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Achieving the objectives of the Paris Climate Agreement requires a fast transition of the energy system.
This leads to consequences for energy security, which a central element of the energy strategy of many
countries. Important dimensions of energy security are energy diversity and energy sovereignty. The
main objective of this study is to assess how different strategies and climate objectives affect these di-
mensions. For this, we developed a set of model-based mitigation scenarios that limit global warming to
below 2 �C and 1.5 �C for 16 world regions. The scenarios differ in the energy transition strategy, focusing
either more on intermittent renewables or lifestyle change. We show that energy supply diversity in-
creases in deep mitigation scenarios in practically all regions, especially in India and China. This is due to
strong growth of bioenergy and intermittent renewables, together with less fossil fuel use. There is also a
substantial decrease in total energy trade in mitigation scenarios with a strong focus on intermittent
renewables. Without such a strong focus on renewables, the decrease in oil and coal trade is offset by
additional trade in bioenergy. However, more trade in bioenergy leads to a higher diversity in energy
exporters.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Greenhouse gas (GHG) emissions need to be reduced strongly to
meet the Paris Agreement's climate objectives of limiting global
average temperature increase to well below 2 �C and pursuing ef-
forts limiting it to 1.5 �C [1e3]. This will require energy systems that
differ much from today. This will also automatically impact energy
security [4,5]. As energy security forms a central element of the
energy strategy of many countries, including the EU [6] and the USA
[7], an important question is how different strategies to achieve the
Paris Agreement objectives affect energy security.

Although the concept of energy security is widely used, there is
no consensus on its precise interpretation, partly because it is
strongly context-dependent [8]. A very general definition of energy
security is “low vulnerability of vital energy systems”. APERC [9]
ental Assessment Agency, P.O.

ier Ltd. This is an open access artic
identified the following three fundamental elements relevant for
energy security: i) physical energy security, relating to availability
and accessibility of energy resources, ii) economic energy security,
relating to affordability of resource acquisition and energy infra-
structure development, and iii) environmental sustainability,
relating to the acceptability of energy resource use. To more
formally analyse energy security implications of different energy
transition strategies, Kruyt et al. [5] provided an overview of rele-
vant indicators for these four dimensions of energy security. In-
dicators for availability focus on physical aspects such as reserve
estimates and reserve/production ratios, indicators for accessibility
focus on energy sovereignty (i.e. the degree towhich countries have
domestic control over energy systems; Jewell et al. [4], measured by
aspects such as trade and diversity of fuels and suppliers, indicators
for affordability focus on energy prices, and indicators for accept-
ability focus on non-carbon shares in total energy supply.

Energy transition scenarios can analyse the long-term energy
security implications of different strategies to achieve the Paris
climate objectives. Existing scenario studies on energy security
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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include Kruyt et al. [5]; Jewell et al. [4] and Cherp et al. [10]. Using
the integrated assessment model IMAGE, Kruyt et al. [5] assessed a
wide set of energy security indicators covering all four dimensions
mentioned above of energy security for one baseline scenario and
one 2 �C scenario, focusing onWestern Europe. Jewell et al. [4] used
the integrated assessment model MESSAGE to evaluate energy
accessibility of 42 scenarios that limit mean global temperature
increase to 2 �C. These scenarios were differentiated across three
dimensions: level of energy demand, availability of mitigation
technologies, and configuration of transport systems. Cherp et al.
[10] applied two different integrated assessment models (REMIND
and WITCH) to assess accessibility under different assumptions on
GDP growth and fossil fuel availability. In the latter two studies,
accessibility was further categorised into the elements of sover-
eignty (assessed by energy trade indicators) and resilience
(assessed by the diversity of supply indicators).

Given the widely diverging strategies to achieve the Paris
climate objectives, assessing the energy security impacts of these
diverging strategies is crucial for a more balanced comparison of
the advantages and disadvantages of such strategies. Crucial dif-
ferences exist concerning the emphasis on intermittent renew-
ables, changes in lifestyles, and the use of negative emissions
obtained by carbon dioxide removal (CDR) measures. Regarding the
latter, optimal mitigation strategies generally lead to extensive use
of CDR measures. These allow offsetting of emissions from sectors
where CO2 reductions are hard to achieve due to technical, eco-
nomic or political constraints. By far, the most important CDR
measures in existing mitigation scenarios are afforestation and
bioenergy with carbon capture and storage (BECCS) [11]. However,
there are only very few operating BECCS projects today [12], and
there is a heavy debate about the potential and desirability of large-
scale application of bioenergy and CCS. This debate focuses mainly
on issues related to i) the impact of bioenergy on food production,
water scarcity, and biodiversity, ii) concerns about biomass feed-
stock not being carbon neutral, iii) risks of carbon leakage from
storage reservoirs [12e17], and iv) the risks associated with an
initial overshoot of the carbon budget [18]. Reasons why biomass
feedstocks may not be carbon neutral include i) converting land to
biomass cropsmay lead to increases emissions, ii) emissions related
to production, pre-treatment, and transport of biomass, ii) con-
version processes, and iv) carbon debts (the time required to re-
absorb the emissions emitted in the atmosphere) [12].

Because of these potential drawbacks of BECCS, alternative
strategies that depend less on CDR measures have been developed,
leading to different pathways [3,19e23]. Two often discussed
strategies to limit the use of BECCS are based on a more prominent
role of lifestyle change [20,22,23] and more optimistic expectations
regarding integration of intermittent renewable energy and elec-
trification by sector coupling [19,23e29]. Such pathways lead to
widely different energy systems, with important implications for
energy security.

This study's main objective is to assess how different strategies
and climate objectives affect the accessibility aspect of energy se-
curity. We evaluate different 2 �C and 1.5 �C scenarios on energy
diversity and sovereignty. Compared to earlier scenario studies on
energy security, the main novelty of our study is that we take into
account different climate targets (more specifically, the 1.5 �C
target) and lifestyle change. The scenarios have been developed by
the integrated assessmentmodel IMAGE [30]. Apart from a scenario
with considerable CDR, scenarios inwhich the use of CDRmeasures
are limited by more extreme lifestyles change and more optimistic
assumptions on the penetration of intermittent renewables. As
energy security is primarily a national issue, we provide the results
for ten individual countries and six world regions. Moreover, we
consider all major traded fuels (oil, coal, natural gas, and bioenergy)
2

separately, as they differ in their regional characteristics of demand
and supply.

2. Methodology

We used the IMAGE 3.0 model to develop three scenarios for
both the 2 �C and 1.5 �C targets. For each of the scenarios, we
analysed the implications for energy security. Below, a short over-
view of the IMAGE model is provided, followed by a description of
the scenarios and the method used for analysing energy accessi-
bility. More detailed information on the IMAGEmodel can be found
in Supplementary Info, in Stehfest et al. [30]; and on the dedicated
website (https://models.pbl.nl/image) and on the scenarios in Van
Vuuren et al. [23] and Esmeijer et al. [31].

2.1. IMAGE model

IMAGE 3.0 is a comprehensive ecological-environmental model
framework that simulates the environmental consequences of hu-
man activities worldwide.

IMAGE represents interactions between society, the biosphere
and the climate system to assess sustainability issues such as
climate change and biodiversity. The model is a simulation model,
i.e. changes in model parameters are calculated based on infor-
mation from the previous time step. The model includes a detailed
description of the energy and land-use system and simulates most
of the socio-economic parameters for 26 regions and most of the
environmental parameters on the basis of a geographical grid of
30 � 30 min or 5 � 5 min (depending on the variable). Important
inputs to the model are future developments of population, the
economy, lifestyles, policies, and technology change.

The main components in the human system describe the de-
mand for energy and food and their production that can cause land-
use changes and emissions of carbon dioxide and other greenhouse
gases. The energy system, which is the most relevant for our
analysis, is modelled by TIMER (The IMage Energy Regional model;
[32,33]). Fig. 1 depicts a flow diagram of TIMER.

The demand for energy services depends on future economic
activity, which is driven by input parameters (model drivers) on
socioeconomic developments (GDP per capita, population, value
added by sector, private consumption, and lifestyle assumptions).
Five economic sectors are considered: industry; transport; resi-
dential; public and private services; and other sectors (mainly
agriculture). For each of these sectors, final energy use is driven by
the demand for energy services and autonomous and price-
induced energy efficiency improvements. The choice for second-
ary energy carrier is made based on its relative costs. Energy prices
link the demand module with the energy supply and conversion
model (described below), as they respond dynamically to changes
in demand, supply and conversion. The prices of secondary energy
carriers depend on direct production costs, energy and carbon
taxes, and premium values. The last two reflect preferences, envi-
ronmental policies, infrastructure (or the lack of infrastructure) and
strategic considerations. The premium values are determined in a
model calibration process in order to correctly simulate historical
market shares on the basis of simulated price information.

A key factor in the energy supply module is the availability of
various energy resources, which is driven by depletion and tech-
nology development (Fig. 2). Technology development is intro-
duced in the form of learning curves for most fuels and renewable
options. Costs decrease endogenously as a function of the cumu-
lative energy capacity (learning rate), and in some cases, assump-
tions are made about exogenous technology change. Depletion is a
function of cumulative production in the case of fossil fuels and
nuclear feedstock and annual production in the case of renewables,

https://models.pbl.nl/image


Fig. 1. Flow diagram of the TIMER energy demand and supply model. Source [30].

Fig. 2. Flow diagram of the energy supply model. Source [30].
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where attractive production sites are used first. For each region,
there are 12 resource categories for oil, gas and nuclear fuels, and 14
categories for coal. Each category has its own specific production
costs based on long-term cost-supply curves per region [34]; the
impact of uncertainties in fossil fuel availability is discussed in the
discussion section. The impact of depletion and technology devel-
opment lead to changes in primary fuel prices, which influence
3

investment decisions in the energy demand module. The available
land for bioenergy production is determined by the IMAGE land use
model and restricted by the assumption that bioenergy crops can
only be cultivated on abandoned agricultural land and on part of
the natural grassland.

It is assumed that all demand is always met. Because regions are
usually unable to meet all of their own demand, primary energy
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carriers, such as coal, oil and gas, are widely traded. Fossil fuels can
be traded globally. The amount of fuel traded between regions
depends on the relative production costs and those in other re-
gions, augmented with transport costs, using multinomial logit
equations (the development of these costs over time are provided
in supplementary Excel files). Cartel behaviour is accounted for by
assuming that regions that can supply at much lower costs than the
average global production costs supply the fossil fuel at a price only
slightly below the production costs of the importing regions.
Loosening this assumption will affect trade, especially leading to
more fossil fuel use early in the baseline (fossil fuels become
cheaper for importing regions, although this also leads to faster
depletion). The impact on the mitigation scenarios is much smaller,
as fossil fuel use is restricted by the climate targets (it leads to
somewhat more fossil fuel use with CCS relative to renewables).
The model only considers trade between the 26 world regions in
the IMAGE model, i.e. trade flows within world regions are not
taken into account. Fossil fuels are traded in their primary energy
form, and the refinery is assumed to take place in the importing
region. Bioenergy is converted before the trade, and hence sec-
ondary energy volumes are used for this energy carrier. Electricity
is assumed not to be traded among regions, except between the
USA and Canada.

The emissions resulting from energy supply and land-use
changes are used to calculate global mean temperature change
using a slightly adapted version of the MAGICC 6.0 climate model
[35].

Although calculations are done for 26 world regions, we have
aggregated them to 16 regions here to more easily present results
(i.e. net trade values of aggregated regions are shown). We also
limit the time horizon to 2050, although the scenarios run until
2100.

2.2. Scenarios

All scenarios were based on the IMAGE implementation of the
SSP2 baseline scenario. The SSP2 scenario describes a middle-of-
the-road scenario in terms of economic and population growth
and other long-term trends, such as technology development [36].
The mitigation scenarios have been constructed using the same
method as in Van Vuuren et al. [23]. Two radiative forcing targets
are analysed: 1.9 W/m2 in 2100, representing a 1.5 �C target and
2.6 W/m2 in 2100, representing a 2 �C target.

In all scenarios, these goals are achieved by introducing a uni-
versal carbon price in all sectors and regions from 2020 onwards.
Before 2020, all mitigation scenarios have assumed the full
implementation of the countries’ reduction proposals (conditional
pledges) for 2020, as part of the Cancun Agreements (based on Hof
et al. [37]. The scenarios differ with regard to assumptions on
lifestyle change and electrification rates and penetration of inter-
mittent renewables in the energy system.

Table 1summarises the most important characteristics of the
different scenarios and Table SI.1 in the Supplementary describes
the characteristics in more detail. The Carbon tax scenario is based
on the same assumptions regarding lifestyle change and technol-
ogy as in the baseline, but where a carbon tax leads to different
investment choices leading to lower emissions.

Additional to the carbon tax, the 2.0 and 1.5 �C Lifestyle focused
scenarios reflect the possibility that environmentally friendly and
resource-efficient modes of living are adopted by a majority of the
population worldwide. These scenarios include assumptions on
dietary change, food waste reduction, transportation, and resi-
dential energy use e assumptions which mainly affect behaviours
and emissions in developed countries. For dietary change, we as-
sume a quick transition to a healthier diet (the so-calledWilett diet)
4

between 2020 and 2050, with low levels of meat consumption: 10.4
kcal/cap/day of cattle, 16.0 of pork, 32.3 of eggs, 33.2 of poultry and
13.0 of fish and seafood [38]. Foodwaste as fraction of total demand
is also reduced in households (10% less avoidable waste per year
starting in 2011, reaching 98% reduction in 2050), and in storage
and distribution systems (5% less waste per year starting in 2011,
reaching 86% in 2050). The absolute amount of food waste will
decrease less quickly, since total demand increases with population
size and affluence [39]. For transport, the scenarios assume a
different relationship between income and transport volume,
leading to changes in the preferred transport mode and traffic
volume. This enforces a shift away from increasing private vehicle
use to mass transit options (i.e. public transport) or non-motorized
options (walking, biking). Furthermore, a gradual curtailment of
long-distance trips (reducing, for example, the extent of air travel
demand) is assumed. For residential energy use, the scenarios
include assumptions on (water) heating behaviour and appliance
energy use. To curtail heating demand, the scenario sets a limit on
the floor space per capita (40 m2/cap for urban households and
50 m2/cap for rural households). Moreover, the base temperature is
adapted downward by 1 �C in the case of heating and upward by
1 �C in the case of cooling. Water heating demand is reduced by
assuming reduced shower time of 25%. Household electricity de-
mand is curtailed by capping appliance ownership rates to the 2010
values in current high-income countries and by gradually phasing
out tumble dryer for a washing line. We also assume environ-
mentally conscious behaviour in domestic appliance use, e.g. by
switching off stand-by modes and smarter use of appliances. This is
represented via deducting stand-by energy consumption values
from modelled appliances and implementing best available tech-
nology energy consumption values. A more detailed description of
this scenario can be found in van Sluisveld et al. [22].

The 2.0 and 1.5 �C Renewables focused scenarios assume rapid
electrification in the demand sectors, combined with low integra-
tion challenges for renewable energy due to optimistic assump-
tions about flexibility provision, grid expansion and storage.
Electrification of demand sectors is achieved by either stimulating
the use of electricity by introducing cost reductions for electricity
(industry) or disallowing the use of non-electric technologies
(transport and residential sector). Globally, the electricity shares in
end use increase 48% for residential, 33% for transport and 47% for
industry (starting from 21% to 26% today). We assume that for
freight and air travel, hydrogen-based modes become available in
the long-term. The penetration of intermittent renewable elec-
tricity options (wind and solar) in the power sector is increased by
reducing the integration constraints following a different setting in
the available dataset [40]. In addition, conditions for early retire-
ment of fossil power capacity are relaxed and power sector fore-
sight on carbon price development is increased.

The additional assumptions in the Lifestyle focused and Re-
newables focused scenarios lead to additional emission reductions.
This additional “emission space”was used to limit the use of BECCS
using the following method. First, for each alternative scenario, the
assumptions in Table S1 were implemented in the baseline sce-
nario, leading to direct impacts on emissions, energy and land use.
Subsequently, the scenarios were combined with the carbon price
trajectory of the 2 �C and 1.5 �C Carbon tax scenarios. Given the
additional reductions obtained by the implemented measures from
Table S1, the alternative scenarios overachieved the 2 �C and 1.5 �C
targets. Subsequently, an additional “BECCS-price” was introduced
in order to reduce BECCS. The “BECCS-price” was implemented in
2020 and held constant throughout the rest of the century. In order
to find the right price level, it was increased in small steps to find
the point where the 2100 forcing of the scenario was equal to 2.6
and 1.9W/m2. An alternative simplermethodology to reduce BECCS



Table 1
Scenarios included in this study.

Name (abbreviation) Description Climate
target

Baseline (BL) IMAGE implementation of the SSP2 scenario, in which a continuation of changes in lifestyle and technology trends as observed in the
recent past is assumed.

Carbon tax (Tax) Climate policy is implemented by introducing a uniform carbon tax in all regions and sectors from 2020 onwards. 2 �C;
1.5 �C

Lifestyle focused
(Tax þ LS)

Next to the same uniform carbon tax as in the Carbon tax scenario, consumers change their habits towards a lifestyle that leads to
lower GHG emissions. This includes a less meat-intensive diet (conforming to health recommendations), less CO2-intensive
transport modes (following the current modal split in Japan), less intensive use of heating and cooling (change of 1 �C in heating and
cooling reference levels) and a reduction in the use of several domestic appliances. The additional reductions achieved with these
measures are used to decrease the use of BECCS.

2 �C;
1.5 �C

Renewables focused
(Tax þ Ren)

Next to the same uniform carbon tax as in the Carbon tax scenario, higher electrification rates in all end-use sectors are assumed,
combined with optimistic assumptions on the integration of intermittent renewables and on costs of transmission, distribution and
storage. The additional reductions achieved with these measures are used to decrease the use of BECCS.

2 �C;
1.5 �C
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would be to simply exclude BECCS completely from the scenarios,
but with such a restriction the 1.5 �Cwould not be feasible anymore
according to our model.
2.3. Energy diversity and sovereignty

In describing energy security, many perspectives and associated
indicators have been identified in literature [4,5,41,42]. As
explained in the Introduction, Kruyt et al. [5] suggested several
indicators classified according the four dimensions as defined by
the Asia Pacific Energy Research Centre [42] availability, accessi-
bility, affordability, and acceptability. Of these four dimensions, we
take the same approach as Jewell et al. [4] and focus on indicators
related to accessibility, as these are the most interesting indicators
when comparing different mitigation scenarios in the same socio-
economic context. Two major aspects of energy accessibility are
diversity of energy supply and energy sovereignty. We have
selected indicators for both these aspects based on the overlap in
terms of our modelling framework. Table 2 summarises the in-
dicators used in this study.

For diversity of energy supply, we use the same adapted version
of the Shannon Diversity Index as used by the Asia Pacific Energy
Research Centre [42]:

Energy Diversity Indicator¼ �
Pn

i¼1ðpilnðpiÞÞ
lnðnÞ

where pi is the share of the primary energy carrier i in the total
primary energy supply and n is the total number of primary energy
carriers. We here distinguish between the energy carriers oil, gas,
coal, bioenergy, solar, wind, nuclear and hydro, with all other en-
ergy carriers grouped in one category “others”. This indicator is a
normalised Shannon Diversity Index, where a value of 1 indicates
perfect diversity (all energy carriers have the same share in total
primary energy) and a value of 0 implies that a region is dependent
Table 2
Indicators of energy security used in this study.

Dimension Indicator

Energy diversity Normalised Shannon Index for diversity in
Energy sovereignty Volume of absolute energy trade by energy
Energy sovereignty Energy trade relative to energy use (total a
Energy sovereignty Normalised Shannon Index for energy expo
Energy sovereignty Energy import dependency by energy carri

5

on a single energy carrier. For the energy sources solar, wind, nu-
clear and hydro, we do not apply conversion rates, so that primary
energy is equal to final energy. In the mitigation scenarios, CCS is
applied on a share of the fossil fuels and bioenergy - but we do not
regard this as separate energy source for calculating the diversity.

All other indicators used in this study refer to energy sover-
eignty, which is strongly related to energy trade. The most aggre-
gate indicator for energy sovereignty is the total volume of energy
traded globally, both in absolute volumes and relative to total pri-
mary energy use. Here, we consider oil, coal and gas trade in their
primary energy form. Bioenergy is converted before trade and
hence secondary energy volumes are used for this energy carrier
(also see Section 2.1).

The diversity of energy-exporting regions is an important indi-
cator for the degree towhich importing regions are dependent on a
selected set of countries for their imports. Both the number of
countries as well as their characteristics (e.g. in terms of stability)
are important to consider here. While we do not explicitly assess
the second aspect, we do specifically take into account which re-
gions are exporting the energy carrier in the scenarios. Regarding
diversity in energy export, we use the same adopted version of the
Shannon Index as used for energy diversity e only here, pi refers to
the share of region i in the global export of the energy carrier and n
refers to the total number of regions which theoretically could be
export that energy carrier (in our case, n is equal to the total
number of regions considered minus one, which is 15).

The final important indicator we consider for energy sover-
eignty relates to import dependency. For this, we relate the share of
oil, gas, coal, and bioenergy in total energy use with the net imports
of these fuels as share of total use. This strongly relates to the Net
Energy Import Dependency indicator used by the Asia Pacific En-
ergy Research Centre [42]; only here, we disaggregate the indicator
by its components to provide more insight into the drivers of
change.
primary energy mix
carrier
nd for individual energy carriers)
rt diversity by energy carrier
er: import as share of consumption combined with share in total primary energy
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3. Results

First, we discuss the scenarios in terms of GHG emissions and
energy mix. Subsequently, the results are presented in terms of the
diversity in the primary energy and the role of energy trade.

3.1. GHG emissions and primary energy mix

In the baseline scenario, total GHG emissions increase from 52
to 74 Gt CO2eq between 2015 and 2050. This increase is predomi-
nantly attributable to CO2 emissions from energy use, which in-
crease from 35 to 48 Gt CO2 (left panel of Fig. 3). The baseline GHG
emission level of SSP2 of all six integrated assessmentmodels in the
SSP database (https://tntcat.iiasa.ac.at/SspDb) ranges from 74 to
84 Gt CO2eq by 2050, meaning that IMAGE is on the lower side of
the range.

By definition, all mitigation scenarios show large emission re-
ductions by 2050 compared to baseline. The largest reductions
occur in CO2 emissions from the energy-sector. While also methane
(CH4), nitrous oxide (N2O) and fluorinated gas (F-gas) emissions are
reduced, their reductions are smaller in absolute terms, given the
smaller share in baseline emissions. The mitigation strategy as-
sumptions (Carbon tax, Lifestyle focused or Renewables focused)
strongly impact the mix of GHG reductions. Compared to the Car-
bon tax scenario, the net CO2 emissions are higher in the Lifestyle
focused scenarios and lower in the Renewables focused scenarios. In
the Lifestyle focused scenario, a decrease in meat consumption
limits CH4, N2O and land-use related CO2 emissions. Subsequently,
the need for mitigation in the energy system is reduced, which
leads to higher energy CO2 emissions. In the Renewables focused
scenario, mitigation is predominantly achieved in the energy sys-
tem, resulting in lower energy CO2 emissions. The largest difference
between the 2 �C and 1.5 �C scenarios is that the latter scenarios
show lower energy CO2 emissions by 2050. In the Carbon tax and
Renewables focused 1.5 �C scenarios, CO2 emissions are even net-
negative in 2050.

In the Baseline scenario, global primary energy use increases by
49% between 2015 and 2050, with the share of fossil fuels
remaining about the same (middle panel of Fig. 3; Figure SI.2 shows
more detailed global results with CCS). The primary energy mix
differs substantially between world regions, with a relative high
share of coal in India and China, a relative high share of gas in Russia
and the Middle East/North Africa and Canada, a relative high share
Fig. 3. Global GHG emissions per emissions category, primary energy mix and final energy m
heat refers to heat centrally generated by either combined heat and power plants or heat p
more detail on the final energy mix of transport and Figure SI.4 provides detailed energy m
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of oil in Japan, the Middle East/North Africa and Latin America, and
a relative high share of bioenergy in Sub-Saharan Africa and Brazil
(Figure SI.4 shows detailed results for all 16 world regions). In the
mitigation scenarios, primary energy use is 40e50% lower than in
the baseline, with a strongly different energy mix.

All mitigation scenarios show a strong decline in fossil fuels,
between 37% in the 2 �C Lifestyle focused scenario to 66% in the
1.5 �C Renewable scenario in the period 2015e2050. Coal is strongly
reduced in all mitigation scenarios, and most of the coal still used is
equipped with CCS (see Figure SI.2). The amount of oil used differs
among the mitigation scenarios: the share of oil in the total energy
mix is still about 20% in the Carbon tax and Lifestyle focused 2 �C
scenarios, but much lower in all other scenarios. In these other
scenarios, hydrogen and electricity are the main energy carriers in
transport by 2050 (see Figure SI.3).

The use of bioenergy increases in all scenarios, but to different
degrees and for different uses. The Carbon tax and 1.5 �C scenarios
show the highest bioenergy shares, with up to 40% in the 1.5 �C
Carbon tax scenario (compared to 29% in the 2 �C Carbon tax sce-
nario and 11% in 2015). The Lifestyle focused scenarios show the
lowest bioenergy shares of around 20%. In the 1.5 �C Carbon tax and
Renewables focused scenario, bioenergy is mainly used in combi-
nation with CCS for carbon dioxide removal. In the 2 �C Carbon tax
and Lifestyle focused scenario, bioenergy (mainly lignocellulosic) is
used extensively in transport. The 1.5 �C Lifestyle focused scenario
most strongly limits bioenergy use. This is partly due to a reduced
requirement for mitigation in the energy sector, made possible by
the assumed lifestyle changes. The 2 �C Renewables focused and all
1.5 �C scenarios are further characterised by strong electrification of
the energy system, as shown in the right-hand graph of Fig. 3.

The more optimistic assumptions for intermittent renewables in
the Renewables focused scenario results in much higher intermit-
tent renewables shares (about 30% compared to about 10% in the
other mitigation scenarios) and much lower low BECCS use in the
2 �C scenario. Due to the stronger efforts required in the 1.5 �C
scenario, BECCS still is an important measure in the 1.5 �C Renew-
ables focused scenario, however.

3.2. Energy diversity

By 2050, the diversity in the primary energy mix, expressed as a
normalised Shannon diversity index as explained in the Methods
section, is in almost all regions higher in the mitigation scenarios
ix, 2015 and 2050. Fossil fuels and bioenergy include with and without CCS. Secondary
lants. Figure SI.2 provides more detail on the primary energy mix, Figure SI.3 provides
ixes for 16 world regions.

https://tntcat.iiasa.ac.at/SspDb


Fig. 4. Diversity in primary energy mix, 2015 and 2050. Regions/countries are ordered according to their diversity in 2015: MENA: Middle East and North Africa, RUS: Russian
Federation, CHN: China, SSA: Sub-Saharan Africa, MEX: Mexico, ROW: Rest of the world, Rest LAM: Rest of Latin America, OCE: Oceania, JAP: Japan, INDO: Indonesia, CAN: Canada,
EU: Europe, BRA: Brazil. Avg is average of all world regions. The Energy Diversity Indicator is a normalised Shannon Index as explained in the methods section. A value of 1 indicates
perfect diversity (all energy carriers have the same share in total primary energy) and a value of 0 implies that a region is dependent on a single energy carrier.
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than in both 2015 and baseline 2050 levels (Fig. 4). This is due to the
strong dominance of fossil fuels in the baseline. The only regions for
which the diversity by 2050 is lower than in 2015 in some miti-
gation scenarios are Canada and the USA. In Canada, the 1.5 �C
scenarios e and especially the Carbon tax one where BECCS is not
limited e show low diversities due to the strong dependence on
only three energy types (bioenergy, natural gas, and hydro, see
Figure SI.4). The USA also shows a lowdiversity for the 1.5 �C Carbon
tax scenario, as in this scenario its energy system is largely
dependent on bioenergy and natural gas.

For most regions, the different scenarios lead to very different
levels of energy diversity. This is especially the case for Canada,
Russia, and India. On average, the 1.5 �C Carbon tax mitigation
scenario shows the lowest diversity of the mitigation scenarios.
This scenario is strongly dependent on bioenergy (both with and
without CCS) and is relatively conservative on the use of inter-
mittent renewables. The energy diversity of the 1.5 �C Renewables
focused scenario is also relatively low, as the energy mix is largely
based on intermittent renewables, gas, and bioenergy. The 1.5 �C
Lifestyle focused scenario has a similar improvement in energy di-
versity as the 2 �C scenarios, given the balanced use across different
energy sources.

On average, all 2 �C scenarios show similar energy diversity
levels, but there are significant differences across regions: India and
China show the largest differences between baseline and mitiga-
tion scenarios, making mitigation in these countries more inter-
esting for diversification.

3.3. Energy sovereignty

For energy sovereignty, we first look at global absolute and
relative energy trade, followed by energy export diversity and en-
ergy import dependency. Hydrogen can be traded, but the volumes
of traded hydrogen are so low that we do not report this separately.
Figures SI.9-SI.12 provide detailed results of energy trade by fuel
and scenario in the form of Sankey diagrams; here, we focus on
indicators more directly related to energy sovereignty.

3.3.1. Global energy trade
In the baseline scenario, energy trade increases from 130 EJ in

2015 to 270 EJ in 2050, predominantly by increasing trade in fossil
fuels (left panel of Fig. 5). Depending on themitigation scenario, the
traded volume either increases slightly or decreases significantly
7

compared to 2015. This is in line with the findings of Cherp et al.
[10]; who find starkly decreasing trade in coal and oil in default
mitigation scenarios and increasing trade in gas (but at lower rates
than baseline).

Scenarios with more energy efficiency improvement or more
intermittent renewables (both Renewables focused scenarios and
the 1.5 �C Lifestyle focused scenario) show the lowest total energy
trade. The trade in bioenergy increases in all mitigation scenarios,
and especially in the Carbon tax scenarios.

For each energy carrier, trade as share of total use increases
significantly in all scenarios (right panel of Fig. 5). In relative terms,
oil trade is by far the highest: more than 60% of total oil use is
traded in all scenarios. For gas, this around 35% in all scenarios and
for coal about 25%. The relative trade in bioenergy is more strongly
scenario-dependent: in the 1.5 �C Lifestyle focused scenario, in
which bioenergy use is strongly limited, only about 15% of bio-
energy is traded. In the 2 �C scenarios, this is twice as high.

These results show that globally, energy trade is lower in miti-
gation scenarios than in the baseline scenario, which generally
improves energy sovereignty. This effect is especially strong in all
1.5 �C mitigation scenarios and the 2 �C Renewables focused sce-
nario: in these scenarios oil (most traded) is phased out more
quickly. A shift from natural gas to bioenergy does not lead to an
improvement in sovereignty in 2 �C scenarios, as the share of these
fuels being traded is about equal. Also important to note is that
while total relative energy trade declines in all scenarios compared
to baseline, it only declines compared to 2015 levels in the Re-
newables focused scenarios. Less than 20% of all energy use is traded
in these scenarios, compared to 22% in 2015 and 32% in the
baseline.
3.3.2. Diversity in energy exporters
Currently, total diversity of energy exporters is very low: oil is

responsible for about 70% of total energy trade and the Middle East
and North Africa are the main exporting regions for oil (Fig. 6; or-
ange triangles show Shannon's diversity index). The diversity of gas
and coal exporters is higher, but their total share in energy trade is
limited. The trade in bioenergy is currently marginal compared to
the trade in other fuels.

In the baseline scenario, the diversity of oil exporters increases.
However, the diversity of gas exporters decreases, as the large in-
crease in gas use is largely met by Russia and the Middle East and
North Africa (also see Figure SI.9). Coal and bioenergy show the



Fig. 5. Global absolute and relative energy trade, 2015 and 2050. Relative energy trade is defined as the volume of trade of the energy carrier as share of total use of the energy
carrier. Detailed trade flows between regions are provided in Sankey diagrams in Figures SI.9-SI.12.

Fig. 6. Regional diversity in energy exporters, 2050. Regions/countries: BRA: Brazil, CAN: Canada, CHN: China, EU: Europe, INDO: Indonesia, JAP: Japan, MENA: Middle East and
North Africa, MEX: Mexico, OCE: Oceania, Rest LAM: Rest of Latin America; RUS: Russian Federation, SSA: Sub Saharan Africa; ROW: Rest of the world. Triangles indicate the values
for the normalised Shannon's Index (right y-axis). A value of 1 indicates perfect diversity (all exporters have the same share in total exports) and a value of 0 implies that there is
only 1 exporter. Only regions with net exports are shown.
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highest diversity in exporters.
There is not much difference in diversity of gas and coal ex-

porters between the scenarios (also see Figures SI.10 and SI.11). The
diversity of coal exporters is very high, as coal is abundantly
available. The diversity in gas exporters is much lower, as the
Middle East, North Africa and Russia are responsible for the lion's
share of total gas exports. The differences in diversity of bioenergy
exporters are much larger between scenarios, as this is driven by
8

the scenario-dependent assumptions on land availability for bio-
energy production [43]. In the 2 �C scenarios, the largest share of
bioenergy is provided by tropical regions in Sub-Saharan Africa,
Brazil and the Rest of Asia (also see Figure SI.12). The largest need
for bioenergy is in the 1.5 �C Carbon tax scenario. As a result, forest
areas in temperate boreal regions are also used for bioenergy
production [44]. This is reflected by large bioenergy exports by
Canada and Russia in this scenario. The 1.5 �C Lifestyle focused
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scenario, and to a lesser extent the 1.5 �C Renewables focused sce-
nario, are able to avoid this.

The trade in coal decreases strongly in the mitigation scenarios,
which has a negative effect on overall diversity of energy exporters
as the diversity of coal exporters is very high. This is partly
compensated by increased bioenergy trade, which in four of our six
mitigation scenarios show a larger diversity of exporters than coal.
In contrast to oil and gas, more bioenergy trade means that more
regions export bioenergy, and higher trade therefore can lead to
higher diversity. Indeed, the three scenarios with the largest bio-
energy trade have the highest regional diversity in bioenergy ex-
ports (Export Diversity Indicator in right panel).
3.3.3. Energy imports
The dependency on fuel imports depends on both the share of

the fuel in total primary energy of a region and the share of that fuel
being imported. These two indicators are mapped out against each
other in Fig. 7. Only the averages of all importing regions for each
scenario are plotted, as this is easier for extracting general con-
clusions. The results for all individual regions can be found in the SI
(Figures SI.5-SI.8). The two indicators determine energy security
risks: If an energy carrier is only a small share of the total mix, risks
are low, and if only a small share of that fuel is imported, risks are
also low. This means that risks are lowest in the bottom-left corner
and highest in the top-right corner.

The share of oil in the mitigation scenarios decreases compared
to baseline, especially in all 1.5 �C and the 2 �C Renewables focused
scenarios. Countries that import oil are on average dependent on
more than 80% on those imports in all scenarios. This means that oil
import dependency only decreases in scenarios in which oil use
itself is decreased. In the 2 �C Carbon tax and Lifestyle focused sce-
narios, oil import dependency remains almost as high as in the
baseline scenario.

Both the share of gas in total primary energy use and the share
of gas being imported does not differ as much between the sce-
narios compared to the other fuels. While in absolute terms, gas use
Fig. 7. Energy import dependencies, 2050. The markers indicate the average values of
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decreases in the mitigation scenarios, the relative share does not
change that much. The 1.5 �C scenarios do show a lower import
dependency on gas, which is due to a lower absolute use.

The share of coal decreases drastically in all mitigation scenarios
and the import dependency increases: about 50%e60% of the coal
used is being imported in 2050. This is a similar share as gas, but as
gas has a much higher share in the total energy mix, the import
dependency of coal is lower than that of gas.

The share of bioenergy in total primary energy use increases
strongly in the Carbon tax and the 1.5 �C Renewables focused sce-
narios. The average share that is imported is significantly lower
than oil and gas, however: in all scenarios, less than half of bio-
energy use is being imported. The dependency in imports is
especially low in the 1.5 �C Lifestyle focused scenario.
4. Discussion

This paper presented implications for the energy security of 2 �C
and 1.5 �C pathways for sixteen countries or world regions. More
specifically, the implications for energy diversity and total energy
trade and (diversity in) energy imports and exporters were
analysed.

Energy security is a broad concept encompassing physical,
economic, political, and environmental aspects. We focused on
indicators that provide information on the vulnerability of energy
systems, emphasising that higher diversities of fuel mix and energy
exporters and lower dependencies on energy imports (i.e. higher
energy sovereignty) lead to lower vulnerability. Diversity in the fuel
mix is not an objective in itself and may even be at odds with
achieving ambitious climate targets. Still, it is important to be
aware of the consequences of achieving ambitious climate objec-
tives on the vulnerability of the energy system.

The indicators we chose for measuring the vulnerability of a
region's energy system are clearly not sufficient to provide a total
picture of energy security implications. Perhaps most importantly,
the risk of being dependent on imports not only depends on the
16 world regions. Import dependencies by region are provided in Figures SI.5-SI.8.
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number of exporting regions but also on geopolitical considerations
and the social, political, and economic stability of these regions
(there is a very low diversity in oil and gas exporters in all scenarios
with the Middle East, North Africa, and Russia as main players).
Although we have presented results for 16 world regions, it is
difficult to assess this latter aspect given our time horizon of 2050.
Still, vulnerability is not only dependent on the regional diversity of
energy exporting countries and the dependency on imports for
fuels but also global socio-economic developments. In a world with
global cooperation and prosperity, being dependent on imports
involves fewer risks than in a world with a lot of conflicts.

Each technology to generate energy has its disadvantages and
challenges, which also affects energy security and vulnerability.
This is especially the case for bioenergy, for which concerns have
been raised related to its energy return on investment and risks for
food production and biodiversity [16,17]; also see Introduction).
While we have not explicitly developed scenarios that limit bio-
energy, we find that the scenarios in which BECCS is limited also
shows less bioenergy. This means that, according to our model,
bioenergy is especially interesting in combination with CCS to
generate negative emissions. We have not assessed the impact of
larger shares of bioenergy on food security, but compared to other
models, IMAGE is conservative in bioenergy use [45]. Possible
reasons for this are that i) first-generation biofuels are not used in
the scenarios (even though they are part of the technology port-
folio) due to their poor energy return on investment, ii) IMAGE
takes biophysical limits explicitly into account by putting explicit
limits on deforestation from bioenergy and uses a “food first”
principle when determining land availability for energy-crops
[46,47].

In setting up our scenarios, we aimed to cover a wide range of
strategies to achieve the Paris climate objectives, focusing on
strategies to limit the use of BECCS. Indeed, the scenarios lead to
very different primary energy mixes: by 2050, the share of bio-
energy ranges from 20% to 40% across the scenarios; the share of
intermittent renewables from 8% to 29%, and the share of nuclear
and hydro from 7% to 16%. While this does not cover the full range
of 851.5 �C scenarios as assessed by the IPCC in its Special Report on
1.5 �C [3]; in which ranges of intermittent renewables of 4%e52%
and bioenergy of 10%e54% are reported, we feel that our scenarios
are sufficiently heterogeneous to provide insight into the effect of
different strategies on energy diversity and sovereignty.

While we specifically developed scenarios in which BECCS use
was reduced, all scenarios still show a substantial deployment of
BECCS and CCS. In our 2 �C Carbon tax scenario, 8.2 Gt CO2 is
captured by CCS annually by 2050, which is reduced to 5.0 Gt CO2 in
the 2 �C Lifestyle focused scenario and 4.1 Gt CO2 in the 2 �C Re-
newables focused scenario. These numbers are substantially lower
than the averaged CO2 captured in 2050 of 9.7 Gt CO2 for 116 2 �C
scenarios in the 1.5 �C scenario explorer [48]. For 1.5 �C scenarios,
the amount of CO2 captured is higher: 16.4, 7.1 and 10.1 Gt CO2 for
the 1.5 �C Carbon tax, Lifestyle focused, and Renewable focused sce-
nario, compared to an average of 85 1.5 �C scenarios of 11 Gt CO2.
The degree to which these CCS deployment rates are feasible de-
pends on social, technological, and economic circumstances. To
illustrate this, Koelbl et al. [49] used the same model framework as
used in our paper to analyse the impact of techno-economic un-
certainty on CCS deployment. They found that cumulative CO2

captured until 2050 ranges from 76 to 253 Gt in 2 �C scenarios,
depending on CCS techno-economic parameter settings. In our set
of scenarios, this ranges from 65 Gt in the 2 �C Lifestyle, and
Renewable focused scenarios to 215 Gt in the 1.5 �C Carbon tax
scenario. An equally important question is whether 2 �C scenarios
without CCS are feasible. In a multi-model comparison study, Krey
et al. [50] found that only four out of eleven Integrated Assessment
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models found feasible pathways for 2 �C if CCS in the technology
portfolio is excluded. These four scenarios showed an increase in
cumulative mitigation costs by, on average, a factor of 2.5. The total
set of 200 2 �C and 1.5 �C scenarios in the 1.5 �C scenario explorer
includes only one scenario without CCS. This scenario assumes very
low global energy demand by 2050 [20]. The number of scenarios
without BECCS is larger, but still somewhat limited: 17 out of 200
scenarios show no BECCS use in 2 �C or more ambitious scenarios
(five different IAMs developed these 17 scenarios).

The availability of fossil fuel resources is also a key uncertainty
in scenario analysis. Compared to the Current Policies scenario of
the IEA [51]; our baseline scenario shows less oil (�10%
against þ24% between 2018 and 2040) and gas (þ44%
against þ50%) production, and more coal (þ40% against þ15%)
production. This results from assumed resource availability (vol-
ume and cost) ad assumptions influencing the competitiveness of
alternatives. The IMAGE resource assumptions are based on Rogner
[34]. In the literature, both higher and lower estimates can be
found. Based on an “ultimately recovery resources” approach,
Capell�an-P�erez et al. [52] concludes that fossil fuel depletion is only
likely to occur in the second half of the century. However, Wang
et al. [53] conclude that high baseline scenarios are unlikely due to
fossil fuel resource constraints. They find probabilistic values of CO2
concentrations of around 500 ppm in 2050, with total fossil fuel
production in 2050 at about the same as the 2019 level. In our
baseline scenario, CO2 concentrations increase to 515 ppm by 2050,
with total fossil fuel production being 30% higher than the level of
2019. Compared to Wang et al., our baseline scenario has a higher
use of natural gas and coal. However, resource estimates by the
USGS show that coal and natural gas resources are considerable.
The estimates of Wang are not primarily based on available re-
sources, however, but on actual production of fossil fuels in sce-
narios, including scenarios in which strong policies limit fossil fuel
extraction (e.g. on Kharecha and Hansen [54]; in which fossil fuel
extraction is constrained by a rising price on carbon emissions to
discourage conversion of the vast fossil resources into useable re-
serves). In all our mitigation scenarios, the production of all fossil
fuels remains well below the trends as provided byWang et al. and
also remain well below the available total resources. Therefore, it
does not seem likely that uncertainty in fossil fuel availability
significantly influences our results, especially not for our mitigation
scenarios.

Finally, the scenarios that have been developed for this study
have not taken into account the impact of the COVID-19 pandemic.
While the short-term impacts are significant, COVID-19 is expected
to have little effect on estimates for the diversity and sovereignty
consistent for the 2 �C and 1.5 �C scenarios by 2050, as the short-
term impact of the pandemic is not the result of structural
changes and could be quickly reversed as lockdown measures are
lifted. In its impact assessment for stepping up Europe's climate
ambition for 2030, for instance, the European Commission esti-
mates very small effects of COVID-19 on key energy indicators in
2030 and 2050 [55]. Furthermore, it is important to keep in mind
that scenarios such as developed here are not predictions of what
will happen, but should be regarded as explorations of different
possible futures.
5. Conclusions

Taking the above discussion points into consideration, the
following conclusions can be drawn from our analysis.

It is important to take energy security considerations into
accountwhen constructing climatemitigation scenarios. Energy
security forms a central element of national energy strategies. Our
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study shows that energy diversity and sovereignty, both important
aspects of energy security, differs substantially across different
mitigation strategies and climate targets. Taking these aspects into
account when constructing scenarios can therefore increase the
policy relevance of such scenarios.

In almost all regions, energy diversity increases inmitigation
scenarios relative to 2015. In the baseline, energy diversity in-
creases due to lower reliance on fossil fuels and increasing shares of
bioenergy and intermittent renewables. The mitigation scenarios
show, for most regions, even higher growth of both bioenergy and
intermittent renewables, which, together with much lower energy
use and fossil fuel share in the energy mix, leads to higher diversity.
The increase in energy diversity is especially large in China, Mexico,
and Japan.

1.5 �C scenarios with extensive use of bioenergy show a lower
energy diversity than 2 �C scenarios. Our Carbon tax 1.5 �C miti-
gation scenario shows extensive use of bioenergy. This leads to a
lower energy diversity than the Carbon tax 2 �C scenarioe and even
a lower energy diversity than 2015 levels for the USA and Canada. In
scenarios where bioenergy is lower e made possible by stronger
lifestyle changes e there is not much difference in energy diversity
between the 1.5 �C and 2 �C scenarios.

The share of energy traded decreases in all mitigation sce-
narios compared to the baseline, but only decreases compared
to 2015 levels in scenarios with a strong focus on renewables.
The strong absolute increase in energy trade in the baseline sce-
nario is largely undone in all mitigation scenarios. However, only in
the scenarios with a strong penetration of intermittent renewables
there is a decrease in total absolute and relative energy trade
compared to 2015. In other mitigation scenarios, coal trade
decrease relative to baseline is largely compensatedwith additional
trade in gas and bioenergy.

Import dependencies shift from Middle East, North Africa
and Russia to a broader set of regions that produce bioenergy. In
all mitigation scenarios, import dependence on coal and oil de-
creases sharply e especially in the 1.5 �C scenarios and 2 �C Re-
newables focused scenario. Total trade in gas increases relative to
2015 levels, but less than in baseline levels. Overall, this leads to less
dependence on relatively few fossil-fuel exporting regions and
more dependence on regions that can supply bioenergy (e.g. Sub-
Saharan Africa, Brazil, USA, Canada, Russia, rest of Asia).

In contrast to oil and gas, more bioenergy trade does not
necessarily lead to lower energy sovereignty. The regional di-
versity in bioenergy exports is higher than the regional diversity in
fossil fuel exports. More bioenergy trade implies that it is profitable
for more regions to export bioenergy, and higher trade can lead to
higher diversity in exporters. Therefore, our scenarios with the
most extensive bioenergy trade have the highest regional diversity
in bioenergy exporters.

In general, climate policy increases energy diversity and
sovereignty, but the degree to which is regionally-dependent
and also depends on the chosen strategy. Mitigation strategies
that focus on lifestyle changes and intermittent renewables
generally involve a diverse mix of energy carriers that can be locally
produced, leading to a higher increase in energy security than
default mitigation strategies. This can be regarded as a co-benefit of
such strategies. A strong focus on bioenergy could lead to similar
energy dependencies as fossil fuels. However, the share of bio-
energy in the total energy mix remains for most regions well below
current oil and gas shares. The number of potential supplying re-
gions is also larger for bioenergy than for oil and gas. This implies
that even mitigation strategies, including on bioenergy score better
on energy security than current energy systems.
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