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Highlights

» Islands attributes and demographics encapsulatepiheer sector fuel mix and therefore
their diversity and intensity metrics

* The average islands energy and emissions intehsisybeen growing by 23.4% and
12.35% correspondingly.

» Diversity has improved by 21.3% (SWI) and 2% (Hkih)ce 2000.

Abstract

Energy supply security is a multifaceted challefmeall countries and especially for small island
nations that might have limited adaptive capadiievious studies showed that islands experience
energy scarcity and isolation from energy markeis @ their remote location making energy supply
security a challenging issue. We estimate energplgudiversity and concentration for 44 islands in
order to provide an island specific benchmark apghnofor energy supply security. We use
established metrics Shannon-Wiener index (SWI) firigathl-Hirschman index (HHI) with Energy
Information Administration (EIA) fuel mix data. Toonfront the issues of supply security and
sustainability we test energy diversity againstrgpend emissions intensity. The global character o
the research along with the wide range of islano¢eied allows useful comparisons between
countries and for a means of benchmarking agamesindices while creating certain defined country
clusters. Overall it is found that average islantergy intensity increased by 23.4 % with a
corresponding increase of 12.4% on their emissiotensity for the period 2000-2015. On the other
hand, diversity has improved by 21.3% (SWI) and®%y (HHI) since 2000. We argue that fossil-fuel
lock-in for islands must break in order to UN Susdhle Development Goal 7 to be achieved
particularly for vulnerable island nations.
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ABBREVATIONS

Island Name ISO ALPHA-2 | Island Name ISO ALPHA-2
CODE CODE 5

Aruba AW New Caledonia NC .

Bahamas BS Niue NU -

Bahrain BH Papua New Guinea PG 7

Cayman lIsland KY Reunion RE

Cook Islands CK Saint Helena SH

Cyprus CcY Saint Kitts KN

Dominica DM Saint Lucia LC

Dominica Rep DO Saint Pierre PM

Falkland Islands FK Saint Vincent VC

Faroe Islands FO Samoa WS

Guadeloupe GP Sao Tome ST

Haiti HT Seychelles SC

Iceland IS Solomon Island SB

Ireland IE Sri Lanka LK

Jamaica JM Suriname SR

Madagascar MG Taiwan T™W

Maldives MV Tonga TO

Malta MT Trinidad and Tobago| TT

Martinique MQ Turks and Caicos TC

Mauritius MU Vanuatu VU

Montserrat MS Virgin Islands British| VG

Nauru NR Virgin Islands US Vi
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1. Introduction

Energy is a key aspect of a country’s economy amess to affordable energy is a prerequisite for
growth and competitiveness [1] . Access to enemgylee challenging and is considered as one of the
main pillars of wellbeing and sustainable developimaf modern societies [2]. Economic activity
requires mainstream commodities produced, deliveredl used with energy while linked to the

environmental and social development of a courg][

Concerns about energy supply security along witmate change are shaping the global energy
systems in ways that were never considered possitdeeased population in emerging economies
has resulted in a drastic growth of global energsnand leading to disruptions of energy supply in
not self-sufficient countries [5]. Risks associatetth energy supply extend beyond resource
availability to its transportation and transformatiinto secondary commodities and distribution
through the appropriate infrastructure to the eser(6]. The close link of energy supply and clienat

change challenges the existing governance andypotidies due to the multidimensional nature of

the aforementioned issues.

Climate change amplifies risks associated withugiison in supply and demand and combined with
infrastructure vulnerability it can create longreenergy security stresses or short-term episodic
shocks affecting various types of consumers, inolyéhcreasingly demanding households [7-9] and
industrial users [10]. Beyond the consequent maomemic policy effects of climate change, there is
also a significant shift on companies’ manageriatl anarketing orientation, mainly driven by
consumers green awareness [11-13] and their iatewpith energy utilities [14]. While at corporate
level there is flexibility for energy hedging agstimisk the same cannot be applied in nationalggner
portfolios and indeed those of smaller island metifl5,16] Prioritisation of energy security agains
climate change mitigation policies and vice veraa bave a direct impact on a country’s energy
roadmap and hence on large scale investment degifi@]. In this context, it is necessary to evidua
the resilience of existing energy systems as awiéitiaof energy resources and their accessibibig

considered essential parameters to the sustatyatfila country’s economy.

Although there is broad agreement of the theme®reavby energy security, no widely adopted
definition exists. While, resource availability hesen the most crucial element of energy supply
security in past decades [18] a pattern that hadugly given space to diversity [19,20] and more
recently to sustainability parameters of secustjdientified. The concept itself is context depenide
multidimensional and has been integrated and dpedithrough the years. The four main pillars are
identified along the 4 A’'s namely 1) availability &ccessibility 3) affordability and 4) acceptatyili
The specific dimensions are then incorporated otter dimensions including and not limited to

infrastructure, governance and efficiency.
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Most of those dimensions are interrelated and saba@ause or effects of the interplay between them
[21]. For example, low availability may be the leafcause of lack of affordability as scarcity can
lead to higher price; equally, when affordability low, accessibility might also be restricted to
privileged users as it happens in developing camtwith lack of universal access to energy.
Technological advances, awareness of climate chefifigets and a turn to green sustainable practices
changed the nature of the term of energy secuwity multidimensional, dynamically evolving issue
since core solutions of the past (e.g. abundargsasco oil) do not fit with today’s low carbon eger
planning for the future. The existing literature @silience establishes a quantitative or theaktic
framework [22]. Energy security studies differ eitton the regions examined or the methodology
used over certain periods of time. The majorityhaise country-level specific studies focus either o
Asian or European countries where the energy dgcissue is more profound. Furthermore, they

look on certain primary energy fuels examining sheply side of energy security [23-27].

Grubb et al. (2006) [28]in order to represent aergy supply security metric, considered the diversi
of fuel mix as used in the electricity sector aodustness, against interruption of other sourceth®
U.K electricity sector. Later, Chalvatzis and Rulf2015) [24] accessed the Chinese electricity
portfolio using a combination of Hirschman and St@anconcentration and diversity indices. Those
studies along with the majority of other studies,ntt consider any economic or political aspect tha
might have involved such as price volatility. Sosalcet al. (2011) [29], Kruyt et al. (2009) [30],
proposed composite indicators concerning the avititlg accessibility affordability and acceptabyli
parameters of energy security applied on OECD Cmstusing mainly indicators surrounding oil

and fossil fuels.

While there is a body of literature examining enesgcurity through various angles using different
indices, there is also a lack of a clear benchmarigcale for different regions. That gap in
benchmarking for resilience metrics has been ifiesttified by Hickey et al (2010) [31] who mention
the lack of a particular range that would indicsag¢isfactory or insufficient fuel diversity. Chatees
and loannidis (2017) [32] initiate a benchmark medfor EU countries based on SWI and HHI energy
supply diversity of primary fuels and import depende. The authors conclude that while
benchmarking for energy security metrics offersxgigant value in evaluative comparisons it does
need to be used within a pre-specified contextt & say, that since energy security is notsalf

a commonly agreed dimension, it is proxied agdesser or more complex metrics. As such their
explanatory references for benchmarking requirersible common background. The classification
could be done based on resource endowment, joiregudatory frameworks, geopolitical issues and
other factors that could potentially shape thetatya followed by a group of compared countries.
Therefore, a benchmarking heuristic for EU coustigeuseful for the EU context with its converging

common energy and climate policy [33,34]despite dherse endowment background [35]. In this
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manuscript, we revisit energy security benchmarkimglooking into the geographic context, rather
than policy convergence. We argue that island nati@ave received very little attention in the egerg
security literature despite their importance ascstadies; hence the focus of this manuscript is on

benchmarking energy security for global islands.

2. The Casefor Global Isands

Security, carbon neutrality and affordability ane fparameters forming what is known as the energy
trilemma; and nowhere is the energy trilemma macely pronounced than in the confined space of
remote and isolated islands [36,37]. Islands uguak locked into expensive fossil fuel imports, in
isolated markets leading to low fuel mix diversiizd high carbon and other emissions relatively to
their economic growth [38] which make them perfonorse than their inland counterparts [39]. In
addition to that, their economy and lifelines afiem dependent on tourism industry and connections
with a mainland country. Geographical distance aegdpolitical affairs with main distributing

countries are crucial parameters for their accéggito main energy sources.

Energy dependence is often extremely high becaleads cannot take advantage of their renewable
energy potential, especially solar and wind, beeaafspoor grid infrastructure [37,40]. However,
islands lend themselves to excellent testing casties for innovative energy solutions which could
set the example for larger scale, on-grid applcesfd1]. Their remoteness, relative small size and
flexible governance makes them potentially adaptdbl change and capable of significant shifts

unlike large regions with monolithic energy goveroa [42].

Despite the existence of numerous studies congermergy sustainability in national and regional
levels the existing literature focusing on islaradscase studies for energy security is very limited
[43]. Zafirakis and Chalvatzis (2014) [40] examitie potential role of innovative energy storage
technologies to facilitate energy security improeats for Greek islands which are electrically
isolated from the Greek mainland grid [44]. In dmeotstudy, Chuang and Ma (2013) [45] quantify
energy supply security using diversity indices ssess Taiwan’'s energy supply system. Gils and
Simon (2017) [37] used a linear optimization applo& propose an ideal pathway for a 100%
renewable energy system highlighting the requiredsition on storage systems and the required
investment cost reduction needed for the scenaribet feasible. Within the islands energy supply
security literature, we identify the following gaphich we address with this manuscript:

a. No study focuses on a group of autonomous islavith different attributes in order to identify
patterns concerning their economic and physicalragheristics which lead to diversity metric
benchmarking.

b. No study focused on islands’ electricity secopply security since the small number of studies

carried out concern primary energy sources.

5



11

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

c. Energy supply security and climate change patensi@re not treated jointly as the latter is more

often part of the adaptation literature.

For this research, we evaluate 44 global autonornsdasds in different continents with a range of
attributes. In this regard, we perform a secunitgleation of their electricity sector fuel portfoland
contrast the results with their energy and carbtenisity as a measure of environmental sustaityabili

for energy security.

3. Methodology
3.1 Approach and data

Most often policymakers and the research literattgat energy security and climate change as two
distinct policy goals [46]. At the same time, compbptimisation modelling is frequently employed
to support decision makers to adopt appropriateasable energy paradigms [47,48]. On one hand
climate change policies aim to transform the gladrargy trade by transitioning from reliance on
fossil fuels to low carbon energy sources. Mostlistl find that climate stabilization policies will
reduce energy imports by up to 75% by 2050 on a@ecgdobally; however, this number varies on
regional level, depending on whether the regionaiset energy importer or exporter [49].
Nevertheless, renewable energy growth resultslamger share for indigenous energy and as a result
imports reduction. Combining diversity and concatin indices to measure energy supply security
along with emissions and energy intensity, we iferdustainable roadmaps of development for

international islands [50].

Conceptually, it can be argued that dependenceayivas way to diversity as the dominant security
paradigm and that the latter is indeed more fitfimgan increasingly interconnected world [51-53]
[51,52,54]. Regarding sustainability two intengitrics are considered to evaluate both efficiency
using energy intensity, and carbon footprint usemgissions intensity[55,56]. The two most widely
used indices, Shannon-Wiener[57-59] and Herfinttaltdehmann[28,60]are evaluated alongside

intensity metrics for the power sector of 44 glois&inds.

For this research, data was sourced from EIA [SBictv provides the widest available coverage of
global islands but limits fuel type disaggregattorseven. Specifically, coal, gas and oil are cedint

in a single fuel option and the other options ameclear; hydroelectric; geothermal; wind; solar;
biomass and waste. Our choice of using the ElAldeta than, for example, the more detailed data
provided by IEA [61] is compensated by the sigmifity higher number of islands (44 in EIA ,versus
8 in IEA) and the more up to date data (2015 veP@ist) provided by EIA. Furthermore, since the

scope of the research is to provide useful guidanckenchmarking, the actual disaggregation, for as
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long as it is consistent allows for useful compamis which can be greatly benefitted by a large
number of islands. Most importantly, bundling o§$d fuels in one fuel category is an issue ofdess
importance for a study focused on islands, very ééwvhich use coal, gas or any other fossil fuel

than oll.

3.2 Intensity Metrics

Emissions intensity is an indicator of a countrgabon footprint and a body of literature has
examined the factors affecting it such as totalssians, economic structure and efficiency [62,63].
Emissions intensity is defined as the ratio betw#en total emissions over GDP of a country.
Therefore, it shows the emissions a country emitgroduce a unit of wealth. In a similar way, we
define energy intensity as the ratio of the totargy consumed divided by the GDP of a country.
Therefore, energy intensity shows the amount ofgna country consumes to produce a unit of

wealth. Hence:

Total Emissions
GDP

Emissions Intensity =

for which
GDP= Gross Domestic Product PPP 2010

Energy Consumed
GDP

Energy Intensity =

for which

GDP= Gross Domestic Product PPP 2010

3.3 Diversity Indices

3.3.1 Shannon—Wiener Index

It is considered one of the 17 equations that chdrtbe world, developed by the engineer Claude
Shannon at the era of post-World War 2 [64]. Itssugary from statistical mechanics, information in
cybernetics, entropy in thermodynamics, econom@s,[ecology and genetics . Within energy
studies it was introduced by Stirling (1994) [58]evaluate the diversity of the UK electricity slypp

sector as a proxy of its energy supply security.

For n number of energy sources (options) availabtee power sector fuel mix the Shannon-Wiener
Index (SWI) is:

SWI=Y™, S; X In(S;)
Where:

n is the number of options
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S;is the proportional reliance on th& bption.

In is the natural logarithm used.

For the calculation of the SWI, each primary enesgyrce available in the fuel mix represents one
option. Each option is added as the percentilehefdalculated number. For example, if an option
accounts for 10% of the total energy mix then il e treated as 0.10 in the index. The minimum
value that the index can take is zero when theesyselies on one option. Since the number of
options ®1, SWI cannot be negative. A system with two egqualkighted options will have a
diversity of 0.69 (2dp) and so on. A system careptially take infinite options which give us an
infinite SWI sinceln(o) = oo. Although the index increases with the numbermifoms the increase
rate declines gradually. Grubb et al (2006) [28amattempt to provide a generic benchmarking for
Shannon-Wiener index, indicated that a SWI valuevbd shows a less diverse system relying on 2
or 3 options, where energy supply is more vulnerabl possible destructions and a value above 2
indicates a system with multiple options, more secto interruptions of particular supply
components. The diversity can be used on the asgumihat each different option is independent

from each other and there is no interrelation betwtaem.

3.3.2 Herfindahl-Hirschman Index

HHI index has a crucial role in competition econosnivhere it is used by the US Federal Trade

Commission in the assessment of likely competiéiffects of horizontal mergers [66]. Moreover, it
has statutory role for the approval of bank mergershe post market HHI index should not exceed
18% and the index increase, or decrease shouldawse a change greater than 2% [62]. The index
measures concentration of the individual marketesiod the participants. The higher the HHI, the
higher the concertation so the less diverse issistem examined. Again, its origin is located in

ecology where is known as “Simpson Index”[24] .

For n number of energy sources (options) availabline energy fuel mix portfolio the Herfindahl-

Hirschman Index (HHI) is:

HHI=-Y" , 52
Where:
n is the number of options

S is the proportion of option i expressed as a petage.

The sum of the squares of the share of each fuetieg the power sector equals the HHI index of
that particular electricity fuel mix portfolio. F@xample, an option contributing n% of the totad!fu

mix will be treated as and in the index calculation it will becom@. The minimum value HHI can
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take is approaching 0 when the system relies dnit@foptions. In economic terms that will mean
perfect competition. A system with two equal opsiamill have an index of 2,500 and so on. The
index takes its maximum value when there is onlg option available and this is 10,000. This
connotes that the index ranges betwegHHI<10,000. A suggestion from the US Department of
Justice sets the benchmark of 1,500 for a competitiarketplace and 2,500 for a highly concentrated
one [64]. Additionally, it illustrates that trans@ns that may disrupt HHI by more than 200 points
highly concentrated markets are more likely to@ase market power. Similarly, with the SWI index,

the assumption that each different option is inddpat from each other is necessary.

3.4 Parallel Indices and Sustainability throughiedént angles

Although both diversity and concentration indices avidely used for estimating energy supply
diversity most of the literature rules out one ® the “best” index to use to examine the energy
supply security of a country. Stirling (1998) [G&}oured the SWI since he pointed out the disruptio
of the variety and balance with HHI. Cohen et @1(P) [67] discussed the greater sensitivity of SWI
on the contribution of each of the options in tb&lt energy mix instead of focusing on the total
number of options. Le Coq and Paltseva (2009) feadtHI for EU energy security on the basis that
EU countries have less diverse energy portfolias ldHI is better suited to capture those risks [68].
Other researchers preferred to use both indiceplimentary as they tend to behave differently with

certain triggers [28,32].

70
58.50
50
R=-0.93
30 26.19
16.10
11.33 8.60
10 : 6.86 5.66 4.80
3 4 5 6 7 8 9 10
-10
-10.00
-12.50 -11.11
-16.67 -14.29
-20.00
-30 -25.00
-33.33
-50
SWI % CHANGE HHI % CHANGE

Figurel: SWI and HHI % differences as number of equally rdmuting options grows
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When plotted against the % change for every higiteger number of equally contributing options
SWI and HHI provide an approximate “mirroring” ime¢figure 1). This reflects their inverse nature
focusing on diversity and concentration respecyivaid also that they do not behave in exactly the
same way. We can see that the absolute value dfiffieeences is bigger for HHI with the exception
of the first two cases which refer to low diversityxes. Keeping the contribution of the options
equal, we can conclude that that HHI is more seesibn the number of options. There is high

correlation between the rate of change for theitwiaes as the number of options increases.

4. Results

In visualizing diversity, the 44 islands are grodipe those with higher diversity (Figure 2), modera
diversity (Figure 4), and lower diversity (Figurea measured by SWI. Using the same structure, we
illustrate HHI Figures 3,5 and 7 indicating anygpahanges to identify sensitivity of the indices.

=LK
——IE
—MU
—— WS
FK
——MG
SR

TW

—=1S

0
2000 2002 2004 2006 2008 2010 2012 2014

SWI AVG

Figure 2: Power sector diversity measured with SWI for istaafithe higher diversity group between
2000-2015. Data Source: EIA.
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Figure 3: Power sector concentration measured with HHI fdansls of the lower concentration
group between 2000-2015. Data Source: EIA.

Both indices show Faroe Islands and Sri-Lanka &siskands with higher diversity and lower
concentration in their electricity sector. Faroknsls experience a subsequent improvement of its
diversity of 54.1% compared with 2000 by addingdvémergy as an option to its electricity fuel mix.
Particularly, in 2015 wind energy holds 18.2% dd tbtal electricity fuel mix reducing fossil fuels’
share by 24.4% compared with 2000. The aim of $lend to cover 100% of its electricity needs by

renewables seems to be feasible especially witmtheduction of tidal power in its energy mix [69]

Sri-Lanka is one of the fastest growing economigseeially after the end of the civil war in 2009
[70]. The increase of 45.24% at the country’s pasig power parity was linked to an energy
demand increase by 3.1 TWh. The demand was meidsyl fuels in the fuel mix and particularly the
opening of Lakvijaya Coal Plant in 2011 which résdl in diversity improvement and carbon
emissions deterioration. Although it is one of thest diverse islands, high reliance on hydro and
fossil fuels often disrupts the supply securityt@ country as both sources are associated witde w
range of weather and geopolitical vulnerabilities Potential increase of wind and solar energyctou

provide the power sector with higher diversity dmder reliance on incumbent resources.

Iceland and Ireland are the two main European c@snincluded in this group of islands. Iceland

11



is a distinct case as its electricity supply il2@vas renewable by 99.8%. In particular geothermal
and hydropower comprise 100% of the renewableggrmoduced in Iceland. Reliance on seasonally
variable hydroelectric power is gradually beinglaepd by geothermal energy improving both
diversity and concentration indices by129.85% alith 3espectively. In a previous study, examining
the primary supply diversity of Iceland, [71] it svéound that the 250% increase on Iceland energy
demand since 1990 was met by renewable energyitidwilly, imported fossil fuels are mainly used
in transport and fishing industries where ambitiplems are in place to transform the transportation

sector with wider use of electric vehicles [72]nsBorming Iceland to an almost zero emissions

economy.

It is worth mentioning that the 3 most populousarsls [73] are found to belong in the higher
diversity group (Madagascar, Taiwan, Sri-Lanka wpgbpulations of 25,054,161; 23,508,428;
22,409,381 as estimated on 2017). Population irsphet power sector structure as it drives energy

demand which subsequently opens more options fwepsupply including renewable energy.

1

0.9
0.8
0.7 —re
——RE
0.6 —=—DO
——NC
0.5 — AW
VC
0.4 ——CY
0.3 ¥ SWIAVG
——ST
0.2 —W
—=JM
0.1 ——MT
HT

0

15
16
17
18
19

2000 2002 2004 2006 2008 2010 2012 2014

Figure 4: Power sector diversity measured with SWI for istaiodl the moderate diversity group

between 2000-2015. Data Source: EIA.
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Figure 5: Power sector concentration measured with HHI fdarisls of the moderate concentration
group between 2000-2015. Data Source: EIA.

In the moderate group, we can find mainly middig sslands including the European Union islands
of Cyprus and Malta. Those islands along with Vam@and Aruba used to have 0 diversity until 2010
and 2008 respectively, relying exclusive on oil f@wer generation. In Vanuatu, and at larger scale
in Aruba introduction of wind energy has boostedediity. Malta and Cyprus are the EU’s countries
with the least diverse power sector as they relgessively on imported oil. Recent solar energy
growth in Malta improved the electricity diversityhich still relies only on 2 options while Cyprus

introduced 3 more options; wind, solar and biofuildgts electricity fuel mix portfolio. Furthermey

I
2 W N

15

some islands change groups depending on the ihdgxare examined with (Table 1).

Table 1: Showing shifts between diversity and catregion groups for 2015. Source: EIA.

Country SWI Group HHI Group
Taiwan High Moderate
Papua New Guinea Moderate Low

13
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Figure 6: Power sector diversity measured with SWI for iskanfithe lower diversity group between

2000-2015. Data Source: EIA.
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Figure 7: Power sector concentration measured with HHI fdansls of the higher concentration

group between 2000-2015. Data Source: EIA.
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Cyprus and Malta managed to gradually improve tipewer sector diversity but several of the
examined islands have zero diversity or 100% canaton. Specifically, Barbados, Cayman Islands,
Montserrat, Nauru, Niue, Saint Helena Saint LuSislomon Island, Tonga, Turks and Caicos and US
Virgin Islands have zero power sector diversityhasy rely only on oil. Moreover, the two fossil-fue
producing islands of Bahrain and Trinidad belonthie same group. Trinidad has zero diversity since
2009, when biomass ceased to exist as an elegfiuet mix option and Bahrain’s use of wind power
is as negligible as 0.0037%. As power productionBethrain grows without any wind energy
investment, the share of wind in power productias heen in decline since 2008. The low diversity
group contains the majority of the smallest islagliéally including Nauru the smallest, by surface,
inhabited island in the world at 8 square miles poplulation of 9,642 [74]. Any diversity appeared i
their electricity generation is sourced mainly binavor solar energy depending on the islands’

natural endowment.

5. Discussion of theresults

Complete reliance on any single energy source @gpesergy supply to unsustainable risk [75] and
our analysis indicates that several small islandsl@ked-in to unstainable power supply systems.
Overall, however, there is a gradual but significacerease of 35.2% of total island diversity since
1990 (Figure 8). This improvement accelerates &2 alongside a concurrent increase in oil price
between 2002 and 2014. Despite not distinguishingray fossil fuels throughout our analysis, due to
data limitations, it is worth mentioning that almhad fossil fuel energy used on islands is impdrte
oil. Only few islands produce fossil fuels; themefooil price hikes hurt most islands’ economies

severely.
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Figure 8: Power sector average diversity and concentratiorasueed with SWI and HHI between
2000-2015. Data Source: EIA.

Given that fossil fuels are examined as one opdioth that nuclear energy is not widespread in the
island nations of this study, only renewables offerealistic alternative that can alter diversity.
Renewable energy often contributes more than oweop#ion in islands’ fuel mix and its growth rate
can be initially rapid. At the same time the indiaesed for measuring energy supply diversity and
concentration are sensitive to the balance amoadutl options and to their total number; therefore
they tend to show a disproportionately large dikgnsicrease even when an option with relatively
negligible contribution is introduced to the fueikmMost of the islands examined in this manuscript

have a relatively low number of options in theielfmix.

Islands are usually small countries and their domtion to total global greenhouse emissions is
negligible [76] ], however, their energy and envssi intensity reveals how they are locked intoifoss
fuels. The synergy between climate change mitigaod energy supply security policies for a
sustainable global energy system is imperativeorder to develop pathways to a sustainable,
decarbonized energy future the potential tradeoétsveen those two issues require greater attention
[77]. The energy strategy adopted by different ¢des is based on their own capabilities and
priorities. For this study we examine emissions anergy intensities (Figure 9) and we project them
along energy supply security for the latest yeailakle (2015) to identify sustainable paradigms fo

energy security risk policies. The trajectory bedwé¢he two-intensity metrics is increasing in castr
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While the average islands’ energy and emissionsnsity has been growing (Figure 9), every

individual island presents a different case. Famtislands have decreased their energy and ensssion
intensity during 2000-2015, indicating a trajectofydecarbonisation and improved energy efficiency
(Figure 10). For almost all the islands of thisdstenergy and emissions intensity have been moving
in the same direction, apart from Iceland, Saintcént and Samoa. Both Iceland and St Vincent
experienced a significant increase of their enenggnsity which was met with a rapid renewable

energy increase leading to lower emissions intgngit general, islands that reduced their energy

intensity appear to reduce their emissions as asgprence of renewable energy sources introduction.
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In further consideration for the increasing conttibn of renewable energy generally and in islands
specifically, we examine the dual role of renewabtergy in island energy systems. The duality
consists of increasing diversity and reducing eimissand even energy intensity. Using 2015 (most
recent data available) as a snapshot, we plot sityefas measured by SWI for all options) against
energy intensity (Figure 11) and emissions intgr($itgure 12) for all islands. The plots indicabet
higher diversity is linked with lower energy and issions intensity. Increased renewable energy
directly contributes to fuel mix diversity in théudied islands and on average reduces emissions
intensity since there is a substitution of fossél§ with zero-emissions energy.

At the same time, increased diversity is linkedrdduced energy intensity, which is less straight-

forward. Considering that the main driver for irased diversity is increased use of renewable
energy, it can be assumed that there is a link dextvincreased use of renewable energy and lower
energy intensity which is not an intuitive outconagguably there is no direct causality between

increased renewable energy and reduced energysityteHowever, hypothesizing on this issue there

are two other potentially explanatory factors; @gescarcity and the subsequently required energy
awareness [78,79]. It can be argued that islandshwhvest in renewable energy are those which do
not have abundant access to fossil fuels, eithdydiyg fossil fuel producers or within a major ibss

fuel supply chain or transport route. As a restliey are faster to introduce renewables as a

18



A W N R

O 00 N O U

10
11
12
13
14
15
16
17
18
19
20

competitive energy source to support them in raducheir reliance on imported expensive fossil
fuels. Furthermore, islands that experience ensogycity might be forced to adopt deeper energy

efficiency.
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Figure 11: SWI index (horizontal axis) against Energy Intgnéitertical axis) for 2015. Data Source:
EIA.

With most islands appearing to follow the highevedsity — lower energy trajectory, Trinidad &
Tobago, Bahrain and Iceland are the clear outlierifidad & Tobago and Bahrain are the islands
with the highest energy and emissions intensity zerd diversity as they rely almost exclusively on
natural gas and oil. Bahrain is a large oil produsghe Middle East and Trinidad & Tobago is the
largest natural gas producer of the Caribbean. @ahsubsidized oil prices encouraged over-
consumption where Trinidad & Tobago’'s downstrearirxquemical sector keeps both its emission
and energy intensity at high levels. Iceland, so&n outlier but for diametrically different reaspas

it achieves almost zero emissions intensity witlgligible use of fossil fuels. Its low emissions
intensity is combined with high diversity makingparadigm for sustainable energy supply. The
energy supply security and low emissions pattefrisedand are more significant if we consider that
hydro power and geothermal energy present lowealidity and stochasticity in comparison to other

renewables, such as wind or solar energy.
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Figure 12: SWI index (horizontal axis) against Emissions Isifgn(vertical axis) for 2015. Data
Source: EIA.

6. Conclusion

Fuel mix diversity is a prerequisite for a sustaleeenergy future and can be considered as agitate
response to energy scarcity and uncertainty thallesiges most countries. Although most island
nations are the countries least responsible fonatk change, paradoxically, they are the first to
experience its consequences [80]. Their narrowuresoimport and export base, vulnerabilities to
external economic shocks, and exposure to intemséraquent natural disasters facilitate the need f
urgent transformations on the existing energy pofigstems. Their remoteness, relative small size
and flexible governance makes them potentially tedde to change and capable of significant shifts
unlike large regions with monolithic energy goveroa [42]. Indeed, islands lend themselves to
excellent testing case studies for innovative gneajutions which could set the example for larger
scale, on-grid applications. Acknowledging theiter&mall Island Developing States (SIDS) are
mentioned in the UN Sustainable Development Gdhks,recent UN framework to promote the
sustainability agenda. SIDS are explicitly refertedn Goal 7 for Affordable and Clean Energy, and
specifically in sub-Goal 7.B which requires sustiblile energy services supported by infrastructure

expansion and technology upgrade, for access todafble, reliable, sustainable and modern energy
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for all by 2030. Moreover, Goal 13 refers to prommwetof mechanisms for raising capacity for

effective climate change related planning [81,82kbich, sustainable energy is a key enabler.

With this manuscript we provide for the first tirmeeomprehensive evaluation of energy supply for 44
global islands and we set the agenda for the inkaide between energy supply diversity and
intensity of energy use and emissions. This is ashnan energy issue as it is a development issue as
energy is an undoubted contributor to economic ldgveent [83]. Within the UN Sustainable
Development Goals and the UNFCCC Paris Agreemaaretls special care for SIDS as the first

O 00 N O U B W N =

victims of climate change [84]. Our research caonéirand further analyses the energy supply

=
o

vulnerability assigned on SIDS and makes furthaisliwith their energy and emissions intensity as
11 drivers for their environmental and economic sunsthility agenda.

12

13 As with every piece of research, ours is not freev@aknesses. Firstly, the granularity of our data
14 does not allow for a detailed break-down of fofisdls, a trade-off we had to take in order to ume t
15  wide-coverage of the US Department for Energy detabMoreover, we argue that this choice has
16  only limited impact on the overall results as madands only use imported oil. Secondly, the
17  technical focus of this manuscript did not allow fothorough analysis in the context of the global
18  sustainability agenda, of which the islands ofstly are prime test case studies.

19

20  Further research should strengthen the connectiorenergy supply security and the global
21  sustainability agenda, particularly with focus oe tincreased attention on UN Sustainable
22  Development Goals, the forthcoming reviews of tlaidhally Determined Contributions [85] under
23 the Paris Agreement [86] and the forthcoming UN@PsIxth assessment report in 2021 [87].
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