
HR0700004
Edgard Gnansounou
Laboratory of Energy Systems (LASEN)
Ecole Polytechnique Federale de Lausanne (EPFL)
Switzerland

MONITORING THE VULNERABILITY OF ENERGY SUPPLY SYSTEM

Abstract

Due to the increasing complexity of the world evolution, the public decision makers, the
energy supply industry and the consumers in industrialised countries are more and more
sensitive to the vulnerability of energy supply. The emergence of new big consumer
countries and the perspective of oil and gas depletion at the end of the current century
raise the concerns about how to share fairly the remaining resources for the common and
sustainable development of the mankind. Erratic energy prices discourage investment
and delay the energy transition. Voluntary measures are needed mainly in industrialised
countries in order to develop alternative and sustainable energy sources and to avoid
world struggle for energy procurement. In this contribution a synthetic energy vulnerability
index is defined for monitoring energy supply vulnerability. The proposed index is based
on energy intensity, oil and gas import dependency, CO2 content of primary energy
supply, electricity supply vulnerability and non-diversity in transport fuels. The preliminary
assessment of this synthetic index for selected industrialised countries provides promising
results that need however further refinement.

MONITORING RANJIVOSTI ENERGETSKE OPSKRBE

Sažetak

Zbog sve veće složenosti svjetskog razvoja, donositelji javnih odluka, opskrbljivači
energijom i potrošači u industrijaliziranim zemljama sve su osjetljiviji kad je u pitanju
ranjivost energetske opskrbe. S pojavom novih velikih zemalja potrošača i s perspektivom
iscrpljivanja nafte i plina do kraja ovog stoljeća, postavlja se pitanje kako pravedno
podijeliti preostale resurse za zajednički i održivi razvoj čovječanstva. Nestabilne cijene
energije ne ohrabruju ulaganja i odlažu energetsku tranziciju. Potrebne su ciljane mjere
uglavnom u industrijskim zemljama u cilju razvoja alternativnih i održivih izvora energije
i izbjegavanje svjetske borbe radi osiguranja energije. U ovom radu definira se sintetički
indeks energetske ranjivosti za monitoring energetske ranjivosti. Predloženi indeks temelji
se na energetskoj intenzivnosti, ovisnosti o uvoznoj nafti i plinu, sadržaju CO2 u primarnoj
energiji, ranjivosti opskrbe električnom energijom i neraznolikosti energetskih proizvoda
korištenih u transportu. Preliminarna ocjena ovog sintetskog indeksa za odabrane
industrijske zemlje daje obećavajuće rezultate koji, međutim, trebaju daljnju doradu.
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1. INTRODUCTION

The current evolution of the World Economy and the geopolitical concerns, particularly
the rapid economic growth in emerging economies (e.g. China, India) and the strain on oil
and natural gas reserves, the concentration of most of these reserves in instable regions
such as Near East have raised concerns about Security of energy supply of industrialised
countries. Especially in European countries which are very dependent on external sources
for their energy supply, the issue of Security of Energy Supply (SES) was put on spotlight
in the context of restructuring of the energy supply industries and construction of European
internal competitive energy markets (i.e. electricity and natural gas) at continental level.
Several events contributed to accentuate energy security issue.

After the electricity blackout in California, the threat that a similar event could occur in
Europe revived the debates on Electricity regulations within several European countries
as well as in European Union as a whole. The increase of crude oil price from April 1999
to November 2000 and its effect on Natural gas price added to the concerns about how
external decisions taken by oil producing countries (OPEC and non-OPEC) can impact
European economy in the future. On 29 November 2000 the European Commission (EC)
adopted a Green Paper (COM (2000) 769 final) that identified physical risks, economic
risks, social risks and environmental risks as main hurdles to SES.

Based on the current and long term demand and supply of 30 European countries
(Europe-30), the Green Paper concluded on the following items: Europe has limited
margin of manoeuvre to influence the energy supply conditions; Europe is not in a position
to achieve its Kyoto protocol commitment; demand side measures (i.e. promoting energy
saving in transport and buildings) are one of the main policy options for limiting Europe
dependence on external energy sources.

As a follow up to that Green Paper, the European Commission made three regulatory
proposals: the Directive 2001/77/EC on electricity generation from renewable sources
adopted in 2001; the Directive on energy saving in buildings (COM(2002) 91/EC); regulatory
and fiscal proposals to promote biofuels and other substitute fuels (COM(2001)547).

After September 11th, 2001, and following the natural disasters that devastated several
countries in 2004 (hurricanes, tsunami) the issue of Critical infrastructures security in face
of intentional adverse actions and natural harsh events gained in importance.

In 2003, North America (USA and Canada, 14 August 2003) and several European
Countries suffered from blackouts: London (28 August 2003); two million people in
Southern Sweden; 1.8 million in Copenhagen (23 September 2003); 50 million people
in Italy on 28 September 2003. Taking into account these events, the EC proposed in
December 2003 a draft directive aiming at improving the security of electricity supply and
promoting investment in infrastructure in Europe (COM 2003, 740 final). The stake of this
proposal was to enhance the possibility for the regulatory authorities to intervene in order
to speed up the construction or reinforcement of the electricity interconnection between
EU member states. In December 2005, the European Council adopted a Directive on
measures for safeguarding security of electricity supply and infrastructure investment
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(PE-CONS3654/05, 14791/05 ADD1)that established aframework for ensuring adequacy
between electricity demand and supply and appropriate level of interconnection capacity
between member states (Directive 2005/89/EC of 18 January 2006); a similar directive
was adopted for Natural gas (Council Directive 2004/67/EC of 26 April 2004).

Since 2003, the high volatility of prices of crude oil and refined petroleum products due to
low capacity margins, geopolitics strain and oil consumption growth in China and United
States revived the concerns about European energy supply weaknesses. A new EC Green
Paper on European Strategy for Sustainability, Competitiveness and Energy Security was
issued on 8 March 2006.

During the last decade, there was an increasing awareness about European energy
supply weaknesses. European Union has established the basis for implementing a
common strategy for coping with its energy supply vulnerability. The next step will consist
in determining quantified common objectives concerning diversification, external energy
policy, substitution and conservation and in elaborating indicators and instruments for
monitoring the achievement of these objectives.

2. CONCEPT OF VULNERABILITY

2.1. Definition of Vulnerability

The vulnerability of a system is the degree to which that system is unable to cope with
selected adverse events. As it is not possible to take all harsh events into account, some
criteria should govern the selection of relevant contingencies (e.g. likelihood, criticality
and damages). Vulnerability in face of selected events with reasonable likelihood and high
damages is of particular interest, especially when these situations are critical. A critical
event means that due to its weaknesses, the response of the system to this contingency
is inadequate and leads to failure to meet the required security of supply. Thus selection
of critical events is guided by the analysis of the weaknesses of the system under study
to meet specified goals. However, the selected event should be reasonably likely to occur.
The likelihood could be formally expressed by probability or be subjectively considered
with respect to the plausibility of the event under consideration.

Practically, vulnerability is a context dependent concept. In the case of energy, the main
goal is to design or operate the system in such a way that security of energy supply is
ensured at the required level and at a cost that is affordable to the consumers. The main
questions to be tackled when coping with vulnerability of the energy supply include the
following items:

1. What is the context of the energy supply today and how this context would evolve from
the viewpoint of energy supply security?
2. What are the main threats and what are the weaknesses of the supply system
regarding achievement of the required security level?
3. How these threats could be expressed in terms of critical events? •
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4. What is the exposure of the society to those adverse events?
5. What kind of measures should be undertaken to make the system more resilient?

2.2. The context in which vulnerability is assessed

In the case of industrialised countries, the context in which energy vulnerability is assessed
could be formulated as follows:

Industrialized countries are facing increasing globalisation and economic integration
worldwide that made public and political attention more sensitive to energy supply security
issue. The following facts characterise this context as it is mentioned in the terms of
reference of the WEC study on Europe Economy Vulnerability to Energy crisis:

The growing dependence on energy imports

The anticipated rises in energy prices in the coming years due to several reasons,
including unstable political climate in the major supplying countries and a substantial
energy demand growth in emerging economies

Uncertainty about full implications of market liberalisation and competition and their
impacts on security of supply and network reliability.

According to the EC Green Paper (COM (2000)769 final), the Europe-30 Energy
dependence on external sources will increase from 36% in 1998 to 60% in 2030. The
causes of this increase in dependency are as follows: exhaustion of North Sea deposits of
oil and gas, lack of competitiveness of European coal industry, steady or possibly declining
market share of nuclear energy.

The main reasons of the recent oil price rise (i.e. growing demand in industrialised and
emerging countries, low excess capacity in oil supplier countries, concerns in Near East
region) will not totally disappear in short term. While oil and gas resources are sufficient
for fuelling the economic growth by the end of the current century, geopolitical vulnerability
due to instability in the producing regions is a key factor that could influence the pace and
volume of new investments in more expensive oil fields. Thus, the evolution of oil price in
medium term is uncertain. Even if in long term the increase trend is more certain, the pace
and extent of this increase is unknown.

80
70 -
6 0 •
50 -
40 -
30 -
2 0 •
10 -

0

Spot
Futures 9*8/2003
Futures 9/7/2004
Futures 9/7/2005

Figure 1. Evolution of Spot and Futures oil real prices (2005 U.S. dollars per barrel)
(Source:IMF)
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The Futures real prices for 5 year ahead gave a market prospect of the expected spot oil
price in medium term. However this indicator is myopic (see fig. 1). In long term, the higher
production cost of new oil fields, the continuing economic growth in emerging countries will
maintain a pressure on the prices unless oil demand in industrialised countries decreases
due to improvement of energy efficiency, oil substitution or economic recession.

The liberalisation reforms of energy markets in Europe during the last decade related
to electricity and in less extent to natural gas are challenging. According to European
Commission, these reforms aim to "increase efficiency in the production, transmission
and distribution of electricity, while reinforcing security of supply and the competitiveness
of the European economy and respecting environmental protection" (see Directive 96/92/
EC). It was expected that the liberalisation would contribute to the decrease of electricity
and gas prices while ensuring high standards of supply security and environmental policy
requirements.

However, the uncertainties during the transition to competitive markets raise concerns
about issues such as: completion of the liberalisation objectives in presence of market
powers and other barriers to entry; mechanisms for ensuring security of supply, in
particular investment to adapt capacity of energy infrastructures to the new situations with
increasing market transactions (i.e. electricity generation and cross-boarder transmission,
gas pipeline); decrease of energy supply diversity particularly in the case of electricity
generation where the market share of natural gas is rapidly growing.

2.3. The main threats and weaknesses of European energy system

The main threats considered in the EC Green Paper (COM (2000)769 final) were
distinguished as physical risks, economic risks, social risks and environmental risks.

Physical risks

They are related to physical disruptions that could be permanent or temporary. Permanent
disruptions concern the exhaustion of an energy source or a production stop (e.g. possibly
abandon of the coal production in many European countries, eventual abandon of
nuclear energy production following a major accident at a power station). An example of
a temporary disruption is a severe damage caused by an extreme weather event such as
Lothar and Martin storms that occurred in France in December 1999.

Economic risks

Economic risks mainly concern the consequence on European economy of energy prices
"erratic fluctuations" due to external events combined with other factors such as the fall
of the exchange rate between US dollar and Euro. Monetary and trade imbalances that
could cause an economic recession are the main threats in the case of Economic risks;
geopolitical events are regarded as the most dreaded origin.
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Social risks

Physical disruptions or erratic fluctuations of energy prices may provoke social disruptions
such as increase of unemployment, especially in sectors like transportation that are more
sensitive to the oil prices. The low income households may be affected depending on
the efficiency of existing social protection measures. These impacts may induce social
troubles and crises.

Environmental risks

Environmental disruptions are related to severe damages caused to environment by the
energy chain. These damages can come from accidents (large oil spills, methane leaks,
and nuclear accidents); they can also result from growing pollution (e.g. urban air pollution)
or long term effects such as global climate change.

3. POLICY OPTIONS FOR REDUCING ENERGY SUPPLY VULNERABILITY

The Policy for reducing Energy supply Vulnerability includes the following options: reduction
of energy intensity in order to make the Economic growth less sensitive to the volatility of
energy prices; mastering dependence to oil and gas by diversifying the fuel mixes as well
as the origins of import and contributing to decrease geopolitical turbulences in the World;
decarbonisation of the energy mixes in order to make the energy system less sensitive to
measures concerning Global climate change; design of a diversified Electricity generation
system; diversification of transport fuel mixes; improvement of energy efficiency particularly
in housing and protection of vulnerable households from surge of energy prices.

3.1. Energy intensity in industrialized countries

From 1973 to 2003, the energy intensity of industrialized countries has decreased by 35%
due to structural change of the economy towards less energy consuming sectors and
efforts to promote energy efficiency and rational use. However, as Figure 2 shows, this
decrease is more significant in the United States than in OECD-Europe and Japan where
the Energy intensity was initially lower.
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In 1973, the ratios of the energy intensity of US to Japan's respectively OECD-European
ones were 2.75 and 1.38. These ratios decrease to 2.1 and 1.1 in 2003 while energy
intensity of OECD-Europe still was 1.90 time this of Japan. These figures demonstrate that
there still remains a potential for energy intensity reduction in Europe. Further decrease
could result from structural change of the economy of transition countries like Poland,
Slovak Republic, Hungary, Romania and Bulgaria where energy intensity is still high
compared to most of the European Union member states. Reinforcement of voluntary
energy efficiency measures will also contribute to make European Economy less sensitive
to the volatility of energy prices.

3.2. Dependence to oil and gas

We should be very grateful to oil for having fuelled the world economy during the last
century. Oil will continue to play an important role for our energy supply during the current
century even if its market share has fallen down since the 1973 crisis from 45% of the
World total primary energy supply to 34.4% in 2003. In OECD countries these figures were
respectively 53% and 40.7%. Oil is still playing a central role for the economic development,
and a fair procurement of the declining resources between an increasing numbers of
countries whose energy demand is growing fast will be a great challenge during the 21st

century. The concentration of oil production in a few countries and geopolitical turmoil are,
more than the depletion perspectives of resources, the driving factors for the high volatility
of oil prices in short and medium terms. The substitution by natural gas is, at this regard,
a transitory solution as the number of exporting countries is also limited and the price of
gas is correlated to that of oil. The high volatility of oil prices is unfavourable to investment
in new energy options such as synthetic fuels from coal, biomass and hydrogen, whereas
these options are part of the solutions for the longer term.
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As figure 3 shows, from 1973 to 2003, the share of oil and gas has decreased in the
industrialised countries from 72% to 63%, the difference being predominantly captured
by nuclear energy. In the future, though nuclear would continue playing an important role,
more diversified substitution must be encouraged for reducing the vulnerability of the
energy supply. The import ratio of oil and gas and the concentration of import origins are
other key factors of vulnerability. This ratio has decreased from 1973 to 2003 in the cases
of Japan and OECD-Europe and slightly increased for USA (see figure 4) which value
stayed lower than these of other OECD regions.
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Figure 4. Dependence on oil and gas import

3.3. Decarbonisation of the primary energy supply

The rising concerns about global climate change will make greenhouse gases and
particularly CO2 emissions more and more costly worldwide. The CO2 content of the total
primary energy supply (TPES) depends mostly on energy substitution. Countries such as
Australia, Greece, and Poland with a significant market share of coal have a high carbon
content of their primary energy supply. From 1990 to 2003, the ratio of CO2 emissions to
TPES has decreased by 2.8% in the OECD as a whole while this evolution varies from one
country to the other. As figure 5 shows, the ratio was stable in USA, increased in Japan
and decreased by 8.3% in OECD-Europe.
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In 1990, the ratio of OECD-Europe was 1.11 and 0.97 time respectively this of Japan and
USA. In 2003 these figures were respectively 0.96 and 0.89. The performance of OECD-
Europe was mainly due to the substitution of coal and oil by natural gas and nuclear. From
1973 to 2003, the share of coal and oil in OECD-Europe decreases from 84.5% to 55.6%
while natural gas and nuclear energy account for 11% in 1973 and 41.3% in 2003.

3.4. Case of Electricity generation in Europe

The European Electrical Power Supply industry is facing regulatory uncertainties relative
to the responsibility for long term reserve capacity in generation as well as in transmission.
According to the Union for the Co-ordination of Transmission of Electricity (UCTE) that
groups transmission system operators of 23 European countries, the forecasted reserve
margin of the UCTE as a whole is sufficient till 2010 to meet the future peak loads, security
being at risk from 2013. However, the event occurred in Germany on November 4th, 2006,
that has caused load cuts to ten millions consumers in many countries proved that the
electricity supply in Europe is significantly vulnerable at short term. As the issue here is
for long term, besides the improvement of co-operation between public authorities and
Electricity supply industry in order to assure in the due time capacity adequacy, there is
also a need for improvement of the operational regulation of the whole European system.

From strategic point of view, the question remains whether Electricity can be considered
in the same way as a commodity. What should be the responsibility of each country?
Electricity Generation could be concentrated in a few countries or investment should be
encouraged in every state in order to generate the Electrical Power near the consumer?
How diversified should be the electricity generation mix in each country? In particular,
an efficient penetration of renewable energy for electricity generation is one of the
diversification options expected in order to make the Electricity supply less sensitive to the
volatility of oil and gas prices.

3.5. Diversification of fuel use in transport sector

Transport is the most vulnerable sector to spikes of oil price. As this sector is essential for
the whole economy, it is important to implement voluntary measures in order to introduce
alternative fuels. The objective of the European Union to achieve 23% of alternative fuels
by 2020 is a great challenge that is presently difficult to take up without importation from
producing countries such as Brazil and other developing and emergent countries. Thus,
assuring that this option is sustainable is another challenge.

3.6. Fuel poverty: protecting vulnerable households

The concept of fuel poverty originated in early 1980s from UK and the Ireland's grass roots
environmental health movements. With the energy crises of 1973/74 and 1979, the low
income households experienced some difficulties with increased heating bills. They had to
spend a large percentage of their income to keep their house warm enough.
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Fuel Poverty Concept is an interaction between poorly insulated housing and inefficient
in-housing energy systems, low income households and high energy services prices.

In the beginning of 2000s, the British government set up a strategy on fuel poverty aiming
at eradicating this phenomenon by 2010 (DTI/DEFRA, 2001) for vulnerable households
and by 2016 for all households (target of England).

According to the standard definition that was adopted in UK, a household is poor in fuel
if it needs to spend more than 10% of its income on all fuel used to heat the home at an
adequate standard and to meet its needs for other energy services (lighting, cooking,
cleaning, etc.).

^ {Fuel unit pricet * Fuel needs t

Fuel poverty ratio=—
income

Where the index i denotes a given housing energy service (heating, cooking, cleaning,
etc.)

Social measures to cope with fuel poverty exist in many European countries though it is
difficult to undertake a comparative assessment concerning their efficiency. The concept
of fuel poverty needs to be refined and data should be collected in order to monitor this
aspect of Energy vulnerability.

4. PROPOSITION AND EVALUATION OF A SYNTHETIC INDEX

In this section, a synthetic index of Energy Vulnerability is proposed. That index is then
assessed for selected industrialised countries using statistical data of International Energy
Agency (IEA).

4.1. Proposed synthetic index

The Energy Vulnerability Index (I) is formulated in terms of five distinct dimensions:

Energy intensity of the Gross Domestic Product - GDP (X.,)
Energy Import Dependency (X2)
Energy related CO2 emissions as against the Total Primary Energy Supply - TPES-

(*3)
Electricity supply Vulnerability (X4)

Non diversity in Transport fuels (X5)

Energy intensity of GDP (X.,)

1
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For a given country j , X1; is defined as:

TPESi

L

TPES: Total Primary Energy Supply

GDP: Gross Domestic Product

The indicator related to X1 for the country j is evaluated as:

1 max (Xlk) - min (Xlk)

Oil and Gas Import dependency (X2)

X2 is defined in terms of "oil and gas import ratio to TPES" (Y2) and "Concentration in oil
and gas import origins" (Z2).

El,.
Y2j =max(0,

TPES/

El.: Oil and gas net import of the country j

The estimation of (Z2) for industrialised countries is focused on the risks of interruption
of oil and gas due for example to turmoil. Let us consider the F supply origins, i.e.
Commonwealth of Independent States (CIS), Middle East (ME), Africa (AF) and other. A
geopolitical factor yf is assigned to each supply origin with respect to the perceived risk of
supply disturbances. Then two separate concentration factors are estimated, one for the
oil supply Z20 and the other for gas supply Z2G.

z -i

z -i

Soy' ^Gj/'-Market share of the origin f in the supply of oil respectively gas for the country j

yf = 0 means that there is no risk of disturbances for supply origin f.
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The aggregate concentration factor Z2 is a weighted average of Z20 and Z2G

OlrZ2Oj+GIrZ2Gj

Where,

Ol and Gl are the net import of oil respectively gas.

Finally, the oil and gas import dependency indicator is computed as follows:

I2J =mm(l,Z2j.Y2J)

Energy related CO2 emissions as against to TPES (X3)

This component of the index is estimated from the "CO2 ratio to TPES":

_ CO2 emissions
3J~ TPES

X37.-min(X3/t)
I = k

raax(X3k)-mxn(X3k)
k k

Electricity supply Vulnerability (X4)

The Electricity supply Vulnerability is defined in terms of three dimensions: the net import
of Electricity, the concentration and non acceptance of an eventual dominated technology
of electricity generation and the non diversification of that generation. The first dimension
is considered as being pre-eminent.

Let ImpElea be the net import of Electricity of the country j , and lEIecj the corresponding
index, Gj be the share of electricity generation in the electricity supply of the country j , SGuj

the share of the most used (thermal type) electricity generation technology in the country
j , Y4j the public rejection degree of that technology, M the number of fuel type for electricity
generation and SGjm the share of the fuel type m in the electricity generation of the country

Im pElec, - min (Im pEleck )
IElec, = -1 max (lmpEleck)-min(lmpEleck)
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0 full public acceptance

0.5 significant non acceptance (default value)

1.0 full public rejection

JO if SGUJ <50%
Jj=\sGuj.Y4j .Gj if SGUJ >50%

m Aog(SGjm))

J and K are respectively the index of public non acceptance of a dominated technology
and the index of fuel non-diversity for electricity generation. Then l4j is defined as follows:

0.5

Non-diversity in Transport fuels (X5)

Let N be the number of transport fuels types i.e. Petroleum products, Natural gas,
Electricity, other alternative fuels and STjn be the market share of fuel type n. Only cases
with ( STn > 0 ) are considered.

I5J = l + (log(N)yl .^(STjn Aog(STjn))
n

Energy Vulnerability Index (I)

f i v i
0.5

4.2. Application

The proposed "Energy Vulnerability index (I)" was preliminary estimated for the year 2003.
The rank of each selected industrialised country is presented in the annex. Performance
for each partial index is given as well. The preliminary results show that Canada, Sweden
and Norway are the top 3 energy less vulnerable. Figure 7 illustrates results for Sweden,
Croatia, Germany and Bulgaria.

1
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Energy Vulnerability of Sweden Energy Vulnerability of Croatia

Energy Vulnerability of Germany Energy Vulnerability of Bulgaria

3

Figure 7. Energy vulnerability indexes of selected countries

5. CONCLUSION

Assessing a synthetic vulnerability index is not straightforward as vulnerability is a multi-
dimensional concept and the various dimensions could be negatively correlated. For
example, low dependence from oil and gas could be achieved in increasing the share
of coal that could result in increasing the CO2 content of the total primary energy. Thus a
synthetic index must consider compensation between the scores of the various dimensions.
However, full compensation would minor the bad scores. In this study, quadratic functions
are used to estimate the index in order to limit these compensations. The preliminary
results are promising though refinement is needed based on complementary data
collection, improvement of a few dimensions such as Vulnerability of Electricity supply and
including others e.g. fuel poverty.
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7. ANNEX

Table 1. Energy vulnerability rank of selected industrialised countries in 2003

Country

1. Canada
2. Sweden
3. Norway
4. Switzerland
5. Slovak Rep.
6. Iceland
7. United King.
8. France
9. Finland
10. New Zealand
11. Austria
12. United States
13. Slovenia
14. Croatia
15. Lithuania

16. Latvia
17. Netherlands
18. Denmark
19. Germany
20. Hungary
21. Romania
22. Poland
23. Spain
24. Czech Rep.
25. Japan
26. Australia
27. Belgium
28. Turkey
29. Portugal
30. Korea

31. Ireland
32. Bulgaria
33. Estonia
34. Italy
35. Luxembourg
36. Greece
37. Cyprus

I
Synthetic
index

11
Energy
intensity

12
Import
dependency

Low vulnerability index:
0.439
0.441
0.467
0.475
0.488
0.492
0.495
0.506
0.509
0.512
0.521
0.536
0.543
0.547
0.549

0.186
0.080
0.022
0.002
0.557
0.217
0.036
0.075
0.152
0.152
0.048
0.092
0.187
0.250
0.418

0.000
0.386
0.000
0.569
0.600
0.275
0.000
0.508
0.450
0.381
0.586
0.302
0.487
0.448
0.496

13
CO2

content of
TPES

<0.55
0.553
0.147
0.331
0.368
0.541
0.000
0.630
0.295
0.482
0.462
0.601
0.699
0.587
0.656
0.269

Medium vulnerability index 0.55 < I ̂  0.65
0.552
0.554
0.554
0.561
0.573
0.578
0.593
0.600
0.601
0.602
0.608
0.612
0.618
0.631
0.643

0.282
0.087
0.017
0.062
0.322
0.641
0.337
0.095
0.500
0.000
0.124
0.116
0.215
0.107
0.195

0.660
0.334
0.000
0.574
0.708
0.192
0.317
0.755
0.419
0.803
0.000
0.848
0.656
0.825
0.886

High vulnerability index I
0.670
0.671
0.692
0.695
0.705
0.724
0.749

0.024
1.000
0.514
0.047
0.077
0.101
0.131

0.785
0.359
0.308
0.814
1.000
0.857
0.993

0.375
0.614
0.773
0.680
0.579
0.667
0.931
0.620
0.751
0.628
0.913
0.518
0.721
0.614
0.576

>0.65
0.777
0.653
1.000
0.696
0.627
0.938
0.739

14
Electricity
supply
vulnerability

0.155
0.232
0.478
0.256
0.220
0.293
0.148
0.339
0.062
0.159
0.150
0.179
0.157
0.064
0.388

0.242
0.430
0.202
0.205
0.141
0.169
0.481
0.033
0.293
0.052
0.329
0.240
0.117
0.050
0.137

0.157
0.288
0.465
0.710
0.401
0.208
0.559

15
Transport
fuels non-
diversity

0.773
0.861
0.866
0.778
0.421
1.000
0.896
0.903
0.912
0.951
0.792
0.902
0.913
0.895
0.929

0.900
0.924
0.947
0.857
0.825
0.864
0.666
0.916
0.853
0.875
0.945
0.903
0.950
0.959
0.945

1.000
0.782
0.905
0.874
0.961
0.975
0.970

I


