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Abstract: The rapid development of the Belt and Road economics has generated a considerable
energy demand. Under the general trend of the global energy transition, natural gas resources are
becoming the main driving force. The limited natural gas resources are posing a significant risk to
economies, and this risk may also be transferred to other distant regions through economic trade.
The aim of this study is to explore the trans-regional (sectoral) transmission pattern of natural gas
scarcity risk. The main contribution of this paper is the assessment of the local natural gas scarcity risk
(LGSR) and cross-region transfer relationship of embodied natural gas scarcity risk (EGSR), which
are evaluated for the BRI economies. In addition, the network amplification effect is considered when
evaluating the cross-regional impact of natural gas scarcity risk. The results show that, at the national
level, Turkey, Ukraine, and Bulgaria have significant EGSR related to exports activities. The natural
gas scarcity risks (GSRs) originating from these countries are mainly transferred to Turkmenistan,
Georgia, and Albania, with large EGSR imports. Moreover, by comparing the ranking changes of
EGSR imports, EGSR exports, and LGSRs at the national and sectoral levels, countries or sectors with
higher LGSRs also have higher EGSR exports. The Top EGSR import and export network consisting
of top EGSR flow relationships can well reflect countries’ preferences in choosing EGSR transfer
partners. The results suggest that upstream countries and sectors should strengthen cooperation
to manage natural gas resources, and provide references for decision makers in highly vulnerable
downstream countries and sectors to formulate strategies to avoid the large-scale spread of economic
losses caused by natural gas scarcity.

Keywords: the Belt and Road; multi-regional input–output model; local natural gas scarcity risk;
embodied natural gas scarcity risk; top network analysis

1. Introduction

The world’s energy development is entering a new historical phase, and the demand
for clean and low-carbon energy is inevitable [1]. As a low-carbon fossil energy source,
natural gas has emerged as a widely accepted pathway for reducing global CO2 emissions.
According to IEA, global natural gas imports increased rapidly from 2.5 × 107 TJ in 2000 to
4.8 × 107 TJ in 2019 with an average annual growth rate of 3.36% [2]. By 2040, natural gas
consumption is expected to account for 40% of the total energy consumption in the USA,
and its consumption will increase to an astounding 65%, surpassing oil as the dominant
fuel [3]. There is increasing awareness that natural gas is playing an increasingly decisive
role in the global economy [4].

Since 2013, China has proposed the Belt and Road Initiative (BRI), aiming to accelerate
sustainable development and provide a new paradigm for win–win cooperation at the
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global and regional levels [5]. Many countries along the BRI (e.g., Russia, Saudi Arabia,
Qatar, Malaysia, Israel, and Indonesia) are rich in natural gas resources. In fact, by the
end of 2019, the proven reserves of natural gas in the countries along the Belt and Road
were approximately 159.6 trillion cubic meters, accounting for 80.3% of the global total.
The production of natural gas in these countries is approximately 1.98 trillion cubic meters,
accounting for 53.7% of the global total [3]. In recent decades, due to the internal and
external imbalances of the supply chain caused by terrorist attacks, economic crises, and
natural disasters, the supply of natural gas has been interrupted, which has brought
tremendous losses to enterprises, supply chains, and society. For example, Ukraine is short
of natural gas reserves, and about three-quarters of the natural gas consumed every year
depends on imports from Russia. In addition, about a quarter of the natural gas in EU
countries is imported from Russia, and about 80% of it is delivered through Ukraine. The
dispute between Russia and Ukraine over gas prices and transit fees has lasted for many
years. The Russian–Ukrainian natural gas crisis in 2009 was the most severe. During the
mid-winter, all natural gas supplies from Russia to Ukraine were interrupted for three
weeks, which had a serious impact on the economies of Central and Eastern Europe [6].
While an immediate issue is the security of supply in those countries where natural gas is
in short supply, it is equally important to map their impact on the overall economic system.

Existing studies of natural gas transfer flows only emphasize the endowment condi-
tions of natural gas resources, and ignore the potential loss of economic output in sectors
with insufficient natural gas supply and the loss that affects various economies through
the global supply chain [4,7,8]. In fact, the reduction of natural gas supply in a region that
is already facing a shortage of natural gas resources may cause production losses in some
energy-intensive sectors. Because of the intertwined links between the world economy, this
may lead to indirect impacts on production in regions that have not directly experienced
natural gas resource shortages. In other words, the limited natural gas resources are posing
a significant risk to the economies, and the risk may also be transferred to other distant
regions through economic trade. Therefore, it is necessary to explore the patterns of natural
gas scarcity induced in the world trading system. However, to the best of our knowledge,
there exist no studies on the embodied natural gas scarcity risk transmission of the Belt
and Road economies. To this end, based on the current situation of economic output and
consumption of natural gas in countries (sectors) along the Belt and Road, this paper studies
the trans-regional (sectoral) transmission pattern of natural gas scarcity risk to fill gap in
this field.

This work attempts to address the following two issues: (1) How does one evaluate
the local natural gas scarcity risks in countries along the “Belt and Road”? (2) How does
one address the risk of transmission path and indirect effect of natural gas scarcity in the
trade of the Belt and Road countries?

2. Literature Review

To describe the interaction between different industries and sectors of the economic
system, the multi-regional input–output (MRIO) analysis provides a valuable analysis tool
by building a set of economic input–output equations and tables [9]. Considering regional
characteristics and sectoral differences, MRIO is applied to study regional heterogeneity [10].
MRIO can track the flow footprint of water, energy, metal, other resources, and carbon
emissions embodied in trade between regions [4,11–16]. For example, Kan applied the
MRIO analysis to ascertain natural gas use from primary suppliers to final consumers
via the relationships by producers in the world economy [4]. White used multi-regional
input–output analysis to track virtual water flow in the inter-regional trade of the Haihe
River Basin and its impact on the hydro system. He points out that caution is needed when
importing virtual water to avoid putting significant water pressure on other regions [16].
Wang assessed the impact of water scarcity in the BRI countries based on the MRIO model
and the water stress index. The results show that water scarcity changes the trade balance
between China and certain countries [17].
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However, it is a big challenge to quantify the role of regions and sectors in the supply
chain and the contributions of the structural roles of regions and sectors to resource transfer.
Emphasizing the system structure and analyzing the system function from the structural
perspective is the research idea of complex network theory. So far, complex network theory
has been universally applied in many scientific fields such as economics [18], finance and
trading [19], energy [20–22], climate [23,24]. The existing literature showed that complex
network method significant provides a systematic perspective and theoretical tool for
understanding the basic laws and features of both theoretical and realistic networks [25].
Recently, MRIO analysis and complex network methods have been combined to reveal
the structural characteristics of embodied water, energy, metals, and other resource flow
networks at national, regional, and sectoral levels [26–33]. Chen combined the complex
network analysis tools and MRIO to study the embodied energy flow network structure
at global, regional, and national levels [28]. Liang applied the complex network model to
study the structural characteristics of the global embodied metal flow network. The results
show that the network has apparent small-world nature and the scope and intensity of
the influence of various sectors on economic activities are different [31]. Wang built an
embodied rare earth flow network model based on the MRIO analysis framework and
complex network method, where the community structure and small-world phenomena
were analyzed [9]. These studies show that due to the interconnectedness of the global
economy, economic activities in one region (sector) can affect the use of resources in another
region (sector). That is to say, the risk of resource scarcity in one region (sector) can be
transmitted to distant downstream sectors through trade networks, causing economic
losses. However, current literature rarely quantifies the risk of resource scarcity in reducing
the economic output. In fact, the risk of scarcity of resources will cause supply chain
risks in the overall economic system. Zhao identified the most prominent virtual water
scarcity risk exports under two climate change scenarios [34] and quantified the water
scarcity risk related to the potential loss in economic output of each province-sector [35].
Liu proposed a modeling framework based on the MRIO analysis to track the transmission
of water–energy scarcity risk, where water–energy insufficiency induced economic loss to
downstream industries and sectors through the reduced supply of inputs, addressing the
risk propagation path and indirect effect of water–energy scarcity risk in a national trade
system [36].

The above research provides a methodological basis for quantifying natural gas scarcity
risk in countries along the Belt and Road. This study devised a natural gas stress index
to reflect a country’s dependence on natural gas imports. The local natural gas scarcity
risk in each nation/sector is then accounted, combined with the economic output and
natural gas consumption of each nation/sector. The MRIO model is applied to assess the
impact of natural gas scarcity risk on downstream nations/sectors through the supply
chain. The leading risk importers and exporters in countries and sectors are identified and
the transmission paths of natural gas scarcity risk are explored. Economic activities are
affected in gas-intensive industries and in many sectors that use embodied natural gas
resources. This exploration assists policymakers in understanding the impact of changes in
natural gas resources on human society.

3. Materials and Methods

In this paper, natural gas scarcity risk (GSR) means the possible losses of economic
output caused by natural gas scarcity, including direct output loss (local natural gas scarcity
risk, LGSR) and indirect output loss (embodied natural gas scarcity risk, EGSR). We develop
a method based on the framework proposed by [37] to quantify the natural gas scarcity
risk LGSR and EGSR. In estimating of LGSR, the loss caused by natural gas scarcity can
be evaluated by combining the probability of natural gas scarcity in a country, sectoral
dependence, and the total output of each sector. The probability of natural gas scarcity (GP)
indicates the proportion of the potential reduction in natural gas usage due to natural gas
scarcity, which is related to the corresponding natural gas stress index (GSI) of a country. On
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the other side, the sectoral dependence of natural gas (GD) echoes the economic output loss
of a sector, measured by its natural gas intensity (GI). The embodied natural gas scarcity
risk (EGSR) transmitted through international trade can be estimated based on LSGR and
MRIO. The method explores issues related to threats in the economic system, rather than
precise monetary assessments.

3.1. Local Natural Gas Scarcity Risk (LGSR)

In areas with strong gas consumption, the economic activities of natural gas-intensive
sectors are easily affected. The resulting financial losses depend on the total output of
the economic sector and its natural gas dependence. Based on this assumption, the local
natural gas scarcity risk (LGSR) can be quantified by Equation (1) [37]:

LGSRs,c = GPc × GDs × xs,c, (1)

where LGSRs,c represents the potential economic loss of sector s in country c due to local
natural gas scarcity. GPc indicates the probability of natural gas scarcity in country c,
thus evaluating the possible reduction in its natural gas consumption in country c. GDs
represents the dependence on natural gas of sector s. xk,c is the economic output of sector s
in country c under the condition of sufficient natural gas resources. The evaluation of GPc
and GDs is presented in the following sections. Within this framework, the 1× n vector
LGSR contains the local natural gas scarcity risk of each sector.

3.1.1. Probability of Natural Gas Scarcity (GP)

The probability of natural gas scarcity (GP) can be measured by natural gas stress
index (GSI) based on some assumptions. The GSI is defined as the ratio of net natural
gas imports to natural gas consumption, which reflects a country’s dependence on foreign
natural gas resources, as shown in Equation (2):

GSIc =
IGc − EGc

CGc
, (2)

where IGc, EGc, and CGc represent the amount of natural gas imports, exports, and con-
sumption of country c, respectively. A larger GSIc indicates that a country is more depen-
dent on imported natural gas, which means that once natural gas imports are insufficient,
it will affect the economic output of various domestic sectors. In particular, the closer the
GSIc value is to 1, the greater the natural gas stress, increasing the probability of natural gas
scarcity. On the contrary, a smaller GSIc value represents a lower natural gas dependence.
When GSIc 6 0, the consumption of natural gas is self-sufficient, and natural gas stress is
not observed.

Based on GSIc, the log-normal distribution is adopted to evaluate the probability of
natural gas scarcity for country c, which is shown in Equation (3):

GPc = f (µc; σ) =
∫ 1

0

1− x
xσ
√

2π
exp

(
−
(

ln x− µc√
2πσ

)2
)

dx, (3)

where µc = ln 1
GSIc

, and σ controls the heterogeneity of GPc among countries. A significant
σ reflects a greater difference of GPc between a high-GSI and a low-GSI country. It is worth
noting that GSIc > 0 is required when calculating GPc. However, if GSIc 6 0, it means that
there is no natural gas scarcity in the country, and thus GPc is set to zero.

3.1.2. Sectoral Natural Gas Dependence (GD)

The sectoral natural gas dependence (GD) assesses the proportion of sectoral output
reduction caused by a 1% reduction in natural gas consumption. The maximum value of GD
is 1, reflecting that natural gas is entirely irreplaceable. In this work, the Logistic function is
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used to convert the natural gas intensity (GI) into the sectoral natural gas dependence, as
shown in Equation (4):

GDs = g(GIs; α) =
1

1 + e−αGIs

(
1

0.001 − 1
) , (4)

where GIs is computed from the ratio of natural gas consumption to economic output
for sector s. It reflects the natural gas intensity of sector s and is utilized to evaluate the
dependence of sector s on natural gas resources. The parameter α > 0 adjusts the critical
value of GIs curve. Once the natural gas intensity of a sector is greater than this critical
value, GDs will rapidly increase to 1. On the other hand, when the natural gas intensity
is extremely small, or even zero, the GDs value reaches the minimum (i.e., 0.001). This
implies that even if a sector consumes a very small amount of natural gas, the shortage
of natural gas will still affect the economic activities of the sector, reflecting the general
importance of natural gas resources.

3.2. Embodied Natural Gas Scarcity Risk (EGSR)

In this work, a multi-regional input–output (MRIO) model is applied to study the
interdependence of inputs and outputs between various sectors in the economic system [38].
The MRIO analysis assists in tracking the energy resources or environmental impacts of
economic activities to their source or to where they are utilized through a complex inter-
regional supply chain [39]. Considering the input–output relationship between various
sectors, the MRIO model has the following equation, Equation (5):

X = V(I − B)−1, (5)

where X is a row vector representing the total input of each sector and V is a row vector
representing the value added for each sector. The matrix B contains the direct output
coefficients, defined as the distribution ratio of products from one sector to another. The
matrix (I − B)−1 is the Ghosh inverse matrix, of which the elements of a row represent the
total output (including direct and indirect) of sectors brought about by unitary value added
to the sector demonstrated by this row [40].

As shown in Equation (6), matrix EGSR can be obtained by diagonalizing vector LGSR
first, and then multiplying it by the Ghosh inverse matrix. The elements in a column reflect
the output losses of the specific sector, demonstrated by this column, which is induced by
the LGSR of each sector represented by the row

EGSR = diag(LGSR)× (I − B)−1. (6)

Thus, EGSR imports and EGSR exports for country i are calculated by Equations (7)
and (8):

EGSRim
i = ∑

j 6=i
EGSRji, (7)

EGSRex
i = ∑

i 6=j
EGSRij. (8)

3.3. Top Network Analysis

In the network studies of natural gas scarcity risk for countries along the Belt and Road,
countries are denoted as nodes, while the EGSR flows between countries are represented by
edges with direction. The result is a directed and weighted EGSR transmission network [41].
For every country, its risk transfer ties are not equally important. The Top EGSR transfer
network can capture the essential transmission relations in the EGSR transmission network.

According to the direction of EGSR flow between countries, the Top EGSR transfer
network is divided into Top EGSR import network and Top EGSR export network. When
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each country’s top EGSR inflow relationship is retained, the Top 1 EGSR import network
is formed. The in-degree of all nodes in this network is 1, and the out-degree varies
across nodes. The in-degree and out-degree of a node, respectively, denote the number
of import partners and export partners of the node. In other words, a country has only
one country as its primary EGSR source but can be the leading source for many other
countries. When a country is not the primary EGSR source for any country, its out-degree
is equal to zero. The Top 1 EGSR export network is constructed by including only the top
EGSR outflow relationship in each country. Similarly, if the top two EGSR risk inflow or
outflow relationships of each country are retained, the network formed is called the Top
2 EGSR import or export network. Furthermore, the Top-level network of the selected
standard is obtained according to the specific situation studied. A typical feature of the Top
EGSR import (export) network is that the in-degree (out-degree) of all countries does not
exceed the selected standard, but the out-degree (in-degree) varies with the dependence of
the country.

3.4. Data

There are two types of data used in the study: the global MRIO data and the natural
gas-related data. When this research was carried out, the year of the latest data available
was 2015. Therefore, this work was conducted with information regarding the year of 2015.

The global MRIO data used in the study are derived from the Eora database. The
Eora global MRIO database provides a series of high-resolution global MRIO tables with
matching satellite accounts for 190 regions [42,43]. The Eora26 version is recommended for
environmentally extended MRIO analysis, because sectors of all nations are in a common
26 sector classification (Appendix A Table A1). This work adopts the Eora26 version for
2015 to study natural gas scarcity risk issues of countries and sectors along with the Belt
and Road economics.

The import, export, and consumption of natural gas in each country are provided by
The World Factbook of Central Intelligence Agency [44]. The natural gas consumption data
of each sector is collected from the Eora26 database.

The BRI is an open international economic cooperation network that is not restricted
to a specific spatial scope. Due to missing data, 55 countries along the Belt and Road
are considered in this paper, including 35 Asian countries, 19 European countries, and
1 African country, listed in Appendix A Table A2.

4. Results
4.1. Local Natural Gas Scarcity Risk

The probability of natural gas scarcity (GP) measures the reduced fraction of natural
gas use by a country resulting from potential natural gas scarcity. Since there is a lack of
comprehensive information on natural gas demand across all sectors, it is assumed that
countries with higher GSI are more likely to face natural gas shortages. Figure 1 depicts
national GSIc and the corresponding GPc estimated by different values of σ. As shown in
Figure 1, when σ = 1.8, nearly half of the countries have non-negligible GP values (over
10%). When σ = 0.5, only about 10% of countries have GP values higher than 10%, and
nearly 70% have negligible GP values. When σ = 1, about 30% of countries have notable
GP over 10%, and about 50% have GP values less than 1%. Thus, in order to be closer to
the actual situation, we set σ = 1 in this work.

Figure 2 illustrates the natural gas intensity (GI) and the resulting sectoral natural gas
dependence (GD) for different values of α. A larger α leads to a higher critical value of
GI, meaning that fewer sectors are categorized as highly dependent on natural gas. The
sector with higher GI also has the larger GD, as demonstrated in Figure 2. For instance,
although the GI of Moldova’s Electrical and Machinery (S9) (12,846 m3/USD) sector is about
sixty times that of Turkmenistan’s Post and Telecommunications (S20) (214 m3/USD) sector,
they are the sectors essentially dependent on natural gas because their GD value is close
to 1. On the other hand, sectors with relatively low or zero GI, such as Wholesale Trade
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(S16) (1.4 m3/USD) sector in China and Mining and Quarrying (S3) (0 m3/USD) sector in
Lebanon, have the minimum GD values, which are close to 0.001. Therefore, sectors with
high GI values are more dependent on natural gas. Further, the function converting GI to
GD is selected by adjusting the parameter α. When α = 0.1, nearly 10% of sectors have
extremely high GD values, exceeding 0.999. About 55% of sectors have relatively low GD
values, which are approaching 0.002. For α = 0.02 (0.3), fewer (more) sectors are classified
as having relatively high GD values. Thus, α = 0.1 is set for the main results.
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Figure 1. Natural gas stress index GSI and the inferred probability of natural gas scarcity under
different σ values. The nation-sectors are sorted with decreasing GSI.
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Figure 2. Sectoral natural gas intensity and the corresponding natural gas dependence sorted with
decreasing GI.

Figure 3 shows the five main sectors of the top ten countries that suffered losses due
to natural gas scarcity. Among these ten countries, five Eastern European countries are
included. The economic impact caused by LGSR in these top ten countries accounts for
85% of the total exerted risk of countries along the Belt and Road. Among them, Turkey
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and Ukraine alone account for about 45%. Turkey has the most significant local natural
gas scarcity risk, reaching 11.7 million dollars, more than twice that of second-ranked
Ukraine (5.4 million dollars). Therefore, Turkey would suffer a large amount of economic
loss if natural gas scarcity occurs. The top five sectors with the largest LGSR include
Electricity, Gas and Water (S13), Petroleum, Chemical, and Non-Metallic Mineral Products (S7),
Metal Products (S8), Other Manufacturing (S11), and Transport (S19) sectors. In the top ten
countries mentioned above, the economic losses in these five sectors account for 90% of
the total exerted risk, inside of which S13 and S7 contribute 72.9%. The LGSR in the five
sectors mentioned earlier in Turkey, Ukraine, and Singapore is above 96%. Especially in
Singapore and Iraq, the proportion of LGSRs in the S13 alone exceeds 95%. The economic
losses caused by natural gas scarcity in S7 sector in Turkey account for nearly 50%, and
the same situation also exists in Bulgaria. Therefore, local natural gas scarcity risk faced
by the S13, and S7 sectors may bring tremendous economic output losses. As depicted in
Figure 3, for China, the risks from these five sectors account for about 40% of the economic
impact of LGSRs. The primary risk sources are S7, S9, and S19 sectors, which account for
18%, 9.8%, and 8.7%, respectively. Note that the probability of natural gas scarcity in India
and China is relatively low, but their LGSRs are high. This result comes mainly due to the
substantial economic output of these two countries, which is dozens or even hundreds
of times compared to other countries. Some countries, such as Lebanon, Tajikistan, and
Slovenia, are deeply dependent on natural gas but have slight local risks due to their limited
economic output.
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Figure 3. Local natural gas scarcity risks. Five main sectors in top ten countries suffered natural gas
scarcity-induced economic risk are demonstrated.

4.2. Embodied Natural Gas Scarcity Risk

In 2015, the natural gas scarcity risk (GSR) embodied in the trade of the Belt and Road
countries was about 88.2 million dollars, while the GSR from domestic trade consisted of
approximately 44.7 million dollars, and the GSR of 43.5 million dollars was transferred
through international trade. The risks in 19 countries, such as Turkmenistan, Macedonia,
Albania, and Vietnam, derive from the EGSR imports. These countries have low GSI
values, but import intermediate products from countries with scarce natural gas, such
as Turkey, Ukraine, Bulgaria, etc. This makes the exporting countries have even fewer
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natural gas resources. For the remaining 36 countries, nearly half of the total EGSR has
been exported abroad.

4.2.1. Country Level Results

To track the source and destination of natural gas scarcity risks, Table 1 lists the top
ten countries of the EGSR imports and exports. The economic losses caused by natural gas
scarcity mainly originate from Turkey, China, and Ukraine, with exports of 14.6 million
dollars, 11.1 million dollars, and 8.3 million dollars, respectively. The sum is accounted
for 78.4% of the total exports. These losses could have noticeable implications on other
economies by exporting EGSR. Further, to evaluate the EGSR imports and exports inde-
pendent of economic scales, Table 1 also lists the EGSR imports and exports per unit of
economic output. Bulgaria, Turkey, and Ukraine have massive EGSR exports and are
the riskiest countries, owing to the relatively high proportions of EGSR exports per unit
economic output. As depicted in Figure 4, the GSRs from Bulgaria, Turkey, and Ukraine
are largely transferred to Turkmenistan, Georgia, and Albania. These countries have large
EGSR imports and together with Qatar and Belarus, are the most vulnerable countries
when facing the shortage of natural gas resources in upstream countries.

Table 1. Top 10 countries of EGSR imports/exports, EGSR imports/exports per unit output. Unit of
EGSR imports/exports: million dollars.

Country EGSR
Imports Country EGSR Imports

per Unit Output Country EGSR
Exports Country EGSR Exports

per Unit Output

Turkmenistan 3.474 Qatar 0.805 Turkey 14.617 Bulgaria 0.015
Macedonia 2.411 Belarus 0.109 China 11.131 Turkey 0.014

Georgia 1.934 Kyrgyzstan 0.089 Ukraine 8.345 Ukraine 0.011
Albania 1.757 Georgia 0.078 India 2.704 Thailand 0.007
Romania 1.250 Turkmenistan 0.064 Bulgaria 1.934 Lithuania 0.004
Vietnam 1.230 Albania 0.063 Singapore 1.798 Poland 0.004

Kyrgyzstan 1.204 Tajikistan 0.058 Poland 0.781 Belarus 0.003
Bulgaria 1.198 Armenia 0.052 Czech 0.397 Georgia 0.003
Hungary 1.161 Thailand 0.025 Lithuania 0.302 Singapore 0.002

Jordan 1.079 Estonia 0.021 Hungary 0.297 Serbia 0.002

Turkey

China

Ukraine

India

Bulgaria

Turkmenistan

Macedonia

Georgia

Albania

Romania

Viet Nam

Kyrgyzstan

Hungary

Figure 4. Main EGSR flow relationships at the country level.
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Figure 5 compares the ranking changes of top countries in LGSR versus EGSR imports
(Figure 5a) and EGSR exports (Figure 5b). Figure 5a shows that the ranking of LGSR is
quite different from that of EGSR imports for most countries. For EGSR imports, countries
such as Turkmenistan, Macedonia, Albania, Vietnam, and Kyrgyzstan have extremely
low LGSRs while importing many GSRs from abroad. They are much less resilient to
GSR in other countries than to their LGSR. For example, Turkmenistan ranks the 1st with
3.5 million dollars EGSR imports, followed by Macedonia with 2.4 million dollars, while the
LGSR of Turkmenistan ranks 37th and that of Macedonia ranks 34th. This result indicates
that economic sectors in these countries greatly depend on importing merchandise from
countries with scarce natural gas. Therefore, these sectors should seek substitutions in
domestic or other countries with sufficient natural gas supply to improve the robustness to
foreign GSRs. On the contrary, as shown in Figure 5b, LGSR and EGSR exports rankings
for most countries are similar, indicating that countries with scarce natural gas may also
be the leading EGSR exporters. Countries such as Turkey, China, Ukraine, India, Bulgaria,
and Singapore with high LGSRs also transfer many GSRs to other countries by exporting
commodities. Therefore, downstream countries should reduce their imports from these
countries to increase their resilience to foreign EGSRs.

1 3 5 7 9 11 13 15 17 19 21

Slovenia
Kuwait

Slovakia
Thailand

Serbia
Hungary

Lithuania
Czech
Poland

Singapore
Bulgaria

India
Ukraine

China
Turkey

(b)

LGSR
EGSR export

1 5 9 13 17 21 25 29 33 37

Malaysia
Azerbaijan

Slovakia
Singapore

Lebanon
Jordan

Hungary
Bulgaria

Kyrgyzstan
Vietnam
Romania

Albania
Georgia

Macedonia
Turkmenistan

(a)

LGSR
EGSR import

Figure 5. Change of rankings from LGSRs to EGSR for the top 15 countries with the highest EGSR.
(a) from LGSRs to EGSR imports; (b) from LGSRs to EGSR exports.

4.2.2. Sector Level Results

Table 2 lists the top ten sectors of EGSR imports and exports. The S7 sector in natural
gas scarce countries, such as Turkey, Bulgaria, and Ukraine with 46.9% of the EGSR exports,
cause serious risks on downstream sectors in other countries through trade. For imports,
considering sectors such as S7 and Re-export & Re-import (S26) are primary importers, their
economies sensitive to the GSR in upstream sectors in the supply chain. To evaluate the
EGSR imports and exports independent of economic scales, Table 2 lists the EGSR imports
and exports per unit output. The Private Households (S24) sector in Russia and Kyrgyzstan,
and the Fishing (S2) sector in Kyrgyzstan merge as the most vulnerable sectors to GSRs
in other sectors. The S7 sectors in Turkey and Bulgaria are the riskiest sectors, due to the
relatively high fractions of EGSR exports per unit economic output. In particular, the S7
sector in Turkey consists of the primary upstream source, and its EGSR exports amount to
12.5 million dollars. The EGSRs from this sector mainly transfer through the trade network
to S7 sectors in Turkmenistan, Georgia, and Albania, and S26 sectors of Macedonia and
Romania, and S13 sector in Turkmenistan, as shown in Figure 6.
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Table 2. The top 10 sectors of EGSR imports/exports, and imports/exports per unit output. Unit of
EGSR imports/exports: million dollars.

Sector EGSR Imports Sector EGSR Imports per Unit Output

Macedonia-S26 0.484 Russia-S24 1349.738
Turkmenistan-S7 0.390 Kyrgyzstan-S2 205.742

Romania-S26 0.320 Kyrgyzstan-S24 203.642
Georgia-S7 0.299 Romania-S25 176.951

Turkmenistan-S13 0.259 Hungary-S24 145.022
Poland-S26 0.245 Slovakia-S24 114.939
Turkey-S26 0.238 Romania-S24 89.722
Albania-S7 0.236 Myanmar-S26 43.331

Turkmenistan-S8 0.225 Vietnam-S26 42.837
Turkmenistan-S12 0.224 Jordan-S26 39.649

Sector EGSR Exports Sector EGSR Exports per Unit Output

Turkey-S7 12.453 Turkey-S7 0.237
China-S7 4.448 Bulgaria-S7 0.159

Ukraine-S8 2.856 Ukraine-S8 0.108
Ukraine-S7 2.168 Bulgaria-S13 0.083
China-S9 2.065 Ukraine-S7 0.082

Ukraine-S13 1.830 Singapore-S13 0.073
China-S8 1.557 Ukraine-S13 0.065

Singapore-S13 1.532 Ukraine-S19 0.049
India-S13 1.514 Turkey-S8 0.039

Bulgaria-S7 1.317 Lithuania-S7 0.030

Turkey - Petroleum, Chemical and Non-Metallic Mineral Products

China - Petroleum, Chemical and Non-Metallic Mineral Products

Ukraine - Metal Products

Ukraine - Petroleum, Chemical and Non-Metallic Mineral Products

China - Electrical and Machinery

Macedonia - Re-export & Re-import

Turkmenistan - Petroleum, Chemical and Non-Metallic Mineral Products

Romania - Re-export & Re-import

Georgia - Petroleum, Chemical and Non-Metallic Mineral Products

Turkmenistan - Electricity, Gas and Water

Poland - Re-export & Re-import

Turkey - Re-export & Re-import

Albania - Petroleum, Chemical and Non-Metallic Mineral Products

Figure 6. The main EGSR flow relationships at the sector level.

Figure 7a illustrates the ranking changes between LGSR and EGSR imports for the
top 15 sectors with the largest EGSR imports. The EGSR imports of some sectors, such
as the S7 sector in Turkmenistan, Construction (S14) sector in Georgia, and S26 sector in
Macedonia, rank much higher than the LGSRs for these sectors because of their high
dependence on imports from other sectors. For example, the S26 sector in Macedonia ranks
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1st in the EGSR imports, while the LGSR of this sector ranks 906th. This implies that S26
sector of Macedonia is highly dependent on importing commodities from the upstream
sectors subject to natural gas scarcity. Hence, these sectors should seek other alternatives
from sectors of their own countries or other countries with lower LGSRs to reduce their
vulnerability to natural gas scarcity. Figure 7b compares the ranking changes between the
LGSR and EGSR exports for the top 15 sectors with the greatest EGSR exports. The ranking
of EGSR exports is quite close to that of LGSR. It can be discovered that S7 sectors in Turkey,
Ukraine, and China, and S8 sector in Ukraine, etc., with high LGSRs also transmit large
amounts of GSRs to other sectors through their exports of commodities. For S7 sector of
Turkey, both the LGSR and EGSR exports rank first. For S7 sectors in Turkey, S8, S13, and
Transport Equipment (S10) sectors in Ukraine, S13 sectors in India that rank in the top ten for
LGSRs, their EGSR exports rankings are also in the top ten. Therefore, to reduce the EGSR
exports of these sectors, the downstream sectors are required to explore substitutions in
other sectors with abundant natural gas supplies and improve the resilience of their entire
economy to GSRs.

1 4 7 10 13 16 19 22 25 28 31 34 37

Bulgaria - Electricity, Gas and Water
China - Mining and Quarrying

Poland - Petroleum, Chemical and 
 Non-Metallic Mineral Products

China - Transport
Turkey - Electricity, Gas and Water

Turkey - Metal Products
India - Mining and Quarrying

Ukraine - Transport
India - Electricity, Gas and Water

China - Metal Products
Ukraine - Electricity, Gas and Water

Ukraine - Petroleum, Chemical and 
 Non-Metallic Mineral Products

Ukraine - Metal Products

China - Petroleum, Chemical and 
 Non-Metallic Mineral Products

Turkey - Petroleum, Chemical and 
 Non-Metallic Mineral Products

(b)

LGSR
EGSR export

1 10 20 30 40 50 60 70 80 90 100

Turkmenistan - Electrical and Machinery
Russia - Private Households

Turkmenistan - Mining and Quarrying
Turkmenistan - Transport Equipment

Georgia - Construction
Hungary - Re-export & Re-import

Turkmenistan - Recycling
Turkmenistan - Metal Products

Albania - Petroleum, Chemical and 
 Non-Metallic Mineral Products

Poland - Re-export & Re-import
Turkmenistan - Electricity, Gas and Water

Georgia - Petroleum, Chemical and 
 Non-Metallic Mineral Products

Romania - Re-export & Re-import

Turkmenistan - Petroleum, Chemical and 
 Non-Metallic Mineral Products

Macedonia - Re-export & Re-import

(a)

LGSR
EGSR import

Figure 7. Change of rankings from the LGSRs to EGSR for the top 15 sectors with the highest EGSR.
(a) from LGSRs to EGSR imports; (b) from LGSRs to EGSR exports.

4.3. Top Network Analysis

For each country, the EGSR transferred to trading partners is not evenly distributed,
and the concentration of EGSR transfer exists. The main EGSR transmission partners have
an essential influence on shaping the risk transfer paths between countries. Therefore, it is
necessary to pay explicit attention to the main EGSR transfer partners of one country and
to study the framework based on the top EGSR transfer relations.

The Top EGSR transfer network provides a valuable tool for simplifying the EGSR flow
information and reveals the main framework of EGSR transfer for countries incorporated
on the Belt and Road economics. Figure 8 shows the relationship between the level of the
top network in 2015 and its percentage in the total EGSRs. The curve shows an upward
trend as more EGSR transfer relationships are included in the Top network. It can be
found that the EGSR flows in the Top 4 EGSR import network and the Top 9 EGSR export
network account for more than 90% and 50% of the total EGSRs transferred, respectively.
The top EGSR transmission relationships shape the backbone of the entire EGSR transfer
network. Figure 9a,b visualize the Top 4 EGSR import network and the Top 9 EGSR export
network separately.

Figure 9a suggests that the Top 4 EGSR import network is divided into three main
clusters, centered around Turkey, China and Ukraine. These three countries have the largest
out-degrees, which means they are the top sources of EGSR imports. They are also the top
three countries with the highest EGSR exports, of which Turkey and Ukraine rank in the top
three among the riskiest countries. This information is consistent with the results shown
in Table 1. Figure 9a also indicates that EGSR transmission has noticeable geographical
characteristics, and most of the countries in the same cluster are from the same continent.
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The EGSRs from Ukraine are mainly transmitted to Eastern Europe. Southeast Asia and
Central Europe essentially face the EGSRs from China. Turkey primarily transmits EGSRs
to Central Asia, Western Asia, and Eastern Europe. In Asia, the EGSR from Turkey is about
1.3 times that of China and 2.5 times that of Ukraine. The EGSRs of being imported into
Europe from these three countries are roughly the same. Figure 9b shows that the Top
EGSR export network structure is quite fragmented. Turkmenistan, Belarus, Macedonia,
and Russia have relatively large in-degrees, indicating that they are the main EGSR export
destinations. These four countries are among the top five countries with the highest EGSR
imports, of which Belarus and Turkmenistan rank in the top five among the most vulnerable
countries, as expressed in Table 1.

1 2 3 4 5 6 7 8 9 10
0%

20%

40%

60%

80%

100%
import
export

Figure 8. The relationship between the percentage of EGSRs in the Top-level network to the overall
EGSRs of the Belt and Road economies and the level selected by the Top network.

0    – 0.2
0.2 – 0.4
0.4 – 0.6
0.6 – 0.8
0.8 – 1.0

(a)

Figure 9. Cont.
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0.6 – 0.8
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Figure 9. Top EGSR network. The color shades imply the values of EGSR normalized by the total
EGSRs. The edges of the same color are members of the same cluster. The clockwise bending direction
of the edge represents the direction of EGSR transfer. (a) Top 4 EGSR import network; (b) Top 9 EGSR
import network.

5. Discussion

The international natural gas trade is a giant, complex system. The local risk of natural
gas scarcity (LGSR) for different sectors in each country is estimated first by combining the
natural gas stress index, natural gas consumption intensity, and economic output. Then,
the embodied natural gas scarcity risk (EGSR) transmission matrix is obtained based on
the local risk of natural gas scarcity and the Ghosh inverse matrix. Top network analysis
method is used to reveal the main transmission paths and structural characteristics of
natural gas scarcity risks in the Belt and Road economies. This study considers 55 countries
with 26 sectors along the Belt and Road. It proposes a modeling framework to measure and
track the embodied natural gas scarcity risk transmitted to downstream sectors through
global supply chains, which is favorable to the development of risk analysis and the
extended application of multi-regional input–output analysis.

We first analyzed the local risks of natural gas scarcity (LGSR) in each country and
sector. Turkey and Ukraine have the most significant economic losses, accounting for 45%
of the total exerted risk of countries along the Belt and Road. The top five sectors with the
largest LGSR include S13, S7, S8, S11, and S19 sectors. The LGSRs in the above five sectors
in Turkey account for about 98.3% of the country and 30.6% of the Belt and Road economies.
This work also identifies the significant nations and sectors of which local natural gas
scarcity may critically affect other countries and sectors through international trade. Turkey,
Ukraine, and China have the greatest EGSR exports at the national level, and Turkey and
Ukraine rank in the top three among the riskiest countries. The GSRs originating from
Turkey, Ukraine, and China are mainly transferred to Turkmenistan, Georgia, and Albania,
which together with Qatar and Belarus are regarded as the most vulnerable countries facing
the reduction of natural gas resources in their upstream countries. Moreover, it can be
found that due to the indirect effects in the network, the risk of a country’s production
reduction due to natural gas scarcity will be transferred to remote countries and sectors
through the global supply chain, which will have a serious impact on other countries and
sectors involved in international trade. For example, EGSRs from China and Turkey were
transferred to distant Hungary and Kyrgyzstan, respectively through trade. This result is
consistent with previous studies on resource scarcity. For example, Liu et al. emphasized
that economic trade can transfer local water/energy shortages to remote areas by studying
the case of China [36]. Qu et al. observed that the geographical separation between physical
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water scarcity and production losses caused by water scarcity is increasing [37]. At the
sectoral level, S7 sectors in Turkey, China, Ukraine, and Bulgaria, S8 sectors in Ukraine,
China, and Turkey, and S13 sectors in Singapore, India, and Turkey are the leading EGSR
exporters. These sectors are critical to improving the resilience of the international trading
system to GSRs. Hence, decision makers should focus on these sectors to mitigate the
transmission of EGSRs. Sectors with high vulnerability to foreign natural gas scarcity are
also identified, including S26 sectors in Macedonia, Romania, Poland, and Hungary, S7
sectors in Turkmenistan, Georgia, and Albania, and S8 sector in Turkmenistan. These
sectors are relatively small in economic size but have substantial EGSR imports, making
them highly vulnerable to natural gas scarcity in the upstream supply chain. Hence,
sector managers should diversify their upstream suppliers in the supply chain to moderate
potential risks.

Not all relations in a network are created equal. The main EGSR transferred ties
shape the Top EGSR transfer network. A country’s position in the Top EGSR transfer
network reflects how many other countries have the largest share of its external transfer
risk. This analysis provides a reasonable and straightforward way to identify the different
structural positions of the countries along the Belt and Road in the EGSR transfer system.
The EGSR flows in the Top EGSR import network and Top 9 export network add up to
90.7% and 53.0% of total EGSR imports and EGSR exports separately. The Top 1 EGSR
import network is mainly divided into three great clusters, centered around the major EGSR
exporters, such as Turkey, China, and Ukraine. These three countries have the highest
EGSR exports, and Turkey and Ukraine also rank in the top three most risky countries.
This results from the share of natural gas in primary energy consumption and imports
in Turkey and Ukraine, configured as a dominant factor. As long as natural gas remains
the primary source in the energy structure of these countries, the EGSR transferred by
them will continue high. Therefore, they should formulate long-term strategies to reduce
the consumption of imported natural gas resources. In addition, the EGSRs originating
from these three countries located in the cluster are mainly transferred to Europe and Asia.
In Europe, the EGSR exports from these three countries are relatively similar. However,
their EGSR exports transferred to Asia are quite different. The EGSR from Turkey is about
1.3 times that of China and 2.5 times that of Ukraine. The Top 9 EGSR export network shows
that Turkmenistan, Belarus, Macedonia, and Russia are the main export destinations, where
Belarus and Turkmenistan rank in the top five among the most vulnerable countries. It is
precisely because of the structural centrality of these countries in the EGSR transmission
network that they have great potential to alleviate the losses caused by the scarcity of
natural gas in the "Belt and Road" economies. Tang et al. also described the structural
characteristics of complex system when exploring the energy flow embodied in China’s
economy. They found that Beijing has immense potential in determining national energy
reduction given its structural priority in energy flow network [45].

6. Conclusions

In this study, the economic losses caused by the scarcity of natural gas in the countries
along the Belt and Road are estimated. This work can provide a meaningful reference
for governments, enterprises, and decision makers in vulnerable countries and sectors,
enabling them to understand better the EGSRs they may face, helping them develop
strategies to mitigate such risks.

Compared with previous studies, the potential interaction between the risk source
and destination and the indirect effects of the network have been explored to fill the gap
in the study of natural gas scarcity risk from a systematic perspective. This is reflected
in the disparities between LGSRs and EGSRs in some countries. As empirical analysis
shows, countries such as Turkmenistan, Macedonia, Albania, Vietnam, and Kyrgyzstan
have extremely low LGSRs, but they are highly vulnerable to the shortage of natural gas
in the upstream supply chain due to excessive EGSR imports. Therefore, the government
should fully consider the local natural gas resource endowment when formulating trade
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policies. The demand-side management of natural gas is an effective way to reduce
GSRs. The government can encourage consumers to change their consumption patterns to
alleviate natural gas shortages, such as publicity and education, special lectures, etc., to
raise awareness of natural gas conservation. On the other hand, countries such as Turkey,
China and Ukraine with high LGSRs are the sources of EGSRs, and their EGSR exports have
had a significant impact on other regions. The natural gas scarcity in one region not only
causes economic losses to the neighboring regions, but also spreads to distant regions. That
is to say, the economic losses caused by natural gas scarcity have long-distance transmission.
This result is consistent with previous studies [36,37]. Moreover, this has been revealed
from the top network analysis. Turkey, China and Ukraine are centered by three main
clusters. Given their structural priority in the EGSR transmission network, they have
immense potential in reducing the risk of natural gas scarcity. The above results would
clearly support the Belt and Road authorities and policy makers to conduct transboundary
natural gas resource management to weaken the spread of natural gas scarcity risks in the
supply chain. For China, it is essential to make full use of the development opportunities
brought by the Belt and Road initiative to strengthen extensive cooperation with countries
or regions rich in natural gas resources, such as Southeast Asia and Central Asia, to form a
mutually beneficial and win–win development pattern.

At present, more and more countries are committed to achieving carbon neutrality or
net zero emissions in the next few decades, and the world is moving towards a low-carbon
future. Because climate restrictions have accelerated the global energy transition, many
countries cannot directly switch from fossil energy to renewable energy. As the most
environmentally friendly resource among fossil energy sources, natural gas has become a
transitional solution for countries to achieve net zero emissions targets, but will eventually
be replaced by renewable energy sources. In view of this, from a long-term perspective,
countries and sectors, especially those sensitive to natural gas shortages, must increase the
proportion of renewable energy when adjusting their energy structure to properly solve
the problem of natural gas scarcity.
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Appendix A.

Table A1. Codes and sectors.

Code Sector

S1 Agriculture
S2 Fishing
S3 Mining and Quarrying
S4 Food & Beverages
S5 Textiles and Wearing Apparel
S6 Wood and Paper
S7 Petroleum, Chemical and Non-Metallic Mineral Products
S8 Metal Products
S9 Electrical and Machinery
S10 Transport Equipment
S11 Other Manufacturing
S12 Recycling
S13 Electricity, Gas and Water
S14 Construction
S15 Maintenance and Repair
S16 Wholesale Trade
S17 Retail Trade
S18 Hotels and Restraurants
S19 Transport
S20 Post and Telecommunications
S21 Finacial Intermediation and Business Activities
S22 Public Administration
S23 Education, Health and Other Services
S24 Private Households
S25 Others
S26 Re-export & Re-import

Table A2. Countries, codes, and continents.

Country Code Continent Country Code Continent

Afghanistan AFG Asia Lithuania LTU Europe
Albania ALB Europe Malaysia MYS Asia
Armenia ARM Asia Moldova MDA Europe
Azerbaijan AZE Asia Myanmar MMR Asia
Bahrain BHR Asia Oman OMN Asia
Bangladesh BGD Asia Pakistan PAK Asia
Belarus BLR Europe Philippines PHL Asia
Bosnia and Herzegovina BIH Europe Poland POL Europe
Brunei BRN Asia Qatar QAT Asia
Bulgaria BGR Europe Romania ROU Europe
China CHN Asia Russia RUS Europe
Croatia HRV Europe Saudi Arabia SAU Asia
Czech Republic CZE Europe Serbia SRB Europe
Egypt EGY Arica Singapore SGP Asia
Estonia EST Europe Slovakia SVK Europe
Georgia GEO Asia Slovenia SVN Europe
Hungary HUN Europe Syria SYR Asia
India IND Asia Tajikistan TJK Asia
Indonesia IDN Asia TFYR Macedonia MKD Europe
Iran IRN Asia Thailand THA Asia
Iraq IRQ Asia Turkey TUR Asia
Israel ISR Asia Turkmenistan TKM Asia
Jordan JOR Asia UAE ARE Asia
Kazakhstan KAZ Asia Ukraine UKR Europe
Kuwait KWT Asia Uzbekistan UZB Asia
Kyrgyzstan KGZ Asia Vietnam VNM Asia
Latvia LVA Europe Yemen YEM Asia
Lebanon LBN Asia
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