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Abstract In this paper we propose a methodology suitable for a comprehen-
sive analysis of the global embodied energy flow through a complex network
approach. To this end, we extend the existing literature providing a multi-
layer framework based on the environmentally extended input-output analy-
sis. The multilayer structure, with respect to the traditional approach, allows
us to unveil the different role of sectors and economies in the system. In or-
der to identify key sectors and economies, we make use of hub and authority
scores, by adapting to our framework an extension of the Kleinberg algorithm,
called Multi-Dimensional HITS (MD-HITS). A numerical analysis based on
multi-region input-output tables shows how the proposed approach provides
meaningful insights.

Keywords Multilayer networks · Embodied energy · Multi-dimensional
HITS · Energy security

1 Introduction

The human impact on the natural environment continues to grow together
with an important resources’ depletion, in particular energy assets. The avail-
ability of abundant and affordable energy is indeed a key feature of modern
and prosperous societies but the uneven distribution of energy resources gave
rise to an increasing international energy commodities trade with the aim of
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satisfying the energy demand of those countries not able to rely on energy
domestic production. Furthermore, due to the globalization, the transfer of di-
rect and indirect energy resources through international trade, has intensified.
Additionally, current and future scenarios are characterized by a transition
towards increasing investments in renewable energies. The world has indeed
committed to decarbonisation, but the pathways how to get there are still
uncertain.
Usually, a common practice to assess energy consumption is related to direct
energy. However, the production of goods and services consumes not only di-
rect energy, derived by coal, gas, oil etc., but also indirect energy. Indirect
energy (or embodied energy) is the energy consumption embodied in goods
and services production to make the final product (see, e.g., [10] and [39]).
Therefore, focusing only on direct energy trade does not allow to catch com-
pletely the complexity and the full range of energy transfer among economies.
To tackle this issue and to provide a holistic and systematic framework of
energy use, it is indeed important to address our attention to the total energy
(indirect and direct) involved in the production of goods and services.
In the literature, input-output analysis has been intensively exploited with the
aim to quantify energy embodied in trade at both national and international
level (see [36], [43] and [47]). The classical input-output model was originally
developed by Leontief (see [33] and [34]) in order to analyse the interdepen-
dency of all sectors of the economy and how the production of an output in one
industry or sector can affect the national economy. Later, the basic method-
ology for input–output analysis evolved, in both theory and applications, and
it has been extended by a variety of contributions aimed at evaluating the en-
vironmental and social impact of the economic activities. In this fashion, the
environmentally extended input-output analysis (EEIOA) (see, among oth-
ers, [28], [36] and [46]) has been developed and it represents a comprehensive
method for evaluating the linkages between economic consumption activities
and environmental impacts, including the harvest and degradation of natural
resources. In such a framework, the interconnected and intricate embodied en-
ergy flows in international trade have been explored from a network perspective
in a variety of studies. Many network tools have been implemented in order to
explore the structure of the embodied energy flows in trade at different scales
as global, regional and national levels and to analyse various direct energy
commodity trade networks (see, among others, [12], [15], [23] and [51]). It is
noteworthy to say that these contributions focus only on monoplex networks,
where the countries/economies are treated as nodes and embodied energy flows
as edges. However, the monoplex structure does not provide a comprehensive
analysis of the global embodied energy flow because it accounts only for the
role of an economy in the complex flow system while it is also relevant to
highlight which are the key sectors. In order to tackle this issue, this work is
aimed at extending these previous studies, in particular the work of [12], by
building a multilayer network, the Embodied Energy Flow Multilayer Network
(EEFMN), based on EEIOA data. Our novel approach represents an effective
tool to model the global embodied energy flow and to present a full picture of
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the whole complexity of the system. In particular, while traditional approaches
tend to aggregate flows considering only countries, the multilayer approach we
propose allows to unveil the different role of sectors and economies. To this
end, by extending the methodology provided in [12], we compute the embodied
energy flows for each couple of economies and sectors. Energy flows are then
used to construct a directed and weighted multilayer network where each layer
represents the economy/country1. In each layer, sectors/industries are nodes
and arcs take into account directed intra-layer embodied energy flows between
different sectors of the same economy. Inter-layer arcs consider instead directed
energy flows between the same sector in different countries or different sectors
in different countries. In this way, with respect to the existing literature, we
are able to consider both the role of economies and sectors in the network.
Secondly, we use centrality measures in order to identify economies and sectors
that play a key role acting as collectors and distributors in global energy flow
system. A suitable measure in this context is represented by hub and authority
scores provided by Kleinberg in [30]. Hence, we adapt to our framework an
extension of the Kleinberg algorithm, called Multi-Dimensional HITS (MD-
HITS), developed by [1]. In this generalization for multilayer networks, not
only nodes are ranked but also layers receive a score, ranking their capacity of
linking important layers or being linked by hub layers. Hence, including layers
to be used to compute centrality, the model defines five centrality vectors: two
for nodes (hub and authority scores), two for layers (broadcasting and receiv-
ing scores) and one for temporal evolution.2 Also the proposed measures are
new in this context, since embodied energy flows have been studied only using
classical centrality measures based on monoplex networks (see [12], [15] and
[23].)
The proposed approach has been applied to a multilayer network of 189 coun-
tries and 26 sectors collecting data from a global supply chain database3 in
2016. It consists in multi-region input-output tables (MRIO), that provide a
time series of high-resolution input-output tables with matching environmen-
tal and social satellite accounts. The analysis of the topological structure of
EEFMN is suitable to detect features, evolutionary characteristics and the re-
lationships among sectors and economies. The additional insights given by the
multilayer structure help us to identify not only the different roles of economies
in the complex flow system but even which are peculiar sectors. Numerical re-
sults confirm that relevant countries in the world trade have also a central role
in terms of energy consumption. This result is in line with main patterns iden-
tified in [12]. Additionally, the procedure allows to highlight relevant sectors
that generate energy flows and sectors that act as collectors consuming large
volumes of energy for powering buildings and tools.
Previous results can be important also in terms of policy implications. The

1 We shall use industries and sectors as synonyms. Moreover, economies and countries
will be used as synonyms.

2 It is noteworthy to say that we consider only one time period, hence the time component
does not affect the model but all the results provided in [1] still hold.

3 See https://worldmrio.com/
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methodology allows to deeply understand the structure of countries economy
highlighting their main strategic sectors in terms of both economic trade values
and energy flows, that can be seen as a proxy of the environmental damages.
Usually, all economic sectors impact on the environment and the intensity de-
pends on the type of activities involved. Identifying the key sectors for a coun-
try also allows to identify the productive activities which build their supply
chains. The methodology based on the embodied energy flows makes possi-
ble to assess the environmental impact of each productive activity. Combining
such an information with the one provided by the centrality measures, it is pos-
sible to estimate the environmental damage that the key sectors cause to the
country’s environment. Moreover, the approach based on a directed multilayer
network can shed light on the power of each country in a specific sector and,
therefore, assess how each country can affect the market structure. The latter
aspect is particularly important to identify the results, in terms of economic
trade values, power and environmental features, of each country’s economic
policies, as, for instance, the decision to block the export of a certain product.
Indeed, the connection through a multilayer network between economic trade
and energy flows is a useful tool in the hands of any policymaker. With this
approach, a policymaker can evaluate the outcomes of any economic and/or
environmental policy. In particular, the multilayer approach allows to see how
the world economic structure reacts to an external shock. For instance, one
country’s environmental policies, such as raising taxes on the most polluting
sectors, may have an impact on the other countries. In this context, the use
of a multilayer network helps us to identify at a global level which are the
strategic sectors for the achievement of environmental goals, also taking into
account the economic relevance of these sectors. In doing so, it is possible
to establish environmental strategies that considering the trade-off between
economic activity and the environment, may ensure a sustainable economy
growth.
The paper is organized as follows. In Section 2 we introduce some preliminar-
ies and notations useful to understand the proposed approach. In Section 3 we
illustrate the methodology we developed in order to build the global embodied
energy flow multilayer network, based on the environmentally extended input-
output analysis. Furthermore, we briefly present centrality measures based on
[1] aimed at identifying economies and sectors that play a key role acting as
collectors and distributors in the global energy flow system. Numerical analysis
is reported in Section 4. Conclusions follow.

2 Preliminaries

In this section we recall some definitions and concepts about directed and
weighted graph (see, among others, [24]) useful to introduce the notations we
will use throughout the paper.

A directed and weighted network is a triple G = (V,E,w), where V is a
set of N vertices (or nodes), E is the set of the ordered pairs of elements of V



Title Suppressed Due to Excessive Length 5

(arcs or directed edges) and a real positive weight w is assigned to each arc.
Two nodes are adjacent if there is at least an arc (i, j) from node i to j.

A weighted directed network is completely described by the real N -square

matrixW[α], the weighted adjacency matrix, whose entries are w
[α]
ij ̸= 0 if there

is an arc (i, j) ∈ E, and w
[α]
ij = 0 otherwise. We make use of the notation W[α]

for the weighted adjacency matrix to be consistent with the general notation
of the weighted supradjacency matrix defined later for multilayer networks.

We now introduce the concept of strength centrality by using the same

notation. We define the in-strength s
[α]
i,in and the out-strength s

[α]
i,out of a node

i as follows:

s
[α]
i,in =

(
W[α]T1

)
i

(1)

and
s
[α]
i,out =

(
W[α]1

)
i
, (2)

whereW[α] andW[α]T are, respectively, the weighted adjacency matrix and its
transpose, and 1 is the unit column vector of N elements. The total strength
of i is then:

s
[α]
i,tot = s

[α]
i,in + s

[α]
i,out. (3)

We then define the eigenvector centrality, another important centrality
measure. For an undirected weighted graph, the eigenvector centrality of a
node i is the i-th component of the eigenvector associated with the maximum
eigenvalue of the weighted adjacency matrix (see [8] and [9]). The extension
of this measure to directed networks leads to the definition of two scores, hub
and authority, associated with a node. The concept has been introduced by

[30] to rank the importance of a web page. Let x
[α]
i and y

[α]
i be the hub and

authority scores for node i, respectively. They are the i-th components of x[α]

and y[α] that collect the hub and authority scores, respectively, of all nodes.
These vectors are obtained by the following relations:

x[α] = W[α]Ty[α] (4)

and
y[α] = W[α]x[α]. (5)

Hubs and authorities are characterized by a mutually reinforcing relationship,
i.e., a good hub is a node that points to many good authorities; a good au-
thority is a node to which many good hubs point. For computing the scores,
an iterative algorithm (HITS - Hyperlink Induced Topic Search) is proposed
(for details see [30]).

We focus now on multilayer networks and, in particular, we consider node-
aligned networks with non-diagonal couplings (see [29]). A multilayer network
consists of a family of networks Gα = (Vα, Eα,β), α, β = 1, ..., L, where each
network Gα = (Vα, Eα,β) is located in a layer α and a node i ∈ Vα is adjacent
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to j ∈ Vβ , ∀α, β = 1, ..., L if there is an arc connecting them. In node-aligned
networks, nodes are the same over all layers, namely, Vα = Vβ = V, ∀α, β =
1, ..., L, and Eα,β collects all the arcs connecting nodes on layer α to nodes
within the same layer (intra-layer connections) and to nodes on different layers
(inter-layer connections). We assume that the network is non-diagonal coupled,
that is inter-layer arcs are allowed also between different nodes in different
layers.

A weight w
[αβ]
ij > 0 is associated with an arc (i, j) in Eαβ . Note that when

α = β we intend that there is a weighted arc w
[α]
ij > 0 between nodes i and j

in the network Gα.
The weighted adjacency relations between pair of nodes can be described

by the weighted supradjacency matrix (or simply supradjacency). It is defined
as a matrix, with L−square blocks, each one of order N :

W =


W[1] W[12] · · · W[1L]

W[21] W[2] · · · W[2L]

...
...

. . .
...

W[L1] W[L2] · · · W[L]

 , (6)

where the diagonal blocks represent the weighted adjacency matrix of each
layer W[α], α = 1, ..., L, whereas the non-diagonal blocks W[αβ] represent the
weighted adjacency relations between nodes on layers α and nodes on layer β.
The generic element of the matrix W is denoted as whk with h, k = 1, ..., NL,
where

h = N(α− 1) + i, k = N(β − 1) + j. (7)

Notice that the indices h, k identify the position in the supradjacency matrix

W of the weight of the arc (i, j) ∈ Eα,β (i.e. w
[αβ]
ij = whk)

4. Thus, from now
on, we always assume relation (7) between h, k and α, β, i, j.

The in- and out-strength of a node i in a layer α can be defined as follows:

s
[α]
i,in = (WT1)h, (8)

s
[α]
i,out = (W1)h. (9)

Therefore, the total strength s
[α]
i of a node i in the layer α is

s
[α]
i = s

[α]
i,in + s

[α]
i,out = [(WT +W)1]h. (10)

It is then possible to assess the in-strength of a node i with respect to all
layers:

si,in =

L∑
α=1

s
[α]
i,in (11)

4 In what follows, for the sake of simplicity, sometimes we use the notation whk instead
of the complete notation.
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and the in-strength of all nodes in a layer α:

s
[α]
in =

N∑
i=1

s
[α]
i,in. (12)

Out-strength and total strength with respect to either all layers or all nodes
can be defined similarly.

3 Methodology and data

3.1 Global embodied energy flow in a multilayer network framework

We now illustrate the methodology we developed in order to build the global
embodied energy flow multilayer network. Our aim is to consider a directed
and weighted node-aligned multilayer network, where nodes are represented by
sectors and layers by economies. Hence, sectors and economies are denoted by
i = 1, . . . , N and α = 1, . . . , L, respectively. In this way, intra-layer connections
consider flows between different sectors within the same economy, while inter-
layers take into account flows between the same or different sectors in different
economies.

The multilayer network is fully described by a weighted supradjacency
matrix W of order NL, defined as in formula (6), that can be partitioned
into blocks. The blocks that belong to the main diagonal represent the em-
bodied energy flows between sectors related to the same economy while the
non-diagonal blocks are referred to embodied energy flows between sectors of
different economies. The entries whk, with h and k specified in formula (7), of
matrix W are given by the embodied energy flows estimated via the following
methodology based on the environmentally extended input-output analysis.
Input–output analysis provides a useful framework in order to trace energy
use and other related characteristics such as environmental pollution, associ-
ated with interindustry activity. In this regard, the environmentally extended
input-output analysis was developed to tackle the issue between economic con-
sumption activities and environmental impacts. In a similar fashion, energy
flows embodied in trade take into account only goods and service trade for final
use. Then, through the Leontief inverse matrix, the technical energy consump-
tion of all considered sectors is assigned to the final use. In order to compute
the embodied energy flow, let us consider in our model a couple of sectors
i, j, with i, j = 1, . . . , N and a couple of economies α, β, with α, β = 1, . . . , L,
respectively.
We start by introducing the direct requirement coefficient matrix (or input
coefficient matrix) A, of order NL, whose elements are defined as follows:

ahk =
uαβ
ij

oβj
, (13)
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where uαβ
ij is the intermediate use of sector j in economy β provided by sector

i in economy α and oβj is the total output of sector j in economy β. We remind
here that relations between h, k and α, β, i, j are given by relation (7).

Notice that the elements of the matrix A measures the ratio of input val-
ues of goods and services used in each sector to the sector’s and country’s
corresponding total output.

The Leontief inverse matrix is defined as:

L = (I−A)−1, (14)

where I is the identity matrix of order NL.
The Leontief inverse matrix displays the total amount of goods and services

required for the production of one unit of output and it can be seen as the
decomposition of the total impact on output into its constituent layers accord-
ing to the number of production stages involved (see [26]). Hence, the element
lij measures the successive effects on the economy as a result of the initial
increase in production of an economic sector. In other words, this represents
the spillover effect which arises between the various sectors of an economy.

Now, we can define the embodied energy flow as:

qαβij = cTi l
α
ijf

αβ
j =

(
L∑

ϵ=1

cϵi l
ϵα
ij

)
fαβ
j , (15)

where:

– a vector ci = [cϵi ], with ϵ = 1, . . . , L, that stands for the technical energy
consumption by sector i in each investigated economy;

– a vector lαij =
[
lϵαij
]
, with ϵ = 1, . . . , L, that is the entry of the Leontief

inverse matrix L for sectors i and j and economies ϵ and α;
– a scalar fαβ

j that represents the goods/services traded as a final demand
by sector j from economy α to economy β.

Value of qαβij represents the total embodied energy that is needed from i
in order to produce the good/services that are traded in sector j as a final

demand from economy α to economy β. The element qαβij enters directly into

the matrix W, in fact the entries of W, whk (even denoted by w
[αβ]
ij in virtue

of relation (7)), are such that w
[αβ]
ij = qαβij if qαβij > 0 or 0 otherwise.

3.2 Assessing the relevance of sectors and economies in terms of embodied
energy flows

Now, we present the centrality measures aimed at identifying economies and
sectors that play a key role acting as collectors and distributors in the global
energy flow system. A suitable measure for this aim is represented by hub and
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authority scores (see [30], [31]). In particular, we make use of an extension of
the Kleinberg algorithm ([30]), called Multi-Dimensional HITS (MD-HITS),
developed by [1] and we adapt it to our framework by considering only one
time period, without loss of generality. In this generalization for multilayer
networks, not only nodes are ranked but also layers receive a score, ranking
their capacity of linking important layers or being linked by hubs layers. Hence,
the model defines four centrality vectors: two for nodes (hub and authority
scores) and two for layers (broadcasting and receiving scores). It is noteworthy
to say that a node receives a high hub score if it belongs to a high broadcasting
layer and has many links pointing to high authority nodes in layers with high
receiving capabilities. Conversely, high authority would be awarded to nodes
in high receiving layers with high hub nodes from high broadcasting layers
pointing to them.
To this aim, we consider two vectors of centrality for nodes: a vector x = [xi],
with i = 1, . . . , N , of hub scores and a vector y = [yj ], with j = 1, . . . , N of
authority scores. Similarly, we have two vectors, b = [bα] and z = [zβ ], with
α, β = 1, . . . , L, that account for the broadcasting and receiving capability of
layers, respectively.
Centrality scores are affected by a vector γ = [γk], with k = 1, . . . , 4 and
each element of γ is such that γk ∈ (0, 1]. A similar approach to ours can
also be seen in [7]. Values of γk allow to introduce a degree of flexibility in
the model, highlighting the relevance of a specific score. Indeed, the more
important a score, the higher the value of the corresponding weight. Following
[1], in absence of information, a uniform choice can be inferred. In this specific
case we set γk = 1

4 , with k = 1, 2, 3, 4. The centrality scores are obtained via
the multilayer generalization of the HITS algorithm (see Algorithm 1 in [1])
by the following relations:

xi =
∑
j,α,β

(
wαβ

ij yjbαzβ

)γ1

,

yj =
∑
i,α,β

(
wαβ

ij xibαzβ

)γ2

,

bα =
∑
i,j,β

(
wαβ

ij xiyjzβ

)γ3

,

zβ =
∑
i,j,α

(
wαβ

ij xiyjbα

)γ4

.

The centralities of nodes and layers can be obtained by solving the mutually-
reinforcing recursive relationships defined above. In [1], the existence, unique-
ness and maximality of the measure is given as well as a converging and fast
parallel algorithm is provided. At each step all the vectors are non-negative
and normalized such that their largest entry is equal to one.
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4 Numerical application

We provide here an application of the proposed methodology to a multilayer
network based on the embodied energy flows among 26 sectors/industries and
189 economies/countries. Sectors and countries are listed in Appendix A in Ta-
bles 3, 4 and 5, respectively. Data are extracted from EORA Global MRIO5

[32] for 2016 since it provides the latest available information on the global net-
work that can be downloaded freely from the EORA Global MRIO database.
The multilayer network is characterized by layers, representing the economies,
and nodes, representing the sectors. Nodes are connected by weighted arcs
describing the embodied energy flows specified in formula (15).
Based on [12], to calibrate the weights, we have considered six final-demand
coupled systems provided by EORA Global MRIO. For the purpose of apply-
ing formula (15), the total energy consumes are taken into account. Addition-
ally, to extend the analysis on original input-output analysis, we include many
sources of energy: coal, natural gas, petroleum, nuclear electricity, biomass
and waste electricity, hydroelectricity and other renewable (geothermal, solar,
tide, wave and wind) supplied by EORA Global MRIO.
The first part of the section is devoted to analyse the original input-output
relations among sectors from different countries. Based on the information
mined by W, we summarise the main properties of industries and countries
in the original input-output table. Then, we analyse the directed strengths at
node and layer level to identify most relevant sectors and countries in terms
of energy flows volume. The rest of this section is dedicated to the analysis of
the MD-HITS approach results. In doing so, we investigate different directions
of energy flows in the multilayer architecture and we detect key players in the
system.

4.1 Consumption

In order to analyse further results and the structure of the multilayer network,
we start focusing on the energy consumption, reporting in Figure 1, with data
split for each sector and country.
Focusing on sectors, Figure 1a shows that the main sectors with the high-
est energy consumption are Electricity, Gas and Water (EGW), Petroleum,
Chemical and non-Metallic Mineral Products (PC), Transport (TR) and Metal
Products (MP). We notice that the above-mentioned sectors are characterised
by elaborate end-products requiring several processing steps and inputs (e.g.
iron or steel for Metal Product sector or fertilisers for the Petroleum, Chem-
ical and non-Metallic Mineral Products sectors). We highlight that, contrary
to what one might assume, Electricity, Gas and Water sector is in a prominent
position. This result can be explained noticing that, in line with the analysis
in [48], the electricity generation consumes two mainly types of energy: the
fuel (natural gas or coal) input energy and the energy used in fuel production,

5 https://worldmrio.com/
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fuel transportation, materials, equipment and services.
Figure 1b shows the energy consumption of countries included in the analy-
sis. In this case, the main consumers are China, United States, Russia, India
and Japan. These results are in line, for instance, with the data about global
electric energy consumption published by the Energy Information Adminis-
tration6, Ernadata7 and the results in [12].
Figure 2 displays for each sector the top ten countries in terms of energy con-
sumption. This allows to catch the distribution of relevant economies in each
sector. In particular, it is evident the prominent role of China and United
States in all the sectors. Moreover, we observe that, considering the 26 sec-
tors, China is indeed the biggest energy consumer in 10 of them and belongs
to the top 5 in 23 sectors. The same kind of results can be read in [42]. Fur-
thermore, we notice that 28 out of 30 arcs with higher weights are intra-layer
connections in the layer that describes China economy.
United States is instead the top consumer in 12 sectors and in the top 5 in 21
sectors.
It is rather interesting to note how other relevant players, as Russia, Japan,
India, South Africa, appear mainly exposed to sectors characterized by signif-
icant consumptions.
Looking at the European countries, we have that they are characterized by
higher consumes in specific sectors related to the specificity of their economies.
For instance, Austria is the biggest energy consumer in Fishing (FI) while Italy
in Maintenance and Repair (MR). Because of its morphological structure and
its lack of access to the sea, Austria depends largely on imports of marine and
freshwater fish. The high energy consumption in fishing sector is explained
noticing that, on the one hand, the fish demand is increased in the last years
(see, [5]) and, on the other hand, the fish market supply chain requires energy
costs such as fuel input, transportation, materials, equipment and services,
see [25]. For Italy, the result can be partially explained by the relevance of
Maintenance and Repair industries in particular sectors (e.g. automotive).

6 https://www.eia.gov/
7 https://yearbook.enerdata.net/total-energy/world-consumption-statistics.

html
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(a) Sectors’ consumption.

(b) Top 50 economies’ consumptions.

Fig. 1: Energy consumption of sectors and economies
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Fig. 2: Top 10 countries in terms of energy consumption for each sector. Darker
blue means higher consumes.

4.2 Analysis of Input-Output matrix

Figure 3 and 4 display the in- and out- strengths of each sector and economy
considered in the multilayer network. Focusing on countries, in line with the
literature (see, for example, [12]), we observe that the in- and out-strengths’
rankings do not significantly change. At the first places, we find the countries
characterized by a high internal consumption (see Figure 1b) and open to
a higher quantities of international trades, i.e. China, United States, Russia,
Japan. The results confirm not only the central positions of these countries in
the commercial trade but also in the environmental damages. In fact, inter-
national trade consists mainly of tangible goods requiring fossil fuel-powered
proceedings to be produced and exported (see [25]). We have indeed that, al-
though several kind of energies are taken into account in the consumes, these
countries have relevant volumes of non-renewable energy consumes8 (see, for
example, [40]).

8 Based on data supplied by [32], in 2016 renewable sources cover around 33% of the total
energy consumption worldwide.
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(a) Economies’ in-strength.

(b) Economies’ out-strength.

Fig. 3: Economies’ in- and out-strengths.
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(a) Sectors’ in-strength.

(b) Sectors’ out-strength.

Fig. 4: Sectors’ in- and out-strengths.
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Figure 3 confirms also that China is the most important contributors to
the embodied energy flows (and therefore of pollution) distancing itself from
the second largest country, the United States, by almost a million terajoule
(TJ). Since the proposed approach looks to the entire supply chain, this re-
sult suggests that China plays also a central role as intermediate node for the
passage of goods and services.
We highlight that Figures 3a and 3b show a dichotomous structure made by
two main subgroups. A small subgroup of countries characterised by a high in-
and out-strengths (i.e. an high embodied energy flow) and a large subgroup of
nodes characterized by low in- and out-strength of embodied energy flows. We
notice that countries belonging to the first subgroup are those characterised by
a solid economy with an openness to the international scene. Moreover, we ob-
serve that the countries of the first group are those that either largely demand
for goods (e.g. raw materials) from developing countries or are characterised
by abundant natural resources (for example, natural gas for the Russia) which
leads to a higher export volumes. The second subgroup includes countries that
are smaller in terms of Gross Domestic Product (GDP) and, therefore, of inter-
national trade. Their economies are export-based and their low GDP reflects
a low domestic demand for elaborate goods. This distinction highlights coun-
tries heterogeneity underlying the different role in the environmental damages
played by each country at the global level.
In Figures 4a and 4b, we observe significant differences in sectors’ rankings
based on in- and out-strength, respectively. The result is not surprising as
each sector differs from the others for input factors (human capital, money,
etc.) and processes to obtain its product. This complexity implies a high en-
ergy demand and it is therefore reasonable to expect that sectors producing
intermediate or final goods are characterised by high in-strength. This hypoth-
esis can be explained noticing that final products are placed at the end of the
supply chain. Conversely, sectors selling primary or secondary goods will be
characterised by high out-strength. In this case, those products are instead at
the bottom of the supply chain of final goods.
In particular, the out-strength ranking shows three dominant sectors: Electric-
ity, Gas and Water (EGW), Petroleum, Chemical and Non-Metallic Mineral
Products (PC) and Transport (TR). These sectors distribute the highest en-
ergy flows to the other sectors. As stated above, they are involved in the
production of primary/secondary goods and services. The strong out-strength
(i.e. the powerful flow of energy) and the dependence on fossil fuels in both
generation and processing, (see [45]), identify these sectors among the most
polluting (see, e.g., [4], [11], [20], [25]).
In-strength ranking in Figure 4a presents three main sectors: Construction
(CO), Education Health and Other Services (EHO) and Electrical and Ma-
chinery (EM). We notice that these sectors belong to the tertiary sector. Their
outputs are placed at the end of the supply chain and therefore, these sectors
incorporate the energy flows of all their miscellaneous input factors (as human
capital, electricity, etc.). These results obtained here on a large scale are in line
with findings found in [22] for the distinct energy-use patterns of two China’s
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megacities. The authors focus indeed on evolutionary features of the two cities’
energy-use structures analysed from a consumption-based perspective. To sum-
marise, for economies we observe on average a high correlation between in- and
out-strength: indeed, rank correlation between in- and out-strength is higher
than 0.9. Vice versa, for sectors the rank correlation is around 0.2. This is due
to the fact that sectors that are relevant in terms of out-flows, not necessarily
are also significant in terms of in-flows. The reason lies in the high diversity
of arcs’ weights among sectors due to a different amount of embodied energy
needed for good production. These results emphasise how a monoplex analysis
based only on economies, as traditionally employed in the literature (see [12]
and [39]) could lead to lose meaningful insights.
Finally, we deeply analyse the composition of the in- and out-strengths of sec-
tors. In doing so, we separate the embodied energy flow which remains in the
same sector or leaves to others. The former is labelled as “internal”while the
latter is labelled as “external”.
We observe that the dominant sectors in the out-strength ranking are those
characterised by a low internal embodied energy flow consumption, that means
a low internal out-strength. This can be explained noticing that those sectors
produce primary goods and services that are used in a predominant way as
productive inputs of other sectors, e.g. Electricity, Gas and Water (EGW). On
the contrary, the internal out-strength is higher in those sectors whose activ-
ities involve many stages in specific good production chain, such as Textiles
and Wearing Apparel (TW) or Transport Equipment (TE). Regarding the
in-strength decomposition, we observe a similar behaviour. The predominant
sectors in the ranking are characterised by a low internal embodied energy flow
consumption. The explanation lies in the fact that their outputs are placed
at the end of the supply chain and no more flow of energy circulate in such
sectors once the output is delivered. We observe that the internal in-strength is
higher in those sectors which outputs are used predominantly as intermediate
products consumed either in the sector itself or in others as Transport (TR),
Petroleum, Chemical and Non-Metallic Mineral Products (PC), and Metal
Products sectors (MP).

4.3 Results

We present the results of the application of the MD-HITS described in Section
3.2 to the embodied energy flows multilayer network. We remind that with the
proposed methodology, nodes and layers receive a score, ranking their capacity
of linking or being linked by important nodes or layers.
We start analysing the hub and authority rankings of the multilayer. First
of all, we point out that the hub and authority rankings reflect the strength
rankings shown and analysed in Section 4.2. This is quite standard in the
literature since strength and eigenvector centralities are strongly correlated
(see [18]). We go beyond the information given by the strength measure by
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Hubs Sector

1 EGW
0.813 PC
0.672 TR
0.651 MP
0.560 MQ
0.451 WP
0.423 EM
0.398 FI&BA
0.395 AG
0.330 FB
0.321 OM
0.294 TW
0.291 RT
0.287 TE
0.285 WT
0.271 PT
0.251 RE
0.239 HR
0.239 OT
0.228 EHO
0.224 CO
0.179 FI
0.148 PA
0.146 MR
0.085 PH
0 RE&RI

Authority Sector

1 CO
0.870 EHO
0.865 EM
0.720 FB
0.693 TE
0.693 FI&BA
0.688 PA
0.663 TR
0.640 PC
0.617 TW
0.608 AG
0.582 HR
0.538 RT
0.534 OT
0.529 OM
0.487 MP
0.449 WT
0.425 WP
0.424 EGW
0.414 PT
0.353 MQ
0.350 FI
0.299 RE&RI
0.288 RE
0.261 MR
0.218 PH

Table 1: Rankings of sectors based on hub and authority scores.

analysing, through hubs and authorities, which are the most powerful sectors
in the embodied energy flows network. We recall that a node is called hub if
the node points to important nodes, which, in turn, are called authorities.
Within this specification, as displayed in the left part of Table 1, we observe
that the most important hubs are the Electricity (EGW), the Petroleum,
Chemical and Non-Metallic Mineral Products (PC), the Transport (TR) and
the Metal Products (MP) sectors. At global level those sectors are the major
contributors to the global economic development (see [13]). From this perspec-
tive, the trade-off between environmental damage and economic growth rises
up since the above-mentioned sectors are the most polluting ones as already
pointed out in Section 4.2. In particular, it has been estimated that the en-
ergy sector and manufacturing sectors produce approximately the 42% of CO2

emission worldwide (see, e.g., [20] and [25]).
The information provided by hubs is an important issue showing the funda-
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mental pillars on which each policy-maker could build an environmental/economic
strategy. Such a policy should simultaneously reduce industries environmental
impact and maintain stable economic growth. In particular, the literature on
environmental economics has analysed both qualitatively and quantitatively
the alternative strategies to reduce the impact of these sectors on the environ-
ment (see, for example, [50] and [16]).
Nowadays, a crucial element for each economy and for the society is indeed
represented by the development of suitable energy management strategies. On
the one hand, the management plan of the Directorate-General for Energy
of the European Commission sets out the main objectives needed in order to
reach energy efficiency in line with the European Green Deal9. On the other
hand, the strict relationships between geopolitics and energy can affect the af-
fordability of energy sources and the strategies that can be put in action (see,
e.g., [37]). The picture is further complicated by the fact that the identified
hubs sectors produce primary and/or secondary goods. Without an adequate
energy security strategy that ensures a stable supply of raw material (i.e.,
coal or natural gas for the electricity generation), the risk of a disruption in
the supply chain is likely (see, e.g. [38]). Therefore, the action of policymak-
ers should take into consideration two different aspects. On the one hand, an
environmental strategy can be pursued to reduce the impact of these sectors
on the environment. On the other hand, this strategy should assure that each
country receives continuous and convenient energy flows (see [49] and [52]).
These two objectives are intrinsically linked. In order to reduce the environ-
mental impact of energy generation, countries around the world are promoting
the use of renewable energy sources. However, the energy generation from re-
newable sources is uncertain in terms of variability and intermittency as it
is predominantly dependent on weather conditions. This carries the risk that
the energy supply will not meet the demand. To avoid such a risk, fossil-fuel
sources are used. Therefore, the availability and the trade of fossil-fuel raw ma-
terial (i.e., natural gas or coal) are at the centre of geopolitical relations, which
the policymaker has to look at carefully. Within such a complex framework,
the view provided only by hubs is limited since this centrality identifies the
key sectors distributing energy flows. The analysis for a sustainable strategy is
completed by an additional point of view provided by the study of authorities,
which, in turn, identify the main sectors requiring energy flows to manufacture
products.
In the right column of Table 1, we provide the authority scores for each sec-
tor, i.e. nodes that require high volumes of energy flows. It is noteworthy that
top authorities are: Construction (CO), Education, Health and Other Services
(EHO), Electrical and Machinery (EM). We observe that central nodes are in
this case sectors that supply final or intangible goods and that mostly belong
to the tertiary or quaternary sectors. In particular, energy used directly in
Construction (CO) and Electrical and Machinery (EM) sectors includes large

9 https://ec.europa.eu/info/strategy/priorities-2019-2024/

european-green-deal_en
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volume of diesel for machinery as well as electricity for powering buildings and
tools, presenting many opportunities to save energy. Proper strategies for an
energy-efficient design can be indeed provided (see, e.g. [35]).
Additionally, the methodology can be used to assess the effect of endogenous
and/or exogenous shocks on all the other economic sectors. For instance, it
could be interesting to measure how different sectors and countries can be
affected by the introduction of environmental policies of a specific country on
polluting sectors (e.g. raising taxes) or by the economic and political effects
on energy prices (see [3] and [27] for a complete review about environmental
taxes analysis).

Broadcasting Economy

1 CHN
0.825 USA
0.611 RUS
0.565 IND
0.558 JPN
0.457 DEU
0.433 FRA
0.405 CAN
0.401 KOR
0.397 GBR
0.391 TWN
0.389 ZAF
0.386 BRA
0.369 ITA
0.366 AUS
0.366 ESP
0.365 MEX
0.361 IDN
0.353 IRN
0.338 SAU
0.334 HKG
0.328 THA
0.324 POL
0.318 TUR
0.306 BEL

Receiving Economy

1 CHN
0.804 USA
0.610 RUS
0.566 IND
0.555 JPN
0.464 DEU
0.429 TWN
0.428 FRA
0.407 CAN
0.397 KOR
0.389 ZAF
0.381 MEX
0.380 GBR
0.378 BRA
0.368 ITA
0.363 AUS
0.360 IDN
0.357 ESP
0.350 THA
0.346 IRN
0.343 HKG
0.326 SAU
0.317 POL
0.315 TUR
0.313 SGP

Table 2: Top 25 economies based on broadcasting and receiving scores.

In the same spirit of the definitions of hubs and authorities, we analyse
the broadcasting and receiving centrality rankings for the layers, which, we
remind, in this work represent the countries.
When analysing the layers, broadcasting and receiving are the counterparts
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(a) China network representation. (b) United States network representation.

(c) Russia network representation.

Fig. 5: Monolayer network for three countries. Each network has been obtained
considering only arcs between sectors of the country. The size of each arc is
proportional to its weight.

of hubs and authorities respectively. Table 2 shows the broadcasting and re-
ceiving scores for the top 25 countries. We observe that, unlike the sectors,
broadcasting and receiving rankings show no significant differences. China is
still the most central and powerful nation in embodied energy flows, followed
by the Russia, United States, Japan, India. The result is in line with the in-
and out-strength analysis of Section 4.2. Central countries are indeed also the
top five countries based on total final consumption. Some of them trade less
extensively than others, due to having large domestic markets and limited
interconnections with neighbouring regions. According to the World Energy
and Climate Statistics published by Enerdata10, Eastern Asian countries (as

10 https://yearbook.enerdata.net/total-energy/world-import-export-statistics.

html
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China, India, Japan and South Korea) and several European countries (in par-
ticular Italy and Germany) are characterized by a significant negative balance
trade, while Russia and Middle East (e.g., Saudi Arabia and Emirates) have
indeed an opposite behaviour being important exporters. In this case, since
the network considers embodied energy flows and it is affected by both energy
consumes and volume of trades in the domestic and in the international mar-
kets, we observe that most central countries appear relevant both in terms of
consumes and demands.
Additionally, we display in Figure 5 monolayer networks for China, Russia and
United States, based on embodied energy flows between sectors of the same
country. It is noticeable the high value of embodied energy flow exchanged
internally by these countries. Furthermore, we notice that relevant sectors,
based on multilayers hubs and scores and reported in Table 1, play a crucial
role for these countries (see, for instance, node EGW in the three networks).
In order to assess the role of each economy in the international landscape of
the embodied energy flows, we observe that the top-ranked countries are rep-
resentative of three largest clusters detected by community detection methods
on the international trade network (see, for example, [2], [6], [14], [17], [19],
[21], [41] and [44]): the American cluster, the Pacific cluster and the Euro-
pean cluster. Combining the information mined by the abovementioned global
mesoscale structure with information obtained by the proposed approach, we
are able to identify firstly the pivotal countries of each community. Secondly,
it is also possible to assess the power of an economy within both international
and community scenarios. In doing so, through the multilayer approach, it is
possible to trace the intermediate production steps of each good. This makes
it possible to highlight the role played by the mesoscale structure of the inter-
national trade in the good supply chain emphasizing the impact of the former
on the price of the final good.

5 Conclusions

In this paper, we extend classical input-output analysis considering the envi-
ronmental impact through a multilayer network. In particular, we construct a
multilayer network where sectors of each economy are connected by weighted
arcs representing the directed embodied energy flows. A multilayer generalisa-
tion of hub and authority measures is applied to assign a score both to nodes
and layers. In this way, we detect relevant sectors and economies in the whole
system.
Notably, hubs are sectors devoted to produce primary and/or secondary goods.
These sectors are also the major contributors to the global economic devel-
opment and environmental degradation. Sectors, that supply final or intangi-
ble goods and that mostly belong to the tertiary or quaternary sectors, have
been instead identified as authorities. According to economies, the rankings of
broadcasting and receiving scores do not show significant differences. Relevant
countries, in terms of consumes and demands, are the most important players
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in terms of embodied energy flows. It is worth mentioning that the proposed
approach can provide useful insights for policymakers. Indeed, main results
can represent a tool for the development of an environmental strategy based
on a trade-off between reducing the environmental degradation and maintain-
ing the economic growth. The multilayer structure, providing an overview of
the energy supply chain, allows to trace the effects on the system of exogenous
and endogenous shocks as, for instance, changes in countries’ environmental
policies.
Further research on this topic will regard the analysis of alternative energy
sources. Indeed, some renewable sources, as wind and solar power, can be
characterized by a variability that could lead to a reduction in the energy
supply. Therefore, there is the possibility that the gap between demand and
supply of energy has to be filled by polluting fossil-fuel sources. On the other
hand, the availability and the trade of fossil-fuel sources are at the centre of
geopolitical relations, which the policymaker has to look at carefully.
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A List of sectors and countries

Country Code

Afghanistan AFG
Albania ALB
Algeria DZA
Andorra AND
Angola AGO
Antigua ATG
Argentina ARG
Armenia ARM
Aruba ABW
Australia AUS
Austria AUT
Azerbaijan AZE
Bahamas BHS
Bahrain BHR
Bangladesh BGD
Barbados BRB
Belarus BLR
Belgium BEL
Belize BLZ
Benin BEN
Bermuda BMU
Bhutan BTN
Bolivia BOL
Bosnia Herzegovina BHI
Botswana BWA
Brazil BRA
British Virgin Islands VGB
Brunei BRN
Bulgaria BGR
Burkina Faso BFA
Burundi BDI
Cambodia KHM
Cameroon CMR
Canada CAN
Cape Verde CPV
Cayman Islands CYM
Central African Republic CAF
Chad TCD
Chile CHL
China CHN
Colombia COL
Congo COG
Costa Rica CRI
Cote d’Ivoire CIV
Croatia HRV
Cuba CUB
Cyprus CYP

Country Code

Czech Republic CZE
Denmark DNK
Djibouti DJI
Dominican Republic DOM
Congo COG
Ecuador ECU
Egypt EGY
El Salvador SLV
Eritrea ERI
Estonia EST
Ethiopia ETH
Fiji FJI
Finland FIN
Former USSR USR
France FRA
French Polynesia PYF
Gabon GAB
Gambia GMB
Gaza Strip PSE
Georgia GEO
Germany DEU
Ghana GHA
Greece GRC
Greenland GRL
Guatemala GTM
Guinea GIN
Guyana GUY
Haiti HTI
Honduras HND
Hong Kong HKG
Hungary HUN
Iceland ISL
India IND
Indonesia IDN
Iran IRN
Iraq IRQ
Ireland IRL
Israel ISR
Italy ITA
Jamaica JAM
Japan JPN
Jordan JOR
Kazakhstan KAZ
Kenya KEN
Kuwait KWT
Kyrgyzstan KGZ
Laos LAO

Table 3: List of countries - I.
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Country Code

Latvia LVA
Lebanon LBN
Lesotho LSO
Liberia LBR
Libya LBY
Liechtenstein LIE
Lithuania LTU
Luxembourg LUX
Macao MAC
Madagascar MDG
Malawi MWI
Malaysia MYS
Maldives MDV
Mali MLI
Malta MLT
Mauritania MRT
Mauritius MUS
Mexico MEX
Moldova MDA
Monaco MCO
Mongolia MNG
Montenegro MNE
Morocco MAR
Mozambique MOZ
Myanmar MMR
Namibia NAM
Nepal NPL
Netherlands NLD
Netherlands Antilles ANT
New Caledonia NCL
New Zealand NZL
Nicaragua NIC
Niger NER
Nigeria NGA
North Korea PRK
Norway NOR
Oman OMN
Pakistan PAK
Panama PAN
Papua New Guinea PNG
Paraguay PRY
Peru PER
Philippines PHL
Poland POL
Portugal PRT
Qatar QAT
Romania ROU

Country Code

Russia RUS
Rwanda RWA
Samoa WSM
San Marino SMR
Sao Tome and Principe STP
Saudi Arabia SAU
Senegal SEN
Serbia SRB
Seychelles SYC
Sierra Leone SLE
Singapore SGP
Slovakia SVK
Slovenia SVN
Somalia SOM
South Africa ZAF
South Korea KOR
South Sudan SSD
Spain ESP
Sri Lanka LKA
Sudan SDN
Suriname SUR
Swaziland SWZ
Sweden SWE
Switzerland CHE
Syria SYR
Taiwan TWN
Tajikistan TJK
Tanzania TZA
TFYR Macedonia MKD
Thailand THA
Togo TGO
Trinidad and Tobago TTO
Tunisia TUN
Turkey TUR
Turkmenistan TKM
United Arab Emirates ARE
Uganda UGA
United Kingdom GBR
Ukraine UKR
Uruguay URY
United States USA
Uzbekistan UZB
Vanuatu VUT
Venezuela VEN
Vietnam VNM
Yemen YEM
Zambia ZMB
Zimbabwe ZWE

Table 4: List of countries - II.
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Sector Code

Agriculture AG
Fishing FI
Mining and Quarrying MQ
Food and Beverages FB
Textiles and Wearing Apparel TW
Wood and Paper WP
Petroleum, Chemical and Non-Metallic Mineral Products PC
Metal Products MP
Electrical and Machinery EM
Transport Equipment TE
Other Manufacturing OM
Recycling RE
Electricity, Gas and Water EGW
Construction CO
Maintenance and Repair MR
Wholesale Trade WT
Retail Trade RT
Hotels and Restaurants HR
Transport TR
Post and Telecommunications PT
Financial Intermediation and Business Activities FI&BA
Public Administration PA
Education, Health and Other Services EHO
Private Households PH
Others OT
Re-export and Re-import RE&RI

Table 5: List of sectors.


