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Foreword

The ongoing Fridays For Future movement initiated by young climate activist Greta Thunberg shall serve as
a wake-up call for all of us to collectively do our best to hand over our planet to the next generation in the
best condition possible. We need to radically change the status quo in which we have put our planet and
our children; threatened by the challenges of climate change, air pollution, nuclear threats, conflicts over
resources, poverty and refugee crises. With the scientific findings and elaborated set of policy measures of
this study, we have developed a roadmap to achieve what our young generation calls for with great
dedication and courage.

This research, jointly undertaken by Finland’s LUT University and the Energy Watch Group, does not only
add one more study about climate-benign future energy systems, but rigorously opens up a new
perspective towards a shift to 100% renewable energy within the next two to three decades. It features a
cost-efficient vision of a deep electrification of the heat and transport sectors around the globe based on a
detailed assessment of spatially highly resolved renewable energy potentials that are domestically available
in hourly resolution of a full year. The outlined global transition pathway stands out as the first to present a
1.5°C scenario that is technology-rich, multi-sectoral, multi-regional and cost-optimal. Notably, it achieves a
cost decline without the reliance on high-risk technologies such as nuclear power and carbon capture and
sequestration (CCS). A full energy transition to 100% renewable energy is not only feasible, but also
cheaper than the current global energy system.

The study was set up with the belief that rapid and effective climate protection is the only way to save a
planet worth living on for generations to come. From the start of the project, the team was also fully
conscious about the anachronism of saving parts of the old, centralised conventional energy system based
on fossil and nuclear fuels. Instead, this project was set up to show how techno-economic facts open the
door for a much faster and more rigorous shift to renewable energy sources in order to trigger an even
more dynamic technology development worldwide, and in addition a chance for all world regions to gain
energy independence and benefit from the associated prospects of peace and conflict resolution.

The global report marks the finalisation of an intensive, ground-breaking and very rewarding project, that
was executed over a span of more than four and a half years and included several milestones such as the
publication of the power sector study in 2017 and the presentation of the regional European chapter at
COP24 in Katowice last December.

We need to change the conversation: A transition to a global 100% renewable energy system is no longer a
matter of technical feasibility or economic viability, but one of political will. Not only do we need ambitious
targets, but also stable, long-term, and reliable policy frameworks, adapted to regional conditions and
environments. We call on the global community to urgently pursue a forward-looking pathway towards net
zero GHG emissions by launching a rapid change of the way we use natural resources and provide
electricity, heat and transport.

Hans-Josef Fell
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A 100% Renewable Energy System is Cheaper than the Current Global Energy Supply

Zero GHG Emissions from Power, Heat, Transport and Desalination Sectors is possible before 2050
KEY FINDINGS

A global transition to 100% renewable energy across all sectors — power, heat, transport and
desalination before 2050 is feasible'. Existing renewable energy potential and technologies, including
storage, is capable of generating a secure energy supply at every hour throughout the year. The
sustainable energy system is more efficient and cost effective than the existing system, which is based
primarily on fossil fuels and nuclear. A global renewable transition is the only sustainable option for the
energy sector, and is compatible with the internationally adopted Paris Agreement. The energy
transition is not a question of technical feasibility or economic viability, but one of political will.

The state-of-the-art scientific modelling of the “Global Energy System based on 100% Renewable Energy —
Power, Heat, Transport and Desalination Sectors” study simulates a transition to 100% renewable energy of
the entire world, structured in nine major regions and 145 sub-regions on an hourly resolution of 5-year
time periods from 2015 until 2050. The modelling computes the cost-optimal mix of technologies, based
on locally available renewable energy sources.

By 2050, the world’s population is expected to grow from 7.2 billion in 2015 to 9.7 billion. Final energy
demand is expected to grow by about 1.8% annually, driven by energy services for higher level of living
standard, and is accompanied by massive energy efficiency gains.

Electrification and decentralisation lead to more efficiency

Electrification across all energy sectors is inevitable (see Figure KF-1) and is more resource efficient than the
current system. Electricity generation in 2050 will exceed four to five times that of 2015, primarily due to
high electrification rates of the transport and heat sectors. Final energy fuel consumption is reduced by
more than 2/3 (68%) from 2015 numbers, as fossil fuels are phased out completely and remaining fuels are
either electricity-based or biofuels. Electricity will constitute for more than 90% of the primary energy
demand in 2050. This electrification results in massive energy efficiency gains when compared to a low
electrification trajectory (see KF-1). Almost all of the renewable energy supply will come from local and

regional generation.
18 T

= T T T T
o L 4
1 300,000 [ High electrification (this study) [
2 16 | . |__ iLow electrification (as of today) ! |
2 |
= |
H - = 250,000 - —
s 14 E |
= |
22 = |
§' £ 200,000 - b
g 100 5 |
[=% ° !
g . . % 150,000 1
@
£ c
: . . I
3 2 100,000 - i
o ]
S i E
2 4 BN - Electricity =
o Bl Heat o L |
E 2 Fuel bioenergy 50,000
E ‘ Fuel fossil/nuclear
o 2040 - . 2050 0
2020 2030 2020 2030 2040 2050
Years
Years

Figure KF-1: Primary energy demand per capita (left) and primary energy demand with high electrification and low electrification
(right) through the transition.

' Energy transition simulations in this study are until 2050. However, with favourable political frameworks, the transition to 100% renewable energy can be
realised well before 2050.
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Solar PV and wind energy lead the transition

Primary energy supply in the 100% renewable energy system will be covered by a mix of sources, with solar
PV generating 69%, followed by wind energy (18%), biomass and waste (6%), hydro (3%) and geothermal
energy (2%) by 2050 (see Figure KF-2). Wind energy and solar PV make up 96% of total electricity, and
approximately 88% of the total energy supply, which will have a synergetic balancing effect.

Figure KF-2: Shares of primary energy supply in 2015 and 2050.

100% renewable energy is cheaper than the current energy system.

e The levelised cost of energy for a fully sustainable global energy system will be slightly cheaper than for
the current system, reducing from approximately 54 €/MWh in 2015 to 53 €/MWh by 2050 (see Figure
KF-3). When taking into account negative externalities of the current system, which have been cited in
numerous other contemporary studies, the 100% renewable global energy system is a substantially
cheaper option.

e A 100% renewable energy system provides a win-win for the global community at large; with both
economical and environmental benefits.

e Major regions can realise a substantial cost reduction including Middle East and North Africa (-31%),
North America (-22%), South America (-34%), and Europe (-15%), while achieving zero emissions by
2050. The levelised cost of electricity decreases substantially from around 78 €/ MWh in 2015 to around
53 €/MWh by 2050, while the levelised cost of heat increases from around 39 €/MWh in 2015 to around
49 €/MWh by 2050.

e |t can be concluded from the results that the transition eliminates international energy dependencies
and helps to solve energy-related conflicts.

¢ A trend develops where the levelised cost of energy becomes increasingly dominated by capital costs,
as fuel costs lose importance through the transition period.

e Investments in the energy sector increase through the transition and are spread across a variety of
technologies with major investments in solar PV, wind energy, batteries, heat pumps, and synthetic fuel
conversion (see Figure KF-3).

The total annual transport energy costs decrease through the transition period from around 2.09 trillion
euros in 2015 to about 1.9 trillion euros by 2050. Final transport passenger costs decline for road transport,
whereas there is a marginal increase in costs for marine and aviation transport. Final transport freight costs
decline in case of road, remain stable for rail and marine and increase slightly for aviation.
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Figure KF-3: Levelised cost of energy (left) and investments in five-year intervals (right) during energy transition from 2015 to 2050.

Global energy-related greenhouse gas emissions can be reduced to zero by 2050, or sooner, across all
energy sectors

Annual global greenhouse gas (GHG) emissions in the energy sector decline steadily through the
transition from approximately 30 GtCOzqin 2015 to zero by 2050 (see Figure KF-4). The remaining
cumulative greenhouse gas emissions are approximately 422 Gtcozeq from 2018 to 2050. Energy-related
GHG emissions account for more than 60% of total global GHG emissions in 2015.

In contrast to popular claims, a deep decarbonisation of the power and heat sectors is possible by
2030. The transport sector will lag behind, with a massive decline of greenhouse gas emissions from

2030 to 2050 (see Figure KF-4).

Figure KF-4: Total GHG emissions (left) and jobs in the power sector (right) during the energy transition from 2015 to 2050 worldwide.

A 100% global renewable energy system will support millions of local jobs in the power sector

In 2015, the global power sector employed approximately 20 million people, with more than 70% in the
fossil fuel sector (see Figure KF-4).

A 100% renewable power system will employ 35 million people and solar PV emerges as the major job
creating industry, employing more than 22 million by 2050, followed by battery, biomass, hydro and
wind industries.

The approximate 9 million jobs in the global coal industry of 2015 will be reduced to nearly zero by
2050 and will be overcompensated by more than 15 million new jobs in the renewable energy sector.
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Global renewable energy generation and storage capacities will improve efficiencies and create
energy independence

Approximately 96% of renewable electricity generation will come from solar and wind energy by 2050,
and with a significant amount of local generation, the system will be more efficient.

Energy storage will meet nearly 23% of electricity demand and approximately 26% of heat demand.
Batteries will emerge as the most relevant electricity storage technology and thermal energy storage
emerges as the most relevant heat storage technology by 2050.

Figure KF-5: Electricity demand covered by energy storage (left) and heat demand covered by energy storage (right) during the
transition from 2015 to 2050 worldwide.

Sustainable biofuels and natural carbon sinks will offset emissions

Biofuels will be produced only in a sustainable way on degraded lands. Globally, around 6.7 million km?
of degraded arid lands are available, on which 263 million tons of sustainable Jatropha plant oil could
be harvested up to 2050. The potential to offset emissions range from 1 to 15 tCO:/(ha-a). Up to 10
gigatons of annual natural carbon sinks might be created on jatropha basis on degraded land.

Desalination

By 2050, water desalination will be nearly 40 times the amount of 2015. This will require substantial
desalination capacities and some water storage. Desalination will account for approximately 4% of total
primary energy demand in 2050, which can be fully met with renewables.

Eurasia, the Middle East and North Africa, SAARC with India, Northeast Asia and North America will
demand 91% of the global energy used for desalination. Europe, Southeast Asia, Sub-Saharan Africa,
and South America share just 9%.
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Regional differences in electricity supply

The energy transition will have some key regional renewable energy generation differences (see Figure
KF-6). Almost all Sun Belt countries will use solar PV as their primary source of electricity.

South Asia (SAARC)? has a world record share of 95% solar PV electricity generation by 2050 in its cost-
effective generation mix.

In Eurasia, onshore wind dominates electricity generation, with the highest shares worldwide. Onshore
wind ranges from 61% in 2025 to 47% in 2050, with solar PV generation only gradually increasing
towards 2050.

Few regions have a diversified mix of renewables with solar PV, wind energy, and hydropower in their
energy supply, such as: the Nordic region, Western Eurasia, Central China, Chile, and New Zealand.).

By 2025, North America is set to have approximately 25% of the global wind energy provision. Towards
2050, the costs of electricity provision in North America can be reduced by more than a third. The
transition will be accompanied by an increase in jobs from around 1.8 million to about 2.7 million by
2050.

The diverse range of energy systems is induced by locally available resources, which enhances energy
security around the world; this could lead to a more peaceful and prosperous global community.

Figure KF-6: Main types of 100% renewable electricity systems.

2 Countries of the South Asian Association for Regional Cooperation
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Policy Recommendations

To ensure a smooth, fast, and cost-effective transition to 100% renewable energy across all sectors,
governments need to adopt national legislative acts that will ensure the swift uptake in the development of
renewable energy, storage technologies, sector coupling, and smart energy systems. Frameworks should
include favourable investment conditions for all actors, including businesses and communities. The
following key political support measures will accelerate the energy transition:

Policies and instruments focused on sector coupling and enabling direct private investment in
renewable energy and other zero emission technologies.

Feed-in Tariff laws should be adopted to enable investments (under 40 MW) from decentralised actors,
such as small and medium enterprises, cooperatives, communities, farmers and citizens. Tendering
procedures for large scale investors should only be applied for utility-scale capacities above 40 MW.

A responsible phase-out of all state subsidies to fossil fuel and nuclear energy generation is necessary.
Introduction of carbon, methane and radioactivity taxes.

Incentives created to spur the growth of renewable energy technologies; such as tax exemptions, direct
subsidies, and legal privileges.

Policies and frameworks that promote research, education and information sharing on renewable
energy and zero emission technologies.

Vi
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Executive Summary

Climate change is impacting every continent on
Earth at intervals. The detrimental
impacts of climate change are projected to get
much worse at a temperature rise of 2°C above
pre-industrial levels. Limiting global warming to
1.5°C by mid-century could reduce the exposure to
both climate-related risks and the corresponding
susceptibility to economic burdens. Rapid and
fundamental change is required across all carbon
emitting sectors of the global economy, most
particularly in the energy sector, which is the
primary contributor to greenhouse gas (GHG)
emissions. There is an urgent need for the global

increasing

community to collectively pursue a pathway
towards net zero GHG emissions by launching a
rapid transition of the energy sector. There are still
many countries and regions that have yet to initiate
plans which will align their short-term actions and
long-term energy goals with the degree of
ambition that is required to realise the objectives of
the Paris Agreement.

This research study undertaken by Finland’s LUT
University (LUT) and the Energy Watch Group
(EWG) presents a first of its kind technology-rich,
multi-sectoral, multi-regional and cost-optimal
global energy transition pathway. Led by Dr.
Christian Breyer, a group of 14 of the world's
leading energy transition scientists conducted the
study over a period of four and a half years. Using
LUT's state-of-the-art energy transition modelling
simulation, full hourly geo-spatial resolutions were
used to compute the cost-optimal mix of
technologies based on local available renewable

VI

energy sources. The research conducted in this
study provides cost optimised simulations of
energy systems for 145 global regions, the study
has been aggregated into nine major world
regions. The study is a techno-economic blueprint
demonstrating the least-cost and feasible energy
mix with the transitioning of the global power,
heat, transport and desalination sectors to net zero
GHG emissions by 2050.

The study showcases that a global 100% renewable
energy system can be achieved with zero GHG
emissions before 2050 and more cost-effectively
than the current fossil fuel and nuclear-based
energy system. Solar photovoltaics (PV) and wind
energy emerge as the new workhorses of the future
global energy system. Solar PV emerges as the
most  prominent  electricity  supply
accounting for approximately 69% of the total
energy supply by 2050, complemented by wind
energy at 18%, hydropower at 3% and bioenergy
at 6%. This translates to a total installed capacity of
approximately 63,400 gigawatts of solar PV and
8,000 gigawatts of wind energy across the world by
2050. PV prosumers will drive a more decentralised
energy transition across the different regions of the
world, contributing to approximately 19% of
electricity generation. Low-cost renewable energy
supply enables electrification across the power,
heat, transport and desalination sectors. A 100%
renewable energy system is more efficient and cost
competitive than the current fossil fuel and nuclear
power based system.

source



Global Energy System based on 100% Renewable Energy
Executive Summary

Energy Demand

A fundamental shift in the energy sector is shaping
the energy transition, which is currently
predominantly based on fossil fuels. As indicated in
Figure ES-1, electrification across the energy
sector, comprising of power, heat, transport and
desalination results in a primary energy share of

90% renewable electricity by 2050 and zero fossil
fuels. This is a complete shift from the primary
energy supply of the 2015 energy system, which
depended primarily on fossil fuels (89%) and just
4% electricity from renewables.

Figure ES-1: Shares of main fuels in the total primary energy demand globally, in 2015 and 2050.

A global cumulative average annual growth rate of
approximately 1.8% in final energy demand
triggers the transition (see Figure ES-2). This is
driven by a growth in demand for energy-related
services including power and heat, desalinated
water and transportation, and additionally, by more
energy efficient conversion and demand side
technologies. The comprehensive electrification
massively increases overall energy efficiency, which
implies an even higher growth rate in provided

energy services.
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decreases from roughly 125,000 TWh in 2015 to
nearly 105,000 TWh by 2035 and increases to over
150,000 TWh by 2050. By comparison, current
practices and low electrification would result in a
primary energy demand of nearly 300,000 TWh by
2050 (see Figure ES-2). This massive gain in energy
efficiency is primarily due to the high level of
electrification of around 90% of primary energy
demand, and will save nearly 150,000 TWh
compared to the continuation of current practices
with low shares of electrification.
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Primary Energy Supply

As the primary energy supply increasingly shifts
toward electricity, correspondingly, the share of
renewable energy increases from around 10% in
2015 to 100% by 2050. Solar PV and wind energy
emerge as the most prominent electricity supply
sources with approximately 76% and 20%,
respectively, of the total primary electricity supply
by 2050 across the power, heat, transport and

Figure ES-3: Shares of primary energy supply in 2015 and 2050.

Heat Supply

The heat supply shifts from being dominated by
85% fossil fuels in 2015, towards 100% renewable
energy sourcing in 2050. Heat pumps play a
significant role accounting for an approximate 44%
share, followed by direct electric heating at 26%,
and biomass-based heat accounting for 12% of the

Figure ES-4: Shares of heat supply in 2015 and 2050.

desalination sectors (see Figure ES-3). Solar PV is
comprised of prosumer rooftop PV, fixed-tilted and
single-axis tracking PV power plants. Additionally,
hydropower contributes to around 3%, biomass
6%, and geothermal energy 2% and a further 2%
by other renewables contribute to the lowest cost
energy mix in 2050.

mix (see Figure ES-4). Additionally, renewables-
based gas provides around 12% of heat supply in
2050. Gas as a fuel shifts from extracted fossil fuels
towards synthetically produced gas by renewable
electricity along with biomethane throughout the
transition.
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Energy Storage

Energy storage plays a critical role in the transition
of the global energy system toward 100%
renewables. A combination of both electricity and

heat storage technologies cover the energy

demand throughout the transition period (see
Figure ES-5). Energy storage covers about 23% of
the electricity demand and about 26% of heat
demand in 2050.

Figure ES-5: Energy Storage through the transition from 2015 to 2050 for electricity demand (left) and heat demand (right).

Synthetic Fuel Production

A critical aspect to enabling a 100% renewable
energy system is the production of synthetic fuels.
Fuel conversion technologies such as Fischer-
Tropsch, water electrolysis, methanation, and
others supply renewables-based fuels through the
energy transition. Along with sustainably produced
biofuels, such as jatropha plantations on degraded
land, electrification, and renewables-based
synthetic fuels, ensure a 100% renewable energy-
based transport sector across the different regions
of the world. The corresponding capacities of fuel
production technologies are phased-in
predominantly beyond 2035 (see Figure ES-6).

Heat management plays a vital role in efficiently
producing synthetic fuels. Recovered heat can
provide a high share of the energy needed for CO,
direct air capture, which in turn provides carbon
from the atmosphere for the production of
synthetic fuels. Utilisation of recovered heat and
excess heat are vital for a cost optimal energy
transition in the transport sector. This occurs
significantly beyond 2035 (see Figure ES-6).

Figure ES-6: Installed capacities of fuel conversion technologies (left) and heat management (right) through the energy transition

from 2015 to 2050.
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Energy Costs and Investments

A shift to a 100% renewable energy sourced system
results in a stable levelised cost of energy across
the different regions of the world throughout the
transition. The levelised cost of energy for a fully
sustainable global energy system remains stable in
the range of 50-57 €/MWh throughout the
transition from 2015 to 2050 (see Figure ES-7). A
trend develops where the levelised cost of energy
shares become increasingly dominated by capital
costs, as fuel costs lose significance through the
transition period. There could be increased energy

diversification and local self- reliance across the
different regions of the world by 2050.

Investments in the energy sector increase through
the transition and are well spread across a range of
technologies with major investments for solar PV,
wind energy, batteries, heat pumps, and synthetic
fuel conversion (see Figure ES-7). Investments are
also well distributed across the three major sectors
of power, heat and transport through 2050.

Figure ES-7: Levelised cost of energy (left) and investments in five-year intervals (right) through the energy transition from 2015 to

2050.

Emissions Reduction

The most important result of the global energy
transition is that GHG emissions can be reduced
from nearly 30,000 mega tonnes CO; equivalent
(MtCOzq) in 2015 to zero by 2050 (see Figure ES-

8). The remaining cumulative GHG emissions of
around 422 gigatonnes CO; equivalent (GtCOzeq)
are in adherence to the ambitious goals of the Paris
Agreement of limiting temperature rise to 1.5°C.

Figure ES-8: Sectoral GHG emissions (left) jobs created by different energy resources (right) through the energy transition from 2015

to 2050
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Job Creation

Approximately 35 million direct energy jobs are PV and batteries providing the majority of energy
created over the transition in the power sector  jobs by 2050. Jobs lost in the fossil fuel sectors are
across the different regions of the world (see Figure more than compensated with an additional 15
ES-8). Jobs shift from the fossil fuel sectors toward million jobs being created by 2050.

renewable energy and storage sectors, with solar

Policy Recommendations

To achieve a 100% renewable energy system, ambitious targets must be set and supported by stable, long-
term, and reliable policies. Policy frameworks will need to be locally adapted to regional conditions and
environments on the basis of subsidiarity. The energy transition can be spurred by:

e Feed-in policies, such as tariffs, guarantee a e Co-generation (particularly bioenergy and
minimum price per unit of electricity. They power-to-gas) with full heat recovery.
stimulate local and regional, private and public,

Levelling the playing field of energy suppl
small-and medium-scale investments. d praying 9y SUpPly

through the removal of subsidies and by
e Tendering procedures that are recommended pricing negative externalities.
for utility-scale projects with capacities above
40 MW. For projects below 40 MW of capacity,
feed-in tariffs should apply to encourage
distributed generation. e Consistency of financial support from local,
national, and regional governments.

e An essential scaling-up of both public and
private funding.

e Tax exemptions, direct subsidies, and legal
privileges for renewable energy technologies. o Divestment, investment, and setting up of new

) and innovative financing schemes.
e Introduction of carbon, methane, and

radioactivity taxes. e Creating stakeholder engagement across
sectors to inclusively identify and take

advantage of opportunities and eliminate
barriers throughout the energy transition.

e Regulation, mandates, and infrastructure
planning that encourage heightened efficiency
in buildings, lighting, electric appliances,
electronic devices, and other energy loads. e Cooperative funding and share-based models

combined with open and accessible online

tools to monitor public expenditures (e.g.
participatory budgeting schemes).

- Further sectoral and regional results of this global energy transition are presented in the report.

Xl
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1. Introduction

Projections from the Intergovernmental Panel on
Climate Change (IPCC)' has made it evident that a
temperature rise of 2°C in comparison to pre-
industrial levels would be far more devastating than
previously expected both from the environmental
and economic perspectives. Limiting warming to a
rise of 1.5°C compared with pre-industrial levels
will require cutting emissions by 45% by 2030 and
reaching net zero around 2050 '. This means
unprecedented efforts across the world and
predominantly in the energy sector. Moreover, the
United Nations has for the first time included
energy in its new Sustainable Development Goals
(SDG no. 7 - Ensure access to affordable, reliable,
sustainable and modern energy for all), calling for a
significant acceleration of renewable energy
deployment 2. In this context, a transition of the
global energy sector is of utmost relevance as the
sector is responsible for the majority of global
greenhouse gas (GHG) emissions. Defossilising all
energy sectors and electrification of end-use along
with smarter energy utilisation are essential
components for a broader energy
transformation. The objective of this research
conducted by the LUT University (LUT) and the
Energy Watch Group (EWG) is to simulate and
visualise a global energy system transition towards
100% renewables, in hourly resolution for the
period 2015 until 2050 across the power, heat,
transport, and desalination sectors, and to derive

system

recommendations for a supportive policy
framework. The industrial sector is indirectly
included regarding demand covered by the
aforementioned sectors, except the non-energetic
feedstock demand. Furthermore, the research has
been conducted on a significantly high level of
geo-spatial, technical and economic detail resulting
in the most cost effective pathway to achieve a
global energy system transition towards 100%
renewable energy.

Status of the Global Energy Sector

As of 2016, modern renewables accounted for
approximately 10.4% of total final energy demand
(TFED), with the inclusion of traditional use of
biomass the share was around 18.2%. Renewable
electricity contributed the greatest portion of the
new renewable technologies that accounted for
5.4% of TFED, most of which was generated by
hydropower at 3.7%. Renewable thermal energy
contributed an estimated 4.1% of TFED and
biofuels for the transport sector about 0.9%.
Traditional use of biomass, primarily for cooking
and heating in developing countries, accounted for
an additional 7.8%. Overall, the share of
renewables grew by an estimated 0.25%, to around
19% of global TFED in 2017. All data are from
REN21, (2018)3.

Figure 1-1: Shares of resources in the total final energy demand globally in 2017, adopted from REN21, (2018)°
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Global renewable capacity including
hydropower has more than doubled since 2007,
from around 1000 GW to about 2195 GW by the
end of 2017 %. The addition of renewable power
capacities in the year 2017, of nearly 180 GW, are
equivalent to 70% of all generation capacities
added globally, the highest proportion in any year
until now. Solar PV, accounting for nearly 55% of

newly installed renewable power capacities, was

power

the most preferred investment technology in the
power sector *. More solar PV capacity was installed
in 2017 than the net installations of fossil fuels and
nuclear power combined. (see Figure 1-2). In
addition, renewable energy contributed around
27% of global electricity generation in 2017, of
which wind energy and solar PV contributed around
8% as indicated in Figure 1-3.

Figure 1-2: Global shares of annual renewable energy capacities installed in 2017, adopted from REN21, (2018)°.

Figure 1-3: Global shares of annual electricity generation from renewable energy sources in 2017, adopted from REN21, (2018)*.

Despite the growth of renewables in the power
sector, the remaining energy sectors are still
lagging behind. The global heat consumption
remains heavily based on fossil fuels. The largest
share of renewable heating is associated with
traditional biomass for heating and cooking in
developing countries, which accounts for around

16.4% of global heat demand?3, but causes major
health burdens in particular for biomass-based
cooking in developing countries. Only 10.3% of
the heat used worldwide in 2015 was produced
from new renewable energy technologies,
including renewable electricity.
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However, there is increasing application of
renewables in heating  processes.
Renewable energy can serve thermal demand when
supplied by electricity, either directly or using heat
pumps °. Furthermore, electrification of heating is
on the rise, mainly using electricity from solar PV for
heat to increase self-consumption rates in the face
of reductions in feed-in tariffs and growing retail
electricity prices . District heat systems supply
about 11% of global space and domestic hot water
heating and are particularly suitable for use in
densely populated regions that have an annual
heating demand of four or more months, such as in
the northern latitudes of Asia, Europe and North
America®. In many regions in the world, renewable
based district heating with seasonal storage is also
a viable option °.

various

Energy for the transport sector makes up nearly
one-third of global TFED 7. The transport sector
comprises several modes, namely road, rail, marine
and aviation across passenger and freight
categories 8. Despite gains in efficiency, global
energy demand in the transport sector increased
39% between 2000 and 2016, a rise attributed to
the increased movement of freight globally and to
the overall increase in transportation demand in
emerging and developing countries, among other
factors’. Currently, road transport accounts for 79%
of global transport energy use, with passenger
vehicles representing more than half of this.
Additionally, marine transport consumes over 11%
of the global energy used in transport, which is
mainly from freight and is responsible for
approximately 2% of CO; emissions. Moreover,
aviation accounts for around 9% of the total energy
used in transport, while rail accounts for less than
1% of the total energy used in transport and is the
most electrified transport sector. However, there is
a movement towards electrification in the transport
sector with the evolution of the global electric car
stock reaching nearly 2 million within six years from
2010 to 20167. With more than 1.2 million electric
vehicles sold in 2017 (or 1.5% of the global car
market), the penetration of this technology in the
transport sector could reach the same level as the
PV penetration in the power sector, in the coming
years and possibly evolve even faster . The

cumulative global EV sales has reached 4 million in
2018 and the growth of EV sales is accelerating’.
Likewise, the marine sector has options with
increasing availability of alternative fuels such as
biofuels in existing engines, which could be an
immediate option, thereafter use of electricity-
based synthetic fuels, such as synthetic natural gas,
Fischer-Tropsch based fuels or hydrogen '°. The
production and use of sustainable aviation fuels,
specifically bio-based jet fuel or synthetic jet fuel
apart from direct electrification for short-distance
flights can propel the aviation sector towards being
more sustainable ''. Whereas, the rail sector with a
share of electricity at 39% in 2015 is well underway
for maximum electrification 3. However, just one-
fourth of the electricity is estimated to be
renewable, contributing 9% of rail energy, which is
expected to change along with the power sector. In
addition, synthetic fuels, including hydrogen and
biofuels could cover the non-electrified rail
transport.

Energy for desalination is gaining importance
globally, with growing levels of water stress across
various regions. At the end of 2015, there were
approximately 18,000  desalination  plants
worldwide, with a total installed production
capacity of 86.55 million m%day. Around 44% of
this capacity (37.32 million m*¥day) is located in the
Middle East and North Africa 2. While desalination
in that region is projected to grow continuously at a
rate of 7 to 9% per year, the hot spots for
accelerated desalination development over the
next decade are expected to be in Asia, the USA
and South America. Recent trends indicate that
most of the new installations in desalination is
electricity-based reverse osmosis. The integration
of renewable energy resources in desalination and
water purification is becoming economically even
more viable as costs of conventional systems
increase. Moreover, solar PV could provide a
sustainable alternative to drive the desalination
plants, especially in countries that lie in the Sun
Belt, which is the region within 35° latitude above
or below the equator with high solar irradiation.
This includes countries in Africa and the Middle
East, along with India and China ™.
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These recent trends across the different sectors
show clearly that growth in renewable energy is on
the rise. Nevertheless, current growth rates are
insufficient to achieve the levels of defossilisation
necessary by 2050 to limit warming to 1.5°C
compared with pre-industrial levels. Significant
additional electrification of the heat, transport,
desalination and other energy sectors will be
required. In this regard, rapid growth in renewable
electricity must continue to accelerate the energy
transition and pathways to make this possible have
to be explored.

Energy Transition Pathways

Many global energy scenarios have tried to project
the future transition of energy systems based on a
wide ranging set of assumptions, methodologies
and targets from a national as well as global
perspective . The report from Centre for
Alternative Technology ' outlines scenarios at
global, regional, national and sub-national scales
that illustrate how the Paris Agreement targets
could be realised. Moreover, conclusions are drawn
from analyses of over 130 scenarios that
demonstrate how deep decarbonisation or net-zero
GHG emissions can be achieved before mid-
using prevailing technologies, whilst
supporting social and economic development .
Most of the studies lay out pathways to phase out
non-sustainable technologies,
energy and fossil fuel based energy conversion,
while integrating sustainable renewable energy
options to satisfy an increasing energy demand of
the future global society. However, limitations of
the methodology of global energy scenarios lead
some of them to fail to acknowledge the role of
storage technologies in future energy systems '
Battery storage technologies that are currently
experiencing trends similar to solar PV in terms of
growth and cost reduction cannot be ignored much
longer. Moreover, the increasing adoption of
variable renewable energy and the opportunity for
new flexible energy systems to be designed based
on high shares of renewable generation eliminate
the dependence on costly and less flexible
traditional baseload generation '¢. Furthermore,
many studies are limited to the power sector and
transitions across all energy sectors are yet to be
explored in detail . Whereas, recent research

century

such as nuclear

indicate that achieving 100% renewable energy
and zero GHG emissions is possible, and most
likely before the mid of this century 8192021222324,

Current trends worldwide indicate that energy
systems in this century will increasingly be based
on electricity, mainly due to high technical
efficiencies, comparably lower costs and the
availability of prospective power-to-X technologies.
These power-to-X technologies include power-to-
heat (electric heat pumps 2°%),
(reverse desalination
hydrocarbons (hydrogen %227, methanation
synthetic fuels 313233, synthetic chemical feedstock

34353637) "a directly or indirectly electrified transport
38,39 40,41

power-to-water

0smosis 77),  power-to-

28,29,30,31
1

sector ® (battery electric vehicles , marine
aviation *?) and power-to-CO; for negative emission
technologies #?, but also sustainable or non-
avoidable carbon capture and utilisation (CCU)“*. In
consideration of these recent trends, decision-
makers across the world increasingly seek out
energy transition analyses on high geo-spatial and
temporal resolutions along with technical and
economic details. In this context, LUT University
(LUT) and the Energy Watch Group (EWG) initiated
this research to present an energy transition
pathway encompassing all countries globally, which
is required for a comprehensive societal discourse
on national government levels, as well as for
international institutions and companies. Research
results for 100% renewable energy systems in
hourly resolution across 145 regions of the world
for the power sector have been previously made
available by Breyer et al. 8 Bogdanov et al. % and
Ram et al“. However, this research presents for the
first time a global energy transition towards 100%
renewable energy and zero GHG emissions by
2050 in full hourly resolution, and for 145 regions in
five-year time periods across the power, heat,
transport and desalination sectors. It further
demonstrates that 100% renewable energy can
contribute to the utmost relevant societal
requirement of achieving a zero-emission energy
sector by 2050 globally, while energy costs remain
stable.
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This report presents an overview of the
methodology (chapter 2), followed by the results
for the energy transition across the various energy
sectors globally, as well as in the nine major
regions of the world (chapter 3). In addition, the
economic perspectives of the energy transition
globally as well as in major regions are presented
and the socioeconomic benefits, such as job
creation prospects and GHG emissions reduction
potential of 100% renewable energy systems are
showcased. Additionally, some of the critical
aspects of this research are highlighted (chapter 4).
Also, sustainable Jatropha oil as an alternative fuel

as well as a potential carbon sink is presented
(chapter 5). Lastly, the report concludes with policy
perspectives on enabling 100% renewable energy
systems globally as well as locally (chapter 6).

A detailed documentation of the methodology and
modelling aspects, along with the key technical and
financial presented in the
Appendix. It also includes a link to a supplementary
data file, which presents the key results of the
global energy transition on a sectoral and regional
basis.

assumptions are
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2. Transitioning to a fully Renewable Energy System: Methodology and Influencing

Factors

The transition to a fully renewable energy system The corresponding countries in the nine major
has been carried out for the whole world, which is regions are enlisted in Table 2-1. Moreover, some
categorised into nine major regions. These nine of these countries (geographically large) are further
major regions are further constituted by 145 sub- divided into sub-regions, while some countries
regions as shown in the Figure 2-1. (geographically small) are aggregated to a single

region. Therefore, resulting in an overall 145 sub-
regions globally.

Table 2-1: The nine major regions and the corresponding countries imparted into the LUT Energy System Transition model.

Major Regions

Countries

Europe

Norway, Denmark, Sweden, Finland, Iceland, Estonia, Latvia, Lithuania, Poland,
Portugal, Spain, Gibraltar, France, Monaco, Andorra, Belgium, Netherlands,
Luxembourg, Ireland, United Kingdom, Isle of Man, Guernsey, Jersey, Germany,
Czech Republic, Slovakia, Austria, Hungary, Slovenia, Croatia, Romania, Bulgaria,
Greece, Bosnia and Herzegovina, Serbia, Montenegro, Macedonia, Albania, Italy,
San Marino, Vatican, Switzerland, Liechtenstein, Turkey, Cyprus, Ukraine, Moldova

Euraisa

Russia, Belarus, Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan, Tajikistan,
Uzbekistan, Turkmenistan

MENA

Algeria, Bahrain, Qatar, Egypt, Iran, Iraq, Israel, Jordan, West Bank and Gaza Strip as
State of Palestine, Kuwait, Lebanon, Libya, Morocco, Oman, Saudi Arabia, Tunisia,
United Arab Emirates, Yemen, Syria

Sub-Saharan

Africa

Gambia, Cape Verde lIslands, Guinea, Guinea Bissau, Liberia, Mali, Mauritania,
Senegal, Sierra Leone, Benin, Burkina Faso, Cote d' Ivoire, Ghana, Togo, Chad,
Niger, Nigeria, Sudan, Republic of South Sudan, Eritrea, Ethiopia, Somalia, Djibouti,
Kenya, Uganda, Tanzania, Rwanda, Burundi, Cameroon, Central Africa Republic,
Equatorial Guinea, Gabon, Sdo Tomé and Principe, Congo Brazzaville, Congo,
Angola, Botswana, Namibia, South Africa, Lesotho, Malawi, Mozambique, Swaziland,
Zambia, Zimbabwe, Comoros Islands, Madagascar, Mayotte, Seychelles, Mauritius
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SAARC Afghanistan, Pakistan, India, Nepal, Bhutan, Bangladesh, Sri Lanka

Northeast Asia China, Japan, Republic of Korea, Democratic People's Republic of Korea, Mongolia

Southeast Asia Myanmar, Malaysia, Brunei, Singapore, Indonesia, Thailand, Laos, Vietnam,
Cambodia, Philippines, Australia, New Zealand

North America Canada, United States of America, Mexico

South America Panama, Costa Rica, Nicaragua, Honduras, El Salvador, Guatemala, Belize,

Colombia, Venezuela, Guyana, French Guiana, Suriname, Ecuador, Peru, Bolivia,
Paraguay, Brazil, Argentina, Uruguay, Chile

Figure 2-1: The global map with the nine major regions constituted by
LUT Energy System Transition Model

The LUT Energy System Transition model applied
for the power sector in Ram et al., (2017) *,
Bogdanov et al. ¥ and Breyer et al. * is further
expanded to other energy sectors and its
fundamental aspects for application across various
energy sectors as is shown in Figure 2-2. The
unique feature of the model enables a global-local
energy system transition towards 100% renewables

the corresponding sub-regions.

in hourly resolution for the transition period from
2015 until 2050 across the power, heat, transport,
and desalination sectors. The results are visualised
and presented in five-year intervals through the
transition from 2015 to 2050 for the nine major
regions across the world and further on aggregated
into global results.

Data preparation
(Technical and financial assumptions)
T
. N
(Model setup and simulation
A 4
Power prosumers and
individual heat producers
simulation
* A 4
e N
System simulation
Power Heat Transportation
sector sector sector
Industrial sector:
Industrial fuels  Desalination ~ CO, removal
_ W,
o | J
v

Results collection and evaluation

(Installed capacities, annual generation, cost of system and
components, cost of electricity, CO, emissions, etc.)

Figure 2-2: Fundamental structure of the LUT Energy System Transition model.

The Figure 2-2 shows a simple process flow of the
tasks associated with utilising the LUT Energy
System Transition modelling tool. As a first step, all
relevant energy data across power, heat, transport
and desalination sectors are collated into 145 sub-
regions. This is further entered into the model for
cost optimal simulations, which occur in 2 stages.
Firstly, a prosumer optimisation is conducted to

determine the least cost energy options for
prosumers across the world in 145 sub-regions. As
cost optimal options for prosumers depend on
annual energy cost savings in relation to local retail
energy costs across the 145 sub-regions. The
detailed prosumer methodology can be found in
the Appendix.
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The next stage involves an overall energy system
simulation across the different sectors, wherein the
power and heat sectors are integrated, while the
transport and desalination sectors are individually
simulated for the 145 sub-regions to derive cost
optimal energy mixes for the years 2015 to 2050.
This approach enables a more decentralised
energy transition across the 145 sub-regions of the
world that can satisfy their energy demands by

Data Preparation

This includes determining long-term energy
demand across the different sectors of power and
heat, transport and desalination. In addition, it
involves generating hourly demand profiles across
all energy sectors, but also creating a global
database of power plants across the world.
Additionally, assessing the resource potentials of
various renewable energy technologies across the
different regions of the world is of importance.
Furthermore, technical and financial details
including assumptions, for all technologies are
collated. All relevant data are organised across the
145 sub-regions through the transition period from

2015 to 2050, in five-year intervals.

140,000 - T 3

120,000 [ 8
100,000
80,000 -

60,000 -
40,000 -
20,000 |- I Electricity
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2020 2030 2040 2050
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Final energy demand [TWh]

resources found within the corresponding sub-
regions. Lastly, a post processing of the results
involving analyses and visualisation is applied
across the 145 sub-regions producing compiled
results for the nine major regions, which is further
aggregated into global results.

The various components of the modelling for this
research study are further described.

Development of Energy Demand

The development of the energy demand across the
sectors of power, heat, transport and desalination
are estimated for the different regions of the world.
The increasing demand for electrification of other
sectors such as heat, transport and desalination is
factored in, which results in a massive efficiency
gain of primary energy over the final energy
demand. The global final energy demand, which
consists of electricity, heat and fuel, increases
across the different sectors from around 95,000
TWh in 2015 to nearly 135,000 TWh by 2050, as
shown in Figure 2-3.
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Figure 23: Development of final energy demand globally from 2015 to 2050, according to different forms of energy (left)

and the different energy sectors (right).

The growth in electricity demand of the global
power sector is estimated to represent a global
average compound annual growth rate of 2.2% in
the energy transition period, and is comparable to
the assumption of 1.9% by the IEA #. Moreover,
the demand profiles on an hourly basis for the
different energy sectors based on regional variation
were computed through the transition from 2015 to

2050, in five-year intervals. The synthetic electricity
demand profiles from 2015 wuntil 2050 are
generated based on the methodology from
Toktarova et al. ®®. The global electricity demand
and synthetic load profile in 2020 are shown in
Figure 2-4.
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Figure 2-4: Development of average electricity consumption per capita globally and in OECD countries, growth in population from
2015 to 2050 (left) and the global synthetic load profile in 2050 (right) 2.

Heat demand is categorised into space heating,
domestic hot water heating, industrial process heat
and biomass for cooking. Moreover, the heat is
categorised as low temperature (LT), medium
temperature (MT) and high temperature (HT) heat
demand. Low temperature heat demand has the
highest share through the transition, with minor
shares of medium and high temperature heat
demands. In addition, biomass-based cooking
which is predominantly in least developed and
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developing countries is expected to diminish
almost fully by 2030, as people around the world
are expected to get access to modern energy
supply. The demand across the 145 sub-regions is
collated through the transition period. The global
heat demand on a sector-wise and operational
basis is shown in Figure 2-5. It grows through the
transition from around 38,000 TWhy in 2015 to
around 54,000 TWhy, in 2050.
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Figure 2-5: Development of heat demand globally category-wise (left) and application-wise (right) from 2015 to 2050.

Transportation demand is derived for the modes:
road, rail, marine, and aviation for passenger and
freight transportation. The road segment s
subdivided into passenger light duty vehicles (LDV),
passenger 2-wheelers/3-wheelers (2W/3W),
passenger bus, freight medium duty vehicles
(MDV), and freight heavy duty vehicles (HDV). The
other transportation modes are comprised of

demand for freight and passengers. The demand is
estimated in passenger kilometres (p-km) for
passenger transportation and in (metric) ton
kilometres (t-km) for freight transportation. The
global final passenger demand and freight demand
through the transition from 2015 to 2050 is shown
in Figure 2-6.
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Figure 2-6: Development of global final transport passenger demand (left) and freight demand (right) from 2015 to 2050.

The corresponding final energy demand in the
transport sector undergoes an increase and
thereafter a decline and subsequent increase
during the transition, from around 34,000 TWh in
2015 to below 35,000 TWh in 2050. The road
transport energy demand declines through the
transition with massive gains from high level of
direct electrification, whereas the energy demand
increases for marine and aviation in the last few
years with higher level of energy demand from
production of synthetic fuels. Energy demand for
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Figure 2-7: Development of global final transport energy demand

different modes (right) from 2015 to 2050.

The desalination demand is estimated for all
regions with water stress greater than 40% and is a
function of the water stress and total water demand
for specific years as highlighted in Figure 2-8. This
translates into energy demand for desalinated
water. Currently, Seawater Reverse Osmosis

the rail mode remains fairly stable through the
transition, as it already has a high level of
electrification. The development of energy demand
for the different transport modes through the
transition is shown in Figure 2-7. The low efficiency
of the present transport sector is highlighted by the
projection of a threefold increase in transportation
demand, but stabilised final energy demand for the
transport sector. More discussions, from a primary
energy demand point of view, follow in the
discussion of the results in chapter 3 and 4.
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(SWROQ) is becoming an important practical tool to
deal with water scarcity in arid countries and to
satisfy the growing water demand worldwide.
Moreover, SWRO is expected to become widely
adopted, mainly driven by diminishing unit
production costs and increasing water prices *.
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The total water demand is the sum of the projected
demand from the municipal, industrial and
agricultural sectors. Irrigated agriculture accounts
for 70% of the global water withdrawals. However,
the average global irrigation efficiency is estimated
to be as low as 33% and experiences a maximum
relative growth rate of 0.3% per annum. Therefore,
the desalination demand presented in the report
addresses the demands of the municipal, industrial

and agricultural sector with improved irrigation
efficiency. The global demand for desalinated
seawater and corresponding installed capacities of
desalination technologies is shown in Figure 2-8.

A detailed description is available in the Appendix,
and the energy demand across all sectors on a
regional basis is presented in Table A7.

Figure 2-8: Development of global installed desalination capacity (left) and seawater desalination (right) from 2015 to 2050.

Global Power Plant Database

The global power plant capacities are structured
according to the major technologies and their
corresponding location in respective countries,
along with the year of commissioning in an annual
resolution *°. This facilitates proper accounting of
power plant capacities that need to be phased out
after reaching their end of technical lifetimes. This

is applied to all of the 145 sub-regions globally, in
order to improve the accuracy of determining
power capacity requirements during the transition
period. Figure 2-9 shows the time-resolved
installations of the global power plant capacities
differentiated into the main electricity generation
technologies.

Figure 2-9: Historical power plant infrastructure development with annual installed capacities *°.

1
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Resource Potential for Renewable Energy
Technologies

The generation profiles for optimally fixed-tilted
PV, solar CSP and wind energy are calculated
according to Bogdanov and Breyer ' and for
single-axis tracking PV according to Afanasyeva et
al. *2 The hydropower feed-in profiles are
computed based on daily resolved water flow data
for the year 2005 3. The potentials for biomass and
waste resources were obtained from Bunzel et al. >*
and further classified into categories of solid
wastes, solid residues and biogas. Geothermal
energy potential is estimated according to the
method described in Gulagi et al. *®. The global
distribution of full load hours (equivalent to annual
generation) of solar PV, for the case of single-axis
tracking, and wind onshore at 150 m hub-height,
which are the two most vital sources of electricity in

the energy transition, are shown in Figure 2-10. It
can be observed that countries in the Sun Belt
region (between the tropic of Cancer and tropic of
Capricorn) have great potential for solar energy all
year round, while regions in the northern and
southern temperate zones have exceptional wind
energy potential.

Financial and Technical Assumptions

Financial details of all technologies are a critical
element in determining a cost optimal energy
transition pathway. Moreover, the learning curves
of all relevant technologies have been considered
directly or indirectly in determining future costs.
The financial and technical assumptions are
obtained from various sources, which are enlisted
in the Table A5 in the Appendix.

Figure 2-10: Global mapping of annual full load hours for solar PV with single-axis tracking (left) and onshore wind at 150 m hub-

height (right).
Model Setup and Simulation

The model has integrated all crucial aspects of the
power, heat, transport, and desalination sectors,
which are further described in the Appendix on a
sectoral basis and Figures A1-A5.
Consequently, 108 energy technologies across the
different sectors are introduced into the model,
which can be categorised:

shown in

o electricity generation technologies: renewable
energy (RE), fossil, and nuclear technologies;

e heat generation technologies: renewable and
fossil;

e energy storage technologies: electricity and heat
storage technologies;

e transport technologies: different modes and sub-
segments with respective powertrains of
transport;
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¢ fuel conversion technologies: fuels for transport,
power generation and heat generation;

o fuel storage technologies: fuel storage for
transport, fuel storage for power and heat
generation;

o desalination technologies and water storage;
and

e electricity transmission technologies.

The simulations are carried out in a 2-stage
approach containing prosumer modelling and a
subsequent system modelling. In an initial stage,
the prosumer simulations determine a cost
effective share of prosumers across the 145 sub-
regions through the transition from 2015 to 2050,
in five-year intervals.
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Prosumer Modelling

The energy system transition analysis also consists
of distributed self-generation and consumption of
residential, commercial and  industrial PV
prosumers, which are simulated with a different
model describing the PV prosumer and battery
capacity development. PV prosumers have the
option to install their own rooftop PV systems
either with or without lithium-ion batteries. PV
prosumers can also draw power from the grid in
order to fulfil their energy demands ¢*, while
having the option to feed-in surplus electricity to
the grid. The target function for PV prosumers is
the minimisation of the cost of consumed
electricity, calculated as a sum of self-generation,
annual costs and the cost of electricity consumed
from the grid, minus the cost of electricity sold to
the grid. Furthermore, Table A3-A5 provides the
full set of technical as well as financial assumptions
utilised in the modelling of prosumers.

Similar to the power sector, the heat sector
prosumers can also fulfil their individual heating
demand. This is enabled by PV utilisation for
residential domestic hot water demand and space
heating demand where applicable. Space heating
demand varies across the different regions of the
world depending on climatic and weather
conditions. A partial self-supply to cover the
electricity demand of individual heating pumps and
heating rod systems is taken into account, if it is
economically attractive to prosumers.

System Simulation

In a second stage, the simulations are carried out
on a sectoral basis for the 145 sub-regions through
the transition period from 2015 to 2050, in five-year
intervals.

Power and Heat Sectors

The LUT Energy System Transition model simulates
an energy system development under specific
given conditions. The system components are
shown in Figure A1 of the Appendix for the sectors
power and heat. For every time step, which is 5
years, the model defines a cost optimal energy
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system structure and operation mode for the given
set of constraints: power demand, heat demand for
industry, space and domestic hot water heating,
available generation and storage technologies,
financial and technical parameters, and limits on
installed capacities for all available technologies.
The target of the optimisation is the minimisation
of total system cost. Costs of the system are
calculated as a sum of the annualised capital and
operational expenditures including ramping costs
as well as fuel costs and GHG emissions costs for
all available technologies. The transition simulation
was performed for the period from 2015 to 2050 in
five-year time intervals. The detailed methodology
as well as the mathematical equations for the cost
optimisation are presented in the Appendix.

Transport Sector

The transport sector undergoes a transition towards
massive electrification across the different modes.
Furthermore,  synthetic fuels produced by
renewable energy meet the fuel demand from the
different transport modes through the transition. A

more detailed methodology for the cost
optimisation is presented in the Appendix.
Furthermore, information and data for

transportation demand along with fuel shares and
specific energy demand are provided in Breyer et
al., (2018)8.

Desalination Sector

The LUT Energy System Transition model is used to
identify the lowest cost configuration of 100%
renewable energy hybrid power plants to enable a
low water production cost. The levelised cost of
water includes the water production cost as well as
the pumping of water from the coastline to the site
of demand. An hourly simulation is performed with
a modified version of the LUT Energy System
Transition model as indicated in Figure A5. The
detailed methodology as well as the mathematical
equations for the cost optimisation are presented
in the Appendix. Also, a more detailed description
of the methodology, data, and assumptions can be
found in Caldera et al. #77%,
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Tracing GHG Emissions

As the primary objective for the global energy
transition is the reduction of GHG emissions and
achieving the goals set by the Paris Agreement,
costs for COz emissions during the transition period
are considered while modelling the energy
transition This  results different
emissions reduction pathways corresponding to the
various countries and regions across the world.
Moreover, different regions achieve zero GHG
emissions on different time scales across the
power, heat, transport and desalination sectors.
Refer to Table A5 in the methodology section of
the Appendix for GHG emissions costs.

scenario. in

Estimating Job Prospects

The direct energy jobs created during the global
energy transition from 2015 to 2050 are estimated
utilising the employment factor approach in the
power sector only, across the different regions.
Furthermore, direct employment associated with
energy generation, storage and transmission is
estimated. Also, direct employment including jobs
in manufacturing, construction and installation,
operations and maintenance, fuel supply and
transmission associated with electricity generation,
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storage and transmission have been estimated for
the global power sector across nine major regions.
A detailed overview of the methodology and
various assumptions can be found in Ram et al.
(2019) *°. Furthermore, the employment factors
used in the estimation of jobs created during the
energy transition from 2015 to 2050 across the
global power sector are presented in the Appendix
Table A8.

Best Policy Scenario

The LUT Energy System Transition model can be
utilised to generate wide-ranging energy scenarios
across the different regions of the world on a
global-local scale. However, the objective of this
study is to highlight an energy scenario that can
achieve the goals of the Paris Agreement of
achieving zero GHG emissions from the energy
sector by 2050, in a technically feasible and
economically viable manner. Therefore, a Best
Policy Scenario is envisioned across the power,
heat, transport, and desalination sectors globally.
Transitioning from the current system in 2015
towards a cost optimal zero GHG emissions system
in 2050, based completely on renewables.
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3. The Global Energy Transition: Regional and Sectoral Outlook

The results of the global energy transition are presented in a globally aggregated Best Policy Scenario,
followed by independent results across the nine major regions. Links to the detailed results of the energy
transition across all major regions and globally are provided in the Appendix.

3.1. Global

The development of the energy sector comprising
of power, heat, transport and desalination sectors
is characterised by a dynamically growing electricity
demand driven by developing and emerging
countries. A global cumulative average annual
growth rate of about 1.8% in final energy demand
drives the transition. This is disaggregated into final
energy demand growth for power and heat,
desalinated water demand and transportation
demand linked to powertrain assumptions. The
powertrain assumptions capture the transition from
a fossil-based transport sector towards a transport
sector with high levels of direct electrification and
adoption of synthetic fuels, based on indirect
electrification.  Additionally, this leads to a
comprehensive electrification across the various
energy sectors, which substantially increases overall
energy efficiency, enabling an even higher growth
rate in the provided energy services. This results in
an average annual growth rate of about 0.4%
globally, in total primary energy demand (TPED).
TPED decreases from almost 130,000 TWh in 2015
for the mentioned energy sectors to around
105,000 TWh by 2035 and increases up to 150,000
TWh by 2050, as highlighted in Figure 3.1-1. This
also forms the basis for this study, which assumes a
very high rate of direct and indirect electrification.
In comparison, current practices with low shares of
electrification result in a TPED of nearly 300,000
TWh by 2050 as shown in Figure 3.1-1. The massive
gain in energy efficiency is primarily due to a high
level of direct electrification in final energy
demand, resulting in around 50% by 2050. In
addition, major parts of the energy system are
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indirectly electrified, in particular through power-to-
heat in the form of heat pumps and electricity-
based synthetic fuels. Moreover, this leads to a very
high share of electricity, of around 89% in TPED by
2050. The comprehensive electrification of the
entire energy one of the most
fundamental results of this study, and it leads to
efficiency savings of nearly 150,000 TWh compared
to the continuation of current practices with low
shares of electrification. The detailed global results
for the energy transition are available
supplementary data file, the link for the file can be
found in the Appendix.

system s

in a

World population is expected to grow from 7.2 to
9.7 billion by 2050 as indicated in Figure 3.1-1,
while the average per capita primary energy
demand decreases from around 17 MWh/person in
2015 to 12 MWh/person by 2035 and increases up
to around 15 MWh/person by 2050, as shown in
Figure 3.1-1. This also indicates a fundamental
change in terms of energy consumption for people
around the world, as the predominant energy
carrier transits from being fossil fuels towards
electricity. The fundamental structure of the global
energy system shifts from conventional low-efficient
burning of extracted fuels towards pure exergy,
which is electricity generated from very low cost
solar and wind and other natural energy resources.
Furthermore, Figure 3.1-1 highlights the role of
electricity as the main energy carrier across the
different energy sectors, while the utilisation of
fossil fuels declines completely to zero on a per
capita basis by 2050.
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Figure 3.1-1: Global — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right), electricity
consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the energy

transition from 2015 to 2050.

Energy Supply

The global electricity generation capacity satisfies
demand from all energy sectors including power,
heat, transport and desalination. The total installed
capacity grows massively from around 6300 GW in
2015 to around 78,000 GW by 2050 as shown in
Figure 3.1-2. In the initial period of the transition, a
larger share of wind capacities is installed up to

2030, but in the later part of the transition solar PV
dominates the shares of installed capacities
reaching almost 63,400 GW by 2050. On the other
hand, the shares of fossil fuels and nuclear decline
through the transition to zero by 2050. Some
shares of gas remain, but the fuel switches from
fossil-based gas to synthetic natural gas produced
with renewable electricity and biomethane.
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Figure 3.1-2: Global — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right) during

the energy transition from 2015 to 2050.

Similarly, solar PV emerges as the major energy
supply source, increasing to around 32% by 2030
and further onto 73% by 2050 as indicated in
Figure 3.1-3. This exponential growth in solar PV
energy supply is driven by excellent resource
access around the world and the massive cost
decline expected up to 2050. Wind energy is the
major source of renewables in the early part of the
transition, with the share of energy supply
increasing up to 42% by 2030. Thereafter, as solar
PV becomes more cost effective the share of wind
energy steadily declines to about 20% until 2050.
Hydropower, geothermal and bioenergy have
some shares in the final energy mix by 2050, with
complementary roles through the transition.
Moreover, they do contribute substantially in some
of the regions across the world, with major shares

in energy supply through the transition. On the
other hand, the share of fossil fuels and nuclear in
the electricity generation mix are observed to
decline completely through the transition period,
as shown in Figure 3.1-3.

Heat pumps play a significant role in the heat
sector with a share of over 40% of heat generation
by 2050 coming from heat pumps on district and
individual levels, as shown Figure 3.1-3.
Additionally, some shares of electric heating along
with non-fossil gas and biomass-based heating
contribute to the heat supply by 2050. On the
contrary, the shares of coal-based heating along
with fossil oil and gas based heating decrease
through the transition, from more than 75% in 2015
to zero by 2050.

in

Figure 3.1-3: Global — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.
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Energy Storage

Storage technologies play a vital role in enabling
the transition towards a fully renewable energy
system across all sectors. As shown in Figure 3.1-4,
a significant share of electricity demand is covered
by storage that increases through the transition
period up to nearly 5000 TWh by 2030 and further
significantly increases to over 30,000 TWh. by
2050. As the shares of solar PV and wind energy
increase significantly beyond 2030, the role of

storage is crucial in providing uninterrupted energy
supply. The ratio of electricity demand covered by
energy storage to electricity generation increases
significantly to around 18% by 2035 and further on
to about 23% by 2050, as shown in Figure 3.1-4.
Electricity storage technologies cover most of the
storage requirements from the electricity sector,
complemented with some shares of electricity
derived from stored heat. This cross-sectoral
storage is enabled through an integrated power
and heat sector.

Figure 3.1-4: Global - Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in
covering the heat demand across the different
regions of the world. As shown in Figure 3.1-5,
storage output covers more than 16,000 TWhy, of
total heat demand in 2050 and heat storage
technologies play a vital role with minor shares of
electricity storage providing heat. Heat storage

technologies play a vital role in the latter part of
the transition, wherein heat pumps and electric
heating cover most of the heat demand. The ratio
of heat demand covered by energy storage to
heat generation increases substantially to about
26% by 2050, as indicated in Figure 3.1-5.

Figure 3.1-5: Global — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms of
energy storage (right) during the energy transition from 2015 to 2050.
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Costs and Investments

Renewable energy along with electricity and heat
storage technologies evolve to become the
backbone of the global energy supply system in
the first half of the 21 century, while costs remain
stable through the transition until 2050.
Additionally, the total annual costs that represent
the annualised costs of the entire energy sector in
5-year time intervals are in the range of 5100-7200
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b€ through the transition period. Furthermore, the
total annual costs are well distributed across the 3
major sectors of power, heat and transport, with
minor shares in desalination in the later part of the
transition as shown in Figure 3.1-6. From an
operational perspective, fuel costs are replaced by
capital and operational expenditures through the
transition, as shown in Figure 3.1-6.
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Figure 3.1-6: Global — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from 2015 to

2050.

Investments, which are capital expenditures for
installed capacities of energy technologies that
occur in the 5-year time periods are well spread
across a range of technologies. A majority of the
investments are in solar PV, wind energy, batteries,
heat pumps and synthetic fuel conversion
technologies up to 2050, as shown in Figure 3.1-7.
Investments are seen to increase substantially from
over 4500 b€ in 2020 to around 14,000 b€ by 2050,
enabling prospects for strong economic growth
across the world. Moreover, the cumulative
investment costs are about 67,200 b€ through the
energy transition, with a majority in the later part
from 2040 onwards. Investments are mainly in solar
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PV, wind energy, batteries, heat pumps and
technologies in the synthetic fuels production value
chains. Levelised cost of energy remains around 50-
57 €/MWh through the transition, as shown in
Figure 3.1-7. The total system wide levelised cost
of energy are in 2050 slightly less than in 2015. This
corroborates that an energy transition towards
100% renewable energy an economically
attractive proposition. In addition, levelised cost of
energy is increasingly dominated by capital costs as
fuel costs loose importance through the transition
period, which could mean increased levels of
energy security for countries around the world by
2050.

is
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Figure 3.1-7: Global — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy transition

from 2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across the world emerge
through the transition. As the sectors transition
towards higher shares of renewables in the energy
supply mix, different technologies have vital roles
in ensuring the operational stability of the energy
system. A closer look at the individual sectors
provides further insights into the energy transition
across the world towards 100% renewable energy.

Power and Heat

The total installed power generation capacity for
the sectors power and heat increases from nearly
6,200 GW in 2015 to around 45,250 GW by 2050,

as shown in Figure 3.1-8. Across the power sector,
solar PV with 34,800 GW and wind energy with
4,600 GW constitute the majority of installed
capacities by 2050, complemented with some
shares of hydropower, bioenergy and geothermal.
In the heat sector, heat pumps, electric heating,
and biomass-based heating constitute the majority
of installed capacities by 2050, also shown in
Figure 3.1-8. A significant increase in installed
capacity of heat pumps and biomass-based heating
occurs in the final five-year period leading up to
2050, as fossil fuels are completely eliminated from
the energy system. The remaining share of oil and
gas based heating switches from fossil fuels to
renewable based synthetic fuels by 2050.

Figure 3.1-8: Global — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from 2015

to 2050.
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The power and heat sector, previously dominated
by fossil fuels and nuclear in 2015 shifts towards a
solar PV and wind energy dominated sector by
2050, with some hydropower and bioenergy as
shown in Figure 3.1-9. The primary electricity
generation for the sectors power and heat
increases from around 23,300 TWh in 2015 to

around 76,100 TWh by 2050, which is primarily
from solar PV and wind. Whereas, heat generation
increases from around 39,400 TWh in 2015 to
around 56,500 TwWh by 2050, which
predominantly from heat pumps and electric
heating with some biomass-based heating, also
shown in Figure 3.1-9.

is

Figure 3.1-9: Global — Primary electricity generation (left) and technology-wise heat generation (right) during the energy transition

from 2015 to 2050.

The installed electricity storage capacity increases
from just about 1 TWh in 2015 to around 64 TWh
by 2050, as shown in Figure 3.1-10. Utility-scale
and prosumer batteries with some shares of PHES
and A-CAES are installed through the transition.
The installed capacities of A-CAES are also a
consequence of the modelling approach, which
prioritises full domestic energy supply across the
different major regions. The installed heat storage
increases gradually until 2045 to over 200 TWh, but

in the final five-year period up to 2050, a massive
capacity of gas storage of nearly 600 TWh is
added, as shown in Figure 3.1-10. This substantial
capacity addition is mainly to provide seasonal
storage across various major regions covering the
heat demand in the absence of fossil fuels. In
addition, TES up to 40 TWh is installed by 2050 to
meet the regular heat demand.

Figure 3.1-10: Global — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy transition

from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
92% by 2050, as highlighted by Figure 3.1-11. In
addition, PHES and A-CAES contribute through the
transition with output reaching 23,000 TWh. by
2050. TES emerges as the most relevant heat

storage technology with around 40-60% of heat
storage output from 2030 until 2050, also seen in
Figure 3.1-11. Gas storage contributes around 40%
of the heat storage output in 2050 covering
predominantly seasonal demand, which is covered
by fossil gas before 2050.

Figure 3.1-11: Global - Electricity storage output (left) and heat storage output (right) during the energy transition from 2015 to

2050.

Levelised cost of electricity (LCOE) of the power
sector decreases substantially from around
€78/MWh in 2015 to around €53/MWh by 2050, as
shown in Figure 3.1-12. The derived LCOE in 2015
for the power sector in this more comprehensive
study is higher by about 8 €/MWh compared to the
LCOE of just the power sector derived earlier,
which is around 70 €/MWh in 2015%. This is mainly
a result of the integration of the power and heat
sectors, which include fossil fuels based combined
heat and power plants that lead to additional costs.
In 2050, the LCOE would further decline to around
45 €/MWh when referring to overnight costs. Thus,
the resulting cost beyond 2050 will further decline
in the following periods by about 15%. This is
mainly a consequence of major reinvestments in
the periods after 2050 with capital costs of the year
2050 and beyond. Further, capex reductions are
expected making overall energy costs in the
second half of the century extremely low cost,
which might lead to a cost decline higher than
15%, since that can be already achieved on the
cost basis of the year 2050. Moreover, the LCOE as
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compared to the previous LCOE of the global
power sector transition presented in Ram et al.* is
much lower. This is the effect of an integrated
power and heat sector, wherein CHP plants provide
both heat and electricity, which are extremely cost
effective and reduce the overall energy costs. This
shows a methodological in the
modelling of integrated power and heat sectors.
LCOE is predominantly comprised of CAPEX as
fuel costs decline through the transition. LCOH of
the heat sector increases from around €39/MWh in
2015 to around €45/MWh by 2030 and further on
to around €49/MWh by 2050, as shown in Figure
3.1-12. LCOH is predominantly comprised of
CAPEX as fuel costs decline through the transition.
Despite a substantial increase in heat demand
across the world, mainly driven by industrial
process heat and increased space heating driven
by more space per person, the LCOH increases
marginally up to 2050. This can also be attributed
to the increased levels of electrification in the
heating sector.

improvement
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Figure 3.1-12: Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from 2015 to

2050.

Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.1-13. This is predominantly the
result of high levels of cost competitiveness of solar
PV plus batteries in the later part of the transition
as show cased in Ram et al., (2017) and Breyer et

al., (2018). While, investments in the heat sector are
mainly in heat pumps and some shares in biomass
and electric heating up to 2050, also shown in
Figure 3.1-13. The steep increase in heat pump
investments in the final five-year period until 2050
is mainly to cover the heat demand in the absence
of fossil fuels, as well as the lower costs of heat
pumps by 2050.

Figure 3.1-13: Global — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right)

during the energy transition from 2015 to 2050.
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Transport

The final energy demand of the transport sector
across the world is around 34,000 TWh in 2015,
which remains in the range of 31,000 — 38,000 TWh
through the transition with 35,000 in 2050.
However, this demand remains quite stable,
compared to the massive increase in transportation
demand, through the transition mainly due to the
substantial efficiency gains brought about by
electrification of the sector as shown in Figure 3.1-
14. Fossil fuel consumption in the transport sector
across the world is seen to decline through the
transition from about 97% in 2015 to zero by 2050.
On the other hand, liquid fuels produced by
renewable electricity contribute over 30% of final
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energy demand in 2050. In addition, hydrogen
constitutes more than 25% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil fuel usage in the transport sector. Sustainable
biofuels produced from energy crops such as
Jatropha could play a vital role in ensuring 100%
renewable energy systems 0. Electrification of the
transport sector creates an electricity demand of
around 52,000 TWhe by 2050. The massive
demand for liquid fuels kicks in from 2040 onwards
up until 2050, as indicated in Figure 3.1-14. This is
predominantly to cover demand from the marine
and aviation sectors where renewables-based
synthetic fuels are crucial in the later part of the
transition.

Figure 3.1-14: Global - Final energy demand for transport (left) and electricity demand for sustainable transport (right) during the

energy transition from 2015 to 2050.

Installed power generation capacities for the
transport sector increase substantially through the
transition to around 28,700 GW by 2050, as shown
in Figure 3.1-15. Solar PV and wind energy form
the majority share of the power generation capacity
for the transport sector, as they are the lowest cost
energy sources through the transition. Most of the
capacity addition happens 2040 onwards, with a
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rapid change in the transport sector towards
increased levels of electrification and a massive
demand for synthetic fuels kicking in. Similarly,
electricity generation increases substantially up to
almost 54,500 TWh by 2050, also seen in Figure
3.1-15. Wherein, solar PV and wind energy
generate all the electricity required to meet the
demand of the transport sector by 2050.
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Figure 3.1-15: Global — Transport sector installed power generation capacity (left) and electricity generation (right) during the

energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. Figure 3.1-16, the
installed capacities of electricity storage increase
through the transition to around 23 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to over
6,500 TWhe by 2050 as shown in Figure 3.1-16.
Utility-scale batteries play a vital role as they
contribute a major portion of the output through

As seen in

the transition, with over 5000 TWh¢ by 2050. The
relatively low electricity storage requirement of less
than 10% of generated electricity for the transport
sector is enabled by the flexible operation of
batteries, water electrolyser units, and hydrogen
buffer storage for synthetic fuel production. The
integration of renewable energy generation and
synthetic fuel production complemented by
storage technologies enhance the overall efficiency
of supplying energy to the transport sector.

Figure 3.1-16: Global — Transport sector installed electricity storage capacity (left) and electricity storage output (right) during the

energy transition from 2015 to 2050
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Another essential aspect in the transition of the
transport sector towards higher electrification
completely based on renewable energy is the

production of synthetic fuels, hydrogen and
sustainable biofuels. As indicated in Figure 3.1-17,
the installed capacities of fuel conversion

technologies increase substantially from 2040
onwards to over 14,000 GW by 2050. Water
electrolysis forms the majority share of fuel

conversion capacities through the transition,

followed by hydrogen liquefaction units and
Fischer-Tropsch synthesis plants. Additionally, heat
is needed during the production of synthetic fuels,
mainly for energy-efficient CO. direct air capture,
and this is enabled by managing and reutilising
process heat, which is otherwise not useable. Heat
utilisation reaches over 7,000 TWhy, by 2050, which
is comprised of excess heat and recovered heat, as
shown in Figure 3.1-17.

Figure 3.1-17: Global - Transport sector installed capacity for fuel conversion (left) and heat management (right) during the energy

transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.1-18, the
installed storage capacity for gas increases through
the transition to almost 150 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a minor share for methane gas.
Whereas in 2050, a substantial portion of methane
is stored for increased levels of synthetic fuel
production for the complete defossilisation of the
transport sector. CO; direct air capture and CO;
storage, which are vital in the production of

synthetic fuels, are installed predominantly from
2040 onwards. The installed capacity for CO; direct
air capture and CO; storage increases up to around
2,400 MtCO; by 2050, as shown in Figure 3.1-18.
The major share of installed capacity is CO. direct
air capture on an annual basis, as compared to CO.
storage. Despite having lower storage capacities,
CO, storage has substantial utilisation and
correspondingly high throughputs through the
transition.

Figure 3.1-18: Global — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO: direct air
capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a decisive factor in the overall energy
mix for the transport sector across the different
regions of the world and their developing trends
on a global basis are highlighted in Figure 3.1-19.
Fischer-Tropsch (FT) and Synthetic Natural Gas
(SNG) fuel costs decline through the transition up
to 2050. FT fuels are in the range of costs of fossil
liquid fuels including GHG emissions costs, in the
range of 90-100 €/MWh from 2040 onwards and
become more cost competitive by 2050 at around
85 €/MWh. In addition, SNG is more cost effective
than LNG in 2050 as shown in Figure 3.1-19.
Electricity emerges as the most cost effective
option with LCOE primary at around 18 €/MWh
and along with complementary costs of storage
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and other system components, total LCOE is
around 29 €/MWh in 2050. Hydrogen (H;) fuel costs
decline to be more cost competitive than fossil
fuels, about 50 €/MWh in 2050, while liquid H: is
about 58 €/MWh. CO, from DAC is a critical
component for producing synthetic fuels and is at
around 31 €/tCO; in 2050, using waste heat, as
shown in Figure 3.1-19. A methodological upgrade
has resulted in higher costs of FT-fuels of around 4
€/MWh by 2050, which builds a slightly less
favourable case for renewable powered synthetic
fuels. However, this has little impact on the overall
structural results, as presented in this study, but will
enable more accurate estimations future
research.

in

Figure 3.1-19: Global — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs in

2050 (right).

The final transport energy costs vary between
€1900-2300 billion annually through the transition,
as shown in Figure 3.1-20. Road transport forms a
major share of the costs in the initial years up to
2030. Beyond 2030, aviation and marine transport
dominate the share of costs, as road transport costs
decline through the transition with very high levels
of direct electrification. Whereas, the rail and
marine transport costs remain more steady through
the transition. The total annual energy costs for
transport are in the range of €1900-2300 billion
through the transition period with a decline from
around €2100 billion in 2015 to about €1900 billion
by 2050, as shown in Figure 3.1-20. Furthermore,
annual system costs transit from being heavily
dominated by fuel costs in 2015 to a very diverse
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share of costs across various technologies for
electricity, synthetic fuels and sustainable biofuel
production by 2050, as highlighted in Figure 3.1-
20. Moreover, a high rate of electrification across
the sector stabilises annual system costs, despite a
growth in transport demand and eventually annual
system costs benefit from the massive gains in
energy efficiency by 2050. The difference in annual
final transport energy and costs
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock there.

system is
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Figure 3.1-20: Global - Final transport energy costs based on mode of transport (left) and source of energy (right) during the

energy transition from 2015 to 2050.

The final transport passenger costs decline from
around 0.10 €/p-km in 2015 to 0.06 €/p-km by
2050, as shown in Figure 3.1-21. In addition, final
transport passenger costs for road transport
decline through the transition. Whereas, for rail,
marine and aviation there is a marginal decrease in

final transport passenger costs. Similarly, final

transport freight costs decline from nearly 0.07 €/t-
km in 2015 to 0.02 €/t-km by 2050, as shown in
Figure 3.1-21. The final freight costs in the case of
road decline through the transition, whereas it
increases slightly for aviation and remains stable for
rail and marine.

Figure 3.1-21: Global — Final transport passenger cost (left) and final transport freight cost (right) during the energy transition

from 2015 to 2050.

Desalination

Desalination demand varies significantly across the
different regions of the world, which is quite low in
the initial periods of the transition. However, with
increased levels of water stress expected across
many regions the demand for desalinated water
increases beyond 2030. Therefore, the installed
capacities of power generation for the desalination
sector increase from just around 22 GW in 2015 to
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around 4,000 GW by 2050, as shown in Figure 3.1-
22. Solar PV and wind comprise the majority of
installed capacities from 2030 until 2050. Primary
electricity generation to meet the desalination
demand in the initial period of the transition is from
fossil gas up to 2030, beyond which solar PV and
wind dominate the supply as highlighted in Figure
3.1-22. In 2050, around 6700 TWh of electricity is
generated from solar PV and wind energy to meet
the global desalination demand.
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Figure 3.1-22: Global — Technology-wise installed capacities for the desalination sector (left) and primary electricity generation for
the desalination sector (right) during the energy transition from 2015 to 2050 in Europe.

The installed storage capacity for desalination capacity in 2050, whereas batteries contribute the
occurs mainly from 2035 onwards, with most of the majority of the storage output, which reaches more
capacities added in the final five-year period until than 2750 TWhe by 2050 as shown in Figure 3.1-
2050, as shown in Figure 3.1-23. Gas comprises 23.

more than 95% of the 290 TWh installed storage

Figure 3.1-23: Global - Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to
2050.
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Investments  in generation for the
desalination sector mainly from 2030
onwards, as shown in Figure 3.1-24. A majority of
the investments are in solar PV, wind energy, and

batteries, which reaches a high of around €750

power
occur

billion in 2040. Despite the massive increase in
demand, the LCOW remains quite stable through
the transition from around 1.1 €/m? in 2020 to over
1 €/m3 by 2050, as shown in Figure 3.1-24.

Figure 3.1-24: Global — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition from

2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
the different regions of the world to satisfy the
demand for heat, transport, and
desalination up to 2050. Solar PV capacities are
predominantly in the global south that have better
solar resources through the year, while wind energy
capacities are mainly in the northern regions that
have much better wind conditions during most
parts of the year, as shown in Figure 3.1-25.
Overall, solar PV and wind capacities along with

power,

some hydropower, bioenergy and geothermal
capacities constitute the majority of installed
capacities in 2050 across the world. Similarly,
higher shares of solar PV generation happen in the
southern regions, especially the Sun Belt countries
and higher shares of wind energy are in the
northern regions as highlighted in Figure 3.1-25.
This also presents an opportunity for enhancing the
complementarity of solar PV and wind energy with
interconnections within regions as well as with
inter-regional energy systems.

Figure 3.1-25: Global — Regional electricity generation capacities (top) and electricity generation

(bottom) in 2050.
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Solar PV capacities are well distributed across the
different regions of the world and achieve a total
installed capacity base of 63,380 GW in 2050.
Moreover, there are higher capacities mostly in Sun
Belt countries and high population growth centres
as shown in Figure 3.1-26. Whereas, wind energy

capacities achieve a total installed capacity base of
8130 GW in 2050 and are predominantly from
latitudes of 45° N and higher, which show a strong
seasonality effect, i.e. parts of North America,
Europe and Eurasia implying higher wind energy
capacities. This can be observed in Figure 3.1-26.

Figure 3.1-26: Global — Regional variation of electricity generation capacities of solar PV (top) and

wind energy (bottom) in 2050.
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The electricity generation across the power, heat,
transport, and desalination sectors in the world are
predominantly from solar PV and wind in 2050.
Solar PV, which supplies an average of around 76%
of electricity generation across the world, is more
common in the southern regions of the world, as
shown in Figure 3.1-27. While wind energy, which
contributes an average of nearly 20% of electricity

generation across the world, is mainly found in the
northern regions of the world, as shown in Figure
3.1-27. Overall, solar PV and wind energy generate
most of the electricity needed across the world by
2050, which is around 96% of total electricity
generation to meet the demands across the power,
heat, transport and desalination sectors.

average for regions: 76.0%
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Solar PV total generation share (2050) [%]
(Total)

Figure 3.1-27: Global — Regional variation of electricity generation shares of solar PV (top) and

wind energy (bottom) in 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of PHES and A-CAES by 2050, as
shown in Figure 3.1-28. Storage capacities are
much higher in the global south, to complement
higher shares of installed solar PV capacities,
compared to the northern regions. Batteries, both
prosumers and utility-scale, deliver the largest
shares of output by 2050, as shown in Figure 3.1-

28. In addition, the share of output from prosumer
batteries is relatively higher in the northern regions
especially Europe and North America, whereas
utility-scale batteries deliver higher outputs in the
southern regions of MENA, SAARC and Northeast
Asia. While, PHES and A-CAES contribute
complementary shares of electricity storage output
through the transition, across the different regions
of world.

Figure 3.1-28: Global — Regional electricity storage capacities (top) and electricity storage annual

throughput (bottom) in 2050.
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The storage output across the power and heat
sectors of the world is predominantly from batteries
(both utility-scale and prosumers) and some
synthetic natural gas supply in 2050. Batteries,
which supply an average of 32.5% of the electricity
storage output across the world, are more
predominant in the southern regions mainly in the
Sun Belt countries, as shown in Figure 3.1-29.

Synthetic natural gas, which supplies an average of
0.2% of the total electricity demand across the
world, is predominant in the northern and Eurasia
regions with higher seasonality effects, as shown in
Figure 3.1-29. This is complemented with a supply
share of storage from biomethane of around 0.1%
in 2050 across the world.

Figure 3.1-29: Global — Regional variation of storage supply shares of batteries (top) and synthetic

natural gas (bottom) in 2050.
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Socio-economic Benefits

Development of renewable energy has emerged as
a true multi-beneficial phenomenon, which enables
climate change mitigation, drives economic
growth, creates local value based on technology
development,  production, installation,  and
maintenance, helps to increase energy access in a
timely manner, and to reduce resource conflicts in
water-stressed regions of the world.

Greenhouse Gas Emissions

The results of the global transition towards a 100%
renewable energy system indicate a sharp decline
in global greenhouse gas (GHG) emissions until
2050, reaching zero GHG emissions by 2050 across
the power, heat, transport, and desalination sectors

around the world as shown in Figure 3.1-30. The
power sector undergoes a deep decarbonisation
by 2030, whereas for the heat and transport sectors
this occurs mostly between 2030 and 2050.
Moreover, the remaining cumulative GHG
emissions comprise around 422 GtCOs.q from 2018
to 2050. Therefore, the energy transition pathway is
in adherence to the ambitious Paris Agreement
target of 1.5°C.

Global GHG emissions from the power sector
decline through the transition from over 11,000
MtCO; eq./a in 2015 to zero by 2050, as shown in
Figure 3.1-31. Similarly, GHG emissions from the
heat sector decline through the transition from over
9,300 MtCO; eq./a in 2015 to zero by 2050, as
shown in Figure 3.1-31.
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Figure 3.1-30: Global - Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.
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Figure 3.1-31: Global - GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the energy

transition from 2015 to 2050.
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Global GHG emissions from the transport sector
decline through the transition from over 9,000
MtCO:; eq./a in 2015 to zero by 2050, as shown in
Figure 3.1-32. In the initial periods, GHG emissions
still increase, whereas a fast electrification of the
road transport mode and parallel rise in renewable
electricity lead to a massive GHG emissions
reduction from the 2020s onwards. The massive

scale-up of synthetic fuels from 2040 onwards
further defossilates the marine and aviation
transport modes. Similarly, GHG emissions from
the desalination sector, which are much lower than
those of the other sectors, increase through the
transition from over 55 MtCO; eq./a in 2015 to 140
MtCO; eqg./a in 2040 and then drop to zero by
2050, also visible in Figure 3.1-32.
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Figure 3.1-32: Global - GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the Global Power Sector

Job creation across the world to meet just the
electricity demand arising from the transition in
the power sector (thus excluding electricity
demand from the heat, transport, and
desalination sectors) is estimated utilising the
methodology presented in Ram et al. *°. With the
rapid ramp-up of installed capacities, a growing
share of renewable power  generation
technologies are observed to compensate for the
phasing out of nuclear power production as well
as for the continually reducing number of fossil
fuel power plants globally. This strong growth in
the renewable energy sector leads to an increase
of around 70% more direct power sector jobs by
2030, and the overall jobs created are 1.5 times
as high in 2050, compared to 2015. Jobs created
continue to rise to reach around 34 million direct
energy jobs by 2030. Beyond this point, they
decline to around the 30 million range and then
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steadily increase to nearly 35 million by 2050 as
shown in Figure 3.1-33. Solar PV, batteries and
wind energy are the major job creating
technologies during the entire transition. In the
case of wind energy, around 7.3 million jobs are
created in the period from 2020 to 2030, beyond
that, as solar PV becomes more cost effective
they drive majority of the installations until 2050
and jobs in the wind sector are stabilised. While,
hydropower and bioenergy create a stable share
of jobs through the transition period. Solar PV is
observed to replace coal as the major job
creating energy resource, with around 64% of
total jobs by 2050, as compared to just 10% of
total jobs in 2015. Additionally, it is well
complemented by battery storage creating
around 13% of total jobs by 2050. Whereas, jobs
in the coal, gas and nuclear power sectors are
observed to decline rapidly as shown in Figure
3.1-33.
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Figure 3.1-33: Global — Jobs created by various power generation and storage technologies (left) and jobs created based on
different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.

A category-wise classification of jobs in
manufacturing,  construction and installation,
operation and maintenance, fuel  supply,

decommissioning and transmission created during
the energy transition is shown in Figure 3.1-33. Fuel
sector jobs are set to decline from 44% of the total
jobs in 2015 to just around 2% of the total jobs by
2050 as fossil fuels and nuclear power capacities
decline. On the other hand, it can be observed that
operation and maintenance jobs have the most
significant increase in the share of the total jobs
created from 15% in 2015 to 50% by 2050. This
indicates that the transition towards a 100%
renewable power system enables creation of more
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stable jobs, which can contribute to stable
economic growth of countries mainly in the
developing regions of the world and provide a
means of tackling youth unemployment ¢'. In many
parts of the world, this could be a catalyst to
improve social wellbeing as well as political stability
2, Furthermore, Figure 3.1-33 also illustrates the
development of the electricity demand specific
jobs, which remain quite stable through the
transition period. With 897 jobs/TWh in 2015 and
rising up to 1091 jobs/TWh in 2030 due to a large
share of investments during this period, beyond
2030 it declines steadily to around 715 jobs/TWh,,
in 2050.
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3.2. Europe

Europe is one of the major economic centres of the
world with an 18% share of global GDP according
to the International Monetary Fund (IMF) .
Population in Europe is 664 million in 2015
representing a share of 9% in world population,
which is estimated to be 7% in 2050. In addition,
Europe is amongst the biggest energy consumers
across the world, with total electricity consumption
of around 4,000 TWh in 2015, which is estimated to
rise to around 5,400 TWh by 2050, as per the
estimates of the International Energy Agency (IEA)
. Europe has been at the forefront of the global
energy transition with about 37% of installed power
capacity and nearly 30% of electricity generation
from renewables, according to statistics from the
European Commission . Moreover, the European
Commission has proposed a long-term strategy to
confirm Europe's commitment to lead global
climate action and present a vision that can lead to
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achieving net-zero GHG emissions by 2050 through
a socially fair transition in a cost-efficient manner .
In this context, the study shows that an energy
transition to 100% renewable energy is feasible at
every hour throughout the year and is more cost-
effective than the existing system, which is largely
based on fossil fuels and conventional energy
production across Europe. The detailed results for
the energy transition across Europe are available in
a supplementary data file, the link for the file can
be found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.2-1.
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Figure 3.2-1: Europe — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right), electricity
consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the energy

transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
decreases from 21,000 TWh in 2015 to around
16,000 TWh by 2035 and increases up to 20,000
TWh by 2050 as shown in Figure 3.2-1. On the
contrary, with low electrification (adoption of
current practices until 2050) the primary energy
demand would reach around 34,000 TWh by 2050.
The average per capita energy demand decreases
from around 33 MWh/person in 2015 to 24
MWh/person by 2035 and increases up to nearly 30
MWh/person by 2050 as highlighted in Figure 3.2-
1. The massive gain in energy efficiency is primarily
due to a high level of electrification of more than
85%, resulting in reduction of around 14,000 TWh
by 2050, in comparison to the continuation of
current practices with low shares of electrification.
However, a higher demand for industrial process
heat, as well as space heating induced by growing
building space per person, reduces the overall
gains and contributes to an increase in energy
demand in the later years of the transition, from

2035 to 2050. Additionally, a substantial demand
from fuel conversion technologies arises beyond
2040, in producing renewable-based fuels for the
transport sector across Europe.

Energy Supply

The electricity generation capacity across Europe
satisfies demand from all energy sectors including
power, heat, transport and desalination. The total
installed capacity grows massively from about 1200
GW in 2015 to around 11,400 GW by 2050 as
shown in Figure 3.2-2. In the initial period of the
transition, a larger share of wind capacities are
installed up to 2030, but in the later part of the
transition solar PV dominates the shares of installed
capacities reaching almost 8940 GW by 2050. On
the other hand, the shares of fossil fuels and
nuclear decline through the transition to zero by
2050. Some shares of gas remain, but the fuel
switches from fossil-based gas to synthetic natural
gas produced with renewable electricity and
biomethane.

Figure 3.2-2: Europe — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right)

during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.2-3. Solar
PV supply increases through the transition from
29% in 2030 to about 62% by 2050, becoming the
lowest cost energy source. Wind energy increases
to 32% by 2030 and contributes a stable share of
the mix up to 2050. In the heat sector, heat pumps
play a significant role through the transition with a
share of nearly 50% of heat generation by 2050 on
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both the district and individual levels, as indicated
in Figure 3.2-3. On the other hand, gas-based
heating decreases through the transition from over
95% in 2015, to around 30% by 2050. Additionally,
fossil fuel-based heating decreases through the
transition period, as coal-based combined heat and
power (CHP) and district heating (DH) is replaced
by waste-to-energy CHP, biomass-based DH, and
individual heating (IH).



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Europe

Figure 3.2-3: Europe — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
Europe, fully based on renewable energy across
different sectors. As highlighted in Figure 3.2-4,
storage output covers 18% of total electricity
demand in 2050. The ratio of electricity demand
covered by energy storage to electricity generation

increases significantly to around 13% by 2030 and
remains around 11-13%. An additional 4% is
covered by heat storage conversion to electricity
by 2050. Batteries emerge as the most relevant
electricity storage technology contributing about
83% of the total electricity storage output by 2050.
Additionally, a significant share of gas storage is
installed to provide seasonal storage primarily
during the cold winter season across Europe.

Figure 3.2-4: Europe — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
that the heat demand is covered in all sectors. As
indicated in Figure 3.2-5, storage output covers
more than 30% of the total heat demand in 2050
and heat storage technologies are crucial to meet
this demand. The ratio of heat demand covered by
energy storage to heat generation increases
substantially to almost 20% by 2050, also shown in

Figure 3.2-5. Thermal energy storage (TES)
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emerges as the most relevant heat storage
technology with around 40-60% of heat storage
output from 2030 until 2050. Furthermore, power-
to-gas (PtG) contributes around 40% of heat
storage output in 2050. As fossil fuel usage for heat
generation is completely eliminated in the final 5-
year period up to 2050, there is an increase in heat
storage utilisation.
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Figure 3.2-5: Europe — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms of

energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual costs are in the range of €950-
1,100 billion through the transition period and are
well distributed across the major sectors of power,
heat, and transport, as desalination demand in
Europe is relatively smaller compared to other
regions of the world. As indicated by Figure 3.2-6,
power, heat, and transport costs are in the range of
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around €300-350 billion through the transition. In
addition, as indicated in Figure 3.2-6 CAPEX
increases through the transition, as fuel costs
decline. The steady increase in CAPEX-related
energy system costs indicate that fuel imports and
the respective negative impacts on trade balances
will fade out through the transition. In addition, a
low fuel import dependency will lead to a higher
level of energy security across Europe.

Figure 3.2-6: Europe — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from 2015

to 2050.

As increasing shares of power generation capacities
are added globally, renewable energy sources on a
levelised cost of energy basis become the lowest
cost power generation source . As indicated in
Figure 3.2-7, levelised cost of energy remains
around €50-60/MWh and is increasingly dominated
by capital costs as fuel costs continue to decline
through the transition period, which could mean

42

increased self-reliance in terms of energy for
Europe by 2050 as mentioned earlier. Capital costs
are well spread across a range of technologies with
major investments for PV, wind energy, batteries,
heat pumps, and synthetic fuel conversion up to
2050, as shown in Figure 3.2-7. The cumulative
investments are about €9,910 billion through the
transition from 2016-2050.
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Figure 3.2-7: Europe — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy transition from

2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across Europe emerge through
the transition. As the sectors transition towards
having higher shares of renewable energy, different
technologies have vital roles in ensuring the
stability of the energy system. A closer look at the
individual sectors provides vital insights into the
energy transition across Europe towards 100%
renewable energy.

Power and Heat

The total installed power generation capacity

increases from nearly 1,700 GW in 2015 to around
6,000 GW by 2050, as shown in Figure 3.2-8.
Across the power sector, solar PV with 4,400 GW
and wind with 960 GW constitute the majority of
installed capacities by 2050. In the heat sector,
heat pumps, electric heating, and biomass-based
heating constitute the majority of installed capacity
by 2050, also shown in Figure 3.2-8. A significant
increase in installed capacity of heat pumps and
biomass-based heating occurs in the final five-year
period leading up to 2050, as fossil fuels are
completely eliminated from the energy system.

Figure 3.2-8: Europe — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from

2015 to 2050.
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The transition across Europe results in a power and
heat sector dominated by fossil fuel and nuclear in
2015 moving towards a solar PV and wind energy
dominated sector by 2050, with some hydropower
and bioenergy as shown in Figure 3.2-9. The
primary electricity generation increases from
around 3,750 TWh in 2015 to around 9,500 TWh by

2050, which is primarily from PV and wind. Heat
generation increases from around 7,000 TWh in
2015 to around 9,000 TWh by 2050, which is
predominantly from heat pumps and electric
heating with some biomass-based heating, also
shown in Figure 3.2-9.

Figure 3.2-9: Europe — Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacity increases
from just 0.3 TWh in 2015 to around 7.4 TWh by
2050, as shown in Figure 3.2-10. Utility-scale and
prosumer batteries with some shares of PHES and
A-CAES are installed through the transition. The
installed capacities of A-CAES are also a
consequence of the modelling approach, which
prioritises full domestic energy supply for all
European regions. Other research indicates that
interconnected European regions would require
less electricity storage, and in particular A-CAES
storage, which would mainly be substituted by the

flexibility offered with interconnected power
transmission grids. The installed heat storage
increases gradually until 2045 to around 25 TWh,
but in the final five-year period up to 2050, a
massive capacity of gas storage of nearly 225 TWh
is added, Figure 3.2-10. This
substantial capacity addition is mainly to provide
seasonal storage across Europe covering the heat
demand in the absence of fossil fuels. The present
gas storage capacity across Europe is around 1,000
TWh, hence an even lesser amount of gas storage
would be needed in the future.

as shown in

Figure 3.2-10: Europe - Installed electricity storage capacities (left) and heat storage capacities (right) during the energy transition

from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
83% by 2050, as highlighted by Figure 3.2-11. In
addition, PHES and A-CAES contribute through the
transition. TES emerges as the most relevant heat
storage technology with around 40-60% of heat

storage output from 2030 until 2050, also seen in
Figure 3.2-11. Gas storage contributes around 40%
of the heat storage output in 2050 covering
predominantly seasonal demand, which is covered
by fossil gas before 2050.

Figure 3.2-11: Europe — Electricity storage output (left) and heat storage output (right) during the energy transition from 2015 to

2050.

The LCOE of the power sector decreases
substantially from around €80/MWh in 2015 to
around €56/MWh by 2050, as shown in Figure 3.2-
12. LCOE is predominantly comprised of CAPEX as
fuel costs decline through the transition. The LCOH
of the heat sector increases marginally from around
€41/MWh in 2015 to around €47/MWh by 2030

and further declines to around €42/MWh by 2050,
as shown in Figure 3.2-12. LCOH is predominantly
comprised of CAPEX as fuel costs decline through
the transition. Despite a substantial increase in heat
demand across Europe, mainly driven by industrial
process heat and increased space heating, the
LCOH remains quite stable up to 2050.

Figure 3.2-12: Europe - Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from

2015 to 2050.
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Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.2-13. Investments in the heat
sector are mainly in heat pumps and some shares in

biomass heating up to 2050, also shown in Figure
3.2-13. The steep heat pump
investments in the final five-year period until 2050
is mainly to cover the heat demand in the absence
of fossil fuels as well as the lower costs of heat
pumps by 2050.

increase in

Figure 3.2-13: Europe — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right)

during the energy transition from 2015 to 2050.

Transport

The primary energy demand of the transport sector
across Europe is almost the same as the energy
demand from the power sector at around 7,000
TWh in 2015. However, this demand declines
through the transition to around 5,000 TWh, mainly
due to the efficiency gains brought about by
electrification of the sector as shown in Figure 3.2-
14. Fossil fuel consumption in the transport sector
across Europe is seen to decline through the
transition from about 97% in 2015 to zero by 2050.
On the other hand, liquid fuels produced by

renewable electricity contribute around 35% of final
energy demand in 2050. In addition, hydrogen
constitutes more than 25% of final energy demand
in  2050. Sustainable biofuels produced from
energy crops such as Jatropha could play a vital
role, mainly in the transport sector in ensuring
100% renewable energy systems °. Electrification
of the transport sector creates an electricity
demand of around 7,500 TWhy by 2050. The
massive demand for liquid fuels kicks in from 2040
onwards up until 2050, as indicated in Figure 3.2-
14.

Figure 3.2-14: Europe — Final energy demand for transport (left) and electricity demand for sustainable transport (right) during the

energy transition from 2015 to 2050.
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Installed power generation capacity for the
transport sector increases substantially through the
transition to around 5,250 GW by 2050, as shown
in Figure 3.2-15. Solar PV and wind form the
majority share of the power generation capacity for
the transport sector, as they are the lowest cost

energy sources by 2050. Similarly, electricity
generation increases substantially up to almost
8,000 TWh by 2050 also to be seen in Figure 3.2-
15. Solar PV and wind energy generate all the
electricity required to meet the demand of the

transport sector in 2050.

Figure 3.2-15: Europe — Transport sector installed power generation capacity (left) and electricity generation (right) during the

energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.2-16, the
installed capacities of electricity storage increase
through the transition to around 3.3 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to over 700
TWhe by 2050 as shown in Figure 3.2-16. Utility-

in

scale batteries play a vital role as they contribute a
major portion of the output through the transition,
with over 500 TWhy by 2050. The relatively low
electricity storage of less than 10% of generated
electricity for the transport sector is enabled by the
flexible operation of batteries, water electrolyser
units, and hydrogen buffer storage for synthetic
fuel production.

Figure 3.2-16: Europe — Transport sector installed electricity storage capacity (left) and electricity storage output (right) during the

energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated Figure 3.2-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 2,300 GW
by 2050. Water electrolysis forms the majority share

in

of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO,
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 1,100 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.2-17.

Figure 3.2-17: Europe — Transport sector installed capacity for fuel conversion (left) and heat management (right) during the

energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.2-18, the
installed storage capacity for gas increases through
the transition to around 13 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a minor share for methane gas
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,

are installed from 2040 onwards. The installed

capacity for CO; storage and CO; direct air capture
increases up to around 390 MtCO, by 2050, as
shown in Figure 3.2-18. The major share of installed
storage capacity is CO; direct air capture, which is
on an annual basis as compared to CO: storage.
Despite having a lower storage capacity, CO;
storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.2-18: Europe — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO2 direct air
capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across Europe
and their developing trends are highlighted in
Figure 3.2-19. Fischer-Tropsch (FT) and Synthetic
Natural Gas (SNG) fuel costs decline through the
transition up to 2050. FT fuels are in the range of
costs of fossil liquid fuels including GHG emissions
costs, in the range of 90-100 €/MWh in 2050, SNG
is more cost effective than LNG in 2050. Electricity
emerges as the most cost effective option with

LCOE primary around 25 €/MWh and along with
complementary costs of storage and other system
components, total LCOE is around 32 €/MWh in
2050. Hydrogen (H,) fuel costs decline to be more
cost competitive that fossil fuels, in the range of 55
€/MWh in 2050, while liquid H; is in the range of 60
€/MWh. CO; from DAC is a critical component for
synthetic fuels at around 33 €/MWh in 2050, using
waste heat, as shown in Figure 3.2-19.

Figure 3.2-19: Europe — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs in

2050 (right).

The total annual energy costs for transport are in
the range of £300-450 billion through the transition
period with a decline from around €430 billion in
2015 to about €330 billion by 2050, as shown in
Figure 3.2-20. Furthermore, annual system costs
transit from being heavily dominated by fuel costs
in 2015 to a very diverse share of costs across
various technologies for electricity, synthetic fuels
and sustainable biofuel production by 2050, as

highlighted in Figure 3.2-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock there.

Figure 3.2-20: Europe - Final transport energy costs based on mode of transport (left) and source of energy (right) during the

energy transition from 2015 to 2050.
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The final transport passenger cost declines from
around €0.11/p-km in 2015 to over €0.07/p-km by
2050, as shown in Figure 3.2-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation

there is a marginal increase. Similarly, final

transport freight costs decline from around
€0.065/t-km in 2015 to €0.025/t-km by 2050, as
shown in Figure 3.2-21. The final freight costs in the
case of road declines through the transition,
whereas it increases slightly for aviation and
remains stable for rail and marine.

Figure 3.2-21: Europe - Final transport passenger cost (left) and final transport freight cost (right) during the energy transition

from 2015 to 2050.

Desalination

The desalination demand in Europe is relatively
small compared to other regions of the world.
Therefore, the installed capacity of power
generation for the desalination sector increases
from around 1 GW in 2015 to around 250 GW by
2050 as shown in Figure 3.2-22. Solar PV and wind
comprise the majority of installed capacities from
2030 until 2050. Primary electricity generation to
meet the desalination demand in the initial period
of the transition is from fossil gas up to 2030,

beyond which PV and wind dominate as

highlighted in Figure 3.2-22.

The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.2-23. Gas comprises
more than 95% of the 23 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches more
than 110 TWhe by 2050 as shown in Figure 3.2-23.

Figure 3.2-22: Europe — Technology-wise installed capacities for the desalination sector (left) and primary electricity generation for
the desalination sector (right) during the energy transition from 2015 to 2050.
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Figure 3.2-23: Europe - Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to 2050.

Investments in  power generation for the
desalination sector occur mainly during 2025 to
2040, as shown in Figure 3.2-24. A majority of the

investment is in wind, PV, and batteries, which

reaches a high of around €60 billion in 2040. The
levelised cost of water declines through the
transition from around €1.2/m® in 2015 to around
€0.6/m3 by 2050, as shown in Figure 3.2-24.

Figure 3.2-24: Europe — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition

from 2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
Europe to satisfy the demand for power, heat,
transport, and desalination up to 2050. Solar PV
capacities are predominantly in the southern
regions of Europe that have better solar resources
through the year, while wind energy capacities are
mainly in the northern regions of Europe that have
much better wind conditions, as shown in Figure
3.2-25. Overall, solar PV and wind capacities along

with some hydropower capacities constitute the
majority of installed capacity in 2050 across
Europe. Similarly, higher shares of solar PV
generation are in the southern regions and higher
shares of wind energy are in the northern regions
as highlighted in Figure 3.2-25. This could enhance
the complementarity of solar PV and wind in an
interconnected European energy system.

Figure 3.2-25: Europe — Regional electricity generation capacities (top) and electricity

generation (bottom) in 2050.
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Solar PV capacities are well distributed across the
different regions of Europe and achieve a total
installed capacity base of almost 8940 GW in 2050.
Moreover, there are higher capacities mostly in the
southern countries with good solar condition for
most parts of the year, as shown in Figure 3.2-26.

Whereas, wind energy capacities achieve a total
installed capacity base of almost 1770 GW in 2050
and are predominantly in the northern regions,
which show a strong seasonality effect, i.e. parts of
northern Europe implying higher wind energy
capacities. This can be observed in Figure 3.2-26.

Figure 3.2-26: Europe — Regional variation of electricity generation capacities of solar PV (top)

and wind energy (bottom) in 2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of Europe are
predominantly from PV and wind in 2050, as shown
in Figure 3.2-27. Solar PV, which supplies an
average of 62.2% of electricity generation across
Europe, is more common in the southern regions of

Europe. While wind energy, which contributes an
average of 32% of electricity generation across
Europe is mainly, found in the northern regions.
Overall, solar PV and wind generate most of the
electricity needed across Europe by 2050, which is
around 94.2% of total electricity generation.

average for regions: 62.2%

1
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Figure 3.2-27: Europe — Regional variation of electricity generation shares of solar PV (top)

and wind energy (bottom) in 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of PHES and A-CAES by 2050, as
shown in Figure 3.2-28. Storage capacities are
much higher in the southern parts of Europe, to
complement higher shares of installed solar PV
capacities, compared to the northern regions.

Batteries, both prosumers and utility-scale, deliver
the largest shares of output by 2050, as shown in
Figure 3.2-28. PHES and A-CAES contribute
complementary shares of electricity storage output
through the transition, across the different regions
of Europe.

Figure 3.2-28: Europe — Regional electricity storage capacities (top) and electricity storage

annual throughput (bottom) in 2050.

55



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Europe

The storage output across the power, heat,
transport, and desalination sectors of Europe is
predominantly from batteries (both utility-scale and
prosumers) and some synthetic natural gas supply
in 2050, as shown in Figure 3.2-29. Batteries, which
supply an average of 15.6% of the storage output
across Europe, are more common in the southern

regions of Europe. Synthetic natural gas, which
supplies an average of 0.3% of the total electricity
demand across Europe, is predominant in the
eastern regions of Europe. This is complemented
with a supply share of storage from biomethane of
around 0.4% in 2050 across Europe.

Figure 3.2-29: Europe — Regional variation of storage supply shares of batteries (top) and

synthetic natural gas (bottom) in 2050.
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Greenhouse Gas Emissions

The results of the global transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in Europe as
shown Figure 3.2-30. The power sector
undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,
the remaining cumulative GHG emissions comprise

in

around 65 GtCOzq from 2018 to 2050. Therefore,
the energy transition pathway for Europe is in
adherence to the ambitious Paris Agreement target
of 1.5°C.

GHG emissions from the power sector decline
through the transition from around 1,100 MtCO2
eq./a in 2015 to zero by 2050 as shown in Figure
3.2-31. Similarly, GHG emissions from the heat
sector decline through the transition from over
1200 MtCO2 eqg./a in 2015 to zero by 2050 as
shown in Figure 3.2-31.
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Figure 3.2-30: Europe — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

Figure 3.2-31: Europe — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the energy

transition from 2015 to 2050.
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GHG emissions from the transport sector decline
through the transition from around 1,900 MtCO;
eq./a in 2015 to zero by 2050, as shown in Figure

3.2-32.  Similarly, GHG emissions from the

desalination sector, which are much lower than
those of the other sectors, decline through the
transition from around 4.5 MtCO; eqg./a in 2015 to
zero by 2050, also visible in Figure 3.2-32.
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Figure 3.2-32: Europe — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the European Power Sector

There were just over 2 million direct jobs in the
energy sector across Europe in 2015, with more
than 50% of these in the renewable energy sector.
With the rapid increase in renewable energy
installations up to 2025, jobs in the energy sector
are seen to rise to around 3.7 million, and stabilise
between 3.3 million by 2035 and 3.4 million by
2050 as shown in Figure 3.2-33. Solar PV emerges

as the major job creating sector with 1.73 million
jobs by 2050. Storage technologies led by batteries
are observed to start creating jobs from 2025
onwards, with a stable share until 2050 with
277,000 jobs in the battery sector. Conversely, jobs
in the fossil fuel and nuclear sectors decline
through the transition period and by 2050 are
almost non-existent apart from a few thousand jobs
associated  with the  decommissioning  of
conventional power plants.

Figure 3.2-33: Europe — Jobs created by various power generation and storage technologies (left) and jobs created based on different
categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to 2050.
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Manufacturing, construction, and installation of
renewable energy technologies create a significant
share of jobs enabling the rapid ramp-up of
capacity until 2025. Beyond this period, a stable
number of jobs will be created in these sectors up
to 2050 with over a million jobs. Furthermore,
manufacturing includes goods both for local use as
well as for exporting to other regions. The share of
exports initially increases up until 2030 with over
4% of total jobs, beyond which it declines and
manufacturing predominantly caters to the local
power market across Europe. Fuel jobs continue to
decline through the transition period reaching just
6% of total jobs by 2050, as capacities of
conventional power plants continue to decline. In
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contrast, operations and maintenance jobs
continue to grow through the transition period and
become the major job segment by 2050 with 61%
of total jobs. As operations and maintenance jobs
last through the lifetime of power plants, they offer
relatively stable long-term job prospects. The
electricity demand specific jobs indicates the total
number of jobs created annually for every TWh of
annual electricity generation during the energy
transition. As indicated in Figure 3.2-33, the
specific jobs were at 516 jobs/TWh. in 2015,
increasing to 859 jobs/TWhin 2025 with the rapid
ramp-up in renewable energy installations. Beyond
2025, it declines steadily to 638 jobs/TWhe by
2050.
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3.3. Eurasia

Countries in Eurasia are amongst the emerging
economies of the world, with around a 6% share of
global GDP ¢ and an increasing appetite for
energy. Population in Eurasia is 233 million in 2015
representing a share of 3% in world population,
which is estimated to be 2% in 2050. The region
predominantly being a hub for fossil fuel
production has abundant renewable energy
resources. Additionally, Eurasia has an ageing
power sector with the majority of its power plant
infrastructure built prior to 1990’s. This provides an
opportunity for the region to leapfrog into the
energy transition by switching to renewable power

plant installations of the future

50

The results
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indicate an incremental shift towards a 100%
renewable energy system for Eurasia across the
power, heat, transport and desalination sectors.
The detailed results for the energy transition across
Eurasia are available in a supplementary data file,
the link for the file can be found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.3-1.
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Figure 3.3-1: Eurasia — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050 in Europe.
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A regional cumulative average annual growth rate
of about 1.6% in final energy demand drives the
transition. This is aggregated by final energy
demand growth for power and heat, desalinated
water demand and transportation demand linked
to This leads to
comprehensive electrification across the different
energy sectors, which massively increases overall
energy efficiency to an even higher growth rate in
provided energy services. This results in an average
annual growth rate of about 0.3% in total primary
energy demand (TPED).

powertrain  assumptions.

The population across Eurasia is expected to grow
slightly from 233 to 239 million people by 2050.
The primary energy demand assuming high
electrification, which is the basis for this study,
decreases from 7,600 TWh in 2015 to around 6,000
TWh by 2035 and increases up to 8,200 TWh by
2050. On the contrary, with low shares of
electrification resulting from the adoption of
current practices until 2050, the primary energy
demand would reach nearly 14,000 TWh by 2050.
The average per capita energy demand decreases
from around 33 MWh/person in 2015 to 25
MWh/person by 2035 and increases up to nearly 35
MWh/person by 2050. The massive gain in energy

efficiency is primarily due to a high level of
electrification of more than 88%, resulting in
energy reduction of around 5,800 TWh by 2050 in
comparison to the continuation of current practices
with low shares of electrification. Additionally, a
substantial demand from desalination
beyond 2035 across Eurasia leading to a higher
energy demand (see Figure 3.3-1).

arises

Energy Supply

The electricity generation capacity across Eurasia
satisfies demand from all energy sectors including
power, heat, transport and desalination. The total
installed capacity grows massively from over 300
GW in 2015 to around 4500 GW by 2050 as shown
in Figure 3.3-2. In the initial period of the transition,
a larger share of wind capacities are installed up to
2040 and reach around 1170 GW by 2050, but in
the later part of the transition solar PV dominates
the shares of installed capacities reaching around
2600 GW by 2050. On the other hand, the shares
of fossil fuels and nuclear decline through the
transition to zero by 2050. Some shares of gas
remain, but the fuel switches from fossil-based gas
to synthetic natural gas produced with renewable
electricity and biomethane.

Figure 3.3-2: Eurasia — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right) during

the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.3-3. As
there are excellent wind conditions prevalent
across Eurasia, wind energy increases to around
69% by 2030 and contributes a stable share of the
energy mix with up to 47% by 2050. Solar PV
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supply increases substantially in the later part of the
transition to around 42% by 2050, with better cost
competitiveness. In the heat sector, heat pumps
play a significant role through the transition with a
share of more than 61% of heat generation by 2050
supplied on both, the district and individual levels,
as indicated in Figure 3.3-3.
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Figure 3.3-3: Eurasia — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

Electric heating along with some shares of non-
fossil gas and biomass-based heating contributes
through the transition towards covering the heating
demand. On the other hand, gas-based heating
decreases through the transition from over 56% in
2015, to around 9% by 2050. Additionally, fossil
fuel-based heating decreases due to the
replacement of coal-based CHP and DH by waste-
to-energy CHP, biomass-based DH and IH.

Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
Eurasia, fully based on renewable energy across
different sectors. As highlighted in Figure 3.3-4,

storage output covers about 1100 TWh, electricity
demand in 2050. The ratio of electricity demand
covered by energy storage to electricity generation
increases significantly to around 14% by 2050. Heat
storage conversion to electricity contributes about
4% of this share by 2050, as a result of the
integration of the power and heat sectors. Batteries
emerge as the most relevant electricity storage
technology contributing about 94% of the total
electricity storage output by 2050. Additionally, a
significant share of gas storage is installed to
provide seasonal storage primarily during the cold
winter season across Eurasia.

Figure 3.3-4: Eurasia — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different forms
of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
that heat demand is covered across all the sectors.
As indicated in Figure 3.3-5, storage output covers
more than 1300 TWhy, of heat demand in 2050 and
heat storage technologies are crucial to meet this
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demand. The ratio of heat demand covered by
energy storage to total heat generation increases
substantially to almost 20% by 2050, also shown in
Figure 3.3-5.
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Close to 3% of this is provided by electricity to heat
storage technologies. Thermal energy storage
(TES) emerges as the most relevant heat storage
technology with around 40-60% of heat storage
output from 2030 until 2050. Furthermore, power-

to-gas (PtG) contributes around 51% of heat
storage output in 2050. As fossil fuel usage for heat
generation is completely eliminated in the final
five-year period from 2045-2050, there is a
substantial increase in heat storage utilisation.

Figure 3.3-5: Eurasia — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms

of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
300-450 b€, increasing through the transition
period and are well distributed across the major
sectors of power, heat, transport and desalination.
Desalination investments are predominantly from
2040 onwards. As indicated by Figure 3.3-6, power,
heat, and transport costs are in the range of around
300-400 b€ through the transition. In addition, as
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indicated in Figure 3.3-6, CAPEX increases through
the transition, as fuel costs decline. The steady
increase in CAPEX-related energy system costs
indicate that investments shift from fuels based
energy sectors towards power infrastructure based
energy sectors across Eurasia. In addition, a lower
reliance on fossil fuels will lead to a higher level of
energy diversification across Eurasia.

Figure 3.3-6: Eurasia — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from

2015 to 2050.
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As increasing shares of power generation capacities
are added globally, renewable energy sources
become the least cost power generation source .
As indicated in Figure 3.3-7, levelised cost of
energy remains around 43-53 €/MWh and
increasingly dominated by capital costs as fuel
costs continue to decline through the transition
period, which enables increased diversification in

is

terms of energy for Eurasia by 2050 as mentioned
earlier. Capital costs are well spread across a range
of technologies with major investments in wind
energy, solar PV, batteries, heat pumps, and
synthetic fuel conversion technologies up to 2050,
as shown in Figure 3.3-7. The cumulative
investments are about 4,240 b€ through the
transition from 2016-2050.

Figure 3.3-7: Eurasia — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy transition from

2015 to 2050.

Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across Eurasia emerge
through the transition. As the sectors transition
towards higher shares of renewable energy,
different technologies have vital roles in ensuring
the stability of the energy system. A closer look at
the individual sectors provides further insights
into the energy transition across Eurasia towards
100% renewable energy.

64

Power and Heat

The total installed power generation capacity
increases from nearly 300 GW in 2015 to around
2,600 GW by 2050, as shown in Figure 3.3-8.
Across the power sector, solar PV with around
1.260 GW and wind with around 650 GW
constitute the majority of installed capacities by
2050. Additionally, some shares of hydropower,
geothermal and non-fossil gas based electricity
contribute through the transition. In the heat
sector, heat pumps, electric heating and biomass-
based heating constitute the majority of installed
capacities by 2050, also shown in Figure 3.3-8. A
significant increase in installed capacities of heat
pumps and biomass-based heating occurs in the
final five-year period leading up to 2050, as fossil
fuels are completely eliminated from the energy
system.
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Figure 3.3-8: Technology-wise installed capacities for power (left) and heat (right) during the energy transition from 2015 to 2050 in

Europe.

The transition across Eurasia results in a power and
heat sector dominated by fossil fuels and nuclear in
2015, moving towards a wind and solar PV
dominated sector by 2050, with some hydropower,
geothermal and bioenergy as shown in Figure 3.3-
9. The primary electricity generation increases from
around 1,150 TWh in 2015 to over 4,000 TWh by

2050, which is primarily from wind energy and solar
PV. Heat generation increases from over 4,000
TWh in 2015 to around 5,600 TWh by 2050, which
is mainly from heat pumps and electric heating with
some non-fossil gas and biomass-based heating,
also shown in Figure 3.3-9.

Figure 3.3-9: Eurasia — Primary electricity generation (left) and technology-wise heat generation (right) during the energy transition

from 2015 to 2050.

The installed electricity storage capacity increases
from just 0.1 TWh in 2015 to around 1.2 TWh by
2050, as shown in Figure 3.3-10. Utility-scale and
prosumer batteries with some shares of PHES and
A-CAES are installed through the transition. The
installed capacities of A-CAES are also a
consequence of the modelling approach, which
prioritises full domestic energy supply for all
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regions across Eurasia. The installed heat storage
increases mainly from 2040 onwards to around 130
TWh by 2050, but in the final five-year period up to
2050, a massive capacity of gas storage of nearly
125 TWh is added, as shown in Figure 3.3-10. This
substantial capacity addition is mainly to provide
seasonal storage across Eurasia covering the heat
demand in the absence of fossil fuels.
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Figure 3.3-10: Eurasia — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy transition

from 2015 to 2050.

Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
94% by 2050, as highlighted by Figure 3.3-11. In
addition, PHES and A-CAES contribute through the
transition. TES emerges as the most relevant heat

storage technology with over 50% of heat storage
output by 2050, also seen in Figure 3.3-11. Gas
storage contributes around 49% of the heat
storage output in 2050 covering majorly the
seasonal demand, previously covered by fossil gas.

Figure 3.3-11: Electricity storage output (left) and heat storage output (right) during the energy transition from 2015 to 2050 in

Europe.

LCOE of the power sector decreases substantially
from around 83 €/MWh in 2015 to around 58
€/MWh by 2050, as shown in Figure 3.3-12. LCOE
is predominantly comprised of CAPEX as fuel costs
decline through the transition. The LCOH of the
heat sector increases from around 32 €/MWh in
2015 to around 47 €/MWh by 2050, as shown in
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Figure 3.3-12. LCOH is mainly comprised of CAPEX
as fuel costs decline through the transition. Despite
a substantial increase in heat demand across
Eurasia, mainly driven by industrial process heat
and increased space heating, the LCOH remains
quite stable through the transition.



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Eurasia

Figure 3.3-12: Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from 2015 to 2050 in

Europe.

Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.3-13. Investments in the heat
sector are mainly in heat pumps and some shares in
biomass heating up to 2050, also shown in Figure

3.3-13. The steep increase in heat pump
investments in the five-year periods of 2040 and
2050 is mainly to cover the heat demand in the
absence of fossil fuels, as well as driven by the
lower costs of heat pumps in the latter part of the

transition.

Figure 3.3-13: Eurasia — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right) during

the energy transition from 2015 to 2050.

Transport

The primary energy demand of the transport sector
across Eurasia is around 1,500 TWh in 2015.
However, this demand after increasing in the initial
period declines through the transition to around
1,350 TWh, mainly due to the efficiency gains
brought about by increasing levels of electrification
across the transport sector, as shown in Figure 3.3-
14. Fossil fuel consumption in the transport sector
across Eurasia is seen to decline through the
transition from about 97% in 2015 to zero by 2050.
On the other hand, liquid fuels produced by
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renewable electricity contribute around 30% of final
energy demand in 2050. In addition, hydrogen
constitutes more than 23% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil  fuel usage the transport sector.
Electrification of the transport sector creates an
electricity demand of around 2,100 TWh, by 2050.
The massive demand for liquid fuels kicks in from
2040 onwards up until 2050, as indicated in Figure
3.3-14.

in



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Eurasia

-
(=2}
(=3
o
T
L

1400 |- 1

-
N
(=3
o
T
L

1000 [ |

—
800 - 1
600 - _ |
j—— Electricity direct
400 Hydrogen
[ Methane

N

(=3

o
T

Liquid fuels - renewable |7
Liquid fuels - fossil
1 I I 1

2040

Final energy demand for transport [TWh]

o

2030
Years

2020 2050

Figure 3.3-14: Eurasia — Final energy demand for transport (left) and electricity demand for sustainable transport (right) during the

energy transition from 2015 to 2050.

Installed power generation capacity for the
transport sector increases substantially through the
transition to over 1,100 GW by 2050, as shown in
Figure 3.3-15. Solar PV and wind form the majority
share of the power generation capacity for the

transport sector, as they are the lowest cost energy

sources by 2050. Similarly, electricity generation
increases substantially up to almost 2,300 TWh by
2050 seen in Figure 3.3-15. Wind energy and solar
PV generate all the electricity required to meet the
demand of the transport sector in 2050.

Figure 3.3-15: Eurasia — Transport sector installed power generation capacity (left) and electricity generation (right) during the

energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.3-16, the
installed capacities of electricity storage increase
through the transition to around 0.8 TWh by 2050.
The majority of installed capacities are A-CAES and
utility-scale batteries. Similarly, electricity storage
output increases through the transition to around
165 TWhe by 2050 as shown in Figure 3.3-16.

in
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Utility-scale batteries play a vital role as they
contribute a major portion of the output through
the transition, with about 125 TWh, by 2050. The
relatively low electricity storage of less than 10% of
generated electricity for the transport sector is
enabled by the flexible operation of batteries,
water electrolyser units, and hydrogen buffer
storage for synthetic fuel production.
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Figure 3.3-16: Eurasia — Transport sector installed electricity storage capacity (left) and electricity storage output (right) during the

energy transition from 2015 to 2050.

An essential aspect in the transition of the transport
sector towards higher levels of electrification
completely based on renewable energy is the

production of synthetic fuels, hydrogen and
sustainable biofuels. As indicated in Figure 3.3-17,
the installed capacities of fuel conversion

technologies increase substantially from 2040
onwards to over 460 GW by 2050. Water
electrolysis forms the majority share of fuel

conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO;
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 280 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.3-17.

Figure 3.3-17: Eurasia — Transport sector installed capacity for fuel conversion (left) and heat management (right) during the energy

transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.3-18, the
installed storage capacity for gas increases through
the transition to around 3.8 TWh by 2040 and
further declines to around 2.7 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a minor share for methane gas
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,
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are installed from 2040 onwards. The installed
capacity for CO; storage and CO; direct air capture
increases up to around 28 MtCO; by 2050, as
shown in Figure 3.3-18. The major share of installed
storage capacity is for CO; direct air capture on an
annual basis as compared to CO; storage. Despite
having a lower storage capacity, CO;storage has a
substantial utilisation and correspondingly higher

throughput.
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Figure 3.3-18: Eurasia — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO; direct air capture
and CO: storage (right) during the energy transition from 2015 to 2050.

Fuel costs are a deciding factor in the overall
energy mix for the transport sector across Eurasia
and their developing trends are highlighted in
Figure 3.3-19. Fischer-Tropsch (FT) and Synthetic
Natural Gas (SNG) fuel costs decline through the
transition up to 2050. FT fuels are more cost
competitive than fossil liquid fuels including GHG
emissions costs, which are under 90 €/MWh in
2050. Additionally, SNG is more cost effective than
LNG in 2050. Electricity emerges as the most cost

effective option with LCOE primary at around 20
€/MWh and along with complementary costs of
storage and other system components, total LCOE
is around 33 €/MWh in 2050. H; fuel costs decline
to be more cost competitive that fossil fuels, in the
range of 57 €/MWh in 2050, while liquid H; is in the
range of 61 €/MWh. CO, from DAC is a critical
component for synthetic fuels at around 39
€/tCOz¢q in 2050, using waste heat, as shown in
Figure 3.3-19.

Figure 3.3-19: Eurasia — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs in

2050 (right).

The final energy costs for transport are in the range
of 80-100 b€ through the transition period with an
increase from around 90 b€ in 2015 to about 100
b€ in 2030 and further decline to about 80 b€ by
2050, as shown in Figure 3.3-20. Furthermore, road
transport forms a major share of the costs in the
initial years up to 2030, beyond which the aviation
sector dominates the share of costs, as costs in the
road sector decline through the transition. Rail and
marine sector costs remain steadier through the
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transition. Annual system costs transit from being
heavily dominated by fuel costs in 2015 to a very
diverse share of costs across various technologies
for electricity, synthetic fuels and sustainable
biofuel production by 2050, as highlighted in
Figure 3.3-20.
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The difference in annual final transport energy and
system costs is predominantly due to additional
aspects of the system beyond 2040, such as FT
units producing naphtha as a by-product, which

adds to the overall system costs. The cost for
naphtha is allocated to the industry sector as input
for the chemical industry, since it is a valuable
feedstock.

Figure 3.3-20: Eurasia — Final transport energy costs based on mode of transport (left) and source of energy (right) during the

energy transition from 2015 to 2050.

The final transport passenger costs decline from
around 0.09 €/p-km in 2015 to 0.07 €/p-km by
2050, as shown in Figure 3.3-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
there is a marginal decrease, with rail being stable.

Similarly, final transport freight costs decline from
around 0.095 €/t-km in 2015 to 0.025 €/t-km by
2050, as shown in Figure 3.3-21. The final freight
costs in the case of road declines through the
transition, whereas it increases slightly for aviation
and remains stable for rail and marine.

Figure 3.3-21: Eurasia — Final transport passenger cost (left) and final transport freight cost (right) during the energy transition from

2015 to 2050.
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Desalination

The desalination demand in Eurasia is relatively
small in the initial years, but is seen to increase
substantially 2040 onwards with higher demand for
desalinated water. Therefore, the installed capacity
of power generation for the desalination sector
increases from under 20 GW in 2030 to around 850
GW by 2050 as shown in Figure 3.3-22. Solar PV

and wind comprise the majority of installed
capacities from 2030 until 2050. Primary electricity
generation to meet the desalination demand is
from solar PV and wind energy with some shares of
fossil gas, which is reduced completely by 2050 as
highlighted in Figure 3.3-22.

Figure 3.3-22: Eurasia — Technology-wise installed capacities for the desalination sector (left) and primary electricity generation for
the desalination sector (right) during the energy transition from 2015 to 2050.

The installed storage capacities for desalination
occur mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050 as shown in Figure 3.3-23. Gas comprises
more than 97% of the nearly 110 TWh installed
storage capacity 2050, whereas batteries
contribute the majority of the storage output,
which reaches more than 400 TWhe by 2050 as
shown in Figure 3.3-23.

in

Investments  in generation for the
desalination sector mainly from 2030
onwards, as shown in Figure 3.3-24. A majority of
the investments is in wind, PV, and batteries, which
reaches a high of around 230 b€ in 2040. LCOW
increase through the transition from around 1.3
€/m3 in 2015 to over 1.8 €/m? by 2050, as shown in

Figure 3.3-24.

power
occur

Figure 3.3-23: Eurasia — Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to 2050.
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Figure 3.3-24: Eurasia — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition from

2015 to 2050.
Regional Outlook

Electricity generation capacities are installed across
Eurasia to satisfy the demand for power, heat,
transport, and desalination up to 2050. Wind
energy capacities are mainly in the northern and
central regions of Eurasia that have much better
wind conditions. Whereas, solar PV capacities are
predominantly in the southern regions of Eurasia,
which have better solar resources throughout the
year as shown in Figure 3.3-25. Overall, wind and

solar PV capacities along with some hydropower
capacities constitute the majority of installed
capacity in 2050 across Eurasia. Similarly, higher
shares of wind energy are generated in the
northern and eastern regions, while higher shares
of solar PV generation occur in the southern
regions of Eurasia as highlighted in Figure 3.3-25.
This could enhance the complementarity of solar
PV and wind in an interconnected Eurasia energy
system creating a dynamic energy market across
the region.

Figure 3.3-25: Eurasia — Regional electricity generation capacities (top) and electricity

generation (bottom) in 2050.
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Solar PV capacities are well distributed across the
different regions of Eurasia and achieve a total
installed capacity base of almost 2600 GW in 2050.
Moreover, there are higher capacities mostly in the
southern countries with good solar condition for
most parts of the year, as shown in Figure 3.2-26.
Whereas, wind energy capacities achieve a total

installed capacity base of almost 1170 GW in 2050
and are predominantly in the northern regions,
which show a strong seasonality effect, i.e. parts of
northern and eastern parts of Eurasia implying
higher wind energy capacities. This can be
observed in Figure 3.3-26.

Figure 3.3-26: Eurasia — Regional variation of electricity generation capacities of solar PV (top) and wind

enerqy (bottom) in 2050.

The electricity generation across the power, heat,
transport, and desalination sectors of Eurasia are
predominantly from wind and solar PV in 2050,
which is well distributed across the region as shown
in Figure 3.3-27. Solar PV, which supplies a regional
average of 47.8% of electricity generation across
Eurasia, is more common in the southern regions of
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Eurasia. While wind energy, which contributes a
regional average of 47.4% of electricity generation
across Eurasia, is mainly found in the northern and
eastern regions of Eurasia. Overall, solar PV and
wind generate most of the electricity needed
across Eurasia by 2050, which is around 95.2% of
total electricity generation.
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Figure 3.3-27: Eurasia — Regional variation of electricity generation shares of solar PV (top) and wind

energy (bottom) in 2050.

Utility-scale and prosumer batteries along with A-
CAES contribute a major share of electricity storage
capacities, complemented by some shares of PHES
by 2050, as shown in Figure 3.3-28. Storage
capacities are much higher in the southern parts of
Europe, to complement higher shares of installed
solar PV capacities, compared to the northern
regions. Batteries, both prosumers and utility-scale,
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deliver the largest shares of output by 2050 and are
predominant in the southern regions, while A-CAES
has higher shares in the northern regions of Eurasia
as shown in Figure 3.3-28. PHES contributes
complementary shares of electricity storage output
through the transition, across the different regions
of Eurasia and more so in the western region.
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Figure 3.3-28: Eurasia — Regional electricity storage capacities (top) and electricity storage annual

throughput (bottom) in 2050.

The storage output across the power, heat,
transport, and desalination sectors of Eurasia is
predominantly from batteries (both utility-scale and
prosumers) and some synthetic natural gas supply
in 2050, as shown in Figure 3.3-29. Batteries, which
supply a regional average of 15.6% of the storage
output across Eurasia, are more common in the
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southern regions. Whereas, synthetic natural gas,
which supplies an average of 1.3% of the total
electricity demand across Eurasia, also
predominant in the southern and eastern regions of
Eurasia. This is complemented with a supply share
of storage from biomethane of less than 0.1% in
2050 across Eurasia.
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Figure 3.3-29: Eurasia — Regional variation of storage supply shares of batteries (top)

and synthetic natural gas (bottom) in 2050.
Greenhouse Gas Emissions

The results of the energy transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in Eurasia as

shown in Figure 3.3-30. The power sector

undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,
the remaining cumulative GHG emissions comprise
around 23 GtCO2eq from 2018 to 2050. Therefore,
the energy transition pathway for Eurasia is in
adherence to the ambitious Paris Agreement target
of 1.5°C.
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Figure 3.3-30: Eurasia — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.
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Figure 3.3-31: Eurasia — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the energy

transition from 2015 to 2050.

GHG emissions from the power sector after and
initial increase, decline through the transition from
around 560 MtCO; eq./a in 2020 to zero by 2050
as shown in Figure 3.3-31. Similarly, GHG emissions
from the heat sector decline through the transition
from over 950 MtCO; eq./a in 2015 to zero by 2050
as shown in Figure 3.3-31.

GHG emissions from the transport sector after an
initial increase, decline through the transition from

over 400 MtCO; eqg./a in 2015 to zero by 2050, as
shown in Figure 3.3-32. Whereas, GHG emissions
from the desalination sector increase through the
transition from around 1 MtCO; eqg./a in 2015 to
around 42 MtCO; eqg./a by 2050 and the drop to
zero by 2050 as the level of emissions are not as
high as in the other sectors, also visible in Figure
3.3-32.

Figure 3.3-32: Eurasia — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.
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Jobs in Power Sector across Eurasia

The total direct energy jobs in this region are set to
increase with the initial ramp up of installations
from about 566 thousand in 2015 to around 871
thousand by 2025, after a decline in 2030, it is
observed to steadily rise to around 925 thousand
by 2050. With great potential for wind power, the
majority of jobs from 2020 to 2030 is observed to
be associated with wind power development
creating around 353 thousand jobs in 2025. As
solar PV delivers the least cost energy from 2030
onwards, along with driving up installed capacities
it emerges as the prime job creator in the region
up to 2050, with about 411 thousand jobs as shown
in Figure 3.3-33. The hydropower sector with 130
thousand jobs by 2050 is seen to provide a stable
number of jobs through the transition period, along
with some jobs from geothermal and bioenergy
sectors (combined 75 thousand jobs by 2050). Jobs
associated with the storage sector begin to
develop from 2040 onwards, but remain relatively
low compared to other regions with just about 58
thousand jobs by 2050, as hydropower
combination with robust transmission networks play
a prominent role in reducing the need for storage.

in

Local manufacturing, construction and installation

of renewable energy technologies create a

significant share of jobs enabling the rapid build-up
of capacities up to 2025 (508 thousand jobs), this is
also due to the fact that most conventional power
plants in this region are quite old and nearing their
end of lifetimes. This could serve as a co-benefit of
the energy transition for countries across Eurasia.
Beyond 2030, a stable number of jobs will be
created in these sectors up to 2050 with around
407 thousand jobs. Fuel jobs after an initial
increase in 2020 (40% of total jobs), decline
through the transition period as capacities of
conventional power plants are replaced by
renewables until 2030 and further decline up to
2050 reaching just about 2% of total jobs. On the
contrary, operation and maintenance jobs continue
to grow through the transition period and become
the major job creating segment by 2050, with 51%
of total jobs. As operation and maintenance jobs
last through the lifetime of power plants, they offer
relatively stable long-term job prospects. As
indicated in Figure 3.3-33, the electricity demand
specific jobs was at 516 jobs/TWh. in 2015 and
increases to 859 jobs/TWh.iin 2025 with the rapid
ramp up in renewable energy installations. Beyond
2025, it declines steadily to 638 jobs/TWhe by
2050.

Figure 3.3-33: Eurasia — Jobs created by various power generation and storage technologies (left) and jobs created based on
different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to 2050.
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3.4. Middle East and North Africa (MENA)

The Middle East and North African (MENA) region
is a mix of emerging economies as well as
developed countries, with 7% share in global GDP
3. Population in MENA is 423 million in 2015
representing a share of 6% in world population,
which is estimated to be 7% in 2050. It is one of the
biggest energy resource extraction  hubs
worldwide, but also has increasingly high demands.
The substantial link between fossil fuels and socio-
economic development make the region highly
vulnerable to the impacts of climate change. As
global temperatures continue to rise, it will have
detrimental effects on the region, such as
increasing the temperature above average and
decreasing precipitation, which will lead to a rise in
demand for water desalination and air
conditioning, in a region that is amongst the most
water-stressed across the world #. There are
growing concerns that a threshold temperature
could be exceeded, which would overstretch
human adaptability and result in the region being
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humans ¢. In addition,
governments and decision makers across the
MENA region aim to decrease the risk of reliance
on fossil fuel revenues, including fluctuations in oil
prices and global market volatility. In this context,
renewables have a major role in ensuring a
sustainable and affordable energy supply for the
region, and the results indicate an incremental
transition towards 100% renewable energy systems
across the MENA region. The detailed results for
the energy transition across MENA are available in
a supplementary data file, the link for the file can
be found in the Appendix.

uninhabitable for

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.4-1.
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Figure 3.4-1: MENA - Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right), electricity
consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the energy

transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
decreases from 7,800 TWh in 2015 to around 6,200
TWh by 2035 and increases up to 10,500 TWh by
2050 as shown in Figure 3.4-1. On the contrary,
with low shares of electrification resulting from the
adoption of current practices until 2050, the
primary energy demand reaches nearly 28,000 TWh
by 2050. The massive gain in energy efficiency is
primarily due to a high level of electrification of
more than 90% resulting in the reduction of around
17,500 TWh by 2050, in comparison to the
continuation of current practices with low shares of
electrification. The population across MENA is
expected to grow from 423 to 646 million by 2050.
Correspondingly, the average per capita primary
energy demand decreases from around 18
MWh/person in 2015 to 12 MWh/person by 2035
and increases up to more than 16 MWh/person by
2050. However, a higher demand for desalinated
water, as well as increased levels of air-conditioning
induced by growing building space per person,
reduces the overall gains and contributes to an
increase in energy demand in the later years of the
transition, from 2035 to 2050. In the transport

sector, the relatively low costs of car ownership and
high status of owning private cars in the MENA
region, drive higher levels of car use by households
in the future. Additionally, substantial demand for
fuel conversion technologies arise beyond 2040, in
producing renewable-based fuels for the transport
sector across MENA.

Energy Supply

The electricity generation capacity satisfies demand
from all energy sectors including power, heat,
transport and desalination. The total installed
capacity grows massively from over 250 GW in
2015 to around 5300 GW by 2050 as shown in
Figure 3.4-2. In the initial period of the transition, a
larger share of wind capacities are installed up to
2030, but in the later part of the transition solar PV
dominates the shares of installed capacities
reaching almost 4630 GW by 2050. On the other
hand, the shares of fossil fuels and nuclear decline
through the transition to zero by 2050. Some
shares of gas remain, but the fuel switches from
fossil-based gas to synthetic natural gas produced
with renewable electricity and biomethane.

Figure 3.4-2: MENA - Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right) during the

energy transition from 2015 to 2050.

Electricity generation from various technologies to
cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.4-3. Solar
PV supply increases through the transition from
42% in 2030 to over 90% by 2050, becoming the
lowest cost energy source. Wind energy increases
to 38% by 2030 and declines through the transition
to around 8% 2050. In the heat sector, heat pumps
play a significant role through the transition with a
share of around 37% of heat generation by 2050 on
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both the district and individual levels, as indicated
in Figure 3.4-3. On the other hand, gas-based
heating decreases through the transition from over
53% in 2015, to around 14% by 2050. Fossil gas is
eliminated and replaced by synthetic gas produced
from renewable energy. Additionally, fossil fuel-
based heating decreases through the transition
period as oil-based DH and IH are replaced by
electric heating, solar thermal, biomass-based DH
and IH and geothermal energy.
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Figure 3.4-3: MENA - Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
MENA, fully based on renewable energy across
different sectors. As highlighted in Figure 3.4-4,
storage output covers over 3000 TWhe of total
electricity demand in 2050. The ratio of electricity
demand covered by energy storage to electricity
generation increases significantly to over 10% by

2030 and increase further to more than 30% by
2050. Additionally, over 5% is covered by heat
storage conversion to electricity by 2050. Batteries
emerge as the most relevant electricity storage
technology contributing about 90% of the total
electricity storage output by 2050. In addition, a
significant share of gas storage is installed to
provide seasonal storage primarily during the cold
winter season mainly in the northern regions of
MENA.

Figure 3.4-4: MENA - Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different forms of

energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.4-5, storage output covers
over 1,100 TWhy, of the total heat demand in 2050
and heat storage technologies are crucial to meet
this demand. The ratio of heat demand covered by
energy storage to heat generation
substantially to over 30% by 2050, also shown in

increases
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Figure 3.4-5. Thermal energy storage (TES)
emerges as the most relevant heat storage
technology with around 40-60% of heat storage
output from 2030 until 2050. Furthermore, PtG
contributes around 40% of heat storage output in
2050. In addition, electricity storage to heat
contributes a minor share of the head demand
through the transition.
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Figure 3.4-5: MENA - Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms of

energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual costs are in the range of 290-520
b€ through the transition period and well
distributed across the major sectors of Power, Heat
and Transport, and a smaller share for desalination,
which is relatively higher in MENA compared to
other regions of the world. As indicated by Figure
3.4-6, power, heat, and transport costs are in the
range of around 280-480 b€ through the transition.

500

w S
(=3 (=3
o o

Total annual system cost [b€]
S
o

Il Power

I Heat

] Transport

[l Desalination
[ ]

-
(=3
=]

2020 2030

Years

2040 2050

In addition, as highlighted in Figure 3.4-6 CAPEX
increases through the transition, as fuel costs
decline. The steady increase in CAPEX-related
energy system costs indicate that fuel utilisation
and the respective negative impacts on trade
balances will fade out through the transition. In
addition, lower fuel export dependency will lead to
higher
MENA.

levels of energy diversification across

Figure 3.4-6: MENA - Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from 2015 to

2050.

As indicated in Figure 3.4-7, levelised cost of
energy declines substantially from around 75
€/MWh in 2015 to over 55 €/MWh in 2050 and is
increasingly dominated by capital costs as fuel
costs continue to decline through the transition
period, which could mean increased levels of
energy diversification across MENA by 2050.
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Capital costs are well spread across a range of
technologies with major investments for PV, wind
energy, batteries, heat pumps, and synthetic fuel
conversion technologies up to 2050, as shown in
Figure 3.4-7. The cumulative investments are about
5,000 b€ through the transition from 2016-2050.
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Figure 3.4-7: MENA - Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy transition from

2015 to 2050.

Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across MENA emerge through
the transition. As the sectors transition towards
higher shares of renewable energy, different
technologies have vital roles in ensuring the
stability of the energy system. A closer look at the
individual sectors provides further insights into the
energy transition across MENA towards 100%
renewable energy.

Power and Heat

The total installed power generation capacities
increase from nearly 400 GW in 2015 to around
2,800 GW by 2050, as shown in Figure 3.4-8.
Across the power sector, solar PV with 2,300 GW

and wind with 140 GW constitute the majority of
installed capacities by 2050. In the heat sector,
heat pumps, electric heating, and some shares of
solar thermal along with biomass and oil-based
heating constitute the majority of installed
capacities by 2050, also shown in Figure 3.4-8. The
demand for heat sector is marginally increasing
over the transition. Therefore, oil IH with a relatively
low CAPEX is installed up to the year 2050 with a
very low or zero FLH, despite its high OPEX. A
significant increase in installed capacities of heat
pumps and biomass-based heating occurs in the
final five-year period leading up to 2050, as fossil
fuels are completely eliminated from the energy
system.

Figure 3.4-8: MENA — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from 2015

to 2050.
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The transition across MENA results in a power and
heat sector dominated by fossil fuels in 2015
moving towards a solar PV and wind energy
dominated sector by 2050, with some hydropower
as shown in Figure 3.4-9. The primary electricity
generation increases from around 1,400 TWh in
2015 to around 4,900 TWh by 2050, which is

primarily from PV and wind. Heat generation
increases from over 1,600 TWh in 2015 to around
3,100 TWh by 2050, which is predominantly from
heat pumps and electric heating with some solar
thermal, non-fossil gas and biomass-based heating,
also shown in Figure 3.4-9.

Figure 3.4-9: MENA - Primary electricity generation (left) and technology-wise heat generation (right) during the energy transition

from 2015 to 2050.

The installed electricity storage capacity increases
through the transition to over 5.5 TWh by 2050, as
shown in Figure 3.4-10. Utility-scale and prosumer
batteries with some shares of A-CAES are installed
through the transition. The installed capacities of A-
CAES are also a consequence of the modelling
approach, which prioritises full domestic energy
supply for all MENA regions. The installed heat
storage capacity increases mainly from 2040

onwards with a massive capacity addition of gas
storage of nearly 70 TWh by 2050, as shown in
Figure 3.4-10. In addition, some minor shares of
TES are installed which have relatively higher heat
output. The substantial gas storage capacity
addition is mainly to provide seasonal storage
across MENA covering the heat demand in the
absence of fossil fuels.

Figure 3.4-10: MENA - Installed electricity storage capacities (left) and heat storage capacities (right) during the energy transition

from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of the electricity storage output with
nearly 90% by 2050, as highlighted by Figure 3.4-
11. In addition, A-CAES contributes some shares
through the transition. TES emerges as the most
relevant heat storage technology with around 40-

60% of heat storage output from 2030 until 2050,
also seen in Figure 3.4-11. Gas storage contributes
more than 50% of the heat storage output in 2050
covering  predominantly  seasonal  demand,

previously covered by fossil gas.

Figure 3.4-11: MENA — Electricity storage output (left) and heat storage output (right) during the energy transition from 2015 to

2050.

The LCOE of the power sector decreases
substantially from around 98 €/MWh in 2015 to
around 52 €/MWh by 2050, as shown in Figure 3.4-
12. LCOE is predominantly comprised of CAPEX as
fuel costs decline through the transition. The LCOH
of the heat sector decreases from around 69

€/MWh in 2015 to around €54/MWh by 2030 and
further increases marginally to around 58 €/MWh
by 2050, as shown in Figure 3.4-12. LCOH is
predominantly comprised of CAPEX as the share of
fuel costs decline through the transition.

Figure 3.4-12: MENA - Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from 2015

to 2050.

Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.4-13. Investments in the heat
sector are mainly in heat pumps and some shares in
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solar thermal, oil IH and biomass heating up to
2045, also shown in Figure 3.4-13. The steep
increase in heat pump investments in the final five-
year period until 2050 is mainly to cover the heat
demand in the absence of fossil fuels as well as the
lower costs of heat pumps by 2050.
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Figure 3.4-13: MENA - Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right)

during the energy transition from 2015 to 2050.

Transport

The final energy demand of the transport sector
across MENA is around 1,800 TWh in 2015.
However, this demand increases through the
transition to around 2,500 TWh as shown in Figure
3.4-14. Despite a substantial increase in transport
activities, the energy demand increase is relatively
low, mainly due to the efficiency gains brought
about by higher levels of electrification in the
sector. Fossil fuel consumption in the transport
sector across MENA is seen to decline through the
transition from about 99% in 2015 to zero by 2050.

On the other hand, liquid fuels produced by
renewable electricity contribute around 28% of final
energy demand in 2050. In addition, hydrogen
constitutes more than 27% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil  fuel usage the transport sector.
Electrification of the transport sector creates an
electricity demand of around 3,800 TWh, by 2050.
The massive demand for liquid fuels kicks in from
2040 onwards up until 2050, as indicated in Figure
3.4-14.

in

Figure 3.4-14: MENA - Final energy demand for transport (left) and electricity demand for sustainable transport (right) during

the energy transition from 2015 to 2050.
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Installed power generation capacities for the
transport sector increase substantially through the
transition to around 2,000 GW by 2050, as shown
in Figure 3.4-15. Solar PV and wind form the
majority share of the power generation capacities
for the transport sector, as they are the lowest cost
energy sources by 2050. Most of the capacity
addition happens from 2035 onwards, with a rapid

change in the transport sector towards increased
electrification in the later part of the transition.
Similarly, electricity ~ generation increases
substantially up to almost 4,000 TWh by 2050, also
seen in Figure 3.4-15. Solar PV and wind energy
generate all the electricity required to meet the
demand of the transport sector in 2050.

Figure 3.4-15: MENA - Transport sector installed power generation capacity (left) and electricity generation (right) during the

energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.4-16, the
installed capacities of electricity storage increase
through the transition to around 2.3 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to over 750
TWhe by 2050 as shown in Figure 3.4-16. Utility-

in

scale batteries play a vital role as they contribute a
major portion of the output through the transition,
with over 550 TWhy by 2050. The relatively low
electricity storage of less than 20% of generated
electricity for the transport sector is enabled by the
flexible operation of batteries, water electrolyser
units, and hydrogen buffer storage for synthetic
fuel production.

Figure 3.4-16: MENA - Transport sector installed electricity storage capacity (left) and electricity storage output (right) during the

energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated Figure 3.4-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 1,100 GW
by 2050. Water electrolysis forms the majority share

in

of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO;
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 520 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.4-17.

Figure 3.4-17: MENA - Transport sector installed capacity for fuel conversion (left) and heat management (right) during the

energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.4-18, the
installed storage capacity for gas increases through
the transition to around 10 TWh by 2050. Methane
storage is the major gas stored through the
transition, with a lower share for hydrogen storage
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,
are mainly installed from 2040 onwards. The

installed capacity for CO; storage and CO. direct
air capture increases up to around 145 MtCO; by
2050, as shown in Figure 3.4-18. The major share of
installed storage capacity is CO; direct air capture
on an annual basis as compared to CO: storage.
Despite having a lower storage capacity, CO;
storage has a noticeable utilisation and
correspondingly higher throughputs through the
transition.

Figure 3.4-18: MENA — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO; direct air capture
and CO: storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across MENA
and their developing trends are highlighted in
Figure 3.4-19. FT and SNG fuel costs decline
through the transition up to 2050. Moreover, FT
fuels are cost competitive with fossil liquid fuels
including GHG emissions costs, at 90 €/ MWh in
2050. In addition, SNG is more cost effective than
LNG in 2050. Electricity emerges as the most cost
effective option with LCOE primary around 19

€/MWh and along with complementary costs of
storage and other system components, total LCOE
is around 27 €/MWh in 2050. H; fuel costs decline
to be more cost competitive than fossil fuels, in the
range of 47 €/MWh in 2050, while liquid H; is in the
range of 54 €/MWh. CO, from DAC is a critical
component for synthetic fuels at around 32
€/tCOsz¢q in 2050, using waste heat, as shown in
Figure 3.4-19.

Figure 3.4-19: MENA - Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs in

2050 (right).

The final energy costs for transport are in the range
of 100-140 b€ through the transition period with an
increase from around 110 b€ in 2015 to about 130
b€ by 2050, as Figure 3.4-20.
Furthermore, annual system costs transit from
being heavily dominated by fuel costs in 2015 to a
share of costs across

shown in

very diverse various
technologies for electricity, synthetic fuels and

sustainable biofuel production by 2050, as

highlighted in Figure 3.4-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.4-20: MENA - Final transport energy costs based on mode of transport (left) and source of energy (right) during the

energy transition from 2015 to 2050.
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The final transport passenger costs decline from
around 0.1 €/p-km in 2015 to 0.055 €/p-km by
2050, as shown in Figure 3.4-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
there is a marginal increase from 2020 up to 2045
and again a slight decrease by 2050. Similarly, final

transport freight costs decline from around 0.12
€/t-km in 2015 to 0.03 €/t-km by 2050, as shown in
Figure 3.4-21. The final freight costs in the case of
road declines through the transition and slightly for
rail, whereas it remains stable for aviation and
marine.

Figure 3.4-21: MENA - Final transport passenger cost (left) and final transport freight cost (right) during the energy transition

from 2015 to 2050.

Desalination

The desalination demand in MENA is relatively
larger compared to other regions of the world due
to higher water stress and limited
replenishable  groundwater  resources,  with
substantial demand for desalinated water in the
later part of the transition. Therefore, the installed
capacities of power generation for the desalination

very

sector increases from around 10 GW in 2015 to
over 600 GW by 2050 as shown in Figure 3.4-22.
Solar PV and wind comprise the majority of
installed capacities from 2030 until 2050. Primary
electricity generation to meet the desalination
demand in the initial period of the transition is from
fossil gas up to 2030, beyond which PV and wind
dominate as highlighted in Figure 3.4-22.

Figure 3.4-22: MENA — Technology-wise installed capacities for the desalination sector (left) and primary electricity generation for
the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacities added in the final five-year period until
2050, as shown in Figure 3.4-23. Gas comprises
more than 95% of the 29 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches
around 390 TWh¢ by 2050 as shown in Figure 3.4-
23.

Investments  in generation for the
desalination sector occur mainly during 2030 to
2040, as shown in Figure 3.4-24. A majority of the
investment is in wind, PV, and batteries, which
reaches a high of around 110 b€ in 2035. The
levelised cost of water declines through the
transition from around 1.2 €/m? in 2015 to around

0.9 €/m?® by 2050, as shown in Figure 3.4-24.

power

Figure 3.4-23: MENA - Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to 2050.

Figure 3.4-24: MENA - Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition from

2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
MENA to satisfy the demand for power, heat,
transport, and desalination up to 2050. Solar PV
capacities are predominant across all regions of
MENA, which have excellent solar resources
throughout the year, while wind energy capacities
are mainly in the northern and western regions of

MENA that have much better wind conditions, as

shown in Figure 3.4-25. Overall, solar PV and wind
capacities along with some hydropower capacities
constitute the majority of installed capacities in
2050 across MENA. Similarly, higher shares of solar
PV generation are present across all the regions
and higher shares of wind energy are mainly in the
northern and western regions as highlighted in
Figure 3.4-25.

Figure 3.4-25: MENA — Regional electricity generation capacities (top) and electricity generation

(bottom) in 2050.
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Solar PV capacities are well distributed across the
different regions of MENA and achieve a total
installed capacity base of almost 4630 GW in 2050.
Moreover, there are higher capacities mostly in the
southern countries with good solar conditions
throughout the year, as shown in Figure 3.4-26.

Whereas, wind energy capacities achieve a total
installed capacity base of almost 280 GW in 2050
and are predominantly in the northern regions of
Africa, which have some wind potential. This can be
observed in Figure 3.4-26.

Figure 3.4-26: MENA - Regional variation of electricity generation capacities of solar PV

(top) and wind energy (bottom) in 2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of MENA are
predominantly from PV and wind in 2050, which are
well distributed across the region as shown in
Figure 3.4-27. Solar PV, which supplies a regional
average of 91.1% of electricity generation across
MENA, is more common across all regions. While

wind energy, which contributes a regional average
of 7.8% of electricity generation across MENA is
mainly, found in the northern and western regions
of MENA. Overall, solar PV and wind generate
most of the electricity needed across MENA by
2050, which is around 98.9% of total electricity
generation.

Figure 3.4-27: MENA - Regional variation of electricity generation shares of solar PV (top)

and wind energy (bottom) in 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of A-CAES by 2050, as shown in
Figure 3.4-28. Storage capacities are evenly
distributed across MENA, to complement the
higher shares of installed solar PV capacities.

Batteries, both prosumers and utility-scale, deliver
the largest shares of output by 2050, as shown in
Figure 3.4.-28. A-CAES contributes complementary
shares of electricity storage output through the
transition, acrosxfdfxs the different regions of
MENA.

Figure 3.4-28: MENA - Regional electricity storage capacities (top) and electricity storage

annual throughput (bottom) in 2050.
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The storage output across the power, heat,
transport, and desalination sectors of MENA is
predominantly from batteries (both utility-scale and
prosumers) and some synthetic natural gas supply
in 2050, as shown in Figure 3.4-29. Batteries, which
supply an average of 31.3% of the storage output
across MENA, are more common across all the

regions. Synthetic natural gas, which supplies an
average of 0.4% of the total electricity demand
across MENA, is present evenly across all the
regions of MENA. This is complemented with a
supply share of storage from biomethane of less
than 0.1% in 2050 across MENA.

Figure 3.4-29: MENA - Regional variation of storage supply shares of batteries (top) and

synthetic natural gas (bottom) in 2050.
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Greenhouse Gas Emissions

The results of the energy transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,

transport, and desalination sectors in MENA as
shown Figure 3.4-30. The power sector
undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050.
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Figure 3.4-30: MENA - Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during the energy
transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not consider GHG

emissions from the upstream production and delivery of fuels.

GHG emissions from the power sector decline
through the transition from around 750 MtCO,
eqg./a in 2015 to zero by 2050 as shown in Figure
3.4-31. Similarly, GHG emissions from the heat
sector decline through the transition from over 350
MtCO:; eqg./a in 2015 to zero by 2050 as shown in

Figure 3.4-31. Moreover, the remaining cumulative
GHG emissions comprise around 22 GtCOsq from
2018 to 2050. Therefore, the energy transition
pathway for MENA is in adherence to the ambitious
Paris Agreement target of 1.5°C.

Figure 3.4-31: MENA — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the energy

transition from 2015 to 2050.
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GHG emissions from the transport sector after an
initial increase, decline through the transition from
around 550 MtCO; eq./a in 2020 to zero by 2050,
as shown in Figure 3.4-32. Similarly, GHG emissions

from the desalination sector, which are much lower
than those of other sectors, decline through the
transition from over 35 MtCO; eq./a in 2025 to zero
by 2050, also visible in Figure 3.4-32.
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Figure 3.4-32: MENA - GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the Power Sector across MENA

Solar PV is the prime job creator through the
transition period with almost a million jobs by 2050,
as indicated in Figure 3.4-33. Wind power
generation creates a fair share of jobs during the
period of 2020 to 2030 (260 thousand jobs),
beyond which the shares are reduced, as PV

becomes more cost competitive. Storage
technologies in the form of batteries take off from
2030 onwards and lead to a decent share of jobs
created up to 2050 (193 thousand jobs in the
battery sector). The total number of direct energy
jobs across the MENA region are observed to
increase from just around 590 thousand in 2015 to
nearly 1.7 million by 2050.

Figure 3.4-33: MENA - Jobs created by various power generation and storage technologies (left) and jobs created based on
different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.
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Figure 3.4-33, also indicates the distribution of jobs
across the different categories during the transition
period in the MENA region. With rapid installation
of capacities up to 2035, the majority of the jobs
are created in the construction and installation of
power generation technologies. Manufacturing
jobs have a relatively low share in the initial periods
up to 2020 as the share of imports is high. From
2025 onwards, as domestic production capabilities
build up, a higher share of manufacturing jobs is
observed until 2050 with 15% of total jobs. The
share of fuel related jobs continues to diminish
from 2020 onwards through the transition period
reaching just 1% of total jobs by 2050, as

100

conventional plants replaced by
renewable and storage technologies. By contrast,
the share of operation and maintenance jobs grows
through the transition period up to 53% of total
jobs by 2050. This means more stable jobs for a
region suffering from high unemployment amongst
the youth and a growing number of economic
migrants. The electricity demand specific jobs
increase from 435 jobs/TWhy in 2015 to 788
jobs/TWhe in 2025 with the rapid ramp up in
renewable energy installations. Beyond 2025, it
declines steadily to around 509 jobs/TWhe by
2050, as shown in Figure 3.4-33.

power are
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3.5. Sub-Saharan Africa

Sub-Saharan Africa is a region with a large number
of emerging economies, with just around a 3%
share in global GDP ¢, but has the potential to
become one of the fastest growing regions in the
world. Population in Sub-Saharan Africa is 989
million in 2015 representing a share of 14% in
world population, which is estimated to be 23% in
2050. With a rapidly growing population,
unprecedented economic progress and need for
reliable, modern energy access, which is expected
to require at least double the energy supply by
2030 and might even triple for electricity . Africa’s
energy sector is vital to its development. Therefore,
effective energy planning, optimal design, wise
utilisation of all available renewable energy
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resources and maximum synergy between various
regions (regional electricity networking due to
dispersed energy resources) of Africa will positively
impact the energy systems across the continent.
The detailed results for the energy transition across
Sub-Saharan  Africa are available in a
supplementary data file, the link for the file can be
found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.5-1.
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Figure 3.5-1: Sub-Saharan Africa — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
increases from 2,700 TWh in 2015 to around 6,800
TWh by 2050 as shown in Figure 3.5-1. On the
contrary, with low shares of electrification resulting
from the adoption of current practices until 2050,
the primary energy demand would reach nearly
14,000 TWh by 2050. The massive gain in energy
efficiency is primarily due to a high level of
electrification of more than 93% resulting in a
reduction of around 7,200 TWh by 2050, in
comparison to the continuation of current practices
with low shares of electrification. The population
across Sub-Saharan Africa is expected to grow
massively from 989 to 2189 million by 2050.
Correspondingly, the average per capita energy
demand decreases from around 2.6 MWh/person
in 2015 to 1.9 MWh/person by 2035 and increases
up to nearly 3 MWh/person by 2050. The rapidly
growing demand in the later part of the transition is
primarily due to a substantial demand from fuel

conversion technologies arising beyond 2040, in
producing renewable-based fuels for the transport
sector across Sub-Saharan Africa.

Energy Supply

The electricity generation capacity across Sub-
Saharan Africa satisfies demand from all energy
sectors including power, heat, transport and
desalination. The total installed capacity grows
massively from around 100 GW in 2015 to around
3200 GW by 2050 as shown in Figure 3.5-2. In the
initial period of the transition, some shares of wind
capacities are installed up to 2030, but in the later
part of the transition solar PV dominates the shares
of installed capacities reaching almost 2920 GW by
2050. On the other hand, the shares of fossil fuels
and nuclear decline through the transition to zero
by 2050. Some shares of gas remain, but the fuel
switches from fossil-based gas to synthetic natural
gas produced with renewable electricity and
biomethane.

Figure 3.5-2: Sub-Saharan Africa — Technology-wise installed capacities (left) and technology-wise shares of installed capacities

(right) during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.5-3. Solar
PV supply increases through the transition from
51% in 2030 to about 87% by 2050, becoming the
lowest cost energy source. Wind energy increases
to 25% by 2030 and continues to decline in share
of the mix up to 8% by 2050 as solar PV and
batteries become more cost effective. In the heat
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sector, heat pumps play a significant role through
the transition with a share of nearly 43% of heat
generation by 2050 on both the district and
individual levels, as indicated in Figure 3.5-3. On
the other hand, bio-based heating decreases
through the transition from over 40% in 2015, to
around 3% by 2050. Additionally, electric heating
along with solar thermal and non-fossil gas based
heating contribute through the transition.
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Figure 3.5-3: Sub-Saharan Africa — Technology-wise electricity generation (left) and technology-wise heat generation (right) during

the energy transition from 2015 to 2050.

Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout Sub-
Saharan Africa, fully based on renewable energy
across the different sectors. As highlighted in
Figure 3.5-4, storage output covers around 1300
TWh of total electricity demand in 2050. The ratio
of electricity demand covered by energy storage to
electricity generation increases significantly to
around 24% by 2030 and further on declines to

over 21% by 2050. This is primarily the result of
better integration of the power and heat sectors
that is complemented by the reduced demand for
storage from the transport sector, as the
production of synthetic fuels increase beyond 2040
onwards. An additional 5% is covered by heat
storage conversion to electricity by 2050.
Furthermore, batteries emerge as the most relevant
electricity storage technology contributing about
85% of the total electricity storage output by 2050.

Figure 3.5-4: Sub-Saharan Africa — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.5-5, storage output covers
more than 700 TWhy, of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 26% by 2050, also
shown in Figure 3.5-5. Thermal energy storage
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(TES) emerges as the most relevant heat storage
technology with around 57% of heat storage
output from 2030 until 2050. Furthermore, power-
to-gas (PtG) contributes around 43% of heat
storage output in 2050. As fossil fuel usage for heat
generation is completely eliminated in the final
five-year period from 2045-2050, there is an
increase in heat storage utilisation.



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Sub-Saharan Africa

Figure 3.5-5: Sub-Saharan Africa - Heat demand covered by energy storage (left) and the ratio of heat demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
110-270 b€ through the transition period and are
well distributed across the major sectors of power,
heat, and transport, as desalination demand in Sub-
Saharan Africa is relatively smaller compared to
other regions of the world. As indicated by Figure
3.5-6, power, heat, and transport costs increase
from around 110b€ in 2020 to around 270 b€ in
2050, with increasing shares for heat and transport
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through the transition. In addition, as indicated in
Figure 3.5-5 CAPEX increases through the
transition, as fuel costs decline. The steady increase
in CAPEX-related energy system costs indicate that
fossil fuel import and export dependent countries
across Sub-Saharan Africa will fade out through the
transition. In addition, a low fossil fuel import-
export dependency will lead to higher levels of
energy security and diversification across Sub-
Saharan Africa.

Figure 3.5-6: Sub-Saharan Africa — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition

from 2015 to 2050.

As increasing shares of power generation capacities
are added globally, renewable energy sources
become the least costing power generation
sources . As indicated in Figure 3.5-7, levelised
cost of energy declines from around 52 €/MWh in
2015 to 47 €/MWh by 2050 and is increasingly
dominated by capital costs as fuel costs continue to
decline through the transition period. This could
mean increased levels of self-reliance in terms of

energy for the different countries across Sub-
Saharan Africa by 2050, as mentioned earlier.
Capital costs are well spread across a range of
technologies with major investments for PV, wind
energy, batteries, heat pumps, and synthetic fuel
conversion technologies up to 2050, as shown in
Figure 3.5-7. The cumulative investments are about
2,260 b€ through the transition from 2016-2050.
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Figure 3.5-7: Sub-Saharan Africa — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy

transition from 2015 to 2050.
Outlook across sectors

Different trends in the power, heat, transport, and
desalination sectors across Sub-Saharan Africa
emerge through the transition. As the sectors
transition towards having higher shares of
renewable energy, different technologies have vital
roles in ensuring the stability of the energy system.
A closer look at the individual sectors provides
further insights into the energy transition across
Sub-Saharan Africa towards 100% renewable
energy.

Power and heat

The total installed power generation capacities
increases from just 100 GW in 2015 to over 1,500
GW by 2050, as shown in Figure 3.5-8. Across the
power sector, solar PV with 1,340 GW, wind with 70
GW and hydropower with 27 GW constitute the
majority of installed capacities by 2050. In the heat
sector, heat pumps, electric heating, and biomass-
based heating along with solar thermal heating
constitute the majority of installed capacities by
2050, also shown in Figure 3.5-8.

Figure 3.5-8: Sub-Saharan Africa — Technology-wise installed capacities for power (left) and heat (right) during the energy transition

from 2015 to 2050.
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The transition across Sub-Saharan Africa results in a
power and heat sector dominated by fossil fuels in
2015 moving towards a solar PV, hydropower and
wind energy dominated sector by 2050, as shown
in Figure 3.5-9. The primary electricity generation
increases from around 500 TWh in 2015 to almost
3,000 TWh by 2050, which is primarily from PV,

hydropower and wind energy. Similarly, heat
generation increases from over 600 TWh in 2015 to
around 2,300 TWh by 2050, which is predominantly
from heat pumps and electric heating with some
biomass-based heating, solar thermal and non-
fossil gas based heating, also shown in Figure 3.5-
9.

Figure 3.5-9: Sub-Saharan Africa — Primary electricity generation (left) and technology-wise heat generation (right) during the

energy transition from 2015 to 2050.

The installed electricity storage capacity increases
from just 0.03 TWh in 2015 to nearly 3 TWh by
2050, as shown in Figure 3.5-10. Utility-scale and
prosumer batteries with some shares of A-CAES are
installed through the transition. The installed
capacities of A-CAES are also a consequence of the
modelling approach, which prioritises full domestic
energy supply for all regions across Sub-Saharan

Africa. The installed heat storage increases
gradually until 2045 to around 5 TWh, but in the
final five-year period up to 2050, a massive
capacity of gas storage of nearly 27 TWh is added,
as shown in Figure 3.5-10. This substantial capacity
addition is mainly to provide seasonal storage
across Sub-Saharan Africa covering the heat
demand in the absence of fossil fuels.

Figure 3.5-10: Sub-Saharan Africa — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy

transition from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
85% by 2050, as highlighted by Figure 3.5-11. In
addition, A-CAES contributes through the
transition. TES emerges as the most relevant heat
storage technology through the transition, with

around 47% by 2050, also seen in Figure 3.5-11.
Gas storage take prominence from 2040 onwards
and contributes around 53% of the heat storage
output in 2050 covering predominantly the
seasonal demand, previously covered by fossil gas.

Figure 3.5-11: Sub-Saharan Africa — Electricity storage output (left) and heat storage output (right) during the energy transition

from 2015 to 2050.

LCOE of the power sector decreases substantially
from over 65 €/MWh in 2015 to around 43 €/ MWh
by 2050, as shown in Figure 3.5-12. LCOE is
predominantly comprised of CAPEX as fuel costs
decline through the transition. Whereas, LCOH of
the heat sector increases marginally from around
33 €/MWh in 2015 to around 37 €/MWh by 2035

and further declines to around 34 €/MWh by 2050,
as shown in Figure 3.5-12. Moreover, LCOH is
predominantly comprised of CAPEX as fuel costs
decline through the transition. Despite a substantial
increase in heat demand across Sub-Saharan Africa,
the LCOH remains quite stable through the
transition up to 2050.

Figure 3.5-12: Sub-Saharan Africa — Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition

from 2015 to 2050.
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Investments are well spread across a range of
power generation technologies with majority shares
in wind energy and solar PV up to 2030, beyond
which solar PV dominates investments up to 2050,
as shown in Figure 3.5-13. Investments in the heat
sector are mainly in heat pumps and some shares in

biomass and solar thermal heating up to 2050, also
shown in Figure 3.5-13. The steep increase in heat
pump investments in 2040 is mainly to cover the
heat demand in the absence of fossil fuels as well
as the lower costs of heat pumps in the later part of
the transition.

Figure 3.5-13: Sub-Saharan Africa — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat

(right) during the energy transition from 2015 to 2050.

Transport

The primary energy demand of the transport sector
across Sub-Saharan Africa is at around 1,100 TWh
in 2015. However, this demand remains stable
through the transition up to 2035, mainly due to
the efficiency gains brought about by electrification
of the sector as shown in Figure 3.5-14. Beyond
that, it increases rapidly to around 1,900 TWh by
2050, mainly due to the production of synthetic
fuels. On the contrary, fossil fuels consumption in
the transport sector across Sub-Saharan Africa is
seen to decline through the transition from about

99% in 2015 to zero by 2050. While, liquid fuels
produced by renewable electricity contribute
around 31% of final energy demand in 2050. In
addition, hydrogen constitutes more than 29% of
final energy demand in 2050. Sustainably produced
biofuels contribute a minor share to enable a
complete elimination of fossil fuel usage in the
transport sector. Electrification of the transport
sector creates an electricity demand of around
3,100 TWhe by 2050. The massive demand for
liquid fuels kicks in from 2040 onwards up until
2050, as indicated in Figure 3.5-14.

Figure 3.5-14: Sub-Saharan Africa — Final energy demand for transport (left) and electricity demand for sustainable transport

(right) during the energy transition from 2015 to 2050.
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Installed power generation capacity for the
transport sector increases substantially through the
transition to around 1,750 GW by 2050, as shown
in Figure 3.5-15. Solar PV and wind form the
majority shares of the power generation capacities
for the transport sector, as they are the least

costing energy by 2050. Similarly,
electricity generation increases substantially up to
almost 3,300 TWh by 2050 also to be seen in
Figure 3.5-15. Solar PV and wind energy generate
all the electricity required to meet the demand of

the transport sector in 2050.

sources

Figure 3.5-15: Sub-Saharan Africa — Transport sector installed power generation capacity (left) and electricity generation (right)

during the energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.5-16, the
installed capacities of electricity storage increase
through the transition to around 1.2 TWh by 2050.
The majority of installed capacities are A-CAES and
utility-scale batteries. Similarly, electricity storage
output increases through the transition to over 350
TWhe by 2050 as shown in Figure 3.5-16. A-CAES

in

plays a vital role as it contributes a major portion of
the output through the transition up to 2040, while
utility-scale batteries contribute almost 64% in
2050. The relatively low electricity storage of
around 10% of generated electricity for the
transport sector is enabled by the flexible
operation of batteries, water electrolyser units, and
hydrogen buffer storage for synthetic fuel
production.

Figure 3.5-16: Sub-Saharan Africa — Transport sector installed electricity storage capacity (left) and electricity storage output

(right) during the energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated in Figure 3.5-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 1,000 GW
by 2050. Water electrolysis forms the majority share

of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO,
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 500 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.5-17.

Figure 3.5-17: Sub-Saharan Africa — Transport sector installed capacity for fuel conversion (left) and heat management (right)

during the energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.5-18, the
installed storage capacity for gas increases through
the transition to around 3.7 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a minor share for methane gas
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,
are installed from 2040 onwards. The installed

capacity for CO; storage and CO; direct air capture
increases to over 180 MtCO, by 2050, as shown in
Figure 3.5-18. The major share of installed storage
capacity is CO. direct air capture on an annual
basis, as compared to CO; storage, which is minor
shares. Despite having a lower storage capacity,
CO, storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.5-18: Sub-Saharan Africa — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO2 direct
air capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across Sub-
Saharan Africa and their developing trends are
highlighted in Figure 3.5-19. FT and SNG fuel costs
decline through the transition up to 2050 and FT
fuels are cost competitive with fossil liquid fuels
including GHG emissions costs at 85 €/MWh in
2050. In addition, SNG is more cost effective than
LNG in 2050. Electricity emerges as the most cost
effective option with LCOE primary around 15

Figure 3.5-19: Sub-Saharan Africa — Fuel costs for the transport
fuel costs in 2050 (right).

The final energy costs for transport are in the range
of 60-110 b€ through the transition period with a
steady increase until 2050, as shown in Figure 3.5-
19. Furthermore, annual system costs transition
from being heavily dominated by fuel costs in 2015
to a very diverse share of costs across various
technologies for electricity, synthetic fuels and
sustainable biofuel production by 2050, as

€/MWh and along with complementary costs of
storage and other system components, total LCOE
is around 22 €/MWh in 2050. H; fuel costs decline
to be more cost competitive that fossil fuels, in the
range of 40 €/MWh in 2050, while liquid H; is in the
range of 50 €/MWh. CO, from DAC is a critical
component for synthetic fuels at around 31
€/tCOz¢q in 2050, using waste heat, as shown in
Figure 3.5-19.

sector during the energy transition from 2015 to 2050 (left) and

highlighted in Figure 3.5-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.5-20: Sub-Saharan Africa — Final transport energy costs based on mode of transport (left) and source of energy (right)

during the energy transition from 2015 to 2050.
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The final transport passenger costs decline from
nearly 0.10 €/p-km in 2015 to around 0.06 €/p-km
by 2050, as shown in Figure 3.5-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
there is a marginal decrease. Similarly, final

transport freight costs decline from around 0.10
€/t-km in 2015 to over 0.02 €/t-km by 2050, as
shown in Figure 3.5-21. The final freight costs in the
case of road decline through the transition,
whereas remaining stable for rail, aviation and
marine.

Figure 3.5-21: Sub-Saharan Africa — Final transport passenger cost (left) and final transport freight cost (right) during the energy

transition from 2015 to 2050.

Desalination

The desalination demand in Sub-Saharan Africa is
relatively small compared to other regions of the
world. Therefore, the installed capacity of power
generation for the desalination sector increases
from around 0.1 GW in 2015 to around 6 GW by

2050 as shown in Figure 3.5-22. Solar PV and wind
along with some fossil gas comprise the majority of
installed capacities from 2030 until 2050. Primary
electricity generation to meet the desalination
demand in the initial period of the transition is from
fossil gas up to 2030, beyond which PV and wind
dominate as highlighted in Figure 3.5-22.

Figure 3.5-22: Sub-Saharan Africa — Technology-wise installed capacities for the desalination sector (left) and primary electricity
generation for the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.5-23. Gas comprises
more than 95% of the 0.24 TWh installed storage

capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches
around 3.7 TWhe by 2050 as shown in Figure 3.5-
23.

Figure 3.5-23: Sub-Saharan Africa — Installed storage capacity (left) and storage output (right) during the energy transition from

2015 to 2050.

Investments in  power generation for the
desalination sector occur mainly during 2025 to
2040, as shown in Figure 3.5-24. A majority of the

investment is in wind, PV, and batteries, which

reaches a high of around 1.2 b€ in 2035. The
levelised cost of water declines through the
transition from around 0.75 €/m? in 2015 to around
0.44 €/m® by 2050, as shown in Figure 3.5-24.

Figure 3.5-24: Sub-Saharan Africa — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy

transition from 2015 to 2050.
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Regional outlook

Electricity generation capacities are installed across
Sub-Saharan Africa to satisfy the demand for
power, heat, transport, and desalination up to
2050. Solar PV capacities are predominant across
all regions of Sub-Saharan Africa that have better
solar resources through the year, while wind energy
capacities are mainly in South Africa, Sudan, North
of West Africa, Kenya-Uganda and the Horn of
Africa that have much better wind conditions, as
shown in Figure 3.5-25. Overall, solar PV and
hydropower capacities along with some wind

energy capacities constitute the majority of
installed capacity in 2050 across Sub-Saharan
Africa. Similarly, higher shares of solar PV
generation are present across all regions and
higher shares of wind energy are in the northemn
and eastern regions along with South Africa as
highlighted in Figure 3.5-25. This could enhance
the complementarity of solar PV and wind in an
interconnected energy system across Sub-Saharan
Africa.

Figure 3.5-25: Sub-Saharan Africa — Regional electricity generation capacities (left) and electricity generation (right) in 2050.
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Solar PV capacities are well distributed across the
different regions of Sub-Saharan Africa and achieve
a total installed capacity base of almost 2920 GW
in 2050. Moreover, there are capacities across the
regions and countries with good solar conditions
throughout the year, as shown in Figure 3.5-26.

Whereas, wind energy capacities achieve a total
installed capacity base of just over 110 GW in 2050
and are predominantly in the northern and eastern
regions of Sub-Saharan Africa, which have some
wind potential. This can be observed in Figure 3.5-
26.

Figure 3.5-26: Sub-Saharan Africa — Regional variation of electricity generation capacities of solar PV (top) and wind energy

(bottom) in 2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of Sub-Saharan
Africa are predominantly from PV and wind in 2050,
which are well distributed across the different
countries and regions as shown in Figure 3.5-27.
Solar PV, which supplies an average of 91.5% of
electricity generation across Sub-Saharan Africa, is
more common across all the regions. While wind

energy, which contributes an average of 6.2% of
electricity generation across Sub-Saharan Africa, is
mainly found in South Africa, Sudan, North of West
Africa, Kenya-Uganda and the Horn of Africa.
Overall, solar PV and wind generate most of the
electricity needed across Sub-Saharan Africa by
2050, which is around 97.5% of total electricity
generation.

Figure 3.5-27: Sub-Saharan Africa — Regional variation of electricity generation shares of solar PV (left) and wind energy (right) in

2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of A-CAES by 2050, as shown in
Figure 3.5-28. Storage capacities are much higher
in the western parts of Sub-Saharan Africa, to
complement higher shares of installed solar PV
capacities. The highest installed capacities are

found in Nigeria and South Africa. Batteries, both
prosumers and utility-scale, deliver the largest
shares of output by 2050, as shown in Figure 3.5-
28. A-CAES contributes complementary shares of
electricity storage output through the transition,
across the different regions of Sub-Saharan Africa.

Figure 3.5-28: Sub-Saharan Africa — Regional electricity storage capacities (left) and electricity storage annual throughput (right) in

2050.
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The storage output across the power, heat,
transport, and desalination sectors of Sub-Saharan
Africa is predominantly from batteries (both utility-
scale and prosumers) and some synthetic natural
gas supply in 2050, as shown in Figure 3.5-29.
Batteries, which supply an average of 19.4% of the
storage output across Sub-Saharan Africa, are more
common in the western regions of Sub-Saharan

Africa and South Africa. Synthetic natural gas,
which supplies an average of 0.1% of the total
electricity demand across Sub-Saharan Africa, is
distributed across all the regions. This s
complemented with a supply share of storage from
biomethane of less than 0.1% in 2050 across Sub-
Saharan Africa.

Figure 3.5-29: Sub-Saharan Africa — Regional variation of storage supply shares of batteries (left) and synthetic natural gas (right)

in 2050.
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Greenhouse Gas Emissions

The results of the energy transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in Sub-Saharan
Africa as shown in Figure 3.3-30. The power sector

undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,
the remaining cumulative GHG emissions comprise
around 11 GtCOzq from 2018 to 2050. Therefore,
the energy transition pathway for Sub-Saharan
Africa is in adherence to the ambitious Paris
Agreement target of 1.5°C.

Figure 3.5-30: Sub-Saharan Africa — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.

GHG emissions from the power sector decline
through the transition from around 280 MtCO,
eq./a in 2015 to zero by 2050 as shown in Figure
3.5-31. Similarly, GHG emissions from the heat
sector decline through the transition from over 80
MtCO:; eq./a in 2020 to zero by 2050 as shown in
Figure 3.5-31.

GHG emissions from the transport sector decline
through the transition from around 330 MtCO;
eq./a in 2020 to zero by 2050, as shown in Figure
3.5-32.  Similarly, GHG emissions from the
desalination sector, which are much lower than
those of other sectors, decline through the
transition from around 0.47 MtCO; eq./a in 2025 to
zero by 2050, also visible in Figure 3.5-32.
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Figure 3.5-31: Sub-Saharan Africa — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during

the energy transition from 2015 to 2050.
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Figure 3.5-32: Sub-Saharan Africa — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.

] competitive beyond 2030. Jobs created by storage
Jobs in the Power Sector across Sub-Saharan . . . S .

. technologies mainly driven by batteries, increase in
Africa share beyond 2030 and continue to grow up to
Solar PV is observed to be the prime job creator ~ 2050 (862 thousand jobs in the battery sector). On
through the transition period, with 65% of the total ~ the other hand, jobs associated with fossil fuels,
jobs created by 2050, as depicted in Figure 3.5-33. mainly coal and gas power generation, rapidly
A fair share of jobs are created by wind power (283 diminish across the region. Overall, the number of
thousand jobs in 2025) and bioenergy (377 direct energy jobs are seen to grow massively from
thousand jobs in 2025) initially, which tend to just under 1.2 million in 2015 to nearly 5.5 million
stabilise later on, as solar PV is far more cost by 2050.

Figure 3.5-33: Sub-Saharan Africa — Jobs created by various power generation and storage technologies (left) and jobs created based
on different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.
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With ramp up of installations up to 2035, the
majority of jobs is created in the construction and
installation of power generation technologies.
Manufacturing jobs have a relatively low share in
the initial periods up to 2020, as the share of
imports is high. From 2025 onwards, as domestic
production capabilities build up, a higher share of
manufacturing jobs is observed until 2050 with 19%
of total jobs. The share of fuel related jobs
continues to diminish through the transition period
from 63% of total jobs in 2015 to just 3% of total
jobs by 2050, as conventional power plants are
replaced by renewable and storage technologies.
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By contrast, the share of operation and
maintenance jobs grow through the transition
period reaching 42% of total jobs by 2050. This
could be the boost required for employment
prospects Sub-Saharan Africa, which are
presently stagnating due to low productivity
attributed to the region’'s lack of economic
diversification ¢°. The electricity demand specific
jobs increase from 2399 jobs/TWhe in 2015 to 3235
jobs/TWhe in 2025 with the rapid ramp up in
renewable energy installations. Beyond 2025, it
declines steadily to around 1990 jobs/TWh by
2050, as shown in Figure 3.5-33.
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3.6. South Asian Association for Regional Cooperation (SAARC)

SAARC is a region with a number of fast-paced
growing economies, with around a 9% share of
global GDP . Population in SAARC is 1742 million
in 2015 representing a share of 24% in world
population, which is estimated to be also 24% in
2050. With a rapidly growing population,
unprecedented economic progress and need for
reliable modern energy access, sustainable energy
development is already on top of the agenda for
many of the countries, led by progressive policies
towards renewable energy development adopted
by India in the recent years 7%’ The energy
sector in the SAARC region is vital to its overall
development. Therefore, effective energy planning,
optimal design of the energy infrastructure, wise
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utilisation of all available renewable energy
resources and maximum synergy between the
SAARC  countries foster  sustainable
development across the region. The detailed
results for the energy transition across SAARC are
available in a supplementary data file, the link for
the file can be found in the Appendix.

will

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-emission sources
of energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.6-1.
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Figure 3.6-1: SAARC — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
increases marginally from 10,000 TWh in 2015 to
around 13,000 TWh by 2035, beyond which it
increases substantially up to 24,000 TWh by 2050
as shown in Figure 3.6-1. On the contrary, with low
shares of electrification resulting from the adoption
of current practices until 2050, the primary energy
demand would reach over 50,000 TWh by 2050.
The massive gain in energy efficiency is primarily
due to a high level of electrification of more than
93% resulting in the reduction of around 26,000
TWh by 2050, in comparison to the continuation of
current practices with low shares of electrification.
The population across SAARC is expected to grow
considerably from 1742 to 2329 million by 2050.
Consequently, the average per capita primary
energy demand remains stable around 6
MWh/person from 2015 until 2035 and further, it
increases up to 10 MWh/person by 2050.
Additionally, a substantial demand from fuel

conversion technologies arises beyond 2040, in
producing renewable-based fuels for the transport
sector across SAARC.

Energy Supply

The electricity generation capacity across SAARC
satisfies demand from all energy sectors including
power, heat, transport and desalination. The total
installed capacity grows massively from over 400
GW in 2015 to around 13,000 GW by 2050 as
shown in Figure 3.6-2. In the initial period of the
transition, some shares of wind capacities are
installed up to 2030, but in the later part of the
transition solar PV dominates the shares of installed
capacities reaching almost 11,910 GW by 2050. On
the other hand, the shares of fossil fuels and
nuclear decline through the transition to zero by
2050. Some shares of gas remain, but the fuel
switches from fossil-based gas to synthetic natural
gas produced with renewable electricity and
biomethane.

Figure 3.6-2: SAARC — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right) during

the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.6-3. Solar
PV supply increases through the transition from
47% in 2030 to about 91% by 2050, becoming the
lowest cost energy source. The share of wind
generated power, increases to 19% by 2030 and
decreases up to 6% by 2050. Additionally, some
share of hydropower complements the other
resources through the transition period. In the heat
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sector, electric heating plays a significant role
through the transition with a share of nearly 30% in
2050, complemented by biomass based heating
and heat pumps, as indicated in Figure 3.6-3. On
the other hand, coal-based heating decreases
through the transition from over 63% in 2015 to
zero by 2050, as coal-based CHP and DH is
replaced by electric heating, biomass-based DH
and heat pumps.
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Figure 3.6-3: SAARC - Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
SAARC, fully based on renewable energy across
different sectors. As highlighted in Figure 3.6-4,
storage output covers around 6,700 TWh, of total
electricity demand in 2050. The ratio of electricity

Similarly, heat storage plays a vital role in ensuring

demand covered by energy storage to electricity
generation increases significantly to around 33% by
2035 and remains around 28-30% until 2050.
Additionally, about 6% of electricity demand is
covered by heat storage conversion technologies
by 2050. Batteries emerge as the most relevant
electricity storage technology contributing about
99% of the total electricity storage output by 2050.

(TES) emerges as the most relevant heat storage

Figure 3.6-4: SAARC - Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050

heat demand is covered across all the sectors. As
indicated in Figure 3.6-5, storage output covers
more than 2500 TWhy of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 30% by 2050, also
shown in Figure 3.6-5. Thermal energy storage
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technology with around 56% of heat storage
output by 2050. Furthermore, power-to-gas (PtG)
contributes around 44% of heat storage output in
2050. As fossil fuel usage for heat generation is
completely eliminated in the final five-year period
from 2045-2050, there is an in heat
storage utilisation with minor shares from electricity
to heat storage.

increase
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Figure 3.6-5: SAARC - Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms of
energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
350-1,100 b€ through the transition period and are
well distributed across the major sectors of power,
heat, and transport, as desalination demand across
SAARC takes prominence from 2030 onwards. As
indicated by Figure 3.6-6, power, heat, and
transport costs are in the range of around 350-1000
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b€ through the transition. In addition, as indicated
in Figure 3.6-6 CAPEX increases through the
transition, as fuel costs decline completely. The
steady increase in CAPEX-related energy system
costs indicate that fossil fuel imports and the
respective negative impacts on trade balances will
fade out through the transition. In addition, a low
fossil fuel import dependency will lead to a higher
level of energy security across SAARC enabling
robust economic development in the region.

Figure 3.6-6: SAARC - Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from 2015

to 2050.

As increasing shares of power generation capacities
are added globally, renewable energy sources
become the least costing power generation
sources . As indicated in Figure 3.6-7, levelised
cost of energy remains around €43-57/MWh
through the transition with 51 €/MWh by 2050,
which is increasingly dominated by capital costs as
fuel costs continue to decline through the transition
period. This could mean increased self-reliance in
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terms of energy for SAARC by 2050 as mentioned
earlier. Capital costs are well spread across a range
of technologies with major investments for PV,
wind energy, batteries, heat pumps, and synthetic
fuel conversion technologies up to 2050, as shown
in Figure 3.6-7. The cumulative investments are
about 9,770 b€ through the transition from 2016-
2050.
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Figure 3.6-7: SAARC - Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy transition

from 2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across SAARC emerge through
the transition. As the sectors move towards having
higher shares of renewable energy, different
technologies have vital roles in ensuring the
stability of the energy system. A closer look at the
individual sectors provides further insights into the
energy transition across SAARC towards 100%
renewable energy.

Power and Heat

The total installed power generation capacity
increases from nearly 400 GW in 2015 to around
6,700 GW by 2050, as shown in Figure 3.6-8.
Across the power sector, solar PV with over 5,900
GW and wind with over 290 GW constitute the
majority of installed capacities by 2050. In addition,
complemented by some shares of hydropower. In
the heat sector, heat pumps, electric heating, solar
thermal and biomass-based heating constitute the
majority of installed capacities by 2050, also shown
in Figure 3.6-8.

Figure 3.6-8: SAARC — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from

2015 to 2050.
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The transition across SAARC results in a power and
heat sector dominated by fossil fuels with some
shares of nuclear in 2015 moving towards a solar
PV and wind energy dominated sector by 2050,
complemented by hydropower and bioenergy as
shown in Figure 3.6-9. The primary electricity
generation increases from around 1,750 TWh in
2015 to around 10,800 TWh by 2050, which is

primarily from PV and wind along with some
hydropower. Similarly, heat generation increases
from around 2,300 TWh in 2015 to around 6,700
TWh by 2050, which comes predominantly from
electric heating along with some shares from heat
pumps, solar thermal, non-fossil gas and biomass-
based heating, also shown in Figure 3.6-9.

Figure 3.6-9: SAARC - Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacity increases
from just 0.1 TWh in 2015 to over 12 TWh by 2050,
as shown in Figure 3.6-10. Major shares of utility-
scale and prosumer batteries with minor shares of
PHES and A-CAES are installed through the
transition. The installed heat storage increases
gradually until 2045 to around 20 TWh, but in the

final five-year period up to 2050, a massive
capacity of gas storage of nearly 115 TWh s
added, as shown in Figure 3.6-10. This substantial
capacity addition is mainly to provide heat storage
across SAARC covering the industrial heat demand
in the absence of fossil fuels. Some minor shares of
TES are installed through the transition.

Figure 3.6-10: SAARC - Installed electricity storage capacities (left) and heat storage capacities (right) during the energy transition

from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a ~ 80-95% of heat storage output until 2045 and
major share of electricity storage output with nearly around 53% in 2050 as shown in Figure 3.6-10. Gas
99% by 2050, as highlighted by Figure 3.6-11. In storage contributes around 47% of the heat
addition, PHES and A-CAES contribute just minor ~ storage output in 2050 covering predominantly
shares through the transition. TES emerges as the industrial heat demand, replacing fossil fuels in the
most relevant heat storage technology with around last five-year period.

Figure 3.6-11: SAARC - Electricity storage output (left) and heat storage output (right) during the energy transition from 2015 to
2050.

LCOE of the power sector decreases substantially ~ as shown in Figure 3.6-12. LCOH is predominantly
from around 69 €/MWh in 2015 to around 46  comprised of CAPEX as fuel costs decline through
€/MWh by 2050, as shown in Figure 3.6-12. LCOE the transition. Despite a substantial increase in heat
is predominantly comprised of CAPEX as fuel costs ~ demand across SAARC, mainly driven by industrial
decline through the transition. Whereas, LCOH of process heat, the LCOH increase up to 2050 is not
the heat sector increases significantly from around very dramatic.

23 €/MWh in 2015 to around 49 €/MWh by 2050,

Figure 3.6-12: SAARC - Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from 2015
to 2050.
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Investments are well spread across a range of
power generation technologies with the majority
share in solar PV that dominates investments up to
2050 along with some shares in wind and
hydropower,  as Figure 3.6-13.
Investments in the heat sector are mainly in heat
pumps and some shares in solar thermal and

shown in

biomass heating up to 2050, also shown in Figure
3.6-13. The steep heat pump
investments in the final five-year period until 2050
is mainly to cover the heat demand in the absence
of fossil fuels as well as the lower costs of heat
pumps by 2050.

increase in

Figure 3.6-13: SAARC - Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right) during

the energy transition from 2015 to 2050.

Transport

The final energy demand of the transport sector in
2015 across SAARC around 2,500 TWh.
However, this demand increases marginally
through the transition to around 4,000 TWh until
2035, mainly due to the efficiency gains brought
about by electrification of the sector and further
increases substantially up to 6000 TWh by 2050 as
shown in Figure 3.6-14. On the contrary, fossil fuel
consumption in the transport sector across SAARC
declines through the transition from about 96% in

is

2015 to zero by 2050. While, liquid fuels produced
by renewable electricity contribute around 30% of
final energy demand in 2050. In addition, hydrogen
constitutes more than 26% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil  fuel usage the transport sector.
Electrification of the transport sector creates an
electricity demand of over 9,100 TWhe by 2050.
The massive demand for liquid fuels kicks in from
2040 onwards up until 2050, as indicated in Figure
3.6-14.

in

Figure 3.6-14: SAARC - Final energy demand for transport (left) and electricity demand for sustainable transport (right) during the

energy transition from 2015 to 2050.
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Installed power generation capacity for the
transport sector increases substantially through the
transition to around 5,250 GW by 2050, as shown
in Figure 3.6-15. Solar PV and wind form the
majority share of the power generation capacity for
the transport sector, as they are the least costing

energy sources by 2050. Similarly, electricity
generation increases substantially up to almost
9,700 TWh by 2050 also to be seen in Figure 3.6-
15. Solar PV and wind energy generate all the
electricity required to meet the demand of the
transport sector in 2050.

Figure 3.6-15: SAARC - Transport sector installed power generation capacity (left) and electricity generation (right) during the

energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.6-16, the
installed capacities of electricity storage increase
through the transition to around 4.7 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to almost
1,600 TWhe by 2050 as shown in Figure 3.6-16.

in

Utility-scale batteries play a vital role as they
contribute a major portion of the output through
the transition, with around 1,300 TWh, by 2050.
The relatively low electricity storage of less than
20% of generated electricity for the transport
sector is enabled by the flexible operation of
batteries, water electrolyser units, and hydrogen
buffer storage for synthetic fuel production.

Figure 3.6-16: SAARC - Transport sector installed electricity storage capacity (left) and electricity storage output (right) during the

energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated Figure 3.6-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 2,800 GW
by 2050. Water electrolysis forms the majority share

in

of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO,
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 1,300 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.6-17.

Figure 3.6-17: SAARC - Transport sector installed capacity for fuel conversion (left) and heat management (right) during the energy

transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.6-18, the
installed storage capacity for gas increases through
the transition to around 32 TWh by 2050.
Hydrogen is the major gas stored through the
transition, with some share for methane gas in
2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,
are installed from 2040 onwards. The installed

capacities for CO. storage and CO, direct air
capture increase up to around 480 MtCO, by 2050,
as shown in Figure 3.6-18. The major share of
installed storage capacity is CO; direct air capture,
which is on an annual basis as compared to CO;
storage. Despite having a lower storage capacity,
CO, storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.6-18: SAARC - Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO: direct air capture
and CO: storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across SAARC
and their developing trends are highlighted in
Figure 3.6-19. FT and SNG fuel costs decline
through the transition up to 2050 and FT fuels are
cost competitive with fossil liquid fuels including
GHG emissions costs, at around 85 €/MWh in
2050. In addition, SNG is more cost effective than
LNG in 2050. Electricity emerges as the most cost
effective option with LCOE primary at around 11
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€/MWh and along with complementary costs of
storage and other system components, total LCOE
is around 27 €/MWh in 2050. Similarly, H fuel costs
decline to be more cost competitive that fossil
fuels, in the range of 52 €/MWh in 2050, while
liquid H; is in the range of 57 €/MWh. CO; from
DAC is a critical component for synthetic fuels at
around 31 €/tCOsq in 2050, using waste heat, as
shown in Figure 3.6-19.

Figure 3.6-19: SAARC - Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs in

2050 (right).

The final energy costs for transport are in the range
of 170-330 b€ through the transition period with an
increase from around 170 b€ in 2015 to about 330
b€ by 2050, as Figure 3.6-20.
Furthermore, annual system costs transition from
being heavily dominated by fuel costs in 2015 to a
very diverse share of costs across various
technologies for electricity, synthetic fuels and
sustainable biofuel production by 2050, as

shown in

highlighted in Figure 3.6-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.6-20: SAARC - Final transport energy costs based on mode of transport (left) and source of energy (right) during the

energy transition from 2015 to 2050.

132



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: SAARC

The final transport passenger costs decline from
around 0.09 €/p-km in 2015 to 0.063 €/p-km by
2050, as shown in Figure 3.6-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
there is a marginal decrease. Similarly, final

transport freight costs decline from around 0.048
€/t-km in 2015 to 0.017 €/t-km by 2050, as shown
in Figure 3.6-21. The final freight costs in the case
of road declines through the transition, whereas it
decreases slightly for rail and remains stable for
aviation and marine.

Figure 3.6-21: SAARC - Final transport passenger cost (left) and final transport freight cost (right) during the energy transition

from 2015 to 2050.

Desalination

The desalination demand in SAARC is relatively
small and mainly arises from 2030 onwards, as
compared to other regions of the world. Therefore,
the installed capacity of power generation for the
desalination sector increases through the transition

to around 920 GW by 2050 as shown in Figure 3.6-
22. Solar PV and wind comprise the majority of
installed capacities from 2030 until 2050. Primary
electricity generation to meet the desalination
demand in the initial period of the transition is from
fossil gas up to 2030, beyond which PV and wind
dominate as highlighted in Figure 3.6-22.

Figure 3.6-22: SAARC - Technology-wise installed capacities for the desalination sector (left) and primary electricity generation for
the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacities for desalination
occur mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.6-23. Gas comprises
more than 95% of the nearly 50 TWh installed
storage capacity 2050, whereas batteries
contribute the majority of the storage output,
which reaches more than 750 TWhe by 2050 as
shown in Figure 3.6-23.

in

Investments  in generation for the
desalination sector occur mainly during 2030 to
2050, as shown in Figure 3.6-24. A majority of the
investments are in wind, PV, and batteries, which
reach a high of around 195 b€ in 2040. The
levelised cost of water declines through the
transition from around 1 €/m?® in 2015 to around

0.75 €/m® by 2050, as shown in Figure 3.6-24.

power

Figure 3.6-23: SAARC - Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to 2050.

Figure 3.6-24: SAARC - Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition

from 2015 to 2050.

134



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: SAARC

Regional Outlook

Electricity generation capacities are installed across
SAARC to satisfy the demand for power, heat,
transport, and desalination up to 2050. Solar PV
capacities are predominant across all regions of
SAARC that have good solar resources throughout
the year, while wind energy capacities are mainly in
the southern regions of SAARC that have much
better wind conditions, as shown in Figure 3.6-25.
Overall, solar PV and wind capacities along with
some hydropower capacities constitute the majority

of installed capacity in 2050 across SAARC.
Similarly, higher shares of solar PV generation are
present across all the regions and higher shares of
wind energy are in the southern regions as
highlighted in Figure 3.6-25. This could enhance
the complementarity of solar PV and wind in an
interconnected SAARC energy system and also
neutralise the effects of the monsoon season across
the region.

Figure 3.6-25: SAARC - Regional electricity generation capacities (left) and electricity generation (right) in 2050.
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Solar PV capacities are well distributed across the ~ Whereas, wind energy capacities achieve a total
different regions of SAARC and achieve a total installed capacity base of nearly 345 GW in 2050
installed capacity base of almost 11,910 GW in  and are predominantly in the southern and western
2050. Moreover, there are capacities across the  regions of south Asia, which have some wind
regions and countries with good solar conditions potential. This can be observed in Figure 3.6-26.
throughout the year, as shown in Figure 3.6-26.

Figure 3.6-26: SAARC - Regional variation of electricity generation capacities of solar PV (top) and wind energy (bottom) in 2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of SAARC are
predominantly from PV and wind in 2050, evenly
distributed across the regions as shown in Figure
3.6-27. Solar PV, which supplies an average of
94.6% of electricity generation across SAARC, is
more common across all the regions. While wind

energy, which contributes an average of just 3.6%
of electricity generation across SAARC, is mainly
found in the southern regions of India-West, India-
Central West, India-Central South and Sri Lanka.
Overall, solar PV and wind generate most of the
electricity needed across SAARC by 2050, which is
around 98.2% of total electricity generation.

Figure 3.6-27: SAARC — Regional variation of electricity generation shares of solar PV (left) and wind energy (right) in 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of A-CAES by 2050, as shown in
Figure 3.6-28. Storage capacities are much higher
in the northern and western parts of SAARC, to
complement higher shares of installed solar PV

capacities, compared to the southern regions.
Batteries, both prosumers and utility-scale, deliver
the largest shares of output by 2050, as shown in
Figure 3.6-28. A-CAES contributes complementary
shares of electricity storage output through the
transition, across the different regions of SAARC.

Figure 3.6-28: SAARC - Regional electricity storage capacities (left) and electricity storage annual throughput (right) in 2050.
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The storage output across the power, heat,
transport, and desalination sectors of SAARC is
predominantly from batteries (both utility-scale and
prosumers) and some synthetic natural gas supply
in 2050, as shown in Figure 3.6-29. Batteries, which
supply an average of 32.4% of the storage output
across SAARC, are more common in the northern

and western regions of SAARC. Synthetic natural
gas, which supplies an average of 0.3% of the total
electricity demand across SAARC, is spread across
the different regions. This is complemented with a
supply share of storage from biomethane of less
than 0.1% in 2050 across SAARC.

Figure 3.6-29: SAARC - Regional variation of storage supply shares of batteries (left) and synthetic natural gas (right) in 2050.
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undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this

The results of the energy transition towards a 100% occurs mostly between 2030 and 2050. Moreover,
renewable energy system indicate a sharp decline the remaining cumulative GHG emissions comprise
in GHG emissions until 2050, reaching zero GHG around 49 GtCOzq from 2018 to 2050. Therefore,
emissions by 2050 across the power, heat, the energy transition pathway for SAARC is in
transport, and desalination sectors in SAARC as adherence to the ambitious Paris Agreement target
shown in Figure 3.6-30. The power sector of 1.5°C.
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Figure 3.6-30: SAARC - Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

GHG emissions from the power sector decline around 1,100 MtCO; eq./a in 2015 to zero by 2050,
through the transition from around 1,000 MtCO, as shown in Figure 3.6-32. Similarly, GHG emissions
eq./a in 2020 to zero by 2050 as shown in Figure  from the desalination sector, which are much lower
3.6-31. Similarly, GHG emissions from the heat  than those of other sectors, increase through the
sector decline through the transition from over 600  transition from around 3 MtCO; eq./a in 2015 to
MtCO:; eq./a in 2015 to zero by 2050 as shown in  about 28 MtCO, eq./a in 2045 and then drop to
Figure 3.6-31. zero by 2050, also visible in Figure 3.6-32.

GHG emissions from the transport sector after an
initial increase, decline through the transition from

Figure 3.6-31: SAARC — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the energy
transition from 2015 to 2050.
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Figure 3.6-32: SAARC — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right) during the
energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the Power Sector across SAARC

Solar PV with 4.18 million jobs and battery storage
with 894 thousand jobs emerge as the major job
creators across the region by 2050 as shown in
Figure 3.6-33. Wind energy with 504 thousand in
2030, hydropower with 297 thousand jobs in 2020
and bioenergy with 523 thousand jobs in 2025
create a fair share of the jobs in the initial periods
of the transition. Beyond 2030, the shares decrease
and stabilise until 2050. The storage sector led by
batteries create a fair share of the jobs in 2030 with
23% of total jobs and continue to contribute until

2050 with a steady share. Whereas, the jobs
associated primarily with coal and gas power
generation diminish rapidly. The total number of
direct energy jobs increase rapidly from over 4.2
million in 2015 to just over 7 million by 2030,
thereafter stabilising around 5.8 million by 2050.
This drop is primarily due to the rapid ramping up
of power capacity installations to ensure energy
access for the vast number of un-electrified people
in this region up to 2030. Beyond that, capacity
addition would be at a slower rate to fulfil
economic development.

Figure 3.6-33: SAARC - Jobs created by various power generation and storage technologies (left) and jobs created based on
different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.
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With a rapid ramp up of installations up to 2030,
the majority of jobs is created in the construction
and installation of power generation technologies
with 40% of total jobs in 2030. Manufacturing jobs
increase in share from 2020 to 2030, with minor
shares of exports (domestic manufacturing creates
25% and exports creates 2% of total jobs in 2030).
The SAARC region is an importer as well as an
exporter of power generation technologies.
Beyond 2030, as production capabilities in other
importing regions build up, a relatively low share of
manufacturing jobs is observed until 2050 (around
18% of total jobs). The share of fuel related jobs
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continues to diminish through the transition period,
as conventional power plants are replaced by
renewable and storage technologies (from 49% of
total jobs in 2015 to just 1% of total jobs by 2050).
By contrast, the share of operation and
maintenance jobs continues to grow through the
transition period with 48% of total jobs by 2050.
The electricity demand specific jobs decrease
steadily from 2508 jobs/TWh in 2015 to 2335
jobs/TWhe in 2030 with the rapid ramp up in
renewable energy installations. Beyond 2030, it
declines rapidly to around 834 jobs/TWh, by 2050,
as shown in Figure 3.6-33.



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Northeast Asia

3.7. Northeast Asia

The Northeast Asian region is comprised of the
fastest growing economies, with around a 25%
share of global GDP 72 Population in Northeast
Asia is 1581 million in 2015 representing a share of
22% in world population, which is estimated to be
16% in 2050. With rapid industrialisation,
unprecedented economic progress and a soaring
appetite for energy, states across the region are
stepping up their efforts to secure the energy
supplies needed to sustain this rapid expansion.
The energy sector in Northeast Asia is vital to its
overall development. Therefore, effective energy
planning, optimal design, wise utilisation of all
available renewable energy resources and

40,000

35,000

30,000

25,000

20,000

15,000 -

10,000 -

Primary energy demand by sector [TWh

o
[=]
(=3
=]

Transport
Bl Desalination
[ ]

o

2020 2030 2040 2050
Years
T . A 1620
= - ~
Qo -
10 -
g VA ™~
= 11600
@ / =
= 8r S/ S
S6 J/ =
a2 1580 E
£Eg 6 c
E g
53 11560 &
8E ¢ :
Foy o
= o
£ 2t 1540
3
w ol 1520
2020 2030 2040 2050
Years

Il Electricity consumption per capita [MWh/person]
Average electricity consumption per capita for OECD countries [MWh/person]
—4—Population [million]

maximum synergy between various regions of the
Northeast Asian countries will foster sustainable
development in the region. The detailed results for
the energy transition across Northeast Asia are
available in a supplementary data file, the link for
the file can be found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.7-1.
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Figure 3.7-1: Northeast Asia — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
decreases from about 37,000 TWh in 2015 to
around 30,000 TWh by 2035 and increases up to
over 40,000 TWh by 2050. On the contrary, with
low shares of electrification resulting from the
adoption of current practices until 2050, the
primary energy demand would reach over 80,000
TWh by 2050. The massive gain in energy efficiency
is primarily due to a high level of electrification of
more than 92% resulting in the reduction of around
40,000 TWh by 2050, in comparison to the
continuation of current practices with low shares of
electrification. The population across northeast Asia
is expected to shrink slightly from 1581 to 1537
million by 2050. Correspondingly, the average per
capita energy demand decreases from around 24
MWh/person in 2015 to 19 MWh/person by 2035
and increases up to nearly 27 MWh/person by
2050. However, a higher demand for industrial
process heat as well as demand for desalination
reduces the overall gains and contributes to an
increase in energy demand in the later years of the

transition, from 2035 to 2050. Additionally, a
substantial demand  from  fuel
technologies arises beyond 2040, in producing
renewable-based fuels for the transport sector
across Northeast Asia.

conversion

Energy Supply

The electricity generation capacity across Northeast
Asia satisfies demand from all energy sectors
including power, heat, transport and desalination.
The total installed capacity grows massively from
over 1800 GW in 2015 to around 22,500 GW by
2050 as shown in Figure 3.7-2. In the initial period
of the transition, a larger share of wind capacities
are installed up to 2030, but in the later part of the
transition solar PV dominates the shares of installed
capacities reaching almost 17,770 GW by 2050. On
the other hand, the shares of fossil fuels and
nuclear decline through the transition to zero by
2050. Some shares of gas remain, but the fuel
switches from fossil based gas to synthetic natural
gas produced with renewable electricity and
biomethane.

Figure 3.7-2: Northeast Asia — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right)

during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.7-3. Solar
PV supply increases through the transition from
29% in 2030 to about 72% by 2050, becoming the
lowest cost energy source. Wind energy increases
to 49% by 2030 and the shares decline to around
22% by 2050. Also, complemented by some shares
of hydropower through the transition. In the heat
sector, heat pumps play a significant role through
the transition with a share of nearly 44% of heat
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generation by 2050 on both the district and
individual levels, as indicated in Figure 3.7-3. On
the other hand, coal-based heating decreases
through the transition from over 64% in 2015, to
zero by 2050. Additionally, fossil fuel-based
heating decreases through the transition period, as
coal-based CHP and DH is replaced by electric
heating, waste-to-energy CHP, biomass-based DH,
and IH. Additionally, some shares of solar thermal
and non-fossil gas based heating contribute
through the transition.
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Figure 3.7-3: Northeast Asia — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the

energy transition from 2015 to 2050.
Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
northeast Asia, fully based on renewable energy
across different sectors. As highlighted in Figure
3.7-4, storage output covers more than 8,100 TWhe,
of total electricity demand in 2050. The ratio of
electricity demand covered by energy storage to
electricity generation increases significantly to over
15% by 2035 and thereafter increase steadily up to

around 23% by 2050. Additionally, about 6% is
covered by heat storage conversion to electricity
by 2050. Batteries emerge as the most relevant
electricity storage technology contributing about
91% of the total electricity storage output by 2050.
Additionally, a significant share of gas storage is
installed to provide seasonal storage primarily
during the cold winter season across some of the
regions of northeast Asia.

Figure 3.7-4: Northeast Asia — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.7-5, storage output covers
more than 6,000 TWhy, of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 33% by 2050, also
shown in Figure 3.7-5. Thermal energy storage

145

(TES) emerges as the most relevant heat storage
technology with around 64% of heat storage
output by 2050. Furthermore, power-to-gas (PtG)
contributes around 36% of heat storage output in
2050. As fossil fuel usage for heat generation is
completely eliminated in the final five-year period
from 2045-2050, there is an in heat
storage utilisation.

increase
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Figure 3.7-5: Northeast Asia — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
1,350-2,200 b€ through the transition period and
are well distributed across the major sectors of
power, heat, and transport, as desalination demand
in northeast Asia is relatively smaller and arises
2035 onwards. As indicated by Figure 3.7-6, power,
heat, and transport costs increase from around
1,350 b€ in 2015 to around 2,100 b€ by 2050, with
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500

Total annual system cost [b€]

2020

2030
Years

2040

stable shares through the transition. In addition, as
indicated in Figure 3.7-6 CAPEX increases through
the transition, as fuel costs decline. The steady
increase in CAPEX-related energy system costs
indicate that fossil fuels imports and the respective
negative impacts on trade balances will fade out
through the transition. In addition, lower fossil fuels
import dependency will lead to higher levels of
energy security across northeast Asia.

Figure 3.7-6: Northeast Asia — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition

from 2015 to 2050.

As increasing shares of power generation capacities
are added across Northeast Asia, renewable energy
become the least costing power
generation sources . As indicated in Figure 3.7-7,
levelised cost of energy remains around €50-
60/MWh and is increasingly dominated by capital
costs as fuel costs continue to decline through the
transition period, which could mean increased self-

sources
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reliance in terms of energy for northeast Asia by
2050 as mentioned earlier. Capital costs are well
spread across a range of technologies with major
investments for PV, wind energy, batteries, heat
pumps, and synthetic fuel conversion up to 2050,
as shown in Figure 3.7-7. The cumulative
investments are about 19,200 b€ through the
transition from 2016-2050.
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Figure 3.7-7: Northeast Asia — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy

transition from 2015 to 2050.

Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across Northeast Asia emerge
through the transition. As the sectors transition
towards having higher shares of renewable energy,
different technologies have vital roles in ensuring
the stability of the energy system. A closer look at
the individual sectors provides further insights into
the energy transition across Northeast Asia towards
100% renewable energy.

Power and Heat

The total installed power generation capacity
increases from nearly 2,000 GW in 2015 to over
15,600 GW by 2050, as shown in Figure 3.7-8.

Across the power sector, solar PV with almost
11,640 GW and wind with around 1,570 GW
constitute the majority of installed capacities by
2050. Complemented by some shares of
hydropower. In the heat sector, heat pumps,
electric heating, solar thermal and biomass-based
heating constitute the majority of installed capacity
by 2050, also shown in Figure 3.7-8. An increase in
the installed capacities of heat pumps and electric
heating occurs in the final five-year period leading
up to 2050, as fossil fuels are completely
eliminated from the Northeast Asian energy
system.

Figure 3.7-8: Northeast Asia — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from

2015 to 2050.
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The transition across Northeast Asia results in a
power and heat sector dominated by fossil fuel and
nuclear in 2015 moving towards a solar PV and
wind energy dominated sector by 2050, with some
hydropower as shown in Figure 3.7-9. The primary
electricity generation increases from around 7,500
TWh in 2015 to around 24,500 TWh by 2050, which

is primarily from PV and wind. Heat generation
increases marginally from around 14,000 TWh in
2015 to around 16,100 TWh by 2050, which is
predominantly from heat pumps and electric
heating with some solar thermal and biomass-
based heating, also shown in Figure 3.7-9.

Figure 3.7-9: Northeast Asia — Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacity increases
from just around 0.5 TWh in 2015 to over 17 TWh
by 2050, as shown in Figure 3.7-10. Utility-scale
and prosumer batteries with some shares of PHES
and A-CAES are installed through the transition.
The installed capacities of A-CAES are also a
consequence of the modelling approach, which
prioritises full domestic energy supply for all

northeast Asian regions. The installed heat storage
increases gradually until 2045 to around 21 TWh,
but in the final five-year period up to 2050, a
massive capacity of gas storage of nearly 90 TWh is
added, as shown in Figure 3.7-10. This substantial
capacity addition is mainly to provide seasonal
storage across northeast Asia covering the heat
demand in the absence of fossil fuels.

Figure 3.7-10: Northeast Asia — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy

transition from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
91% by 2050, as highlighted by Figure 3.7-11. In
addition, PHES and A-CAES contribute some
shares through the transition. TES emerges as the
most relevant heat storage technology with a

majority share of heat storage output from through
the transition, with 64% by 2050 also seen in Figure
3.7-11. Gas storage contributes around 36% of the
heat storage output 2050  covering
predominantly ~ seasonal demand, previously
covered by fossil fuels.

in

Figure 3.7-11: Northeast Asia — Electricity storage output (left) and heat storage output (right) during the energy transition from

2015 to 2050.

LCOE of the power sector decreases steadily from
around 74 €/MWh in 2015 to around 60 €/MWh by
2050, Figure 3.7-12. LCOE
predominantly comprised of CAPEX as fuel costs
decline through the transition. Whereas, LCOH of
the heat sector increases through the transition
from around 34 €/MWh in 2015 to around 54

as shown in is

€/MWh by 2050, as shown in Figure 3.7-12. LCOH
is predominantly comprised of CAPEX as fuel costs
decline through the transition. Despite a substantial
increase in heat demand across northeast Asia,
mainly driven by industrial process heat, the LCOH
increase is quite steady up to 2050.

Figure 3.7-12: Northeast Asia — Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition

from 2015 to 2050.
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Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.7-13. Investments in the heat
sector are mainly in heat pumps and some shares in

Figure 3.7-13: Northeast Asia — Capital costs of installed generation

(right) during the energy transition from 2015 to 2050.

Transport

The final energy demand of the transport sector
across Northeast Asia is almost the same as the
energy demand from the power sector at around
7,300 TWh in 2015. However, this demand
increases through the transition to around 8,700
TWh by 2025 and further on declines back to
around 7,200 TWh by 2035, beyond which it
increases steadily up to about 8,000 TWh by 2050
as shown in Figure 3.7-14. Despite tremendous
growth in transport activities, the demand rise is
quite low mainly due to the efficiency gains
brought about by electrification of the sector as

shown in Figure 3.7-14. On the contrary, fossil fuels
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biomass heating up to 2050, also shown in Figure
3.7-13. The steep increase in heat pump
investments in the final five-year period until 2050
is mainly to cover the heat demand in the absence
of fossil fuels as well as the lower costs of heat
pumps by 2050.

capacities in five-year intervals for electricity (left) and heat

consumption in the transport sector across
northeast Asia is seen to decline through the
transition from about 97% in 2015 to zero by 2050.
While, liquid fuels produced by renewable
electricity contribute around 30% of final energy
demand in 2050. In addition, hydrogen constitutes
more than 22% of final energy demand in 2050.
Sustainably produced biofuels contribute a minor
share to enable a complete elimination of fossil fuel
usage in the transport sector. Electrification of the
transport sector creates an electricity demand of
around 12,000 TWhe by 2050. The massive
demand for liquid fuels kicks in from 2040 onwards
up until 2050, as indicated in Figure 3.7-14.

Figure 3.7-14: Northeast Asia — Final energy demand for transport (left) and electricity demand for sustainable transport (right)

during the energy transition from 2015 to 2050.
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Installed power generation capacity for the
transport sector increases substantially through the
transition to around 6,250 GW by 2050, as shown
in Figure 3.7-15. Solar PV and wind form the
majority shares of the power generation capacities
for the transport sector, as they are the least

costing energy sources by 2050. Similarly,
electricity generation increases substantially up to
almost 12,500 TWh by 2050 as shown in Figure 3.7-
15. Solar PV and wind energy generate all the
electricity required to meet the demand of the
transport sector in 2050.

Figure 3.7-15: Northeast Asia — Transport sector installed power generation capacity (left) and electricity generation (right) during

the energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.7-16, the
installed capacities of electricity storage increase
through the transition to around 5.1 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES with some shares of PHES.
Similarly, electricity storage output increases
through the transition to over 1,700 TWhe by 2050

in

as shown in Figure 3.7-16. Utility-scale batteries
play a vital role as they contribute a major portion
of the output through the transition, with over
1,400 TWhe by 2050. The relatively low electricity
storage of less than 15% of generated electricity for
the transport sector is enabled by the flexible
operation of batteries, water electrolyser units, and
hydrogen buffer storage for synthetic fuel
production.

Figure 3.7-16: Northeast Asia — Transport sector installed electricity storage capacity (left) and electricity storage output (right)

during the energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher levels of electrification
completely based on renewable energy is the

production of synthetic fuels, hydrogen and
sustainable biofuels. As indicated in Figure 3.7-17,
the installed capacities of fuel conversion

technologies increase substantially from 2040
onwards to over 2,700 GW by 2050. Water
electrolysis forms the majority share of fuel

conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO;
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 1,550 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.7-17.

Figure 3.7-17: Northeast Asia — Transport sector installed capacity for fuel conversion (left) and heat management (right) during

the energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.7-18, the
installed storage capacity for gas increases through
the transition to around 60 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a major share for methane gas
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,

are installed from 2040 onwards. The installed

capacity for CO; storage and CO; direct air capture
increases up to around 580 MtCO, by 2050, as
shown in Figure 3.7-18. The major share of installed
storage capacity is CO; direct air capture, which is
on an annual basis as compared to CO: storage.
Despite having a lower storage capacity, CO;
storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.7-18: Northeast Asia — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO2 direct
air capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across
Northeast Asia and their developing trends are
highlighted in Figure 3.7-19. FT and SNG fuel costs
decline through the transition up to 2050 and FT
fuels are cost competitive with fossil liquid fuels
including GHG emissions costs, at around 74
€/MWh in 2050. In addition, SNG is more cost
effective than LNG in 2050. Electricity emerges as
the most cost effective option with LCOE primary
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around 13 €/MWh and along with complementary
costs of storage and other system components,
total LCOE is around 28 €/MWh in 2050. H, fuel
costs decline to be more cost competitive that
fossil fuels, in the range of 57 €/MWh in 2050,
while liquid H; is in the range of 61 €/MWh. CO,
from DAC is a critical component for synthetic fuels
at around 31 €/MWh in 2050, using waste heat, as
shown in Figure 3.7-19.

Figure 3.7-19: Northeast Asia — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel

costs in 2050 (right).

The total annual energy costs for transport are in
the range of 410-530 b€ through the transition
period with a decline from around 460 b€ in 2015
to about 410 b€ by 2050, as shown in Figure 3.7-
20. Furthermore, annual system costs transition
from being heavily dominated by fuel costs in 2015
to a very diverse share of costs across various
technologies for electricity, synthetic fuels and

sustainable biofuel production by 2050, as

highlighted in Figure 3.7-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.7-20: Northeast Asia — Final transport energy costs based on mode of transport (left) and source of energy (right) during

the energy transition from 2015 to 2050.
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The final transport passenger costs declines from
around 0.098 €/p-km in 2015 to under 0.06 €/p-km
by 2050, as shown in Figure 3.7-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
decrease. Similarly, final

there is a marginal

transport freight costs decline from around 0.075
€/t-km in 2015 to 0.02 €/t-km by 2050, as shown in
Figure 3.7-21. The final freight costs in the case of
road declines through the transition, whereas it
decreases slightly for rail and remains stable for
aviation and marine.

Figure 3.7-21: Northeast Asia — Final transport passenger cost (left) and final transport freight cost (right) during the energy

transition from 2015 to 2050.

Desalination

The desalination demand in Northeast Asia arises
2030 onwards in a significant manner. Therefore,
the installed capacities of power generation for the
desalination sector increases from around 1 GW in
2015 to around 820 GW by 2050 as shown in
Figure 3.7-22. Solar PV and wind comprise the

majority of installed capacities from 2030 until
2050. Primary electricity generation to meet the
desalination demand in the initial period of the
transition is from fossil gas up to 2030, beyond
which PV and wind dominate as highlighted in
Figure 3.7-22.

Figure 3.7-22: Northeast Asia — Technology-wise installed capacities for the desalination sector (left) and primary electricity
generation for the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.7-23. Gas comprises
more than 95% of the 38 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches more
than 550 TWhe by 2050 as shown in Figure 3.7-23.

Investments  in generation for the
desalination sector occur mainly during 2030 to
2050, as shown in Figure 3.7-24. A majority of the
investment is in wind, PV, and batteries, which
reaches a high of over 180 b€ in 2040. The
levelised cost of water increases through the
transition from around 1.05 €/m® in 2015 to over

1.2 €/m® by 2050, as shown in Figure 3.7-24.

power

Figure 3.7-23: Northeast Asia — Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to

2050.

Figure 3.7-24: Northeast Asia — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy

transition from 2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
northeast Asia to satisfy the demand for power,
heat, transport, and desalination up to 2050. Solar
PV capacities are predominantly in the southern
regions of northeast Asia that have better solar
resources throughout the year, while wind energy
capacities are mainly in the northern and western
regions of Northeast Asia as in China Tibet and
China North, as well as in China Northeast that
have much better wind conditions, as shown in
Figure 3.7-25. Additionally, a large share of wind
energy capacities is installed in central parts of

China, which is northeast of Tibet and has almost
50% of electricity generation from wind. Overall,
solar PV and wind capacities along with some
hydropower capacities constitute the majority of
installed capacities in 2050 across Northeast Asia.
Similarly, higher shares of solar PV generation are
in the southern regions and higher shares of wind
energy are in the northern and western regions as
highlighted in Figure 3.7-25. This could enhance
the complementarity of solar PV and wind in an
interconnected Northeast Asian energy system.

Figure 3.7-25: Northeast Asia — Regional electricity generation capacities (left) and electricity generation (right) in 2050.
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Solar PV capacities are well distributed across the
different regions of Northeast Asia and achieve a
total installed capacity base of almost 17,770 GW
in 2050. Moreover, there are capacities across the
regions and countries with good solar conditions
throughout the year, as shown in Figure 3.7-26.
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Whereas, wind energy capacities achieve a total
installed capacity base of around 2420 GW in 2050
and are distributed across Northeast Asia, which
have some good wind potential. This can be
observed in Figure 3.7-26.
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Figure 3.7-26: Northeast Asia — Regional variation of electricity generation capacities of solar PV (left) and wind energy (right) in

2050.

The electricity generation across the power, heat,
transport, and desalination sectors of Northeast
Asia are predominantly from PV and wind in 2050,
which are well spread across the different regions
as shown in Figure 3.7-27. Solar PV, which supplies
an average of 73.3% of electricity generation across
northeast Asia, is more common across all the
regions of northeast Asia. While wind energy,
which contributes an average of 22.8% of electricity

average for regions: 73.3%
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generation across northeast Asia, is mainly found in
the northern and western regions of northeast Asia
as in China (Tibet) and China (North), as well as in
China Northeast and both regions of Japan.
Overall, solar PV and wind generate most of the
electricity needed across Northeast Asia by 2050,
which is around 96.1% of total electricity
generation.

average for regions: 22.8%

[ i ]
0 25 50 75 100
Wind total generation share (2050) [%]

(Total)

Figure 3.7-27: Northeast Asia — Regional variation of electricity generation shares of solar PV (left) and wind energy (right) in 2050.
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Utility-scale and prosumer batteries contribute a
major shares of electricity storage capacities, with
some shares of PHES and A-CAES by 2050, as
shown in Figure 3.7-28. Storage capacities are
much higher in the southern and eastern parts of
Northeast Asia, to complement higher shares of
installed solar PV capacities, compared to the

northern and western regions. Batteries, both
prosumers and utility-scale, deliver the largest
shares of output by 2050, as shown in Figure 3.7-
28. PHES and A-CAES contribute complementary
shares of electricity storage output through the
transition, mostly in the eastern
Northeast Asia.

regions of

Figure 3.7-28: Northeast Asia — Regional electricity storage capacities (left) and electricity storage annual throughput (right) in 2050.

The storage output across the power, heat,
transport, and desalination sectors of Northeast
Asia is predominantly from batteries (both utility-
scale and prosumers) and some synthetic natural
gas supply in 2050, as shown in Figure 3.7-29.
Batteries, which supply an average of 23.2% of the
storage output across Northeast Asia, are present

average for regions: 23.2%
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across all the regions of Northeast Asia. Synthetic
natural gas, which supplies an average of 0.2% of
the total electricity demand across Northeast Asia,
is predominant in the northern and western regions
of Northeast Asia. This is complemented with a
supply share of storage from biomethane of
practically zero in 2050 across Northeast Asia.
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Figure 3.7-29: Northeast Asia — Regional variation of storage supply shares of batteries (left) and synthetic natural gas (right) in 2050.
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Greenhouse Gas Emissions

The results of the energy transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in Northeast
Asia as shown in Figure 3.7-30. The power sector
undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,

the remaining cumulative GHG emissions comprise
around 147 GtCOgzeq from 2018 to 2050. Therefore,
the energy transition pathway for Northeast Asia is
in adherence to the ambitious Paris Agreement
target of 1.5°C. GHG emissions from the power
sector decline through the transition from around
4,200 MtCO; eq./a in 2015 to zero by 2050 as
shown in Figure 3.7-31. Similarly, GHG emissions
from the heat sector decline through the transition
from over 4,200 MtCO; eqg./a in 2015 to zero by
2050 as shown in Figure 3.7-31.

Figure 3.7-30: Northeast Asia — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.
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Figure 3.7-31: Northeast Asia — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the

energy transition from 2015 to 2050.
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GHG emissions from the transport sector decline
through the transition from around 2,300 MtCO;
eq./a in 2015 to zero by 2050, as shown in Figure
3.7-32. Whereas, GHG emissions from the
desalination sector, which are much lower than

those of other sectors, increase through the
transition from around 6 MtCO; eqg./a in 2015 to
around 38 MtCO;, eq./a in 2040, thereafter
dropping to zero by 2050, also visible in Figure 3.7-
32.

Figure 3.7-32: Northeast Asia — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the Power Sector across Northeast Asia

From a renewables’ perspective, jobs are created
from mainly wind (2 million jobs in 2025) and solar
PV (3.5 million jobs in 2025) in the early stages of
the transition. From 2030 onwards, solar PV is
observed to be the main source of power
generation and correspondingly creating the
greatest number of jobs (6.7 million jobs by 2050)
as indicated in Figure 3.7-33. Storage technologies
led by batteries are observed to create a fair share

of jobs from 2030 onwards and continue unto 2050
with 1.3 million jobs in the battery sector. Whereas,
jobs associated with the coal sector are seen to
decrease rapidly. The total direct jobs are seen to
increase from around 8 million in 2015 to 9.5
million by 2030 and after a decline, number of jobs
rises back to around 10 million by 2050. Primarily
with the replacements of power plants beginning
to increase in the period from 2045 to 2050.

Figure 3.7-33: Northeast Asia — Jobs created by various power generation and storage technologies (left) and jobs created based on
different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to 2050.

160



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Northeast Asia

With a ramp up of installations until 2030, the
majority of jobs is created in the construction and
installation of power generation technologies (39%
of total jobs in 2030). Manufacturing jobs have a
higher share in the initial periods up to 2030,
beyond which the shares stabilise up to 2050. The
Northeast Asian region contributes a major share of
the global exports to all other regions. However,
the share of jobs created by exports declines
beyond 2030, as other regions are expected to
increase their domestic production capabilities
(exports creating just 36 thousand jobs by 2050).
The share of fuel related jobs continues to diminish
through the transition period from 43% of total jobs
in 2015 to just 1% of total jobs by 2050, as
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conventional power plants are replaced by
renewable and storage technologies. By contrast,
the share of operation and maintenance jobs grows
through the transition period from 13% of total jobs
in 2015 to 48% of total jobs in 2050. Additionally,
decommissioning jobs that include replacement of
end of life power plants begin to create some jobs
by 2050 (293 thousand jobs). The electricity
demand specific jobs is reduced from 1187
jobs/TWhe in 2015 to 675 jobs/TWhe by 2050, as
shown in Figure 3.7-33. This is primarily due to the
rising economic growth of the region forecasted for
the future, resulting in much lower labour intensity

by 2050.
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3.8. Southeast Asia and the Pacific Rim

The Southeast Asian region including Australia,
New Zealand and the Pacific Islands is comprised
of rapidly growing economies, with around 7%
share of global GDP . Population in Southeast
Asia is 668 million in 2015 representing a share of
9% in world population, which is estimated to be
also 9% in 2050. With fast-paced economic growth
in most of these countries, the need for energy is
ever increasing and some of the more developed
countries have a high rate of consumption to
sustain. The energy sector in Southeast Asia is vital
to its overall development. Therefore, effective
energy planning, optimal design, wise utilisation of
all available renewable energy resources and
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maximum synergy between various regions of the
Southeast Asian countries will foster sustainable
development in the region 7. The detailed results
for the energy transition across Southeast Asia are
available in a supplementary data file, the link for
the file can be found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown
Figure 3.8-1.
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Figure 3.8-1: Southeast Asia — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050.

162



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Pacific Rim

The primary energy demand assuming high
electrification, which is the basis for this study,
increases marginally from 6,800 TWh in 2015 to
around 7,200 TWh by 2035 and thereafter
increases significantly up to 11,700 TWh by 2050 as
shown in Figure 3.8-1. On the contrary, with low
shares of electrification resulting from the adoption
of current practices until 2050, the primary energy
demand would reach nearly 19,000 TWh by 2050.
The massive gain in energy efficiency is primarily
due to a high level of electrification of more than
84% resulting in reduction of around 7,300 TWh by
2050, in comparison to the continuation of current
practices with low shares of electrification. The
population across Southeast Asia is expected to
decline slightly from 1581 to 1537 million by 2050.
Correspondingly, the average per capita energy
demand decreases from around 10 MWh/person in
2015 to 9 MWh/person by 2035 and increases to
over 12 MWh/person by 2050. However, a higher
demand for industrial process heat reduces the
overall gains and contributes to an increase in
energy demand in the later years of the transition,

from 2035 to 2050. Additionally, a substantial
demand from fuel conversion technologies arises
beyond 2040, in producing renewable-based fuels
for the transport sector across Southeast Asia.

Energy Supply

The electricity generation capacity across Southeast
Asia satisfies demand from all energy sectors
including power, heat, transport and desalination.
The total installed capacity grows massively from
around 300 GW in 2015 to around 5700 GW by
2050 as shown in Figure 3.8-2. In the initial period
of the transition, some shares of wind capacities are
installed up to 2030, but in the later part of the
transition solar PV dominates the shares of installed
capacities reaching almost 5340 GW by 2050. On
the other hand, the shares of fossil fuels and
nuclear decline through the transition to zero by
2050. Some shares of gas remain, but the fuel
switches from fossil-based gas to synthetic natural
gas produced with renewable electricity and
biomethane.

Figure 3.8-2: Southeast Asia — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right)

during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.8-3. Solar
PV supply increases through the transition from
58% in 2030 to about 90% by 2050, becoming the
lowest cost energy source. Wind energy and
hydropower contribute minor shares in the energy
mix through the transition. In the heat sector,
electric heating plays a significant role through the
transition with a share of nearly 38% of heat
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generation by 2050 on both the district and
individual levels, as indicated in Figure 3.8-3. On
the other hand, coal-based heating decreases
through the transition from over 37% in 2015, to
zero by 2050. Additionally, fossil fuel-based
heating decreases through the transition period, as
coal-based combined CHP and DH is replaced by
electric heating, waste-to-energy CHP, biomass-
based DH and IH along with some solar thermal
heating.
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Figure 3.8-3: Southeast Asia — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the

energy transition from 2015 to 2050.
Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout
Southeast Asia, fully based on renewable energy
across different sectors. As highlighted in Figure
3.8-4, storage output covers around 2,900 TWh, of
total electricity demand in 2050. The ratio of
electricity demand covered by energy storage to
electricity generation increases significantly to

around 31% by 2035 and remains around 28-29%
until 2050. Additionally, about 5% is covered by
heat storage conversion to electricity by 2050.
Batteries emerge as the most relevant electricity
storage technology contributing about 92% of the
total electricity storage output by 2050.
Additionally, a significant share of gas storage is
installed to provide seasonal storage primarily
during the winter and monsoon seasons across
Southeast Asia.

Figure 3.8-4: Southeast Asia — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.8-5, storage output covers
more than 920 TWhy, of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 20% by 2050, also
shown in Figure 3.8-5. Thermal energy storage
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(TES) emerges as the most relevant heat storage
technology with around 67% of heat storage
output by 2050. Furthermore, power-to-gas (PtG)
contributes around 33% of heat storage output in
2050. As fossil fuel usage for heat generation is
completely eliminated in the final five-year period
from 2045-2050, there in heat
storage utilisation.

is an increase
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Figure 3.8-5: Southeast Asia — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different forms
of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
240-450 b€ through the transition period and are
well distributed across the major sectors of power,
heat, and transport, as desalination demand in
Southeast Asia is relatively smaller compared to
other regions of the world as indicated by Figure
3.8-6. In addition, as shown in Figure 3.8-6, CAPEX
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increases through the transition, while the share of
fuel costs continue to decline. The steady increase
in CAPEX-related energy system costs indicate that
fossil fuels imports and the respective negative
impacts on trade balances will fade out through the
transition. In addition, lower fossil fuels import
dependency will lead to higher levels of energy
security across Southeast Asia.

Figure 3.8-6: Southeast Asia — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition

from 2015 to 2050.

As increasing shares of power generation capacities
are added across Southeast Asia, renewable energy
sources become the least costing power
generation sources . As indicated in Figure 3.8-7,
levelised cost of energy remains around 42-53
€/MWh and is increasingly dominated by capital
costs as fuel costs continue to decline through the
transition period, which could mean increased self-
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reliance in terms of energy for Southeast Asia by
2050 as mentioned earlier. Capital costs are well
spread across a range of technologies with major
investments for PV, wind energy, batteries, heat
pumps, and synthetic fuel conversion up to 2050,
as shown in Figure 3.8-7. The cumulative
investments are about 4,100 b€ through the
transition from 2016-2050.
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Figure 3.8-7: Southeast Asia — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy

transition from 2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across Southeast Asia emerge
through the transition. As the sectors transition
towards having higher shares of renewable energy,
different technologies have vital roles in ensuring
the stability of the energy system. A closer look at
the individual sectors provides further insights into
the energy transition across Southeast Asia towards
100% renewable energy.

Power and Heat

The total installed power generation capacity
increases from nearly 250 GW in 2015 to around

3,500 GW by 2050, as shown in Figure 3.8-8.
Across the power sector, solar PV with 3,200 GW
and wind with 70 GW constitute the majority of
installed capacities along with some share of
hydropower by 2050. In the heat sector, heat
pumps, electric heating, along with solar thermal
and biomass-based heating constitute the majority
of installed capacities by 2050, also shown in
Figure 3.8-8. An increase in installed capacities of
electric heating and biomass-based heating occurs
in the final five-year period leading up to 2050, as
fossil fuels are completely eliminated from the
energy system.

Figure 3.8-8: Southeast Asia — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from

2015 to 2050.
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The transition across Southeast Asia results in a
power and heat sector dominated by fossil fuel and
nuclear in 2015 moving towards a solar PV and
wind energy dominated sector by 2050, with some
hydropower, geothermal and bioenergy as shown
in Figure 3.8-9. The primary electricity generation
increases from around 1,250 TWh in 2015 to

around 6,100 TWh by 2050, which is primarily from
PV and wind. Heat generation increases from
around 1,200 TWh in 2015 to around 2,700 TWh by
2050, which is predominantly from electric heating
and biomass-based heating, along with heat
pumps and some solar thermal also shown in
Figure 3.8-9.

Figure 3.8-9: Southeast Asia — Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacities increase
from just 0.1 TWh in 2015 to around 7 TWh by
2050, as shown in Figure 3.8-10. Utility-scale and
prosumer batteries with some shares of A-CAES are
installed through the transition. The installed
capacities of A-CAES are also a consequence of the
modelling approach, which prioritises full domestic
energy supply for all Southeast Asian regions. The

installed heat storage increases gradually until 2045
to around 12 TWh, but in the final five-year period
up to 2050, a massive capacity of gas storage of
nearly 32 TWh is added, as shown in Figure 3.8-10.
This substantial capacity addition is mainly to
provide seasonal storage across Southeast Asia
covering the heat demand in the absence of fossil
fuels.

Figure 3.8-10: Southeast Asia — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy

transition from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
2,100 TWhe by 2050, as highlighted by Figure 3.8-
10. In addition, A-CAES contributes through the
transition. TES emerges as the most relevant heat
storage technology with around 67% of heat
storage output by 2050, also seen in Figure 3.8-11.

Gas storage contributes around 33% of the heat
storage output in 2050 covering predominantly
seasonal demand, previously covered by fossil gas.
LCOE of the power sector decreases substantially
from around 63 €/MWh in 2015 to around 46

€/MWh by 2050, as shown in Figure 3.8-12.
Moreover, LCOE is predominantly comprised of
CAPEX as fuel costs decline through the transition.
LCOH of the heat sector increases through the
transition from around 16 €/MWh in 2015 to
around 39 €/MWh by 2050, as shown in Figure 3.8-
12. LCOH is predominantly comprised of CAPEX as
fuel costs decline through the transition. Despite a
substantial heat demand across
Southeast Asia, mainly driven by industrial process
heat, the LCOH increase is relatively stable up to
2050.

increase in

Figure 3.8-11: Southeast Asia — Electricity storage output (left) and heat storage output (right) during the energy transition from

2015 to 2050.

Figure 3.8-12: Southeast Asia — Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from

2015 to 2050.

Investments are well spread across a range of
power generation technologies with the majority
share in solar PV through the transition up to 2050,
as shown in Figure 3.8-13. Investments in the heat
sector are mainly in electric heating and heat
pumps with some shares in biomass heating up to
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2050, also shown in Figure 3.8-13. The steep
increase in heat pump investments in the final five-
year period until 2050 is mainly to cover the heat
demand in the absence of fossil fuels as well as the
lower costs of heat pumps by 2050.
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Figure 3.8-13: Southeast Asia — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat

(right) during the energy transition from 2015 to 2050.
Transport

The primary energy demand of the transport sector
across Southeast Asia is much more than the
energy demand from the power sector at around
2,700 TWh in 2015. However, this demand
increases marginally through the transition to
around 2,500 TWh by 2050, mainly due to the
efficiency gains brought about by electrification of
the sector as shown in Figure 3.8-14. On the
contrary, fossil fuels consumption in the transport
sector across Southeast Asia is seen to decline
through the transition from about 95% in 2015 to
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zero by 2050. While, liquid fuels produced by
renewable electricity contribute around 28% of final
energy demand in 2050. In addition, hydrogen
constitutes more than 24% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil  fuel usage the transport sector.
Electrification of the transport sector creates an
electricity demand of around 3,600 TWh, by 2050.
The massive demand for liquid fuels kicks in from
2040 onwards up until 2050, as indicated in Figure
3.8-14.

in

Figure 3.8-14: Southeast Asia — Final energy demand for transport (left) and electricity demand for sustainable transport (right)

during the energy transition from 2015 to 2050.

Installed power generation capacities for the
transport sector increases substantially through the
transition to around 2,250 GW by 2050, as shown
in Figure 3.8-15. Solar PV and wind form the
majority shares of the power generation capacities
for the transport sector, as they are the lowest cost
energy sources by 2050. Similarly, electricity
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generation increases substantially up to almost
3,800 TWh by 2050 also to be seen in Figure 3.8-
15. Solar PV and minor shares of wind energy
generate all the electricity required to meet the
demand of the transport sector in 2050.
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Figure 3.8-15: Southeast Asia — Transport sector installed power generation capacity (left) and electricity generation (right) during

the energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.8-16, the
installed capacities of electricity storage increase
through the transition to around 1.6 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to over 580
TWhe by 2050 as shown in Figure 3.8-16. Utility-

in

scale batteries play a vital role as they contribute a
major portion of the output through the transition,
with over 500 TWhy by 2050. The relatively low
electricity storage of less than 15% of generated
electricity for the transport sector is enabled by the
flexible operation of batteries, water electrolyser
units, and hydrogen buffer storage for synthetic
fuel production.

Figure 3.8-16: Southeast Asia — Transport sector installed electricity storage capacity (left) and electricity storage output (right)

during the energy transition from 2015 to 2050.

An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated Figure 3.8-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 1,100 GW
by 2050. Water electrolysis forms the majority share

in
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of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO,
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 490 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.8-17.
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Figure 3.8-17: Southeast Asia — Transport sector installed capacity for fuel conversion (left) and heat management (right) during the

energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.8-18, the
installed storage capacity for gas increases through
the transition to around 4.5 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a minor share for methane gas
in 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,

are installed from 2040 onwards. The installed

capacity for CO; storage and CO; direct air capture
increases up to around 87 MtCO; by 2050, as
shown in Figure 3.8-18. The major share of installed
storage capacity is CO; direct air capture, which is
on an annual basis as compared to CO: storage.
Despite having a lower storage capacity, CO;
storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.8-18: Southeast Asia — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO2 direct
air capture and COz storage (right) during the energy transition from 2015 to 2050.

Fuel costs are a deciding factor in the overall
energy mix for the transport sector across
Southeast Asia and their developing trends are
highlighted in Figure 3.8-19. FT and SNG fuel costs
decline through the transition up to 2050 and FT
fuels are in the range of costs of fossil liquid fuels
including GHG emissions costs, in the range of 88
€/MWh in 2050. In addition, SNG is more cost
effective than LNG in 2050. Electricity emerges as
the most cost effective option with LCOE primary
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around 20 €/MWh and along with complementary
costs of storage and other system components,
total LCOE is around 27 €/MWh in 2050. H, fuel
costs decline to be more cost competitive that
fossil fuels, in the range of 49 €/MWh in 2050,
while liquid H; is in the range of 57 €/MWh. CO,
from DAC is a critical component for synthetic fuels
at around 30 €/tCOxzq in 2050, using waste heat, as
shown in Figure 3.8-19.
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Figure 3.8-19: Southeast Asia — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel costs

in 2050 (right).

The final energy costs for transport are in the range
of 120-150 b€ through the transition with a slight
increase from around 125 b€ in 2015 to about 130
b€ by 2050, as Figure 3.8-20.
Furthermore, annual system costs transit from
being heavily dominated by fuel costs in 2015 to a
very diverse share of costs across
technologies for electricity, synthetic fuels and
sustainable biofuel production by 2050, as

shown in

various

highlighted in Figure 3.8-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.
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Figure 3.8-20: Southeast Asia — Final transport energy costs based on mode of transport (left) and source of energy (right) during

the energy transition from 2015 to 2050.

The final transport passenger costs decline from
around 0.095 €/p-km in 2015 to 0.06 €/p-km by
2050, as shown in Figure 3.8-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
there is a marginal decrease. Similarly, final
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transport freight costs decline from around 0.105
€/t-km in 2015 to 0.029 €/t-km by 2050, as shown
in Figure 3.8-21. The final freight costs in the case
of road declines through the transition, whereas it
remains stable for rail, aviation and marine.
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Figure 3.8-21: Southeast Asia — Final transport passenger cost (left) and final transport freight cost (right) during the energy

transition from 2015 to 2050.
Desalination

The desalination demand in Southeast Asia is
relatively small compared to other regions of the
world. Therefore, the installed capacity of power
generation for the desalination sector increases
from around 1 GW in 2015 to over110 GW by 2050
as shown in Figure 3.8-22. Solar PV and wind

comprise the majority of installed capacities from
2030 until 2050. Primary electricity generation to
meet the desalination demand in the initial period
of the transition is from fossil gas up to 2030,
beyond which PV and wind dominate as
highlighted in Figure 3.8-22.

Figure 3.8-22: Southeast Asia — Technology-wise installed capacities for the desalination sector (left) and primary electricity
generation for the desalination sector (right) during the energy transition from 2015 to 2050.

173



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: Pacific Rim

The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050 as shown in Figure 3.8-23. Gas comprises
more than 95% of the 7.9 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches more
than 75 TWhe by 2050 as shown in Figure 3.8-23.

Investments in power generation for the
desalination sector occur mainly during 2025
onwards, as shown in Figure 3.8-24. A majority of
the investments are in wind, PV, and batteries,
which reach a high of around 24 b€ in 2035. The
levelised cost of water declines through the
transition from around 0.85 €/m3 in 2015 to around

0.58 €/m3 by 2050, as shown in Figure 3.8-24.

Figure 3.8-23: Southeast Asia — Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to

2050.

Figure 3.8-24: Southeast Asia — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy transition

from 2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
Southeast Asia to satisfy the demand for power,
heat, transport, and desalination up to 2050. Solar
PV capacities are predominant across all the
regions of Southeast Asia that have better solar
resources throughout the year, while wind energy
capacities are scattered around the region with
some significant shares in Western Australia and
New Zealand that have much better wind
conditions, as shown in Figure 3.8-25. Overall, solar

PV and wind capacities along with some
hydropower capacities constitute the majority of
installed capacity in 2050 across Southeast Asia.
Similarly, higher shares of solar PV generation are
all across Southeast Asia and higher shares of wind
energy are in Australia and New Zealand as
highlighted in Figure 3.8-25. This could enhance
the complementarity of solar PV and wind in an
interconnected across all the regions of Southeast

Asian energy system.

Figure 3.8-25: Southeast Asia — Regional electricity generation capacities (left) and electricity generation (right) in 2050.
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Solar PV capacities are well distributed across the
different regions of Southeast Asia and achieve a
total installed capacity base of almost 5340 GW in
2050. Moreover, there are capacities across the
regions and countries with good solar conditions
throughout the year, as shown in Figure 3.8-26.

Whereas, wind energy capacities achieve a total
installed capacity base of nearly 100 GW in 2050
and are predominantly in Eastern Australia and
New Zealand, which have some wind potential.
This can be observed in Figure 3.8-26.

Figure 3.8-26: Southeast Asia — Regional variation of electricity generation capacities of solar PV (left) and wind energy (right) in

2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of across
Southeast Asia are predominantly from PV and
wind in 2050, which is spread across the region as
shown in Figure 3.8-27. Solar PV, which supplies an
average of 93.2% of electricity generation across
Southeast Asia, is more common. While wind

energy, which contributes an average of 2.6% of
electricity generation across Southeast Asia, is
mainly found in Australia and New Zealand.
Overall, solar PV and wind generate most of the
electricity needed across Southeast Asia by 2050,
which around 95.8% of total electricity
generation.

is

Figure 3.8-27: Southeast Asia — Regional variation of electricity generation shares of solar PV (left) and wind energy (right) in 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of A-CAES by 2050, as shown in
Figure 3.8-28. Storage capacities are well
distributed across all parts of Southeast Asia, to
complement higher shares of installed solar PV
capacities. Batteries, both prosumers and utility-

scale, deliver the largest shares of output by 2050,
with minor shares of A-CAES as shown in Figure
3.8-28. A higher share of prosumer batteries output
is observed in New Zealand, wherein prosumer
capacities are relatively higher that favours a
decentralised energy transition.

Figure 3.8-28: Southeast Asia — Regional electricity storage capacities (left) and electricity storage annual throughput (right) in

2050.
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The storage output across the power, heat,
transport, and desalination sectors of Southeast
Asia is predominantly from batteries (both utility-
scale and prosumers) and some synthetic natural
gas supply in 2050, as shown in Figure 3.8-29.
Batteries, which supply an average of 29.9% of the
storage output across Southeast Asia, are well

distributed across all regions of Southeast Asia.
Synthetic natural gas, which supplies an average of
0.2% of the total electricity demand across
Southeast Asia, is spread across the region. This is
complemented with a supply share of storage from
biomethane of less than 0.1% in 2050 across
Southeast Asia.

Figure 3.8-29: Southeast Asia — Regional variation of storage supply shares of batteries (left) and synthetic natural gas (right) in

2050.
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Greenhouse Gas Emissions

The results of the global transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in Southeast
Asia as shown in Figure 3.8-30. The power sector

undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,
the remaining cumulative GHG emissions comprise
around 24 GtCOgzq from 2018 to 2050. Therefore,
the energy transition pathway for Southeast Asia is
in adherence to the ambitious Paris Agreement
target of 1.5°C.

Figure 3.8-30: Southeast Asia — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.
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Figure 3.8-31: Southeast Asia — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the

energy transition from 2015 to 2050.

GHG emissions from the power sector decline
rapidly through the transition from around 650
MtCO; eq./a in 2015 to zero by 2050 as shown in
Figure 3.8-31. Similarly, GHG emissions from the
heat sector decline through the transition from over
250 MtCO; eq./a in 2015 to zero by 2050 as shown
in Figure 3.8-31.

GHG emissions from the transport sector decline
through the transition from around 620 MtCO,
eq./a in 2020 to zero by 2050, as shown in Figure
3.8-32.  Similarly, GHG emissions from the
desalination sector that are much lower than those
of other sectors, after initial increase, decline
through the transition from over 10 MtCO; eq./a in
2030 to zero by 2050 as shown in Figure 3.8-32.
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Figure 3.8-32: Southeast Asia — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.

Jobs in the Power sector across Southeast Asia

Solar PV and battery storage sectors create the
major share of jobs through the transition period as
shown in Figure 3.8-33. Biomass and hydropower
create a higher share in the initial periods up to
2025, but continue to create some jobs through the
transition period. While, wind power sector creates
some jobs from 2020 to 2030 (96 thousand jobs in
2025), beyond which fewer jobs are created as
solar PV becomes more cost effective and
installations increase in share with 2.1 million jobs
by 2050. The storage sector led by batteries create

a fair share of the jobs from 2030 onwards and
continues through to 2050 with 414 thousand jobs
in the battery sector by 2050. This could happen lot
earlier as countries such as Australia are already
witnessing both utility-scale as well as prosumer
scale battery installations (AEC, 2018). On the
contrary, jobs associated with coal and gas power
generation are seen to decline rapidly. The total
number of direct energy jobs increases significantly
from around 1.2 million in 2015 to over 3.3 million
in 2030, beyond which there is a decline to under
2.5 million by 2040, after which there is a steady
increase up to around 3.2 million by 2050.

Figure 3.8-33: Southeast Asia — Jobs created by various power generation and storage technologies (left) and jobs created based
on different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.
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With rapid installation of capacities up to 2030, the
majority of jobs is created in the construction and
installation of power generation technologies with
42% of total jobs by 2030. Manufacturing jobs have
a relatively low share in the initial periods up to
2020 as the share of imports is relatively high.
Beyond 2025 as domestic production capabilities
build up, a high share of manufacturing jobs is
observed until 2050 (from 21% of total jobs in 2035
to 17% of total jobs by 2050). The share of fuel
related jobs continues to diminish from 2020
onwards through the transition period reaching just
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2% of total jobs by 2050, as conventional power
plants are replaced by renewable and storage
technologies. By contrast, the share of operation
and maintenance jobs continues to grow through
the transition period with 49% of total jobs by
2050. The electricity demand specific jobs
increases from 997 jobs/TWhe in 2015 to 1541
jobs/TWhg in 2030 with the rapid ramp up in
renewable energy installations. Beyond 2030, it
declines steadily to around 748 jobs/TWhe by
2050, as highlighted in Figure 3.8-33.
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3.9. North America

North America is comprised of the major economic
centers of the world, USA, Canada and Mexico,
with a 27% share in present global GDP ¢, and is
one of the largest energy consumption centers
across the world. Population in North America is
477 million in 2015 representing a share of 7% in
world population, which is estimated to be 6% in
2050. North America, led by some of the states in
the USA such as California, North Carolina and
Arizona, among others, have been at the forefront
of the energy transition with significant
contributions  towards developing renewable
energy. Canada is one of the leading countries in
the production and consumption of renewable
energy. In the power sector, hydropower is the
largest renewable energy source, accounting for
about 62% of electricity generation. Combined
with other renewable energy sources that have
contributed to electricity generation by 5%,
renewable energy provided around 67% of total
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generated electricity in the country in 2016 75.
Several Canadian cities have planned to move
towards 100% renewable energy, including
Alberta, British Columbia, Ontario and
Saskatchewan 7. In addition, Mexico has a target to
increase the share of renewable energy by 50% in
the power sector by 2050 . The detailed results
for the energy transition across North America are
available in a supplementary data file, the link for
the file can be found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.9-1.
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Figure 3.9-1: North America — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top right),
electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right) during the

energy transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
decreases from 28,000 TWh in 2015 to around
17,000 TWh by 2035 and increases up to 22,000
TWh by 2050 as shown in Figure 3.9-1. On the
contrary, with low shares of electrification resulting
from the adoption of current practices until 2050,
the primary energy demand would reach nearly
42,000 TWh by 2050. This massive gain in energy
efficiency is primarily due to a high level of
electrification of more than 88% resulting in
reduction of around 20,000 TWh by 2050, in
comparison to the continuation of current practices
with low shares of electrification. The population
across North America is expected to grow from 477
to 608 million by 2050. Correspondingly, the
average per capita energy demand decreases from
around 60 MWh/person in 2015 to 31 MWh/person
by 2035 and increases up to nearly 35 MWh/person
by 2050. Additionally, a substantial demand from
fuel conversion technologies arises beyond 2040, in

producing renewable-based fuels for the transport
sector across North America.

Energy Supply

The electricity generation capacity across North
America satisfies demand from all energy sectors
including power, heat, transport and desalination.
The total installed capacity grows massively from
over 5300 GW in 2015 to about 19,000 GW by
2050 as shown in Figure 3.9-2. In the initial period
of the transition, a larger share of wind capacities
are installed up to 2030 reaching around 1770 GW
by 2050, but in the later part of the transition solar
PV dominates the shares of installed capacities
reaching over 7020 GW by 2050. On the other
hand, the shares of fossil fuels and nuclear decline
through the transition to zero by 2050. Some
shares of gas remain, but the fuel switches from
fossil-based gas to synthetic natural gas produced
with renewable electricity and biomethane.

Figure 3.9-2: North America — Technology-wise installed capacities (left) and technology-wise shares of installed capacities (right)

during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.9-3. Solar
PV supply increases through the transition from
26% in 2030 to about 62% by 2050, becoming the
lowest cost energy source. The share of wind
energy increases to 55% by 2030 and contributes a
stable share of the mix, but decline to 28% by
2050. In the heat sector, heat pumps play a
significant role through the transition with a share
of nearly 50% of heat generation by 2050 on both
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the district and individual levels, as indicated in
Figure 3.9-3. On the other hand, gas-based heating
decreases through the transition from over 84% in
2015, to around 8% by 2050, wherein fossil-gas is
eliminated and replaced by synthetic gas produced
from renewables. Additionally, fossil fuel-based
heating decreases through the transition period, as
coal-based CHP and DH is replaced by electric
heating, solar thermal, waste-to-energy CHP,
biomass-based DH and IH and geothermal energy.
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Figure 3.9-3: North America — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the

energy transition from 2015 to 2050.
Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout North
America, fully based on renewable energy across
the different sectors. As highlighted in Figure 3.9-4,
storage output covers almost 3500 TWh, of total
electricity demand in 2050. The ratio of electricity
demand covered by energy storage to electricity
generation increases significantly to around 12% by
2035 and remains around 11-12% until 2045,

thereafter in the last five-year period it increases to
around 18% by 2050. Additionally, 4% is covered
by heat storage conversion to electricity by 2050.
Batteries emerge as the most relevant electricity
storage technology contributing about 93% of the
total electricity storage output by 2050.
Additionally, a significant share of gas storage is
installed to provide seasonal storage primarily
during the cold winter season across North
America.

Figure 3.9-4: North America — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.9-5, storage output covers
almost 1500 TWhy, of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 16% by 2050, also
shown in Figure 3.9-5. Thermal energy storage
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(TES) emerges as the most relevant heat storage
technology with around 58% of heat storage
output by 2050. Furthermore, power-to-gas (PtG)
contributes around 42% of heat storage output in
2050. As fossil fuels usage for heat generation is
completely eliminated in the final five-year period
from 2045-2050, there is an increase in heat
storage utilisation, with minor shares from
electricity to heat conversion.
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Figure 3.9-5: North America — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual system costs are in the range of
1,000-1,200 b€ through the transition period and
are well distributed across the major sectors of
power, heat, and transport, as desalination demand
across North America is relatively low as compared
to other regions of the world. In addition, as
indicated in Figure 3.9-6, CAPEX increases through

1,200
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Figure 3.9-6: North America — Annual system costs, sector-wise (left)

2015 to 2050.

As increasing shares of power generation capacities
are added across North America, renewable energy
sources become the least costing power
generation sources®. As indicated in Figure 3.9-7,
levelised cost of energy declines from around 65
€/MWh in 2015 to around 53 €/MWh by 2050.
Furthermore, the LCOE is increasingly dominated
by capital costs as fuel costs continue to decline
through the transition period, which could mean

the transition, as the share of fuel costs continue to
decline. The steady increase in CAPEX-related
energy system costs indicate that fossil fuels
imports and the respective negative impacts on
trade balances and foreign policies will fade out
through the transition. In addition, lower fossil fuels
import dependency will lead to higher levels of
energy security and diversification across North
America.

and functionality-wise (right) during the energy transition from

increased self-reliance in terms of energy for North
America by 2050, as mentioned earlier. Capital
costs are well spread across a range of
technologies with major investments for PV, wind
energy, batteries, heat pumps, and synthetic fuel
conversion up to 2050, as shown in Figure 3.9-7.
The cumulative investments are about 10,200 b€
through the transition from 2016-2050.

186



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: North America

Figure 3.9-7: North America — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy

transition from 2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across North America emerge
through the transition. As the sectors transition
towards having higher shares of renewable energy,
different technologies have vital roles in ensuring
the stability of the energy system. A closer look at
the individual sectors provides further insights into
the energy transition across North America towards
100% renewable energy.

Power and Heat

The total installed power generation capacity
increases from nearly 1,500 GW in 2015 to around

5,500 GW by 2050, as shown in Figure 3.9-8.
Across the power sector, solar PV with 3,900 GW
and wind with 800 GW constitute the majority of
installed capacities by 2050 along with some shares
of hydropower and gas-based power generation. In
the heat sector, heat pumps, electric heating, and
biomass-based heating constitute the majority of
installed capacities by 2050, also shown in Figure
3.9-8. A significant increase in installed capacities
of heat pumps, electric heating and biomass-based
heating occurs in the final five-year period leading
up to 2050, as fossil fuels are completely
eliminated from the energy system.

Figure 3.9-8: North America — Technology-wise installed capacities for power (left) and heat (right) during the energy transition

from 2015 to 2050.

187



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: North America

The transition across North America results in a
power and heat sector dominated by fossil fuels
and nuclear in 2015 moving towards a solar PV and
wind energy dominated sector by 2050, with some
hydropower and bioenergy as shown in Figure 3.9-
9. The primary electricity generation increases from
around 5,250 TWh in 2015 to around 10,000 TWh

by 2050, which is primarily from PV and wind. Heat
generation increases from around 6,600 TWh in
2015 to around 7,700 TWh by 2050, which is
predominantly from heat pumps and electric
heating with some biomass-based heating and
solar thermal, also shown in Figure 3.9-9.

Figure 3.9-9: North America — Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacities increase
from just 0.1 TWh in 2015 to around 7.7 TWh by
2050, as shown in Figure 3.9-10. Utility-scale and
prosumer batteries with some shares of A-CAES
and PHES are installed through the transition. The
installed capacities of A-CAES are also a
consequence of the modelling approach, which

prioritises full domestic energy supply for all North
American regions. The installed heat storage
increases gradually to around 57 TWh by 2050, as
shown in Figure 3.9-10. This substantial capacities
of gas storage addition is mainly to provide
seasonal storage across North America covering
the heat demand in the absence of fossil fuels.

Figure 3.9-10: North America — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy

transition from 2015 to 2050.

188



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: North America

Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
2,800 TWhe by 2050, as highlighted by Figure 3.9-
11. In addition, A-CAES contributes through the
transition. TES emerges as the most relevant heat

storage technology with around 58% of heat
storage output by 2050, also seen in Figure 3.9-11.
Gas storage contributes around 42% of the heat
storage output in 2050 covering predominantly
seasonal demand, previously covered by fossil gas.

Figure 3.9-11: North America — Electricity storage output (left) and heat storage output (right) during the energy transition from

2015 to 2050.

LCOE of the power sector decreases substantially
from over 80 €/MWh in 2015 to around 54 €/ MWh
by 2050, as shown in Figure 3.9-12. LCOE is
predominantly comprised of CAPEX as fuel costs
decline through the transition. Whereas, LCOH of
the heat sector after declining through the
transition, increases marginally from around 54
€/MWh in 2015 to around 56 €/ MWh by 2050, as

shown in Figure 3.9-12. LCOH is predominantly
comprised of CAPEX as fuel costs decline through
the transition. Despite a substantial increase in heat
demand across North America, mainly driven by
industrial process heat and increased space
heating, the LCOH remains quite stable up to
2050.

Figure 3.9-12: North America — Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition

from 2015 to 2050.
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Investments are well spread across a range of
power generation technologies with the majority
share in wind energy up to 2030, beyond which
solar PV dominates investments up to 2050, as
shown in Figure 3.9-13. Investments in the heat
sector are mainly in heat pumps and some shares in

biomass heating up to 2050, also shown in Figure
3.9-13. The steep increase heat pump
investments in the final years of the transition until
2050 is mainly to cover the heat demand in the
absence of fossil fuels as well as the lower costs of
heat pumps by 2050.

in

Figure 3.9-13: North America — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat (right)

during the energy transition from 2015 to 2050.

Transport

The primary energy demand of the transport sector
across North America is much higher than the
energy demand from the power sector at around
8,200 TWh in 2015. However, this demand declines
through the transition to around 5,300 TWh by
2050, mainly due to the efficiency gains brought
about by electrification of the sector as shown in
Figure 3.9-14. On the contrary, fossil fuels
consumption in the transport sector across North
America is seen to decline through the transition

from about 97% in 2015 to zero by 2050. While,
liquid fuels produced by renewable electricity
contribute around 37% of final energy demand in
2050. In addition, hydrogen constitutes more than
28% of final energy demand in 2050. Sustainably
produced biofuels contribute a minor share to
enable a complete elimination of fossil fuel usage
in the transport sector. Electrification of the
transport sector creates an electricity demand of
almost 8,000 TWhe by 2050. The massive demand
for liquid fuels kicks in from 2040 onwards up until
2050, as indicated in Figure 3.9-14.

Figure 3.9-14: North America — Final energy demand for transport (left) and electricity demand for sustainable transport (right)

during the energy transition from 2015 to 2050.
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Installed power generation capacities for the
transport sector increase substantially through the
transition to around 3,750 GW by 2050, as shown
in Figure 3.9-15. Solar PV and wind form the
majority share of the power generation capacities
for the transport sector, as they are the least

costing energy by 2050. Similarly,
electricity generation increases substantially up to
over 8,100 TWh by 2050 also to be seen in Figure
3.9-15. Solar PV and wind energy generate all the
electricity required to meet the demand of the
transport sector in 2050.

sources

Figure 3.9-15: North America — Transport sector installed power generation capacity (left) and electricity generation (right) during

the energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen Figure 3.9-16, the
installed capacities of electricity storage increase
through the transition to around 1.8 TWh by 2050.
The majority of installed capacities are A-CAES and
utility-scale batteries. Similarly, electricity storage
output increases through the transition to over 400
TWhe by 2050 as shown in Figure 3.9-16. Utility-

in

scale batteries play a vital role as they contribute a
major portion of the output through the transition,
with over 280 TWhy by 2050. The relatively low
electricity storage of less than 5% of generated
electricity for the transport sector is enabled by the
flexible operation of batteries, water electrolyser
units, and hydrogen buffer storage for synthetic
fuel production.

Figure 3.9-16: North America — Transport sector installed electricity storage capacity (left) and electricity storage output (right)

during the energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated Figure 3.9-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to almost 2,000
GW by 2050. Water electrolysis forms the majority

in

share of fuel conversion capacities through the
transition. Additionally, heat is needed during the
production of synthetic fuels, mainly for energy-
efficient CO; direct air capture, and this is enabled
by managing process heat, which is otherwise not
useable. Heat utilisation is in the range of 1,100
TWhy by 2050, which is comprised of excess heat
and recovered heat, as shown in Figure 3.9-17.

Figure 3.9-17: North America — Transport sector installed capacity for fuel conversion (left) and heat management (right) during

the energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.9-18, the
installed storage capacities for gas increases
through the transition to around 20 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, while the share of methane gas
increases in 2050 reaching almost half of the total
installed storage capacities. CO; storage and CO;
direct air capture, which are vital in the production

of synthetic fuels, are installed from 2040 onwards.
The installed capacities for CO; storage and CO;
direct air capture increase up to around 380 MtCO.
by 2050, as shown in Figure 3.9-18. The major
share of installed storage capacity is CO; direct air
capture, which is on an annual basis as compared
to CO; storage. Despite having a lower storage
capacity, CO; storage has a substantial utilisation
and correspondingly higher throughput.

Figure 3.9-18: North America — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO; direct air
capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across North
America and their developing trends are
highlighted in Figure 3.9-19. FT and SNG fuel costs
decline through the transition up to 2050 and FT
fuels are cost competitive with fossil liquid fuels
including GHG emissions costs, at around 80
€/MWh in 2050. In addition, SNG is more cost
effective than LNG in 2050. Electricity emerges as
the most cost effective option with LCOE primary
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around 16 €/ MWh and along with complementary
costs of storage and other system components,
total LCOE is around 26 €/MWh in 2050. H, fuel
costs decline to be more cost competitive that
fossil fuels, in the range of 46 €/MWh in 2050,
while liquid H; is in the range of 52 €/MWh. CO,
from DAC is a critical component for synthetic fuels
at around 31 €/tCOxq in 2050, using waste heat, as
shown in Figure 3.9-19.

Figure 3.9-19: North America — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel

costs in 2050 (right).

The final energy costs for transport are in the range
of 280-550 b€ through the transition period with a
decline from around 510 b€ in 2015 to about 280
b€ by 2050, as Figure 3.9-20.
Furthermore, annual system costs transit from
being heavily dominated by fuel costs in 2015 to a
very diverse share of costs across various
technologies for electricity, synthetic fuels and
production by 2050, as

shown in

sustainable biofuel

highlighted in Figure 3.9-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.9-20: North America — Final transport energy costs based on mode of transport (left) and source of energy (right) during

the energy transition from 2015 to 2050.
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The final transport passenger costs decline from
around 0.11 €/p-km in 2015 to 0.05 €/p-km by
2050, as shown in Figure 3.9-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
decrease. Similarly, final

there is a marginal

transport freight costs decline from around 0.065
€/t-km in 2015 to 0.02 €/t-km by 2050, as shown in
Figure 3.9-21. The final freight costs in the case of
road declines through the transition, whereas it
remains stable for rail, aviation and marine.

Figure 3.9-21: North America — Final transport passenger cost (left) and final transport freight cost (right) during the energy

transition from 2015 to 2050.

Desalination

The desalination demand in North America is lower
in the initial periods of the transition, however the
demand for desalinated water grows from 2030
onwards to among the highest in the world by
2050. Therefore, the installed capacities of power
generation for the desalination sector increase from

around 5 GW in 2025 to around 520 GW by 2050
as shown in Figure 3.9-22. Solar PV and wind
comprise the majority of installed capacities from
2030 until 2050. Primary electricity generation to
meet the desalination demand is mainly from PV
and wind with minor shares from fossil gas until
2045, as highlighted in Figure 3.9-22.

Figure 3.9-22: North America — Technology-wise installed capacities for the desalination sector (left) and primary electricity
generation for the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.9-23. Gas comprises
more than 95% of the 41 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches more
than 350 TWhe by 2050 as shown in Figure 3.9-23.

Investments  in generation for the
desalination sector occur mainly during 2025
onwards, as shown in Figure 3.9.24. A majority of
the investments are in wind, PV, and batteries,
which reach a high of around 130 b€ in 2040. The
levelised cost of water remains stable with a
marginal decline through the transition at around
just over 1 €/m? until 2050, as shown in Figure 3.9-

24.

power

Figure 3.9-23: North America — Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to

2050.

Figure 3.9-24: North America — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy

transition from 2015 to 2050.
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Regional outlook

Electricity generation capacities are installed across
North America to satisfy the demand for power,
heat, transport, and desalination up to 2050. Solar
PV capacities are predominantly in the southern
regions of North America (USA and Mexico) that
have better solar resources through the year, while
wind energy capacities are mainly in the northern
regions of North America (Central and Mid-West of
the USA, as well in Alaska and Canada) that have
much better wind conditions, as shown in Figure

3.9-25. Overall, solar PV and wind capacities along
with some hydropower capacities constitute the
majority of installed capacity in 2050 across North
America. Similarly, higher shares of solar PV
generation are in the southern regions and higher
shares of wind energy are in the northern and
central regions as highlighted in Figure 3.9-25. This
could enhance the complementarity of solar PV and
wind in an interconnected North American energy
system.

Figure 3.9-25: North America — Regional electricity generation capacities (left) and electricity generation (right) in 2050.

Solar PV capacities are well distributed across the
different regions of North America and achieve a
total installed capacity base of almost 7020 GW in
2050. Moreover, there are capacities across the
southern regions and countries with good solar
conditions throughout the year, as shown in Figure

3.9-26. Whereas, wind energy capacities achieve a
total installed capacity base of just over 1770 GW
in 2050 and are predominantly in the northern and
central regions of North America, which have some
wind potential. This can be observed in Figure 3.9-
26.
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Figure 3.9-26: North America — Regional variation of electricity generation capacities of solar PV (left) and wind energy (right) in

2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of North
America are predominantly from PV and wind in
2050, and the distribution is shown in Figure 3.9-
27. Solar PV, which supplies an average of 61.5% of
electricity generation across North America, is
more common in the southern regions. While wind

energy, which contributes an average of 33.3% of
electricity generation across North America is
mainly, found in the northern and central regions.
Overall, solar PV and wind generate most of the
electricity needed across North America by 2050,
which around 94.2% of total electricity
generation.
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Figure 3.9-27: North America — Regional variation of electricity generation shares of solar PV (left) and wind energy (right) in 2050.

Utility-scale and prosumer batteries contribute a
major share of electricity storage capacities, with
some shares of A-CAES by 2050, as shown in
Figure 3.9-28. Storage capacities are much higher
in the southern parts of North America (USA and
Mexico), to complement higher shares of installed
solar PV capacities, compared to the northern

regions. Batteries, both prosumers and utility-scale,
deliver the largest shares of output by 2050, as
shown in Figure 3.9-28. Additionally, A-CAES
contributes complementary shares of electricity
storage output through the transition, across the
different regions of North America.

Figure 3.9-28: North America — Regional electricity storage capacities (left) and electricity storage annual throughput (right) in 2050.
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The storage output across the power, heat,
transport, and desalination sectors of North
America is predominantly from batteries (both
utility-scale and prosumers) and some synthetic
natural gas supply in 2050, as shown in Figure 3.9-
29. Batteries, which supply an average of 18.5% of
the storage output across North America, are more

common in the southern regions. Synthetic natural
gas, which supplies an average of 0.2% of the total
electricity demand across North America, is
distributed across all regions of North America.
This is complemented with a supply share of
storage from biomethane of around 0.1% in 2050
across North America.

average for regions: 18.5%

B |

0 15 30 45 60
Battery supply share (2050) [%]

average for regions: 0.2%
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Figure 3.9-29: North America — Regional variation of storage supply shares of batteries (left) and synthetic natural gas (right) in 2050.

Greenhouse Gas Emissions

The results of the energy transition towards a 100%
renewable energy system indicate a sharp decline
in GHG emissions until 2050, reaching zero GHG
emissions by 2050 across the power, heat,
transport, and desalination sectors in North
America as shown in Figure 3.9-30. The power

sector undergoes a deep decarbonisation by 2030,
whereas for the heat and transport sectors this
occurs mostly between 2030 and 2050. Moreover,
the remaining cumulative GHG emissions comprise
around 68 GtCOzq from 2018 to 2050. Therefore,
the energy transition pathway for North America is
in adherence to the ambitious Paris Agreement
target of 1.5°C.

Figure 3.9-30: North America — Sector-wise GHG emissions (left) and the share of GHG emissions of different sectors (right) during
the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and does not
consider GHG emissions from the upstream production and delivery of fuels.
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GHG emissions from the power sector decline
through the transition from around 2,400 MtCO;
eq./a in 2015 to zero by 2050 as shown in Figure
3.9-31. Similarly, GHG emissions from the heat
sector decline through the transition from around
1,450 MtCO; eqg./a in 2015 to zero by 2050 as
shown in Figure 3.9-31.

GHG emissions from the transport sector decline
through the transition from around 2,300 MtCO;

eq./a in 2020 to zero by 2050, as shown in Figure
3.9-32. Whereas, GHG emissions from the
desalination sector, which are much lower than
those of other sectors, increase through the
transition from around 1.8 MtCO; eqg./a in 2015 to
over 18 MtCO; eqg./a in 2045 and thereafter drop
to zero by 2050, also visible in Figure 3.9-32.

Figure 3.9-31: North America — GHG emissions in the power sector (left) and GHG emissions in the heat sector (right) during the

energy transition from 2015 to 2050.
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Figure 3.9-32: North America — GHG emissions in the transport sector (left) and GHG emissions in the desalination sector (right)
during the energy transition from 2015 to 2050. Tank to Wheel (TTW) considers GHG emissions from readily available fuels and
does not consider GHG emissions from the upstream production and delivery of fuels.
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Jobs in the Power Sector across North America

Solar PV (1.62 million jobs in 2025) along with wind
energy (762 thousand jobs in 2025) emerge to be
the dominant job creating sectors during the
transition period as shown in Figure 3.9-33.
Additionally, hydropower (180 thousand jobs by
2050) and bioenergy (180 thousand jobs by 2050)
create a stable share of jobs through the transition
period. Storage led by batteries begin to create

jobs from 2025 onwards with a stable share until
2050, with 330 thousand jobs in the battery sector.
Whereas, coal and gas generation
associated jobs are seen to decline rapidly. Overall,
jobs are set to increase from around 1.8 million in
2015 to nearly 3.8 million, with the rapid ramp up
in installations up to 2025 and then a steady
decline towards nearly 2.7 million by 2050.

power

Figure 3.9-33: North America — Jobs created by various power generation and storage technologies (left) and jobs created based
on different categories with the development of electricity demand specific jobs (right) during the energy transition from 2015 to

2050.

Manufacturing, construction and installation of
renewable energy technologies create a significant
share of jobs enabling the rapid ramp up of
capacity until 2030, beyond this period there is a
stable number of jobs created in these sectors up
to 2050. Furthermore, manufacturing includes both
for local use as well as for exports to the other
regions. The share of manufacturing jobs along
with a marginal share of exports initially rises up to
2025 (21% and 1% of total jobs respectively),
beyond which they decline. As manufacturing is
predominantly to cater to the local power markets
across North America with domestic manufacturing
having a share of 11% of total jobs by 2050 and
only 4 thousand jobs for exports. On the contrary,
fuel jobs continue to decline through the transition

200

period reaching just 2% of total jobs by 2050, as
capacities of conventional power plants continue to
decline. Operation and maintenance jobs continue
to grow through the transition period and become
the major job creating segment by 2050 with 64%
of total jobs. As operation and maintenance jobs
last through the lifetime of power plants, they offer
relatively stable long-term job prospects. This has
the potential to create a positive effect in many
parts of the USA that suffer from persistent
unemployment 8. The electricity demand specific
jobs initially increase from 339 jobs/TWhe in 2015
to 666 jobs/TWhin 2025 with the rapid ramp up in
renewable energy installations. Beyond 2025, it
declines steadily to 374 jobs/TWhe by 2050 as
highlighted in Figure 3.9-33.



Global Energy System based on 100% Renewable Energy
Regional and Sectoral Outlook: South America

3.10. South America

The South American including Central
American countries is comprised of growing
economies, with around a 6% share of global GDP
¢, Population in South America is 464 million in
2015 representing a share of 6% in world
population, which is estimated to be also 6% in
2050. With steady economic growth in most of the
countries, the need for energy is increasing. The
energy sector in South America is a key ingredient
to its overall development. Many of the countries
have a well-developed hydropower sector, such as
Brazil with more than 70% of its electricity
generated through hydro ¢, and Paraguay runs its
entire power sector based on hydropower and
further exports excess generation to neighbouring
countries. Overall, the region has amongst the least
carbon intensive power sectors globally. However,
with growing needs and a need to ensure security

region
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of supply, effective utilisation of all available
renewable energy resources and maximum synergy
between various regions of the South American
countries will foster sustainable development in the
region. The detailed results for the energy transition
across South America are available in a
supplementary data file, the link for the file can be
found in the Appendix.

Penetration of renewables is not just a matter of
replacing hydrocarbons with zero-carbon sources of
energy supply — it also represents a significant
change in resource efficiency. This is illustrated by
the overall electrification across the power, heat,
transport, and desalination sectors as shown in
Figure 3.10-1.
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Figure 3.10-1: South America — Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top
right), electricity consumption per capita with population (bottom left) and primary energy demand per capita (bottom right)

during the energy transition from 2015 to 2050.
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The primary energy demand assuming high
electrification, which is the basis for this study,
decreases marginally from 5,000 TWh in 2015 to
around 4,800 TWh by 2035 and increases up to
6,700 TWh by 2050 as shown in Figure 3.10-1. On
the contrary, with low shares of electrification
resulting from the adoption of current practices
until 2050, the primary energy demand would
reach nearly 11,500 TWh by 2050. This massive
gain in energy efficiency is primarily due to a high
level of electrification of more than 80% resulting in
reduction of around 4,800 TWh by 2050, in
comparison to the continuation of current practices
with low shares of electrification. The population
across South America is expected to grow from 464
to 572 million by 2050. Correspondingly, the
average per capita energy demand decreases from
around 10.5 MWh/person in 2015 to around 9
MWh/person by 2035 and increases up to nearly 12
MWh/person by 2050. Additionally, a substantial
demand from fuel conversion technologies arises

beyond 2040, in producing renewable-based fuels
for the transport sector across South America.

Energy Supply

The electricity generation capacity across South
America satisfies demand from all energy sectors
including power, heat, transport and desalination.
The total installed capacity grows massively from
about 300 GW in 2015 to around 2700 GW by
2050 as shown in Figure 3.10-2. In the initial period
of the transition, some shares of wind and
hydropower capacities are installed up to 2030, but
in the later part of the transition solar PV dominates
the shares of installed capacities reaching almost
2250 GW by 2050. On the other hand, the shares
of fossil fuels and nuclear decline through the
transition to zero by 2050. Some shares of gas
remain, but the fuel switches from fossil-based gas
to synthetic natural gas produced with renewable
electricity and biomethane.

Figure 3.10-2: South America — Technology-wise installed capacities (left) and technology-wise shares of installed capacities

(right) during the energy transition from 2015 to 2050.

Electricity generation from the various technologies
to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 3.10-3.
Hydropower was a main contributor to the total
electricity generation 2015. However, the
amount of electricity generation from hydropower
remains almost constant over the transition due to

in

sustainability reasons. Solar PV supply increases
through the transition from 29% in 2030 to about
62% by 2050, becoming the lowest cost energy
source. The share of wind energy increases to 23%
of total electricity generation by 2030 and
thereafter declines to around 10% by 2050. In the
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heat sector, heat pumps play a significant role
through the transition with a share of nearly 34% of
heat generation by 2050 on both the district and
individual levels, as indicated in Figure 3.10-3. On
the other hand, gas-based heating decreases
through the transition from over 32% in 2015, to
around 9% by 2050. Additionally, biomass-based
DH and IH, electric heating and some shares of
solar thermal eliminate fossil fuels based heating by
2050. Fossil gas is eliminated and replaced by
synthetic gas produced from renewable energy
through the transition.
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Figure 3.10-3: South America — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the

energy transition from 2015 to 2050.
Energy Storage

Energy storage technologies play a critical role in
enabling a secure energy supply throughout South
America, fully based on renewable energy across
different sectors. As highlighted in Figure 3.10-4,
storage output covers around 850 TWh, of total
electricity demand in 2050. The ratio of electricity
demand covered by energy storage to electricity
generation increases significantly to over 16.5% by

2035 and thereafter declines marginally to just
under 16% by 2050. Additionally, around 3% is
covered by heat storage conversion to electricity
by 2050. Batteries emerge as the most relevant
electricity storage technology contributing about
94% of the total electricity storage output by 2050.
Additionally, a significant share of gas storage is
installed to provide seasonal storage primarily
during the winter and monsoon seasons across
South America.

Figure 3.10-4: South America — Electricity demand covered by energy storage (left) and ratio of electricity demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050.

Similarly, heat storage plays a vital role in ensuring
heat demand is covered across all the sectors. As
indicated in Figure 3.10-5, storage output covers
more than 550 TWhy, of the total heat demand in
2050 and heat storage technologies are crucial to
meet this demand. The ratio of heat demand
covered by energy storage to heat generation
increases substantially to over 16% by 2050, also
shown in Figure 3.10-5. Thermal energy storage
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(TES) emerges as the most relevant heat storage
technology with around 67% of heat storage
output by 2050. Furthermore, power-to-gas (PtG)
contributes around 33% of heat storage output in
2050. As fossil fuel usage for heat generation is
completely eliminated in the final five year period
from 2045-2050, there is an increase in heat
storage utilisation.
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Figure 3.10-5: South America — Heat demand covered by energy storage (left) and the ratio of heat demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050.

Costs and Investments

The total annual costs are in the range of 260-310
b€ through the transition period and are well
distributed across the major sectors of power, heat,
and transport, as desalination demand in South
America is relatively lower compared to other
regions of the world. In addition, as indicated in
Figure 3.10-6, CAPEX increases through the
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transition, as the share of fuel costs continues to
decline. The steady increase in CAPEX-related
energy system costs indicate that fuel imports and
the respective negative impacts on trade balances
will fade out through the transition. In addition, a
low fuel import dependency will lead to higher
levels of energy security across South America.

Figure 3.10-6: South America — Annual system costs, sector-wise (left) and functionality-wise (right) during the energy transition from

2015 to 2050.

As increasing shares of power generation capacities
are added across South America, renewable energy
sources become the least costing power
generation sources®. As indicated in Figure 3.10-7,
levelised cost of energy declines marginally from
over 60 €/MWh in 2025 to around 54 €/MWh by
2050. Moreover, the levelised cost of energy is
increasingly dominated by capital costs as fuel
costs continue to decline through the transition
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period, which could mean increased self-reliance in
terms of energy for South America by 2050, as
mentioned earlier. Capital costs are well spread
across a range of technologies with major
investments for PV, wind energy, batteries, heat
pumps, and synthetic fuel conversion up to 2050,
as shown in Figure 3.10-7. The cumulative
investments are about 2,560 b€ through the
transition from 2016-2050.
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Figure 3.10-7: South America — Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy

transition from 2015 to 2050.
Outlook across Sectors

Different trends in the power, heat, transport, and
desalination sectors across South America emerge
through the transition. As the sectors transition
towards having higher shares of renewable energy,
different technologies have vital roles in ensuring
the stability of the energy system. A closer look at
the individual sectors provides further insights into
the energy transition across South America towards
100% renewable energy.

Power and Heat

The total installed power generation capacity
increases from over 300 GW in 2015 to nearly

1,200 GW by 2050, as shown in Figure 3.10-8.
Across the power sector, solar PV with over 850
GW, hydropower with around 200 GW and wind
with 30 GW constitute the majority of installed
capacities by 2050. In the heat sector, heat pumps,
electric heating, oil IH and biomass-based heating
constitute the majority of installed capacities by
2050, also shown in Figure 3.10-8. A significant
increase in installed capacities of heat pumps and
biomass-based heating occurs in the final five-year
period leading up to 2050, as fossil fuels are
completely eliminated from the energy system.

Figure 3.10-8: South America — Technology-wise installed capacities for power (left) and heat (right) during the energy transition from

2015 to 2050.
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The transition across South America results in a
power and heat sector dominated by fossil fuel and
nuclear in 2015 moving towards a solar PV and
hydropower dominated sector by 2050, with some
wind energy and bioenergy as shown in Figure
3.10-9. The primary electricity generation increases
from over 1,000 TWh in 2015 to just over 2,500

TWh by 2050, which is primarily from PV, hydro and
wind. Heat generation increases steadily from
around 1,500 TWh in 2015 to around 2,750 TWh by
2050, which is predominantly from heat pumps,
electric heating and biomass-based heating, also
shown in Figure 3.10-9.

Figure 3.10-9: South America — Primary electricity generation (left) and technology-wise heat generation (right) during the energy

transition from 2015 to 2050.

The installed electricity storage capacity increases
from just about 0.1 TWh in 2025 to around 1.3 TWh
by 2050, as shown in Figure 3.10-10. Utility-scale
and prosumer batteries with some shares of A-
CAES are installed through the transition. The
installed capacities of A-CAES are also a
consequence of the modelling approach, which
prioritises full domestic energy supply for all South

American regions. The installed heat storage
increases gradually until 2045 to around 3.3 TWh,
but in the final five-year period up to 2050, an
increase in capacity of gas storage of up to 5.5
TWh is observed, as shown in Figure 3.10-10. This
jump in capacity addition is mainly to provide
seasonal storage across South America covering
the heat demand in the absence of fossil fuels.

Figure 3.10-10: South America — Installed electricity storage capacities (left) and heat storage capacities (right) during the energy

transition from 2015 to 2050.
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Utility-scale and prosumer batteries contribute a
major share of electricity storage output with nearly
400 TWhe by 2050, as highlighted by Figure 3.10-
11. In addition, some shares of A-CAES contribute
through the transition. TES emerges as the most
relevant heat storage technology with around 67%

of heat storage output by 2050, also seen in Figure
3.10-11. Gas storage contributes around 33% of
the heat storage output 2050 covering
predominantly ~ seasonal demand, previously
covered by fossil gas.

in

Figure 3.10-11: South America — Electricity storage output (left) and heat storage output (right) during the energy transition from

2015 to 2050.

LCOE of the power sector decreases substantially
from around 75 €/MWh in 2015 to around 38
€/MWh by 2050, as shown in Figure 3.10-12. LCOE
is predominantly comprised of CAPEX as fuel costs
decline through the transition. Similarly, LCOH of
the heat sector decreases from around 70 €/MWh
in 2015 to around 43 €/MWh by 2045 and further

on increases to around 51 €/MWh by 2050, as
shown in Figure 3.10-12. LCOH is predominantly
comprised of CAPEX as fuel costs decline through
the transition. Despite a substantial increase in heat
demand across South America, mainly driven by
industrial process heat, the LCOH declines through
the transition.

Figure 3.10-12: South America — Levelised cost of electricity (left) and levelised cost of heat (right) during the energy transition from

2015 to 2050.
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Investments are well spread across a range of
power generation technologies with the majority
shares in solar PV up to 2050, with some shares in
wind energy and hydropower as shown in Figure
3.10-13. Investments in the heat sector are mainly
in heat pumps, with some shares in biomass

heating and electric heating up to 2050, also
shown in Figure 3.10-13. The steep increase in heat
pump investments in the final five-year period until
2050 is mainly to cover the heat demand in the
absence of fossil fuels as well as the lower costs of
heat pumps by 2050.

Figure 3.10-13: South America — Capital costs of installed generation capacities in five-year intervals for electricity (left) and heat

(right) during the energy transition from 2015 to 2050.

Transport

The primary energy demand of the transport sector
across South America is almost twice the energy
demand from the power sector at over 2,000 TWh
in 2015. However, this demand after an initial
increase, thereafter a decline and then again, an
increase remains just over 2,000 TWh by 2050,
mainly due to the efficiency gains brought about by
electrification of the sector as shown in Figure 3.10-
14. On the contrary, fossil fuels consumption in the
transport sector across South America is seen to
decline through the transition from about 88% in
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2015 to zero by 2050. While, liquid fuels produced
by renewable electricity contribute around 30% of
final energy demand in 2050. In addition, hydrogen
constitutes more than 26% of final energy demand
in 2050. Sustainably produced biofuels contribute a
minor share to enable a complete elimination of
fossil  fuel usage the transport sector.
Electrification of the transport sector creates an
electricity demand of around 2,800 TWh, by 2050.
The massive demand for liquid fuels kicks in from
2040 onwards up until 2050, as indicated in Figure
3.10-14.

in

Figure 3.10-14: South America — Final energy demand for transport (left) and electricity demand for sustainable transport (right)

during the energy transition from 2015 to 2050.
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Installed power generation capacities for the
transport sector increase substantially through the
transition to around 1,450 GW by 2050, as shown
in Figure 3.10-15. Solar PV and wind form the
majority share of the power generation capacities
for the transport sector, as they are the lowest cost

energy sources by 2050. Similarly, electricity
generation increases substantially up to almost
3,000 TWh by 2050 also to be seen in Figure 3.10-
15. Solar PV and wind energy generate all the
electricity required to meet the demand of the
transport sector in 2050.

Figure 3.10-15: South America — Transport sector installed power generation capacity (left) and electricity generation (right)

during the energy transition from 2015 to 2050.

A critical aspect to complement the electrification
of the transport sector is the installation of storage
technologies. As seen in Figure 3.10-16, the
installed capacities of electricity storage increase
through the transition to over 1.3 TWh by 2050.
The majority of installed capacities are utility-scale
batteries and A-CAES. Similarly, electricity storage
output increases through the transition to over 430
TWhe by 2050 as shown in Figure 3.10-16. Utility-

scale batteries play a vital role as they contribute a
major portion of the output through the transition,
with over 300 TWhy by 2050. The relatively low
electricity storage of less than 15% of generated
electricity for the transport sector is enabled by the
flexible operation of batteries, water electrolyser
units, and hydrogen buffer storage for synthetic
fuel production.

Figure 3.10-16: South America — Transport sector installed electricity storage capacity (left) and electricity storage output (right)

during the energy transition from 2015 to 2050.
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An essential aspect in the transition of the transport
sector towards higher electrification completely
based on renewable energy is the production of
synthetic fuels, hydrogen and sustainable biofuels.
As indicated in Figure 3.10-17, the installed
capacities of fuel conversion technologies increase
substantially from 2040 onwards to over 750 GW
by 2050. Water electrolysis forms the majority share

of fuel conversion capacities through the transition.
Additionally, heat is needed during the production
of synthetic fuels, mainly for energy-efficient CO,
direct air capture, and this is enabled by managing
process heat, which is otherwise not useable. Heat
utilisation is in the range of 375 TWhy by 2050,
which is comprised of excess heat and recovered
heat, as shown in Figure 3.10-17.

Figure 3.10-17: South America — Transport sector installed capacity for fuel conversion (left) and heat management (right) during

the energy transition from 2015 to 2050.

Similarly, gas storage is necessary in the production
of synthetic fuels. As shown in Figure 3.10-18, the
installed storage capacities for gas increase
through the transition to around 3.8 TWh by 2050.
Hydrogen storage is the major gas stored through
the transition, with a lower share for methane gas
by 2050. CO; storage and CO; direct air capture,
which are vital in the production of synthetic fuels,

are installed from 2040 onwards. The installed

capacity for CO; storage and CO; direct air capture
increases up to around 100 MtCO, by 2050, as
shown in Figure 3.10-18. The major share of
installed storage capacity is CO; direct air capture,
which is on an annual basis as compared to CO;
storage. Despite having a lower storage capacity,
CO, storage has a substantial utilisation and
correspondingly higher throughput.

Figure 3.10-18: South America — Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO2 direct air
capture and COz storage (right) during the energy transition from 2015 to 2050.
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Fuel costs are a deciding factor in the overall
energy mix for the transport sector across South
America and their developing trends are
highlighted in Figure 3.10-19. FT and SNG fuel
costs decline through the transition up to 2050 and
FT fuels are cost competitive with fossil liquid fuels
including GHG emissions costs, at around 80
€/MWh in 2050. In addition, SNG is more cost
effective than LNG in 2050. Electricity emerges as
the most cost effective option with LCOE primary

at around 19 €/MWh and along with
complementary costs of storage and other system
components, total LCOE is around 26 €/MWh in
2050. H, fuel costs decline to be more cost
competitive that fossil fuels, in the range of 47
€/MWh in 2050, while liquid H; is in the range of 56
€/MWh. CO, from DAC is a critical component for
synthetic fuels at around 30 €/tCO..q in 2050, using

waste heat, as shown in Figure 3.10-19.

Figure 3.10-19: South America — Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel

costs in 2050 (right).

The final energy costs for transport are in the range
of 105-130 b€ through the transition period with a
decline from around 125 b€ in 2015 to about 105
b€ by 2050, as Figure 3.10-20.
Furthermore, annual system costs transit from
being heavily dominated by fuel costs in 2015 to a
very diverse share of costs across various
technologies for electricity, synthetic fuels and
sustainable biofuel production by 2050, as

shown in

highlighted in Figure 3.10-20. The difference in
annual final transport energy and system costs is
predominantly due to additional aspects of the
system beyond 2040, as FT units produce naphtha
as a by-product, that adds to the overall system
costs. The cost for naphtha is allocated to the
industry sector as input for the chemical industry,
since it is a valuable feedstock.

Figure 3.10-20: South America — Final transport energy costs based on mode of transport (left) and source of energy (right) during

the energy transition from 2015 to 2050.
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The final transport passenger costs decline from
around 0.095 €/p-km in 2015 to over 0.055 €/p-km
by 2050, as shown in Figure 3.10-21. Final transport
passenger costs decline for road transport through
the transition, whereas for marine and aviation
decrease. Similarly, final

there is a marginal

transport freight costs decline from around 0.055
€/t-km in 2015 to over 0.017 €/t-km by 2050, as
shown in Figure 3.10-21. The final freight costs in
the case of road declines through the transition,
whereas it decreases slightly for rail and remains
stable for aviation and marine.

Figure 3.10-21: South America — Final transport passenger cost (left) and final transport freight cost (right) during the energy

transition from 2015 to 2050.

Desalination

The desalination demand in South America is
relatively much lower compared to other regions of
the world. Therefore, the installed capacity of
power generation for the desalination sector

increases from around just 2 GW in 2025 to around

16 GW by 2050 as shown in Figure 3.10-22. Solar
PV and wind comprise the majority of installed
capacities from 2030 until 2050. Primary electricity
generation to meet the desalination demand in the
initial period of the transition is from fossil gas up
to 2030, beyond which PV and wind dominate as
highlighted in Figure 3.10-22.

Figure 3.10-22: South America — Technology-wise installed capacities for the desalination sector (left) and primary electricity
generation for the desalination sector (right) during the energy transition from 2015 to 2050.
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The installed storage capacity for desalination
occurs mainly from 2035 onwards, with most of the
capacity added in the final five-year period until
2050, as shown in Figure 3.10-23. Gas comprises
more than 95% of the 1.1 TWh installed storage
capacity in 2050, whereas batteries contribute the
majority of the storage output, which reaches more
than 10 TWh, by 2050 as shown in Figure 3.10-23.

Investments  in generation for the
desalination sector occur mainly during 2025
onwards, as shown in Figure 3.10-24. A majority of
the investments are in wind, PV, and batteries,
which reach a high of over 3 b€ in 2035. The
levelised cost of water increases marginally through
the transition from around 0.9 €/m? in 2015 to
around 1.1 €/m?® by 2050, as shown in Figure 3.10-
24,

power

Figure 3.10-23: South America — Installed storage capacity (left) and storage output (right) during the energy transition from 2015 to

2050.

Figure 3.10-24: South America — Capital costs for five-year intervals (left) and levelised cost of water (right) during the energy

transition from 2015 to 2050.
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Regional Outlook

Electricity generation capacities are installed across
South America to satisfy the demand for power,
heat, transport, and desalination up to 2050. Solar
PV capacities are predominantly in the northern
regions of South America that have better solar
resources through the year, while wind energy
capacities are mainly in the southern regions of
South America that have much better wind
conditions and hydropower is predominant in the
central regions of South America as shown in

Figure 3.10-25. Overall, solar PV and wind
capacities along with some hydropower capacities
constitute the majority of installed capacity in 2050
across South America. Similarly, higher shares of
solar PV generation are in the northern regions and
higher shares of wind energy are in the southern
regions as highlighted in Figure 3.10-25. This could
enhance the complementarity of solar PV and wind
in an interconnected South American energy

system.

Figure 3.10-25: South America — Regional electricity generation capacities (left) and electricity generation (right) in 2050.
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Solar PV capacities are well distributed across the
different regions of South America and achieve a
total installed capacity base of almost 2250 GW in
2050. Moreover, there are capacities across the
regions and countries with good solar conditions
throughout the year, as shown in Figure 3.10-26.

Whereas, wind energy capacities achieve a total
installed capacity base of just over 135 GW in 2050
and are predominantly in the southern regions of
South America, which have some good wind
potential. This can be observed in Figure 3.10-26.

Figure 3.10-26: South America — Regional variation of electricity generation capacities of solar PV (left) and wind energy (right) in

2050.
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The electricity generation across the power, heat,
transport, and desalination sectors of South
America are predominantly from PV, hydropower
and wind in 2050, which are distributed across the
region as shown in Figure 3.10-27. Solar PV, which
supplies an average of 75.9% of electricity
generation across South America, is more common

average for regions: 75.9%
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