang et al.

(2020)

Deng et al. (2018); Liu
et al. (2018c, 2018a,
2018b); Chen et al.
(2019); Tian et al.
(2019); Jiang et al.
(2020); Liu et al.

(2020b, 2020a)

Net energy use

Arto et al. (2016)

Emission-relevant

energy use

Wang et al. (2017)

Gasim (2015); Zhang

et al. (2019)

Unclear

Guevara et al. (2019)

Tao et al. (2018)

Asici (2015);
Kaltenegger et al.

(2017)

EORA

Primary energy

supply

Chen and Wu (2017);
Wu and Chen (2017b,
2017a); Hong et al.

(2019); Wu and Chen

(2019)

Net energy use

Schandl et al. (2016);
Akizu-Gardoki et al.
(2018); Rocco et al.
(2018); Lam et al.
(2019); Lundie et al.
(2019); Wu et al.
(2019a); Wu et al.

(2019b)

Unclear

Chen et al. (2018)

Lan et al. (2016)

EXIOBASE

Primary energy

supply

Min and Rao (2018);
Font Vivanco et al.
(2019); Kan et al.

(2020)

Gross energy use

Freire-Gonzalez
(2017); Freire-

Gonzélez and Font
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Vivanco (2017)

Net energy use

Simas et al. (2015);
Vita et al. (2019);
Usubiaga-Liafio et al.

(2020)

Emission-relevant

energy use

Wood et al. (2018)

Unclear

Kan et al. (2019)

Lang and Kennedy
(2016); Joyce et al.

(2019)

Primary energy

supply

Sato et al. (2017);

Kan et al. (2019)

GTAP

Gross energy use

Chen and Chen
(2011); Cui et al.

(2015)

Net energy use

Mi et al. (2018)

End energy use

Bordigoni et al. (2012)

Unclear

Kharrazi et al. (2015)

Source: own

Note: Unclear documentation might result in the misclassification of some papers.

elaboration.

27




References

Akizu-Gardoki, O., G. Bueno, T. Wiedmann, J. M. Lopez-Guede, |. Arto, P. Hernandez, and D. Moran.
2018. Decoupling between human development and energy consumption within footprint
accounts. Journal of Cleaner Production 202: 1145-1157.

Andreoni, V. 2017. Energy Metabolism of 28 World Countries: A Multi-scale Integrated Analysis.
Ecological Economics 142: 56-69.

Andrew, R. M. and G. P. Peters. 2013. A MULTI-REGION INPUT-OUTPUT TABLE BASED ON THE
GLOBAL TRADE ANALYSIS PROJECT DATABASE (GTAP-MRIO). Economic Systems Research
25(1): 99-121.

Arto, I, I. Capellan-Pérez, R. Lago, G. Bueno, and R. Bermejo. 2016. The energy requirements of a
developed world. Energy for Sustainable Development 33: 1-13.

Asicl, A. A. 2015. On the sustainability of the economic growth path of Turkey: 1995-20009.
Renewable and Sustainable Energy Reviews 52: 1731-1741.

Bordigoni, M., A. Hita, and G. Le Blanc. 2012. Role of embodied energy in the European
manufacturing industry: Application to short-term impacts of a carbon tax. Energy Policy 43:
335-350.

Bortolamedi, M. 2015. Accounting for hidden energy dependency: The impact of energy embodied
in traded goods on cross-country energy security assessments. Energy 93: 1361-1372.

Castellani, V., A. Beylot, and S. Sala. 2019. Environmental impacts of household consumption in
Europe: Comparing process-based LCA and environmentally extended input-output analysis.
Journal of Cleaner Production 240: 117966.

Chen, B., J. S. Li, X. F. Wu, M. Y. Han, L. Zeng, Z. Li, and G. Q. Chen. 2018. Global energy flows
embodied in international trade: A combination of environmentally extended input—output
analysis and complex network analysis. Applied Energy 210: 98-107.

Chen, G. Q. and X. F. Wu. 2017. Energy overview for globalized world economy: Source, supply chain
and sink. Renewable and Sustainable Energy Reviews 69: 735-749.

Chen, G. Q., X. D. Wu, J. Guo, J. Meng, and C. Li. 2019. Global overview for energy use of the world
economy: Household-consumption-based accounting based on the world input-output
database (WIOD). Energy Economics 81: 835-847.

Chen, Z. M. and G. Q. Chen. 2011. An overview of energy consumption of the globalized world
economy. Energy Policy 39(10): 5920-5928.

Corsatea, T. D, S. Lindner, I. Arto, M. V. Roman, J. M. Rueda-Cantuche, A. Velazquez Afonso, A. F.
Amores, and F. Neuwahl. 2019. World Input-Output Database Environmental Accounts.
Update 2000-2016. JRC116234. Luxembourg: Publications Office of the European Union. JRC
Technical Reports.

Cortés-Borda, D., G. Guillén-Gosélbez, and L. Jiménez. 2015a. Assessment of nuclear energy
embodied in international trade following a world multi-regional input—output approach.
Energy 91: 91-101.

Cortés-Borda, D., G. Guillén-Gosdlbez, and L. Jiménez. 2015b. Solar energy embodied in international
trade of goods and services: A multi-regional input—output approach. Energy 82: 578-588.

Cui, L.-B., P. Peng, and L. Zhu. 2015. Embodied energy, export policy adjustment and China's
sustainable development: A multi-regional input-output analysis. Energy 82: 457-467.

de Koning, A., M. Bruckner, S. Lutter, R. Wood, K. Stadler, and A. Tukker. 2015. Effect of aggregation
and disaggregation on embodied material use of products in input—output analysis.
Ecological Economics 116: 289-299.

Deng, G., Y. Ma, L. Zhang, and G. Liu. 2018. China’s embodied energy trade: based on hypothetical
extraction method and structural decomposition analysis. Energy Sources, Part B: Economics,
Planning, and Policy 13(11-12): 448-462.

28



EC, IMF, OECD, UN, and WB. 2009. System of National Accounts 2008. New York: European
Commission, et al.

EORA. 2017. Eora Satellite Accounts: Method and data Notes.

Eurostat. 2015. Manual for air emissions accounts. Luxembourg: Eurostat.

Ezici, B., G. Egilmez, and R. Gedik. 2020. Assessing the eco-efficiency of U.S. manufacturing industries
with a focus on renewable vs. non-renewable energy use: An integrated time series MRIO
and DEA approach. Journal of Cleaner Production 253: 119630.

Font Vivanco, D., R. Wang, S. Deetman, and E. Hertwich. 2019. Unraveling the Nexus: Exploring the
Pathways to Combined Resource Use. Journal of Industrial Ecology 23(1): 241-252.

Freire-Gonzalez, J. 2017. Evidence of direct and indirect rebound effect in households in EU-27
countries. Energy Policy 102: 270-276.

Freire-Gonzdlez, J. and D. Font Vivanco. 2017. The influence of energy efficiency on other natural
resources use: An input-output perspective. Journal of Cleaner Production 162: 336-345.

Fujimori, S. and Y. Matsuoka. 2011. Development of method for estimation of world industrial
energy consumption and its application. Energy Economics 33(3): 461-473.

Gasim, A. A. 2015. The embodied energy in trade: What role does specialization play? Energy Policy
86: 186-197.

Giljum, S., M. Bruckner, and A. Martinez. 2015. Material Footprint Assessment in a Global Input-
Output Framework. Journal of Industrial Ecology 19(5): 792-804.

Guevara, Z., E. Molina-Pérez, E. X. M. Garcia, and V. Pérez-Cirera. 2019. Energy and CO2 emission
relationships in the NAFTA trading bloc: a multi-regional multi-factor energy input—output
approach. Economic Systems Research 31(2): 178-205.

Hong, S., H. Yang, H. Wang, and T. Cheng. 2019. Water and energy circulation characteristics and
their impacts on water stress at the provincial level in China. Stochastic Environmental
Research and Risk Assessment.

Igos, E., B. Rugani, S. Rege, E. Benetto, L. Drouet, and D. S. Zachary. 2015. Combination of
equilibrium models and hybrid life cycle-input—output analysis to predict the environmental
impacts of energy policy scenarios. Applied Energy 145: 234-245,

Inomata, S. and A. Owen. 2014. COMPARATIVE EVALUATION OF MRIO DATABASES. Economic
Systems Research 26(3): 239-244.

IRP. 2019. Global Material Flows Database. https://www.resourcepanel.org/global-material-flows-
database. Accessed.

Jiang, L., S. He, X. Tian, B. Zhang, and H. Zhou. 2020. Energy use embodied in international trade of
39 countries: Spatial transfer patterns and driving factors. Energy 195: 116988.

Joyce, P. J., G. Finnveden, C. Hakansson, and R. Wood. 2019. A multi-impact analysis of changing ICT
consumption patterns for Sweden and the EU: Indirect rebound effects and evidence of
decoupling. Journal of Cleaner Production 211: 1154-1161.

Kaltenegger, O., A. Loschel, M. Baikowski, and J. Lingens. 2017. Energy costs in Germany and Europe:
An assessment based on a (total real unit) energy cost accounting framework. Energy Policy
104: 419-430.

Kan, S., B. Chen, J. Meng, and G. Chen. 2020. An extended overview of natural gas use embodied in
world economy and supply chains: Policy implications from a time series analysis. Energy
Policy 137: 111068.

Kan, S.Y., B. Chen, X. F. Wu, Z. M. Chen, and G. Q. Chen. 2019. Natural gas overview for world
economy: From primary supply to final demand via global supply chains. Energy Policy 124
215-225.

Kaya, T. 2017. Unraveling the energy use network of construction sector in Turkey using structural
path analysis. International Journal of Energy Economics and Policy 7(1): 31-43.

Kharrazi, A., M. Sato, M. Yarime, H. Nakayama, Y. Yu, and S. Kraines. 2015. Examining the resilience
of national energy systems: Measurements of diversity in production-based and

29



consumption-based electricity in the globalization of trade networks. Energy Policy 87: 455-
464.

Koesler, S. and F. Pothen. 2013. The Basic WIOD CGE Model: A Computable General Equilibrium
Model Based on the World Input-Output Database. Dokumentation Nr. 13-04. Mannheim:
Zentrum fir Europdische Wirtschaftsforschung (ZEW).

Koesler, S. and M. Schymura. 2015. SUBSTITUTION ELASTICITIES IN A CONSTANT ELASTICITY OF
SUBSTITUTION FRAMEWORK — EMPIRICAL ESTIMATES USING NONLINEAR LEAST SQUARES.
Economic Systems Research 27(1): 101-121.

Kratena, K., G. Streicher, U. Temurshoev, A. F. Amores, |. Arto, I. Mongelli, F. Neuwahl, J. M. Rueda-
Cantuche, and V. Andreoni. 2013. FIDELIO 1: Fully Interregional Dynamic Econometric Long-
term Input-Output Model for the EU27. Report EUR 25985 EN. Seville: Joint Research Centre
- Institute for Prospective Technological Studies.

Kucukvar, M. and H. Samadi. 2015. Linking national food production to global supply chain impacts
for the energy-climate challenge: the cases of the EU-27 and Turkey. Journal of Cleaner
Production 108: 395-408.

Kucukvar, M., N. C. Onat, G. M. Abdella, and O. Tatari. 2019. Assessing regional and global
environmental footprints and value added of the largest food producers in the world.
Resources, Conservation and Recycling 144: 187-197.

Kucukvar, M., B. Canseyv, G. Egilmez, N. C. Onat, and H. Samadi. 2016. Energy-climate-manufacturing
nexus: New insights from the regional and global supply chains of manufacturing industries.
Applied Energy 184: 889-904.

Lam, K. L., S. J. Kenway, J. L. Lane, K. M. N. Islam, and R. Bes de Berc. 2019. Energy intensity and
embodied energy flow in Australia: An input-output analysis. Journal of Cleaner Production
226:357-368.

Lan, J., A. Malik, M. Lenzen, D. McBain, and K. Kanemoto. 2016. A structural decomposition analysis
of global energy footprints. Applied Energy 163: 436-451.

Lang, T. and C. Kennedy. 2016. Assessing the Global Operational Footprint of Higher Education with
Environmentally Extended Global Multiregional Input-Output Models. Journal of Industrial
Ecology 20(3): 462-471.

Lenzen, M. and J. M. Rueda-Cantuche. 2012. A note on the use of supply-use tables in impact
analyses. Statistics and Operations Research Transactions 36(2): 139-152.

Lenzen, M., D. Moran, K. Kanemoto, and A. Geschke. 2013. BUILDING EORA: A GLOBAL MULTI-
REGION INPUT-OUTPUT DATABASE AT HIGH COUNTRY AND SECTOR RESOLUTION. Economic
Systems Research 25(1): 20-49.

Liu, B., D. Wang, Y. Xu, C. Liu, and M. Luther. 2018a. A multi-regional input—output analysis of energy
embodied in international trade of construction goods and services. Journal of Cleaner
Production 201: 439-451.

Liu, B., D. Wang, Y. Xu, C. Liu, and M. Luther. 2018b. Embodied energy consumption of the
construction industry and its international trade using multi-regional input—output analysis.
Energy and Buildings 173: 489-501.

Liu, B., D. Wang, Y. Xu, C. Liu, and M. Luther. 2018c. Vertical specialisation measurement of energy
embodied in international trade of the construction industry. Energy 165: 689-700.

Liu, B., L. Zhang, J. Sun, D. Wang, C. Liu, M. Luther, and Y. Xu. 2020a. Analysis and comparison of
embodied energies in gross exports of the construction sector by means of their value-
added origins. Energy 191: 116546.

Liu, B., L. Zhang, J. Sun, D. Wang, C. Liu, M. Luther, and Y. Xu. 2020b. Composition of energy outflows
embodied in the gross exports of the construction sector. Journal of Cleaner Production 248:
119296.

Liu, X., B. Moreno, and A. S. Garcia. 2016. A grey neural network and input-output combined
forecasting model. Primary energy consumption forecasts in Spanish economic sectors.
Energy 115: 1042-1054.

30



Lundie, S., T. Wiedmann, M. Welzel, and T. Busch. 2019. Global supply chains hotspots of a wind
energy company. Journal of Cleaner Production 210: 1042-1050.

Mastrucci, A., J. Min, A. Usubiaga-Liafio, and N. D. Rao. 2020. A Framework for Modelling
Consumption-Based Energy Demand and Emission Pathways. Environmental Science &
Technology 54(3): 1799-1807.

McDougall, R. A. and H.-L. Lee. 2008. Chapter 17: An Energy Data Base for GTAP. In Global Trade,
Assistance, and Production: The GTAP 7 Data Base, edited by B. N. G. and T. L. Walmsley:
Center for Global Trade Analysis - Purdue University,.

Mi, Z., ). Zheng, J. Meng, Y. Shan, H. Zheng, J. Ou, D. Guan, and Y.-M. Wei. 2018. China's Energy
Consumption in the New Normal. Earth's Future 6(7): 1007-1016.

Miller, R. E. and P. D. Blair. 2009. Input-Output Analysis: Foundations and Extensions: Cambridge
University Press.

Min, J. and N. D. Rao. 2018. Estimating Uncertainty in Household Energy Footprints. Journal of
Industrial Ecology 22(6): 1307-1317.

Moran, D. and R. Wood. 2014. CONVERGENCE BETWEEN THE EORA, WIOD, EXIOBASE, AND
OPENEU'S CONSUMPTION-BASED CARBON ACCOUNTS. Economic Systems Research 26(3):
245-261.

OECD and WTO. 2012. Trade in Value-Added: Concepts, Methodologies and Challenges (Joint OECD-
WTO Notes). O.f. E. C.-0. a. D. a. W. T. Organisation.

OECD, IEA, and Eurostat. 2010. Energy Statistics Manual. Paris: International Energy Agency.

Owen, A., K. Steen-Olsen, J. Barrett, T. Wiedmann, and M. Lenzen. 2014. A STRUCTURAL
DECOMPOSITION APPROACH TO COMPARING MRIO DATABASES. Economic Systems
Research 26(3): 262-283.

Owen, A., P. Brockway, L. Brand-Correa, L. Bunse, M. Sakai, and J. Barrett. 2017. Energy
consumption-based accounts: A comparison of results using different energy extension
vectors. Applied Energy 190(Supplement C): 464-473.

Rocco, M. V. and E. Colombo. 2016a. Evaluating energy embodied in national products through
Input-Output analysis: Theoretical definition and practical application of international trades
treatment methods. Journal of Cleaner Production 139: 1449-1462.

Rocco, M. V. and E. Colombo. 2016b. Internalization of human labor in embodied energy analysis:
Definition and application of a novel approach based on Environmentally extended Input-
Output analysis. Applied Energy 182: 590-601.

Rocco, M. V., R. J. Forcada Ferrer, and E. Colombo. 2018. Understanding the energy metabolism of
World economies through the joint use of Production- and Consumption-based energy
accountings. Applied Energy 211: 590-603.

Sato, M., A. Kharrazi, H. Nakayama, S. Kraines, and M. Yarime. 2017. Quantifying the supplier-
portfolio diversity of embodied energy: Strategic implications for strengthening energy
resilience. Energy Policy 105: 41-52.

Schandl, H., S. Hatfield-Dodds, T. Wiedmann, A. Geschke, Y. Cai, J. West, D. Newth, T. Baynes, M.
Lenzen, and A. Owen. 2016. Decoupling global environmental pressure and economic
growth: scenarios for energy use, materials use and carbon emissions. Journal of Cleaner
Production 132: 45-56.

Simas, M., R. Wood, and E. Hertwich. 2015. Labor Embodied in Trade. Journal of Industrial Ecology
19(3): 343-356.

Stadler, K., R. Wood, T. Bulavskaya, C.-J. Sédersten, M. Simas, S. Schmidt, A. Usubiaga, J. Acosta-
Fernandez, J. Kuenen, M. Bruckner, S. Giljum, S. Lutter, S. Merciai, J. H. Schmidt, M. C.
Theurl, C. Plutzar, T. Kastner, N. Eisenmenger, K.-H. Erb, A. d. Koning, and A. Tukker. 2018.
Developing a time series of detailed Environmentally Extended Multi-Regional Input-Output
tables. Journal of Industrial Ecology 22(3): 502-515.

31



Steen-Olsen, K., A. Owen, E. G. Hertwich, and M. Lenzen. 2014. EFFECTS OF SECTOR AGGREGATION
ON CO2 MULTIPLIERS IN MULTIREGIONAL INPUT-OUTPUT ANALYSES. Economic Systems
Research 26(3): 284-302.

Tang, X., B. C. McLellan, B. Zhang, S. Snowden, and M. H66k. 2016. Trade-off analysis between
embodied energy exports and employment creation in China. Journal of Cleaner Production
134:310-319.

Tao, F., Z. Xu, A. A. Duncan, X. Xia, X. Wu, and J. Li. 2018. Driving forces of energy embodied in China-
EU manufacturing trade from 1995 to 2011. Resources, Conservation and Recycling 136: 324-
334,

Tian, X., B. Chen, Y. Geng, S. Zhong, C. Gao, J. Wilson, X. Cui, and Y. Dou. 2019. Energy footprint
pathways of China. Energy 180: 330-340.

Timmer, M. P., E. Dietzenbacher, B. Los, R. Stehrer, and G. J. de Vries. 2015. An lllustrated User
Guide to the World Input—Output Database: the Case of Global Automotive Production.
Review of International Economics 23(3): 575-605.

UN. 2015. System of Environmental-Economic Accounting for Energy. SEEA-Energy. Final Draft.
United Nations Statistics Division and United Nations Department of Economic and Social
Affairs.

Usubiaga-Liafio, A., P. Behrens, and V. Daioglou. 2020. Energy use in the global food system. Journal
of Industrial Ecology n/a(n/a).

Usubiaga, A. and J. Acosta-Fernandez. 2015. Carbon Emission Accounting in MRIO Models: The
Territory vs. the Residence Principle. Economic Systems Research 27(4): 458-477.

Vita, G., E. G. Hertwich, K. Stadler, and R. Wood. 2019. Connecting global emissions to fundamental
human needs and their satisfaction. Environmental Research Letters 14(1): 014002.

Wang, H., J. Zhang, and H. Fang. 2017. Electricity footprint of China’s industrial sectors and its
socioeconomic drivers. Resources, Conservation and Recycling 124: 98-106.

Wang, Q. and X. Song. 2019. Indias coal footprint in the globalized world: evolution and drivers.
Journal of Cleaner Production 230: 286-301.

Wang, Q., X. Song, and Y. Liu. 2020. China’s coal consumption in a globalizing world: Insights from
Multi-Regional Input-Output and structural decomposition analysis. Science of The Total
Environment 711: 134790.

Wieland, H., S. Giljum, N. Eisenmenger, D. Wiedenhofer, M. Brucker, A. Schaffartzik, and A. Owen.
2019. Supply versus Use Designs of Environmental Extensions in Input-Output Analysis:
Conceptual and Empirical Implications for the Case of Energy. Journal of Industrial Ecology.

Wood, R., K. Stadler, M. Simas, T. Bulavskaya, S. Giljum, S. Lutter, and A. Tukker. 2018. Growth in
Environmental Footprints and Environmental Impacts Embodied in Trade: Resource
Efficiency Indicators from EXIOBASE3. Journal of Industrial Ecology 22(3): 553-564.

Wu, X. D., J. L. Guo, X. Ji, and G. Q. Chen. 2019a. Energy use in world economy from household-
consumption-based perspective. Energy Policy 127: 287-298.

Wu, X. D., J. L. Guo, J. Meng, and G. Q. Chen. 2019b. Energy use by globalized economy: Total-
consumption-based perspective via multi-region input-output accounting. Science of The
Total Environment 662: 65-76.

Wu, X. F. and G. Q. Chen. 2017a. Energy use by Chinese economy: A systems cross-scale input-
output analysis. Energy Policy 108: 81-90.

Wu, X. F. and G. Q. Chen. 2017b. Global primary energy use associated with production,
consumption and international trade. Energy Policy 111: 85-94.

Wu, X. F. and G. Q. Chen. 2019. Global overview of crude oil use: From source to sink through inter-
regional trade. Energy Policy 128: 476-486.

Xia, X. H., Y. Hu, G. Q. Chen, A. Alsaedi, T. Hayat, and X. D. Wu. 2015. Vertical specialization, global
trade and energy consumption for an urban economy: A value added export perspective for
Beijing. Ecological Modelling 318: 49-58.

32



Zhang, Z., L. Xi, S. Bin, Z. Yuhuan, W. Song, L. Ya, L. Hao, Z. Yongfeng, A. Ashfaq, and S. Guang. 2019.
Energy, CO2 emissions, and value added flows embodied in the international trade of the
BRICS group: A comprehensive assessment. Renewable and Sustainable Energy Reviews 116:
109432.

Zhong, S. 2018. Structural decompositions of energy consumption between 1995 and 2009: Evidence
from WIOD. Energy Policy 122: 655-667.

33



Supplementary material

Energy supply and use indicators

Figure S1 compares selected supply and use indicators at various geographical scales.
The left part of the figure shows the global figures for PES, NEU, GES and GEU. Following
equations 1 and 3 in the main text, PES equals NEU, and GES equals GEU. The
composition of PES and NEU in terms of energy products differs, since the former only
comprises primary energy products, while the latter represents the form in which
products are consumed by end users (e.g. diesel instead of crude oil, electricity instead
of coal). GES and GEU, on the other hand, have the same structure by energy product,

since they both account for primary and secondary energy products.

The right hand side of Figure S1 compares TPES and NEU for the 44 countries and 5
rest-of-the-world regions represented in EXIOBASE. As shown in the figure, the total
values at country levels match. This equivalence does not happen at energy product

level.
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Figure S1: Energy supply and use indicators, 2010. (a): Global values for PES, NEU, GES and GEU. (b):

Country values for TPES and NEU (*)
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Source: own elaboration with data from EXIOBASE v3.7

Note: The left part of the figure represents the world totals for primary and gross energy supply, and net and
gross energy use disaggregated by broad energy product groups for the year 2010. The right side of the figure
shows the total primary energy supply and net energy use of the 44 countries and 5 ‘rest of world’ regions
represented in EXIOBASE.

(*): Changes in stocks have been allocated to NEU instead of to TPES.

Figure S2 represents the composition of selected energy indicators in terms of main
energy flow categories in the IEA extended energy balances. The figure is based has
been extracted from EXIOBASE, which adjusted the IEA data to reconcile trade flows,
convert it into the residence principle, etc. There are two main supply-side indicators:
PES and GES. PES comprises the (domestic primary) production flow. GES also includes

transfers® and outputs from transformation processes. As for use-side indicators, GEU

4 Comprises interproduct transfers (reclassification of products), products transferred (oil products imported for
further processing in refineries) and recycled products (finished products which pass a second time through the
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covers inputs in transformation process, consumption in the end-use sectors (industry,
transport, other) and non-energy uses, as well as energy industry own use. EREU
represents a subset of GEU that only considers energy products that are combusted.
NEU includes the consumption in the end-use sectors (industry, transport, other) and
non-energy uses, as well as energy industry own use and losses. In this line, EEU is a
subset of NEU that does not consider losses in transformation, distribution, etc. Last but
not least, household energy covers the part of transport and other uses (mainly

residential).

Figure S2: Energy use indicators, 2010. (a): Global values for GEU and PES. (b): Global values for GEU, NEU,

end use, EREU and household energy use
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marketing network, after having been once delivered to final consumers).
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Note: The left part of the figure represents the worlds totals of supply-side indicators disaggregated by broad

energy flow categories for the year 2010. The right part of the figure does the same with use-side indicators.

The category ‘other’ includes energy use in the residential, commercial/public services, agriculture/forestry,

and fishing sectors.

Table S1 shows the main indicators that can be calculated from the energy extensions in

those five MRIO databases. The table does not cover the industry and energy product

resolution, country and time coverage, etc., since this is not deemed relevant for the

purpose of the paper. A slightly outdated comparison of the main characteristics of the

five MRIO databases can be found in Inomata and Owen (2014).

Table S1: Energy extensions included in MRIO databases

Database | Energy extensions Source
Primary energy supply
Gross energy supply
Gross energy use Stadler et al. (2018); Mastrucci et al. (2020); Usubiaga-Liafo
EXIOBASE
Net energy use *? et al. (2020)
End energy use ?
Emission-relevant energy use
Gross energy use
WIOD Emission-relevant energy use Arto et al. (2016); Corsatea et al. (2019)
Net energy use °
EORA Net energy use © EORA (2017)
GTAP Gross energy use McDougall and Lee (2008)
ICIO None -

Source: own elaboration.

@: Available in the upcoming v3.7 public release.

®: Not available in the official release.

¢: Inadequately termed total primary energy supply in the original source
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Double accounting in energy footprint and related assessments: how common

is it and what are the consequences?

Highlights

Overview of energy extensions in multi-regional input-output (MRIO) analysis
Review of MRIO-based energy assessments

Identification of double accounting in MRIO-based energy assessments
Quantification of how results are affected by double accounting

Recommendations for energy extension producers and users
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