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The International Energy Agency (IEA), an autonomous agency, was established in November
1974. Its primary mandate was — and is — two-fold: to promote energy security amongst its
member countries through collective response to physical disruptions in oil supply, and provide
authoritative research and analysis on ways to ensure reliable, affordable and clean energy for its
29 member countries and beyond. The IEA carries out a comprehensive programme of energy co-
operation among its member countries, each of which is obliged to hold oil stocks equivalent to
90 days of its net imports. The Agency’s aims include the following objectives:

e Secure member countries’ access to reliable and ample supplies of all forms of energy; in
particular, through maintaining effective emergency response capabilities in case of oil
supply disruptions.

¢ Promote sustainable energy policies that spur economic growth and environmental
protection in a global context — particularly in terms of reducing greenhouse gas
emissions that contribute to climate change.

e Improve transparency of international markets through collection and analysis of energy
data.

e Support global collaboration on energy technology to secure future energy supplies and
mitigate their environmental impact, including through improved energy efficiency and
development and deployment of low-carbon technologies.

e Find solutions to global energy challenges through engagement and dialogue with non-
member countries, industry, international organisations and other stakeholders.

About IRENA

The International Renewable Energy Agency (IRENA) is an intergovernmental organisation that
supports countries in their transition to a sustainable energy future, and serves as the principal
platform for international co-operation, a centre of excellence, and a repository of policy,
technology, resource and financial knowledge on renewable energy. IRENA promotes the
widespread adoption and sustainable use of all forms of renewable energy, including bioenergy,
geothermal, hydropower, ocean, solar and wind energy, in the pursuit of sustainable
development, energy access, energy security and low-carbon economic growth and prosperity.
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Executive Summary

Authors: International Energy Agency and International Renewable Energy Agency

Scope of the study

Investment is the lifeblood of the global energy system. Individual decisions about how to direct
capital to various energy projects — related to the collection, conversion, transport and
consumption of energy resources — combine to shape global patterns of energy use and related
emissions for decades to come. Government energy and climate policies seek to influence the
scale and nature of investments across the economy, and long-term climate goals depend on
their success. Understanding the energy investment landscape today and how it can evolve to
meet decarbonisation goals are central elements of the energy transition. Around two-thirds of
global greenhouse gas (GHG) emissions stem from energy production and use, which puts the
energy sector at the core of efforts to combat climate change.

Against this backdrop, the German government has requested the International Energy Agency
(IEA) and the International Renewable Energy Agency (IRENA) to shed light on the essential
elements of an energy sector transition that would be consistent with limiting the rise in global
temperature to well below two degrees Celisius (2°C), as set out in the Paris Agreement. The
overarching objective of this study is to analyse the scale and scope of investments in low-carbon
technologies in power generation, transport, buildings and industry (including heating and
cooling) that are needed to facilitate such a transition in a cost-effective manner, while also
working towards other policy goals. The findings of this report will inform G20 work on energy
and climate in the context of the 2017 German G20 presidency.

The analyses in this report are framed by several key questions which include:

e How can the energy sector achieve a transition to a decarbonised, reliable and secure
energy sector at reasonable costs?

¢« What are the investment needs associated with the energy sector transition and how do
investment patterns need to change to reach a low-carbon energy system?

e What are the co-benefits for other energy policy objectives that could result from an
energy sector transformation?

e Assuming a timely and effective low-carbon energy sector transition, what is the outlook
for stranded assets? What is the impact for stranded assets if action is delayed and the
transition is sharper?

e How does the trend of declining costs for renewables and other low-carbon energy
technologies, as well as acceleration of efficiency gains, support the decarbonisation?
How can policy accelerate this development?

e What are the roles of carbon pricing and the phase-out of fossil fuel subsidies in ensuring
a cost-effective decarbonisation of energy systems?

e What are the roles of more stringent regulations, better market design and/or higher
carbon prices for the energy sector transition?

e What is the role of research, development and demonstration, and how can early
deployment of a broad array of low-carbon technologies support an efficient and
effective energy sector transition?

In order to address these questions, the IEA and IRENA separately have examined the investment
needs for energy sector pathways that would foster putting the world on track towards a
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significant reduction in energy-related GHG emissions until the middle of this century. Each
institution has developed one core scenario that would be compatible with limiting the rise in
global mean temperature to 2°C by 2100 with a probability of 66%, as a way of contributing to
the “well below 2°C” target of the Paris Agreement. Both the IEA and IRENA analyses start with
the same carbon budget for the energy sector. But the pathways to reaching the goal differ
between the two analyses: the modelling analysis conducted by the IEA aims at laying out a
pathway towards energy sector decarbonisation that is technology-neutral and includes all low-
carbon technologies, taking into account each country’s particular circumstances. The analysis
conducted by IRENA maps out an energy transition that stresses the potential of energy
efficiency and renewable energy sources to achieving the climate goal, while also taking into
consideration all other low-carbon technologies.

While IEA and IRENA base their energy sector analyses on different approaches and use different
models and/or tools, there are similarities in high-level outcomes that support the relevance for a
pathway and framework for a timely transition of the global energy sector. In the following
sections, key findings from the analyses of each organisation are presented.

Carbon budget

The average global surface temperature rise has an almost linear relationship with the
cumulative emissions of carbon dioxide (CO,). This useful relationship has resulted in the concept
of a remaining global “CO, budget” (the cumulative amount of CO, emitted over a given
timeframe) that can be associated with a probability of remaining below a chosen temperature
target.

The Paris Agreement makes reference to keeping temperature rises to “well below 2°C” and
pursuing efforts to limit the temperature increase to 1.5°C. However it offers no clear guidance
on what “well below 2°C” means in practice, or what probabilities should be attached to the
temperature goals.For the purpose of this report, it was chosen to focus on a scenario with a 66%
probability of keeping the average global surface temperature rise throughout the 21st century
to below 2°C, without any temporary overshoot. Understanding the associated CO, budget
consistent with this definition is a critical consideration for modelling the pace and extent of the
energy sector transition (Table ES.1). To generate an estimate of CO, budget for a 66% chance of
staying below 2°C, it is necessary to estimate levels and rates of non-CO, emissions. For the
purpose of this study, non-CO, emissions originating from non-energy sectors rely on the
scenarios from the database of the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC). With these assumptions, for the purpose of this study, we estimate that
the CO, budget between 2015 and 2100 is 880 gigatonnes (Gt). This lies towards the middle of
the 590 — 1 240 Gt CO, range from a study discussing CO, budgets commensurate with a 66%
chance of staying below 2°C.

Table ES.1 e Energy sector CO, budget in the decarbonisation scenarios developed by the IEA and IRENA
in this study

(Gt CO») 2015 - 2100

Total CO2 880
Industry processes -90
Land use, land- use change and forestry 0

Energy sector COz2 budget 790
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It is important to recognise that the 66% 2°C scenarios explored in this report keep the
temperature rise below 2°C not just in 2100 but also over the course of the 21st century. It does
not permit any temporary overshooting of this temperature in any year. The main reason for this
working assumption is that permitting a temporary overshoot of a specific temperature rise
before falling back to this level in 2100 would imply relying on negative-CO, technologies (such as
direct air capture, enhanced rock weathering, afforestation, biochar and bioenergy with carbon
capture and storage) at scale sometime in the future. The assessment of the implications of
widespread adoption of bioenergy with carbon capture and storage (BECCS) for land-use
requirements or the potential uptake of non-energy technologies for CO, removal is outside the
scope of this report.

Nevertheless, many of the scenarios assessed by the IPCC in its Fifth Assessment Report that aim
to limit the specific temperature rise in 2100 to 2°C rely heavily upon BECCS such that the global
energy sector as a whole absorbs CO, emissions from the atmosphere by the end of the century.
The scenarios developed in this study are therefore ambitious in terms of the timing and scope of
required energy emissions reductions for meeting the 2°C goal as they offer no possibility to
delay CO, emissions reduction until negative-emissions technologies are available at scale.
Nevertheless, the scenarios offer the possibility for achieving more stringent climate targets in
the future, should negative-emissions technologies become available.

To arrive at an energy sector only CO, budget for the 66% 2°C scenario it is necessary to subtract
from the total CO, budget those CO, emissions not related to fossil fuel combustion in the energy
sector. These emissions predominantly arise from two sources: industrial processes and from
land use, land-use change and forestry (LULUCF). For the latter, the outlook for CO, emissions
from LULUCF used in this study are based on the median of 36 unique decarbonisation scenarios
analysed by the IPCC. For this study, the assumption is that CO, emissions from LULUCF fall from
3.3 Gt in 2015 to zero by mid-century. LULUCF subsequently becomes a net absorber of CO, over
the remainder of the 21st century, and, as a result, cumulative CO, emissions from LULUCF
between 2015 and 2100 are close to zero.

The net effect of these two factors is to reduce the total CO, budget from 880 Gt to an energy
sector only budget of 790 Gt. The challenge is stark: by means of comparison, current Nationally
Determined Contributions (NDCs) imply that, until 2050, the energy sector would emit almost
1 260 Gt, i.e. nearly 60% more than the allowed budget.

IEA findings

Limiting the global mean temperature rise to below 2°C with a probability of 66% would
require an energy transition of exceptional scope, depth and speed. Energy-related CO,
emissions would need to peak before 2020 and fall by more than 70% from today’s levels by
2050. The share of fossil fuels in primary energy demand would halve between 2014 and 2050
while the share of low-carbon sources, including renewables, nuclear and fossil fuel with carbon
capture and stoage (CCS), would more than triple worldwide to comprise 70% of energy demand
in 2050.

The 66% 2°C Scenario would require an unparalleled ramp up of all low-carbon technologies in
all countries. An ambitious set of policy measures, including the rapid phase out of fossil fuel
subsidies, CO, prices rising to unprecedented levels, extensive energy market reforms, and
stringent low-carbon and energy efficiency mandates would be needed to achieve this transition.
Such policies would need to be introduced immediately and comprehensively across all countries
in order to achieve the 66% 2°C Scenario, with CO, prices reaching up to US dollars (USD) 190 per
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tonne of CO,. The scenario also requires broader and deeper global efforts on technology
collaboration to facilitate low-carbon technology development and deployment.

Improvements to energy and material efficiency, and higher deployment of renewable energy
are essential components of any global low-carbon transition. In the 66% 2°C Scenario,
aggressive efficiency measures would be needed to lower the energy intensity of the global
economy by 2.5% per year on average between 2014 and 2050 (three-and-a-half times greater
than the rate of improvement seen over the past 15 years); wind and solar combined would
become the largest source of electricity by 2030. This would need to be accompanied by a major
effort to redesign electricity markets to integrate large shares of variable renewables, alongside
rules and technologies to ensure flexibility.

Figure ES.1 » Global emissions abatement by technology and region in the 66% 2°C Scenario relative to
the New Policies Scenario

Technologies Regions

s T O RN 40
Q New Policies Scenario Efficiency S
& 2
(U]

Renewables FEldies 30

ccs
20 Fuel switching ~ «. 20
M Nuclear
10 mOther e 10
0 « T T T ] ——— 0
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Note: The New Policies Scenario reflects the implications for the energy sector of the NDCs of the Paris Agreement.

Key message ® G20 countries provide almost three-quarters of the emissions reductions in 2050 between
the 66% 2°C and New Policies Scenarios.

A deep transformation of the way we produce and use energy would need to occur to achieve
the 66% 2°C Scenario. By 2050, nearly 95% of electricity would be low-carbon, 70% of new cars
would be electric, the entire existing building stock would have been retrofitted, and the CO2
intensity of the industrial sector would be 80% lower than today.

A fundamental reorientation of energy supply investments and a rapid escalation in low-
carbon demand-side investments would be necessary to achieve the 66% 2°C Scenario. Around
USD 3.5 trillion in energy sector investments would be required on average each year between
2016 and 2050, compared to USD 1.8 trillion in 2015. Fossil fuel investment would decline, but
would be largely offset by a 150% increase in renewable energy supply investment between 2015
and 2050. Total demand-side investment into low-carbon technologies would need to surge by a
factor of ten over the same period. The additional net total investment, relative to the trends
that emerge from current climate pledges, would be equivalent to 0.3% of global gross domestic
product (GDP) in 2050.
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Figure ES.2 e Average annual global energy supply- and demand-side investment in the 66% 2°C Scenario
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Note: T&D = transmission and distribution; EVs = electric vehicles; CCS = carbon capture and storage.

Key message e The level of supply-side investment remains broadly constant, but shifts away from fossil
fuels. Demand-side investment in efficiency and low-carbon technologies ramps up to almost
USD 3 trillion in the 2040s.

Fossil fuels remain an important part of the energy system in the 66% 2°C Scenario, but the
various fuels fare differently. Coal use would decline most rapidly. Oil consumption would also
fall but its substitution is challenging in several sectors. Investment in new oil supply will be
needed as the decline in currently producing fields is greater than the decline in demand. Natural
gas plays an important role in the transition across several sectors.

Early, concerted and consistent policy action would be imperative to facilitate the energy
transition. Energy markets bear the risk for all types of technologies that some capital cannot be
recovered (“stranded assets”); climate policy adds an additional consideration. In the 66% 2°C
Scenario, in the power sector, the majority of the additional risk from climate policy would lie
with coal-fired power plants. Gas-fired power plants would be far less affected, partly as they are
critical providers of flexibility for many years to come, and partly because they are less capital-
intensive than coal-fired power plants. The fossil fuel upstream sector may, besides the power
sector, also carry risk not to recover investments. Delaying the transition by a decade while
keeping the same carbon budget would more than triple the amount of investment that risks not
to be fully recovered. Deployment of CCS offers an important way to help fossil fuel assets
recover their investments and minimise stranded assets in a low-carbon transition.

With well-designed policies, drastic improvements in air pollution, as well as cuts in fossil fuel
import bills and household energy expenditures, would complement the decarbonisation
achieved in the 66% 2°C Scenario. Achieving universal access to energy for all is a key policy goal;
its achievement would not jeopardise reaching climate goals. The pursuit of climate goals can
have co-benefits for increasing energy access, but climate policy alone will not help achieve
universal access.
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Figure ES.3 ¢ Trends for selected key indicators in the 66% 2°C Scenario
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Key message e The transition to a low-carbon energy sector could help achieve other key energy policy
goals, such as reducing air pollution and household fuel expenditures.

IRENA findings

Accelerated deployment of renewable energy and energy efficiency measures are the key
elements of the energy transition. By 2050, renewables and energy efficiency would meet the
vast majority of emission reduction needs (90%), with some 10% achieved by fossil fuel switching
and CCS. In the REmap decarbonisation case nuclear power stays at the 2016 level and CCS is
deployed exclusively in the industry sector.

The share of renewable energy needs to increase from around 15% of the primary energy
supply in 2015 to 65% in 2050. Energy intensity improvements must double to around 2.5% per
year by 2030, and continue at this level until 2050.Energy demand in 2050 would remain
around today’s level due to extensive energy intensity improvements. Around half of the
improvements could be attributed to renewable energy from heating, cooling, transport and
electrification based on cost-effective renewable power.

The energy supply mix in 2050 would be significantly different. Total fossil fuel use in 2050
would stand at a third of today’s level. The use of coal would decline the most, while oil demand
would be at 45% of today’s level. Resources that have high production costs would no longer be
exploited. While natural gas can be a “bridge” to greater use of renewable energy, its role should
be limited unless it is coupled with high levels of CCS. There is a risk of path dependency and
future stranded assets if natural gas deployment expands significantly without long-term
emissions reduction goals in mind.

The energy transition is affordable, but it will require additional investments in low-carbon
technologies. Further significant cost reductions across the range of renewables and enabling
technologies will be major drivers for increased investment, but cumulative additional
investment would still need to amount to USD 29 trillion over the period to 2050. This is in
addition to the investment of USD 116 trillion already envisaged in the Reference Case. Reducing
the impact on human health and mitigating climate change would save between two- and six-
times more than the costs of decarbonisation.
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Figure ES.4 ¢ Global total primary energy supply, 2015-2050
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Key message ® Renewable energy would be the largest source of energy supply under REmap in 2050,
representing two-thirds of the energy mix. This requires an increase of renewables’ share of about 1.2%
per year, a seven-fold acceleration compared to recent years.

Early action is critical in order to limit the planet’s temperature rise to 2°C and to maximise the
benefits of this energy transition, while reducing the risk of stranded assets. Taking action early
is also critical for feasibly maintaining the option of limiting the global temperature rise to 1.5°C.
Delaying decarbonisation of the energy sector would cause the investments to rise and would
double stranded assets. In addition, delaying action would require the use of costly technologies
to remove carbon from the atmosphere.

Figure ES.5 ¢ Additional investment needs in REmap compared to the Reference Case, 2015-2050
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Key message ® Meeting the 2°C target requires investing an additional USD 29 trillion between 2015 and
2050 compared to the Reference Case.
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The energy transition can fuel economic growth and create new employment opportunities.
Global GDP will be boosted around 0.8% in 2050 (USD 1.6 trillion). The cumulative gain through
increased GDP from now to 2050 will amount to USD 19 trillion. Increased economic growth is
driven by the investment stimulus and by enhanced pro-growth policies, in particular the use of
carbon pricing and recycling of proceeds to lower income taxes. In a worst-case scenario (full
crowding out of capital), GDP impacts are smalller but still positive (0.6%) since the effect of pro-
growth policies remains favourable. Important structural economic changes will take place. While
fossil fuel industries will incur the largest reductions in sectoral output, those related to capital
goods, services and bioenergy will experience the highest increases. The energy sector (including
energy efficiency) will create around six million additional jobs in 2050. Job losses in fossil fuel
industry would be fully offset by new jobs in renewables, with more jobs being created by energy
efficiency activities. The overall GDP improvement will induce further job creation in other
economic sectors.

Figure ES.6 ® Global GDP impacts in different cases of crowding out of capital

GDP increase
in REmap vs.
Reference Case

2.5%

2%

1.5%

1%

05% — r r
0%
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2030 [ 2050

Notes: Partial crowding out is modelled by forcing savings to be at least 50% of investment. Full crowding out imposes savings to be
equal to investment. Null crowding out does not impose any relation between savings and investment.

Key message ® Global GDP will be boosted by around 0.8% in 2050 (USD 1.6 trillion). In a worst-case
scenario (full crowding out of capital), GDP impacts are smalller but still positive (0.6%) since the effect
of pro-growth policies is still favourable.

Improvements in human welfare, including economic, social and environmental aspects, will
generate benefits far beyond those captured by GDP. Around 20% of the decarbonisation
options identified are economically viable without consideration of welfare benefits. The
remaining 80% are economically viable if benefits such as reduced climate impacts, improved
public health, and improved comfort and performance are considered. However, today’s markets
are distorted — fossil fuels are still subsidised in many countries and the true cost of burning fossil
fuel, in the absence of a carbon price, is not accounted for. To unlock these benefits, the private
sector needs clear and credible long-term policy frameworks that provide the right incentives.

Deep emission cuts in the power sector are a key opportunity and should be implemented as a
priority. Sectoral approaches must be broadened to system-wide perspectives, to address the
main challenge of reducing fossil fuel use in end-use sectors. The power sector is currently on
track to achieving the necessary emissions reductions, and its ongoing efforts must be sustained,
including a greater focus on power systems integration and coupling with the end-use sectors. In
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transport, the number of electric vehicles needs to grow and new solutions will need to be
developed for freight and aviation. It is critical that new buildings are of the highest efficiency
standards and that existing buildings are rapidly renovated. Buildings and city designs should
facilitate renewable energy integration.

Increased investment in innovation needs to start now to allow sufficient time for developing
the new solutions needed for multiple sectors and processes, many of which have long
investment cycles. Technology innovation efforts will need to be complemented by new market
designs, new policies and by new financing and business models, as well as technology transfer.

Figure ES.7 * Final renewable energy use by sector and technology in REmap, 2050
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Key message ® Under REmap, final renewable energy use is four-times higher in 2050 than it is today.
Power and heat consume about 40% and 44% of the total renewable energy, respectively.

Key messages

1. Transformation of the energy system in line with the “well below 2°C” objective of the Paris
Agreement is technically possible but will require significant policy reforms, aggressive carbon
pricing and additional technological innovation. Around 70% of the global energy supply mix
in 2050 would need to be low-carbon. The largest share of the emissions reduction potential
up to 2050 comes from renewables and energy efficiency, but all low-carbon technologies
(including nuclear and carbon capture and storage [CCS]) play a role.

2. The energy transition will require significant additional policy interventions.

e« Renewables will assume a dominant role in power generation. Skillful integration of
variable renewables at very high levels becomes a key pillar of a cost-effective energy
sector transition.

e Power market reform will be essential to ensure that the flexibility needs of rising shares
of variable renewables can be accommodated.

o Ensuring access to modern energy services for those currently deprived remains a high
priority, alongside improved air quality through deployment of clean energy
technologies.

Page | 13
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3. Total investment in energy supply would not need to rise over today’s level to achieve climate
targets, while there is significant additional investment needed in end-use sectors.

Investment needs in energy supply would not exceed the level of investment undertaken
by the energy sector today. It requires appropriate and significant policy signals to ensure
that investment in low-carbon technologies compatible with the “well below 2°C”
objective becomes the market norm.

The additional investment needs in industry and households for more efficient
appliances, building renovations, renewables and electrification (including electric
vehicles and heat pumps) are significant. In order for energy consumers to reap the
potential benefits of lower energy expenditure offered by the use of more efficient
technologies, policy would need to ensure that the higher upfront investment needs
could be mobilised.

4. Fossil fuels are still needed through 2050.

Among fossil fuel types, the use of coal would decline the most to meet climate targets.

Natural gas would continue to play an important role in the energy transition to ensure
system flexibility in the power sector and to substitute for fuels with higher carbon
emissions for heating purposes and in transport.

The use of oil would fall as it is replaced by less carbon-intensive sources, but its
substitution is challenging in several sectors, such as petrochemicals.

CCS plays an important role in the power and industry sectors in the IEA analysis while
only in the industry sector in the IRENA analysis.

5. A dramatic energy sector transition would require steady, long-term price signals to be
economically efficient, to allow timely adoption of low-carbon technologies and to minimise
the amount of stranded energy assets. Delayed action would increase stranded assets and
investment needs significantly.

6. Renewable energy and energy efficiency are essential for all countries for a successful global
low-carbon transition, but they will need to be complemented by other low-carbon
technologies according to each country’s circumstances, including energy sector potentials,
and policy and technology priorities.

7. The energy sector transition would need to span both the power and end-use sectors.

Electric vehicles would account for a dominant share of passenger and freight road
transport.

Renewables deployment would need to move beyond the power sector into heat supply
and transport.

Affordable, reliable and sustainable bioenergy supply would be a priority especially in
light of limited substitution options in particular end-use sectors

8. Technology innovation lies at the core of the long-term transition to a sustainable energy
sector.

Near-term, scaled-up research, development, demonstration and deployment
(RDD&D)spending for technological innovation would help to ensure the availability of
crucial technologies and to further bring down their costs.

Not all of the needed emission reductions can be achieved with existing technology
alone. Additional low-carbon technologies that are not yet available to the market at
significant scale, such as electric trucks or battery storage, will be required to
complement existing options.
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e Technology innovation must be complemented with supportive policy and regulatory
designs, new business models and affordable financing.

9. Stronger price signals from phasing out inefficient fossil fuel subsidies and carbon pricing
would help to provide a level playing field, but would need to be complemented by other
measures to meet the well below 2°C objective.

e Price signals are critical for the energy sector to ensure climate considerations are taken Page | 15

into account in investment decisions.

e It is important to ensure that the energy needs of the poorest members of society are
considered and adequately taken into account.

10. The IEA and IRENA analyses presented here find that the energy sector transition could bring
about important co-benefits, such as less air pollution, lower fossil fuel bills for importing
countries and lower household energy expenditures. Both analyses also show that while
overall energy investment requirements are substantial, the incremental needs associated
with the transition to a low-carbon energy sector amount to a small share of world gross
domestic product (GDP). According to IEA, additional investment needs associated with the
transition would not exceed 0.3% of global GDP in 2050." According to IRENA, the additional
investment required would be 0.4% of global GDP in 2050 with net positive impacts on
employment and economic growth.

1 The Organisation for Economic Co-operation and Development (OECD) analysis of how the IEA scenarios play out in the
broader macroeconomic policy context will be presented in a forthcoming publication titled Investing in Climate, Investing in
Growth.
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Introduction

Around two-thirds of global greenhouse gas (GHG) emissions stem from energy production and
use, which puts the energy sector at the core of efforts to combat climate change. The transition
to a cleaner, more efficient energy system is a key policy goal, and the Paris Agreement, which
entered into force in November 2016, provides a unique international framework for collective
action towards holding the increase in the global average temperature to well below 2 degrees
Celsius (°C) above pre-industrial levels. In addition, the importance of the energy sector for policy
makers extends well beyond climate change mitigation: reliable, sustainable and affordable
energy supply is critical to economic activity, social development and poverty reduction in order
to provide all people with access to modern energy services.

Each country therefore faces the challenge of meeting climate goals while also ensuring that
other vital social and economic functions of the energy sector are met in parallel. Circumstances
can vary widely across countries, depending on levels of development, resource endowments
and policy priorities. This is well illustrated by the countries of the Group of 20 (G20)* home to
more than 60% of the world’s population and responsible for around 80% of global gross
domestic product (GDP), G20 countries are collectively responsible for more than 80% of global
energy-related CO, emissions. This means that efforts made by this group of countries to reduce
energy-related GHG emissions are crucial for the prospects of meeting the climate targets set out
in the Paris Agreement. Yet, at the same time, the G20 region is very diverse: energy demand per
capita varies by a factor of 12 between countries, as energy access is still a major concern for
example in Indonesia, India and South Africa. And while some of the countries are net exporters
of fossil fuels, others rely heavily on imports.

The energy sector is diverse and spans a wide range of different assets in power generation,
heating and cooling, industry, transport and buildings. All have in common that investment cycles
tend to be long, which means that investment decisions taken today have long-term implications
for the achievement of climate and other energy policy goals. G20 economies have played, and
will continue to play, a leading role in the transformation of the energy sector. The challenges
vary according to each country’s own circumstances. In emerging economies and developing
countries, substantial energy investment will have to be committed to support economic growth
and alleviate energy poverty. Mature economies, meanwhile, are faced with the need to replace
an ageing capital stock. A smooth and cost-effective transition towards a low-carbon energy
sector, while meeting the other multiple energy policy goals, will require long-term oriented
policy guidance.

In light of these needs, the German government has requested the International Energy Agency
(IEA) and the International Renewable Energy Agency (IRENA) to shed light on the essential
elements of an energy sector transition that would be consistent with limiting the rise in global
temperature rise to well below 2°C, as set out in the Paris Agreement. The overarching objective
of the study is to analyse the scale and scope of investments in low-carbon technologies in power
generation, transport, buildings and industry (including heating and cooling) that are needed to
facilitate such a transition in a cost-effective manner, while working towards other policy goals.
The analysis in this report is framed by several key questions which include:

¢ How can the energy sector achieve a transition to a decarbonised, reliable and secure
energy sector at reasonable costs?

2 The G20 is an international forum that includes 19 countries (Argentina, Australia, Brazil, Canada, China, France, Germany,
India, Indonesia, Italy, Japan, South Korea, Mexico, Russian Federation, Saudi Arabia, South Africa, Turkey, United Kingdom,
United States) and the European Union.
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e« What are the investment needs associated with the energy sector transition and how do
investment patterns need to change to reach a low-carbon energy system?

e What are the co-benefits for other energy policy objectives that could result from an
energy sector transformation?

e Assuming a timely and effective low-carbon energy sector transition, what is the outlook
for stranded assets? What is the impact for stranded assets if action is delayed and the
transition is sharper?

e How does the trend of declining costs for renewables and other low-carbon energy
technologies, as well as acceleration of efficiency gains, support the decarbonisation?
How can policy accelerate this development?

e What are the roles of carbon pricing and the phase-out of fossil-fuel subsidies in ensuring
a cost-effective decarbonisation of energy systems?

e« What are the roles of more stringent regulations, better market design and/or higher
carbon prices for the energy sector transition?

e What is the role of research, development and demonstration, and how can early
deployment of a broad array of low-carbon technologies support an efficient and
effective energy sector transition?

The findings of this report will inform G20 work on energy and climate in the context of the 2017
German G20 Presidency.

The focus of this study is on the energy sector and its long-term evolution towards meeting
climate goals. Its analysis is embedded in the wider context of a report entitled “Investing in
Climate, Investing in Growth”, being conducted by the Organisation for Economic Co-operation
and Development (OECD). The OECD study aims to bring together the growth, development and
climate agendas to better understand the economic and investment implications of the transition
to a low-carbon, climate-resilient economy. Building on the analysis of energy sector
decarbonisation of this study, the OECD project takes a broader perspective on the development
pathways and investment flows needed to achieve the goals of the Paris Agreement. It provides a
new macroeconomic assessment of the growth and structural implications of these pathways,
underlining how ambitious climate policies can be positive for growth provided they are co-
ordinated with pro-growth reforms and a well-alighed policy environment. Supported by the
German Ministry for the Environment, Nature Conservation, Building and Nuclear Safety in the
context of the German G20 Presidency, the study will be released in conjunction with the
Petersberg Climate Dialogue in May 2017 and the results of the analysis will be provided to the
G20 process during the German G20 Presidency.

Report Structure

In order to address the questions presented above, the IEA and IRENA have examined separately
the investment needs for energy sector pathways that would foster putting the world on track
towards a significant reduction in energy-related GHG emissions until the middle of this century.
Each institution has developed one core scenario that would be compatible with limiting the rise
in global mean temperature to 2°C by 2100 with a probability of 66%, as a way of contributing to
the “well below 2°C” target of the Paris Agreement. Both the IEA and IRENA analyses start with
the same carbon budget for the energy sector. But the pathways to reaching the goal differ
between the two analyses: the modelling analysis conducted by the IEA aims at laying out a
pathway towards energy sector decarbonisation that is technology-neutral and includes all low-
carbon technologies, taking into account each country’s own circumstances. The analysis
conducted by IRENA maps out an energy transition that stresses the potential of energy
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efficiency and renewable energy sources to achieving the climate goal, while also taking into
consideration all other technologies.

This report has four chapters, of which two have jointly been formulated by the IEA and IRENA
(Chapters 1 and 4), while the other two have been developed by each institution separately
(Chapters 2 and 3), using their respective analytical tools.

o Chapter 1 Energy and climate change (authors IEA and IRENA): This chapter provides an
overview of the international climate change framework, highlights the important role of
investment for the energy sector and describes the present investment landscape. It
spotlights the significant role of energy for climate change, with particular attention to
the situation in G20 countries. It also defines the carbon budget used for the analysis in
the subsequent chapters.

o Chapter 2 Energy sector investments to meet climate goals (author IEA): This chapter
provides a full IEA analysis of the investment challenge associated with a 66% chance of
staying below a long-term global mean temperature rise of 2°C, focusing on G20
countries and putting their investment needs into a global context. It analyses
— sector-by-sector — the investments, technologies and policies needed to meet the well
below 2°C goal compared with already announced policy targets and quantifies co-
benefits on air pollution, energy access and energy expenditures.

e Chapter 3 Global energy transition prospects and the role of renewables (author
IRENA): This chapter assesses the technology options for emission reductions associated
with a 66% chance of staying below 2°C with a focus on renewable energy and energy
efficiency. It discusses what this would entail in terms of costs, investment requirements,
benefits and other implications, both for the world as well as for G20 countries.
Additional attention is given to the economic growth and employment impacts of the
energy transition.

o Chapter 4 Key insights for policy makers (authors IEA and IRENA): This chapter
summarises high-level policy insights that can be drawn from the findings in Chapters 2
and 3.

Methodology

For the purpose of this study, IEA and IRENA used their respective analytical tools to provide
insights into the energy sector transition.

For the IEA, the scenarios in this study were developed from the IEA World Energy Model (WEM),
benchmarked against the IEA Energy Technology Perspectives model to allow for a high-level
extension of projections out to 2050. The IEA WEM has been providing medium- to long-term
energy projections since 1993. It is a large-scale technology- and data-rich simulation model,
designed to replicate how energy markets function. It is the principal tool used to generate
detailed sector-by-sector and region-by-region projections for the annual IEA flagship
publication, the World Energy Outlook. It is updated, expanded and further improved every year.
The model consists of three main modules: final energy consumption (covering residential,
services, agriculture, industry, transport sectors and non-energy use); energy transformation
(including power generation and heat, refinery and other transformation); and energy supply
(covering oil, natural gas, coal and bioenergy). Among the main outputs from the model are the
energy flows by fuel, investment needs and costs, carbon dioxide (CO,) and other energy-related
GHG emissions, and end-user prices. The WEM embodies a variety of modelling techniques.
Technology choices, for example, are generally conducted on a least-cost basis, while taking into
account policy targets (for example, energy efficiency and renewables policies, and climate

Page | 19



Page | 20

Introduction © OECD/IEA and IRENA 2017

goals). Technology cost evolutions are a function of cumulative technology additions, using
learning rates from literature. Technology cost reductions vary by scenario as different levels of
policy ambition trigger different levels of technology deployment and, hence, different levels of
cost reductions. In the power sector, WEM is complemented by an additional hourly model for
selected regions that quantifies the challenge arising from the integration of high shares of
variable renewables and assesses the measures to minimise curtailment, providing additional
insights into the operation of power systems.>

In order to derive insights into other aspects of possible future energy sector developments, the
WEM benefits from coupling with other well-known models. For example, WEM has been
coupled with several macroeconomic models from the OECD (ENV-Linkages and YODA), which
allows the assessment of the macroeconomic impacts of different energy sector developments.*
Similarly, an active link exists with the the Greenhouse Gas and Air Pollution Interactions and
Synergies (GAINS) model of the International Institute for Applied Systems Analysis (IIASA),>
which allows for the assessment of future prospects for energy-related air pollutants and the
impact on human health.

For IRENA, the scenarios are developed based on IRENA’s REmap (Renewable Energy Roadmap®)
tool. The REmap approach is a techno-economic assessment of energy system developments on
a country level, for all G20 countries, assessing energy supply and demand by sector and energy
carrier. The REmap tool allows for assessment of the accelerated potential of decarbonisation
technologies, and subsequent effects on costs, externalities, investments, CO, emissions and air
pollution. REmap has been previously deployed as part of the G20 toolkit of voluntary options for
renewable energy deployment.’ The country level perspective is combined with global sector and
sub-sector analysis in order to strengthen the consistency of assumptions such as cost and
potential of decarbonisation technologies across the power generation, district heating,
buildings, industry and transport sectors.

Additional modelling is undertaken to assess the macroeconomic effects on GDP growth and
employment, feeding the REmap energy mixes into a global macro-econometric model, the
E3ME® model that covers the global economy. This allows consideration of the linkages between
the energy system and the world’s economies within a single and consistent quantitative
framework.

The IRENA analysis of the potentials for the energy sector transition draws on input provided by a
pool of technology experts, including the Institute of Sustainable Futures, University of
Technology Sydney. REmap is supplemented with the PLEXOS dispatch model to assess the
technical feasibility of the power sector transformation. Air pollution and human health effects
are calculated using a method developed by IRENA and the Basque Centre for Climate Change.’

3 For further details, see Annex A or the WEM manual at:
www.worldenergyoutlook.org/media/weowebsite/2016/WEM_Documentation_WEQ2016.pdf.

4 The assessment of the possible macroeconomic implications of the energy sector pathways as projected by the IEA is not
subject to this study, but will be subject to a report entitled “Investing in Climate, Investing in Growth”, currently undertaken
by the OECD under the German G20 Presidency. Therefore, the results of such analysis are not presented here. For details on
ENV-Linkages, see Chateau, J., Dellink, R. and E. Lanzi (2014), “An Overview of the OECD ENV-Linkages Model: Version 3”,
OECD Environment Working Papers, No. 65, OECD Publishing, Paris, http://dx.doi.org/10.1787/5jz2qck2b2vd-en.

5 For further information, see www.iiasa.ac.at/web/home/research/modelsData/GAINS/GAINS.en.html.

6 For more information about the REmap tool and approach, key assumptions, data sources and related information, see
Annex B and www.irena.org/remap.

7 See www.irena.org/remap/IRENA_REmap_G20_background_paper_2016.pdf.

8 Developed by Cambridge Econometrics. More information can be found below in Annex B, and the full description is in
www.e3me.com. An application of this model to measure the macroeconomic impacts of renewable energy deployment can
be found here: http://www.irena.org/DocumentDownloads/Publications/IRENA_Measuring-the-Economics_2016.pdf.

9 See http://www.irena.org/DocumentDownloads/Publications/IRENA_REmap_externality_brief_2016.pdf


http://www.worldenergyoutlook.org/media/weowebsite/2016/WEM_Documentation_WEO2016.pdf
http://dx.doi.org/10.1787/5jz2qck2b2vd-en
http://www.iiasa.ac.at/web/home/research/modelsData/GAINS/GAINS.en.html
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The analysis of stranded assets uses an approach developed by IRENA together with the
Environmental Change Institute at the University of Oxford. Documentation regarding these in-
depth studies is available from the REmap website. '
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10 www.irena.org/remap.
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Chapter 1: Energy and Climate Change

Authors: International Energy Agency and International Renewable Energy Agency

Climate change and a changing energy investment landscape

Investment is the lifeblood of the global energy system. Individual decisions about how to direct
capital to various energy projects — related to the collection, conversion, transport and
consumption of energy resources — combine to shape global patterns of energy use and
emissions for decades to come. Government energy and climate policies seek to influence the
scale or nature of investments across the economy, and long-term climate goals depend on their
success. Understanding the energy investment landscape today and how it can evolve to meet
decarbonisation goals are central elements of the energy transition.

This transition has been given additional impetus and direction by the signature and entry into
force of the Paris Agreement. Under the Agreement, countries aim to achieve a peak in global
emissions as soon as possible and reach net-zero emissions in the second-half of this century. The
Agreement also sets the objective of keeping the global average temperature rise “well below
2 degrees Celsius (°C) and pursuing efforts to limit this to 1.5°C”. Although the precise
temperature threshold implied in the Paris Agreement to limit temperature rise to “well below
2°C” is currently uncertain, it is clear that achieving the goal in a cost-effective manner will be a
complex and unprecedented effort.

A key mechanism to achieve these objectives is via Nationally Determined Contributions (NDCs),
which were submitted by countries under the Agreement and in most cases include coverage of
energy sector greenhouse gas emissions (GHG). Their aim to reduce GHG emissions and to
accelerate the transition to a lower carbon energy system, coupled with rapidly declining costs
and increased deployment of clean and energy-efficient technologies, will have significant
implications for future energy investment flows, creating both new opportunities and risks.

The impact of the current pledges on future investments in the energy sector was examined in
detail in the IEA’s World Energy Outlook 2016.™ It found that countries are generally on track to
achieve, and even exceed in some cases, many of their stated targets. It also found that reaching
the targets of the NDCs is sufficient to slow the projected rise in global energy-related CO,
emissions, compared with historical trends since 2000. In line with the review-and-revise every
five-year approach incorporated into the Paris Agreement, these pledges should become more
ambitious with time. For the moment, however, their cumulative impact, while significant, is not
nearly enough to reach a peak in global energy-related emissions and to limit the temperature
rise to less than 2°C (IEA, 2016a; IRENA, 2016a). The pledges represent an important step in the
right direction, but more effort is needed. So despite some encouraging signs, an accelerated
reallocation of capital flows in the energy sector in favour of efficient and low-carbon
technologies is essential.™

11 International Energy Agency (2016a), World Energy Outlook 2016.

12 IEA and IRENA both investigate possible pathways towards reducing energy sector emissions in line with the 2°C target. For
the IEA, the analysis includes its 450 Scenario and the 66% 2°C Scenario, which aim to illustrate pathways towards energy
sector decarbonisation that are technology-neutral and include all low-carbon technologies, taking into account each
country’s own circumstances. For IRENA, the REmap analysis maps out an energy transition that stresses the potential of
energy efficiency and renewable energy to achieve the climate goal, while also taking into consideration all other
technologies.
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Energy investment today

Global energy investment in 2015 amounted to US dollars (USD) 1.8 trillion™® (IEA, 2016), across
the entire energy sector from oil and gas exploration to energy efficiency (Figure 1.7).** Half of all
investment was directed to oil, gas and coal supply. Fossil fuel spending was dominated by
upstream oil and gas exploration, despite capital spending in this sector falling 25% compared to
the previous year on the back of an oil price collapse. However, total investment in low-carbon
energy, energy efficiency and electricity networks has been growing, up 6% in 2015, and
increasing from 39% of total energy investment in 2014 to 45% in 2015. Its share has been
boosted in particular by the decline in fossil fuel investment and current indications are that this
share grew again in 2016 (Table 1.1).

Figure 1.6 » Global energy investment in 2015 (USD)
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Note: Coal supply here includes mining and transport infrastructure; electricity networks include transmission and distribution lines,
and grid-scale storage.
Source: IEA (2016b).

Key message ¢ Half of energy investments today are in fossil fuel supply, having declined from 60% in
2014.

In the power sector, wind and solar power, representing nearly USD 110 billion and
USD 100 billion of investment, respectively, are now the major components of investment.
Overall renewable energy capacity additions in the power sector have been growing rapidly and
are now larger than that of any other source (Figure 1.8). G20 countries accounted for around
85% of the USD 288 billion of global renewables investment in 2015, a share that has risen from
75% a decade ago. Hydro, at around USD 60 billion, was the third-largest component of
renewables investment in 2015.

13 A detailed analysis of energy sector investments is available in World Energy Investment Outlook 2016 (IEA, 2016g).

14 Measured in terms of overnight capital expenditures on new assets that became operational in 2015. (2015 is the most
recent t year for which there is reliable such data for all sectors.)
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Table 1.1 e Selected 2015 energy investments and trends in 2016 and beyond

Energy resource Investment in Recent investment and financing trends

or technology 2015(USD)

Investment fell by 26% in 2016 and is likely to rebound only modestly
in 2017 despite oil majors and the US unconventional sector being in

S;ljlsztipedar%as 583 billion healthier cash flow positions. Many of these companies have shed
personnel and substantially increased debt, but are far from Page | 25
abandoning oil and gas investment.

Asset financing for onshore wind was lower in 2016 than the previous
year, largely due to the impacts of policy changes. Offshore wind

Wind 107 billion financing edged up to an all-time high in 2016, but due to long-lead
times, the impacts on investment may be spread out over several
years.

Solar Solar PV capacity a(EIditions may have increlased.by as much as 50% in

photovoltaic 98 billion 2.01§.compared with 2015, but asset flnan.cmg for. solar PV was

V) significantly lower, largely because of cost declines, policy changes and
integration concerns in specific markets, such as China and Japan.

The project pipeline for new hydro plants has been in decline since

Hydro 59 billion 2013. Investment in 2016 is expected to have fallen compared to
2015, as costs remained relatively stable and the market looks towards
technology improvements for existing plants.

The amount of new nuclear capacity connected to the grid in 2016 was

Nuclear 21 billion almost the same as the 10 gigawatts (GW) registered in 2015, but
investments likely rose slightly, according to IEA methodology. New
construction starts in 2016 were noticeably lower than 2015, however.

Grid- scale Whereas pumped hydro storage represented 90% of storage investment

electricity 10 billion in 2015, lithium ion batteries (1% in 2015) are growing most rapidly in

storage terms of market share, with indications that around one-fifth more
grid-connected batteries were added in 2016 than in 2015.
Investment is estimated to have rebounded slightly in 2016 but

Biofuels 3 billion remains considerably lower than levels achieved pre-2010. Investment

in Asia led the way, while the projection for Europe is limited given that
the medium-term outlook for policy support has weakened.

2016 was a quiet year for CCS, but with five large-scale assets coming
online soon, more CO, capture capacity will be added worldwide in

0.7 million 2017 than during the fifteen preceding years. New investment
decisions, especially in industrial applications, remain well below
decarbonisation needs.

Carbon capture
and storage

Source: IEA analysis.

Coal and gas power plant investments totalled just USD 78 billion and USD 31 billion in 2015,
respectively. In fact, the estimated new low-carbon generation — renewables and nuclear — that
will be produced from capacity that was scheduled to come online in 2015 exceeds the entire
growth of global power demand in that year. Regionally, China’s share of total energy supply
investment grew from 18% in 2014 to 20% in 2015, largely the result of spending on coal-fired
power and electricity networks, which together accounted for 77% of the increase in power
sector spending in China. The United States’ share of total energy supply investment dropped
from 20% in 2014 to 18% in 2015 as oil and gas companies spent less and fewer coal-fired power
plants were commissioned. Outside China, the only region that did not see a drop in energy
supply investment in 2015 was Europe, while the overall shares of the Middle East and Southeast
Asia were unchanged.
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Figure 1.7 e« Renewable power generation capacity and annual growth rate
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Source: IRENA (2016b).

Key message ® Renewable energy capacity in the power sector has been growing rapidly over the last
decade with record growth in 2015.

Energy efficiency and electricity networks are two other significant areas of investment.
Electricity networks represent nearly 40% of all power sector investment, and grew by over
USD 30 billion to USD 260 billion in 2015 as China improved its distribution grids and ageing
infrastructure was upgraded in North America. Energy efficiency investments were around
USD 220 billion in 2015, mostly in buildings and transport, and have been largely resilient to falls
in fuel prices due to the increase in the coverage of energy efficiency standards around the
world.

Factors affecting energy investments

While trends may indicate that a reorientation of energy investment is underway, more
consideration of three contextual elements is needed (Figure 1.9). These are:

e macroeconomic conditions,

e cost trends in all sectors, from upstream oil and gas to wind turbines to downstream such
as energy-using consumer goods,

e government policies.

Investment trends are heavily influenced by the macroeconomic environment. One reason for
the increased share of clean energy investment in 2015 was not only higher spending in this area
(which reached a new record in 2015 also in absolute terms); but the 25% drop in investment in
upstream oil and gas as oil prices collapsed by over 60% between mid-2014 and the end of 2015.
IEA estimates that, in 2016, spending in the upstream oil and gas sector declined by a further
quarter. In many major markets, prices for oil, natural gas, coal and wholesale electricity reached
multi-year lows despite continued global economic expansion — in the power sector in particular,
low prices reflect the deployment of low-carbon technologies in support of the energy transition.
In addition, consistent downgrading of gross domestic product (GDP) growth outlooks over
recent years has generated macroeconomic uncertainty that discourages investment in capital-
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intensive projects with long payback periods. On the other hand, macroeconomic policies have,
for now at least, enabled access to low cost capital in many parts of the energy system.

Figure 1.8 ¢ Global investment in energy supply
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Key message ¢ Investment in renewable energy supply increased to around USD 290 billion in 2015: its
share in overall energy supply investment rising faster than fossil fuel investment.

Renewable energy investments are affected in different ways by macroeconomic conditions.
Investments in renewables have traditionally been dependent on government policies and
weaker macroeconomic prospects and fiscal pressures have resulted in countries paring back
certain support schemes such as feed-in tariffs. On the other hand, weak economic growth and
monetary policy have combined to benefit renewables in many regions by keeping interest rates
low. In some countries, government guaranteed revenues for renewables served to boost the
attractiveness of wind and solar projects by lowering the cost of capital.

Costs play an important role in determining investment levels across the energy system. The fall
in costs of solar photovoltaics (PV), wind, batteries and light-emitting diodes (LEDs) as a result of
their rapidly increasing deployment is well-documented, and helps to explain why the headline
dollar figure for investment in renewable electricity was essentially flat between 2011 and 2015
despite annual capacity additions rising by 40% according to IEA data. IRENA analysis shows that
since the end of 2009, solar PV module prices have fallen by around 80% and those of wind
turbines by 30-40%. Biomass for power, hydropower, geothermal and onshore wind can all now
provide electricity competitively compared to fossil fuel-fired electricity generation (Figure 1.10).
The levelised cost of electricity of solar PV has fallen by more than 60% between 2010 and 2016
based on preliminary data, so that solar PV is also increasingly competitive at utility scale.
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Figure 1.9 e Levelised cost of electricity from utility-scale renewable technologies (ranges and average),
2016
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Key message ® Weighted average costs of many renewable power technologies are at or below the range
of estimated fossil fuel-fired power generation costs. Solar PV costs also increasingly fall within that
range.

Such cost declines change the relative attractiveness of investment in different energy sources.
For example, in Europe, the investment case for new gas-fired plants has been undercut by the
falling costs of onshore wind generation, alongside continued government support for
renewables and depressed wholesale power prices (pushed lower in large part also by the
growth of renewable-based generation with low operational costs). Some reprieve from
competition has been provided by natural gas prices remaining at relatively low levels, without
which onshore wind generation costs in more locations would likely have fallen below those from
a combined-cycle gas plant in the past two years. In North America, the inter-fuel dynamic is
different and coal is the fuel being squeezed by the ample availability of inexpensive shale gas
and the rise of renewables. In many parts of Asia, however, where natural gas prices are higher
and existing gas networks at an earlier stage of development, the relative costs of gas and coal
infrastructure also make investments in gas-fired power plants harder to justify than their
levelised costs would suggest (Box 1.1).

Costs play a hugely influential role in the upstream oil and gas sector and the outlook for these
fuels. After oil prices collapsed in mid-2014, spending by oil and gas companies was curtailed as
revenues fell and higher cost new projects became uneconomic. Since then, spending has also
declined as a result of cost-cutting and average upstream costs in the oil and gas sector have
fallen by about 30% since 2014." In terms of costs, oil is therefore in a more competitive position
in 2017 than it has been for many years. If prolonged, an expansion of lower cost oil supply could
impede the growth of more efficient technologies and of alternatives to oil in the transport
sector. However, the longevity of these cost reductions is an area of some uncertainty; while

15 In the case of the US shale industry, the IEA estimates that upstream costs declined up to 50% between 2014 and 2016.
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there is a structural component — notably with the efficiency and technology gains in North
American shale production — there are also cyclical elements that are likely to be reversed as
markets for upstream services and supplies tighten.

Improvements in vehicle efficiency and in the costs and availability of electric mobility options
are major factors in the outlook for global oil demand. As of today, three-out-of-four passenger
cars being sold on global markets are already subject to fuel-economy standards, constraining
total market growth. The electric vehicle (EV) market is growing rapidly. In 2015, USD 4 billion
was invested in EV sales and charging stations, and global registrations of EVs further rose by
more than 50% in 2016. Battery and manufacturing cost reductions are now firmly on the
horizon, as vehicles that can travel further per battery charge enter mass market price ranges in
2017. Yet, despite recent growth, EVs account for a very small share of the car market (0.1% of
the total fleet) (IEA, 2016b). Wider market uptake will require additional battery cost reductions
beyond those already achieved, and policy efforts to ensure existing deployment hurdles such as
limited charging infrastructure are overcome (IEA, 2016a).

However, a focus on the outlook for passenger vehicles (where alternatives to oil are gaining
momentum) should not ignore the importance of other transport mode that rely on oil where
alternative fuels or technologies are less readily available and efficiency standards or related
measures are much less widespread. In the absence of further policy changes, IEA analysis points
to the large potential for continued growth in oil use for heavy-duty vehicles, aviation, shipping
and as feedstock for petrochemicals; these provide powerful impetus for continued rises in
overall oil consumption, albeit at a lower rate than in the past (IEA, 2016a).

Policy is the third key element of context for the discussion about energy investment. In the
electricity sector, the IEA estimates that in 2015 most power generation investment, worldwide
and across all technologies, was based on regulated prices, long-term contracts or support
policies, which implies that they were not exposed to the same revenue risks associated with
wholesale pricing. This share of investment is increasing despite moves in some countries to
liberalise electricity markets. Policy ambition and commitment by an increasing number of
governments has consistently raised investment levels and expectations for renewables, creating
a virtuous cycle of improvement; deployment of wind and solar technologies that benefit from
mass manufacturing techniques as a result of policy support has accelerated cost reductions,
leading to rising policy support in an increasing number of countries and further investment. This
dynamic has not previously been typical in the electricity sector, which has traditionally been
dominated by large engineering projects commissioned to particular specifications. The adoption
of such enabling policies, the emergence of new markets and growing competitiveness all
contributed to increased global investment in renewable-based power, which saw a three-fold
rise over the past decade and reached a record high in 2014. Investment in new renewable-based
power capacity has exceeded investment in additional fossil fuel capacity for at least three
consecutive years. The difference was largest in 2015, despite the sharp decline in fossil fuel
prices.

Government policies to support renewable energy are expected to continue to underpin
investments in wind and solar capacity. To date, 173 countries have established renewable
energy targets at the national, state or provincial level (REN21, 2016). Over 150 countries have
adopted specific policies for renewables-based power, 75 have policies for renewables-based
heat and 72 for renewables in transport (IEA, 2016a). High capital intensities make wind and solar
especially sensitive to costs of capital, and policy measures can provide confidence to investors of
stable remuneration thereby significantly lowering the cost of capital. Low contract clearing
prices for solar and wind auctions in countries such as the United Arab Emirates (solar), Morocco
(onshore wind) and Denmark (offshore wind) therefore reflect a combination of good resources
and technology improvements, but also policy measures that help to reduce the cost of capital. In
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Jordan (solar PV), the government established a direct proposal (auction) process for renewable
energy that standardised terms of reference and contracts, which enabled aggregation of small-
size projects and in turn lowered transaction costs. Government guarantees targeted at
mitigating off-taker risk was crucial for geothermal projects in Indonesia to access finance and
move the project forward (IRENA, 2016c). In the United States, tax credits coupled with high
predictability of electricity off-take prices from wind and solar projects make renewables
contracting highly attractive to corporate buyers. In 2015, 3 GW of solar and wind were installed
in North America compared with 1 GW in 2014.

Box 1.1 e Challenges of shifting towards natural gas investments in Asia

Investment in gas-fired power generation in many developing Asian countries has remained modest
compared with investment in coal-fired capacity despite recent falls in liquefied natural gas (LNG)
prices and the environmental and flexibility benefits of gas-fired generation. In many cases,
preference is still given to coal-fired plants, which emit double the CO, per megawatt-hour (MWh) of
gas-fired plants. This is mainly because economic and energy security considerations are the
dominant decision criterion: coal is still much cheaper than gas and generally abundant in the region.
Another reason is the much larger investment needs associated with gas-fired power when the
outlays required for the full supply chain are taken into account. Midstream infrastructure, in the
form of pipelines, liquefaction and regasification terminals, typically represents 40% of the capital
costs of developing gas-fired power generation capacity in Asia, compared with only 10% for coal-
based power (Figure 1.11). The upstream component for gas, at 25% of total investment needs, is
almost double that for coal power. As such, gas, more so than coal, requires greater co-ordination in
terms of matching upstream development with contracted gas off-takers in the power sector as well
as an appropriate market framework and financing for infrastructure development. These factors
have been generally most supportive in the United States and the Middle East, the two largest
destinations for gas power investment in 2015.

Figure 1.10 e Investment needs related to new gas- and coal-fired power generation by component in
importing Asian countries
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Key message e Transportation infrastructure is key to understanding the relative economics of coal- and
gas-fired power generation investment.

The benefits of renewables are increasingly featuring prominently in the policy debate. The
sector has become a significant source of new employment in many markets around the world
(Figure 1.12). IRENA estimates that the number of jobs in renewable energy rose by 5% in 2015
to an estimated 8.1 million, plus an additional 1.3 million in large-scale hydropower (IRENA,
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2016d). Solar PV was the largest single renewable energy employer, supporting 2.8 million jobs,
up 11% from 2014. There were similar employment figures in bioenergy (including liquid biofuels,
biomass and biogas), but these contracted slightly in 2015. Meanwhile, wind power experienced
significant growth, rising 5% in 2015 to 1.1 million. Asia provides 60% of renewable energy
employment, largely due to the solar industry in China, where a major share of the world’s PV
and solar thermal heating technologies are manufactured and installed (IRENA, 2016d).

While renewable energy job numbers continue to rise, trends vary by country and region (IRENA,
2016d). Countervailing effects of increased labour productivity, as well as automation and
mechanisation of production, contributed to slower growth in 2015 compared to previous years.
However, according to IRENA, the continuing growth in renewables employment contrasts starkly
with the depressed labour market in the broader energy sector (excluding energy effriciency)
(IRENA, 2016d).

Figure 1.11 e Global employment in renewable energy
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Key message e The total number of jobs in renewables worldwide continues to rise and is becoming a
major source of employment particularly in solar PV and bioenergy technologies.

For energy efficiency too, policy has been vitally important to securing investment, via standards,
loans and market-based instruments such as efficiency obligations. Spending on energy efficiency
has risen as standards for buildings, appliances and vehicles have been implemented and their
further tightening has been signalled by governments. However, much of this is indirect
consumer spending on efficiency as manufacturers pass on the costs of complying with
standards. This cost pass-through is often hard to distinguish among the price differentiation of
other characteristics of appliances and vehicles, but is usually expected to be outweighed by fuel
cost savings. Investment in road freight efficiency lags behind that for passenger vehicles, partly
due to much more limited coverage of fuel-economy standards.

Through policies such as obligations for utilities to reduce demand for electricity, direct policy-
induced efficiency investments have risen. IEA analysis shows that utilities worldwide spend
more than USD 11 billion per year on such programmes, more than half of it in the United States.
These types of measures in the buildings and industrial sectors, as well as policy tools such as
government loans, tax credits and auctions have increased efficiency investments by drawing on
the large balance sheets of electricity suppliers and governments who spread costs among
ratepayers and taxpayers. Policy has so far been less successful in increasing the role of third-
party finance, for which revenue based on future cost savings is generally required. Government

Page | 31



Page | 32

Energy and Climate Change © OECD/IEA 2017

policies can help address key challenges — which include the relatively small size of projects,
uncertainties regarding the value of future savings and a limited project pipeline — but only
through concerted effort and tailored approaches.

Policy lessons and future challenges for low-carbon energy investment

Policies have played a fundamental role in attracting low-carbon energy investments, increasing
deployment and driving cost reductions as described. Learning the lessons from past policy
efforts to accelerate the uptake of low-carbon technologies (such as renewables for power
generation) and applying them to other emerging, yet crucial, low-carbon technologies (such as
EVs vehicles or carbon capture and storage) would facilitate the transition to a low-carbon energy
sector in a cost-effective manner. A wide range of different policy tools have been — and are
currently being — deployed around the world with the intention of stimulating and supporting
investment in low-carbon energy technologies (Table 1.2). The types of measures have typically
varied between countries in line with their institutional characteristics and capacities. IRENA
suggests that they must support stable, transparent and predictable market conditions while
being flexible enough to adjust to changing circumstances (IRENA, 2014a).

As technologies have matured and costs have been reduced and become more transparent,
policy instruments have evolved and in some cases consolidated around standard models. An
example is the evolution of renewable electricity support schemes in a number of countries from
portfolio standards and feed-in-tariffs to auctions. The growing interest in auctions is due largely
to their ability to achieve deployment of renewable technologies in a planned, cost-efficient and
transparent manner (IRENA and CEM, 2015). In other sectors, initiatives that provide grants to
new technology projects have given way to minimum performance standards when confidence in
the new technology has been assured.

Financial support for low-carbon technologies can raise cost concerns. While it is often essential
to stimulate early deployment of novel technologies, the level of support that is appropriate for
projects in a nascent sector will be too expensive once higher levels of adoption are reached.
Unless policy measures adapt to the increasing volumes and decreasing costs of maturing
markets, costs can be a serious burden on government budgets or consumers. To address this,
several governments are adopting new policy design features (such as degression mechanisms
for feed-in tariffs) and a new generation of support policies that acknowledge the growing
competitiveness of renewable energy technologies, such as auctions (IRENA, 2014a). In many
countries with high (and growing) shares of variable renewable energy technologies, the policy
focus is increasingly shifting away from financial incentives alone. Instead, new challenges have
emerged for renewable energy and the entire power sector, and new policy frameworks are
needed to facilitate the transition to smarter, more decentralised, more resilient and more
flexible power systems (IEA, 2016a; IEA, 2016b; IRENA, 2017b). Measures to enhance flexibility —
including policies to advance demand-side management and storage, and changes in market
design — are at the centre of attention. They look to ensure adequate, reliable and safe electricity
services at reasonable prices, while sharing system costs and benefits among stakeholders. Cross-
technology and cross-sector market-based measures will be needed to deliver more efficient
outcomes. While likely not sufficient by itself, carbon pricing is expected to play a growing role in
this regard as it reaches more jurisdictions, sectors and as markets become linked.

From an investment perspective, shifting the share of new assets further towards energy
efficiency, low-carbon technologies and electricity networks, demands that particular policy
challenges be effectively addressed.'® These challenges are emerging more clearly as the

16 See, for example, 20 Years of Carbon Capture and Storage - Accelerating Future Deployment (IEA, 2016c)
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business models for widespread deployment of low-carbon technologies are becoming better
understood. Scaling up the investment volume requires expanding the investor base to large-
scale investors (such as institutional investors), who can be attracted to sizable investment
portfolios (IRENA, 2016c). Examples in some countries suggest that standardised documentation
and due diligence processes (e.g. United Kingdom and Jordan) can enable aggregation of assets
and projects to capture scale and efficiency. Furthermore, by securitising a portfolio of solar
leases (as in the United States) or off-grid solar receivables in the pay-as-you-go model (Kenya

and Rwanda), projects can gain access to capital markets for larger sums of debt capital.

Table 1.2 » Selected policy tools for a reorientation of energy investment

Type of project

Utility- scale
renewables

Typical policy tools that facilitate
investment

Auctions for long-term power purchase
agreements; portfolio standards; tradable
certificates.

Other measures that can affect future
investment decisions

Carbon pricing; long-term arrangements
with modulated market premiums.

Distributed
generation

(e.g. rooftop solar)

Feed-in-tariffs and net metering.

Carbon pricing; retail electricity tariff
design; minimum performance building
standards.

Coal- to- gas
switch and
biomass power

CCSin industry
and power

Industrial energy

Carbon pricing; minimum performance
standards.

Grants to cover additional costs of CO,
capture and storage; CO, storage tax
credits.

Utility obligations; energy efficiency
auctions; mandatory efficiency

Rules for export credits and multilateral
financing; financial disclosure rules.

Carbon pricing; CO, infrastructure
deployment; minimum performance
standards.

Carbon pricing; minimum performance
standards; elimination of energy

efficiency opportunity audits. subsidies.

Buildings and Minimum performance standards; utility Energy performance certificates;

a Iian%es obligations; property tax repayment performance data transparency; energy
e?f?ciency schemes; public procurement; tradable services companies.

Vehicle efficiency

certificates; revolving funds.

Fuel-economy standards; fuel and vehicle
taxation.

Differential road pricing and congestion
policies; elimination of consumer fuel
subsidies.

Electric vehicles

Purchase subsidies; charging
infrastructure deployment; tradable
credits; fleet average fuel-economy
standards; exemptions from traffic fees.

Differential road pricing; parking
restrictions; minimum performance
standards.

Electricity
storage

Source: IEA analysis.

Regulated rates of return; purchase
subsidies; utility obligations.

Market design to support flexible
resources; deferred network investment
strategies; electric vehicle policies that
reduce battery costs.

One issue to be tackled in power generation is how to mobilise capital for flexible assets that can
complement variable renewable technologies. Assets including gas turbines, biomass power
plants, electricity storage (including pumped storage hydropower), interconnectors and smart
controls for flexible demand are expected to be vital at times of scarcity of renewable-based
power generation. However, given the low marginal prices in electricity markets with wholesale
pricing and high shares of solar and wind, the business case for investing in assets that provide
the flexibility to capture infrequent high scarcity prices is likely to remain risky. Long-term price
signals are needed to provide confidence that these investments will provide adequate financial
returns without weakening the efficiencies of competitive markets. Combinations of carbon
pricing, more dynamic and locational pricing, integration with other system services will play a
role, but will rely fundamentally on careful forward-looking policy and market design. Without
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these investments, the system value of renewable generation will be more difficult to secure at
growing shares and the expansion of renewable assets will be harder to finance.

Types of projects
Page | 34

Mature market
economies

Table 1.3 e Typical sources of financing for various types of energy projects by region

Emerging markets

with a strong role for

state- directed
investment

Government and state-

Lower-income developing
markets

Oil and gas Corporate balance . Corporate balance sheet;
: owned enterprise
upstream sheet; corporate bonds. corporate bonds.
balance sheet.
Electricity Government and state- Government and state-owned

networks; oil and
gas pipelines

Corporate balance
sheet.

owned enterprise
balance sheet.

enterprise balance sheet;
development banks.

Conventional
power generation

Corporate balance
sheet; corporate bonds;
project finance.

Government and state-
owned enterprise
balance sheet; public
bank loans.

Government, state-owned
enterprise and private
conglomerate balance sheet;
development banks; export
credit agencies.

Utility- scale PV
and wind

Project finance;
Corporate balance
sheet.

Government and state-
owned enterprise
balance sheet;
corporate balance
sheet.

Development banks; project
finance; export credit agencies;
government and state-owned
enterprise balance sheet.

Residential solar
PV; efficient cars
and appliances

Third-party financing;
household balance
sheet; private bank
loans.

Household balance
sheet; public and
private bank loans.

Household balance sheet; third-
party finance.

Electric vehicles;
energy efficiency
programmes for
buildings

Government balance
sheet, via tax credits or
conditional grants;
private bank loans;
corporate bonds.

Government balance
sheet; public and
private bank loans.

Development banks; public and
private bank loans.

Early stage and
pre- commercial
low- carbon
technologies

Angel investors; venture
capital; corporate
balance sheet;
government balance
sheet via R&D grants.

Government and state-
owned enterprise
balance sheet.

Source: IEA analysis.

Another consideration lies in ensuring that market designs attract capital from different sources
efficiently. There is a variety of capital sources currently at play in the energy sector (Table 1.3).
Consequently, the various projects that made up the USD 1.8 trillion of energy investments in
2015 were not made with the same expectation of risks, returns and payback periods. Some
sources of debt or equity are not well-suited to certain energy projects. For example, project
finance is not well matched to the size and nature of energy efficiency measures. This has
implications for ensuring a smooth transition to a low-carbon economy if some capital sources
need to grow in importance and others need to be reallocated outside the energy sector. Policies
such as regulations, standards, taxes and deregulation influence risks and returns and can explain
why some efficiency opportunities are not currently financed despite being lower cost than new
energy supply from a system perspective. Unlocking large-scale private capital further requires
mitigation of risks, both perceived and real, and mobilisation of capital markets through the
standardisation, aggregation and, potentially, securitisation of assets. Based on an analysis of
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best practice and recent case studies, IRENA has elaborated five action areas for government and
financers that, if addressed, would help scale up renewable energy investment (IRENA, 2016c):

e Advance projects from initiation to full investment maturity through capacity building,
dedicated grants and networking platforms.

e Engage local financial institutions in renewable energy finance through capacity building
with local financial institutions and on-lending facilities.

o Mitigate risks to attract private investors through instruments that reduce off-taker risk
and emerging market currency risk.

e« Mobilise more capital market investment through standardisation of project processes
and green bond guidelines, as well as project aggregation.

e Create facilities dedicated to scaling up renewable energy investment by covering
transaction fees, supporting design of structured finance mechanisms and providing
funds.

Energy-efficient building refurbishments present a particular challenge in terms of mobilising
new sources of finance that have lower costs of capital but seek more certain returns. One
example of how progress in aggregating small projects, managing risks and monitoring
performance is already helping to broaden this space into the secondary market is the
Warehouse for Energy Efficiency Loans (WHEEL) in the United States. In 2015, WHEEL became
the first asset-backed security transaction for efficiency, totalling USD 13 million, comprising
unsecured home energy efficiency loans each up to USD 20 000. Another growing area that is
bringing transparency and interest to secondary markets is green bonds, of which 20% of the
USD 42 billion of issuances in 2015 was for energy efficiency, with the rest going mostly to
renewable energies.

Role of G20 countries in energy and climate change

Energy production and use account for more than two-thirds of all anthropogenic greenhouse
gas emissions, mostly in the form of CO,. This reflects the energy sector’s heavy reliance on the
combustion of fossil fuels, meaning that increasing demand for energy over the past decades has
consistently been accompanied by rising CO, emissions. Reducing greenhouse gas emissions
therefore depends, to a large extent, on changes and developments in the energy sector. The
members of the G20 are central to this challenge. As a group, the G20 accounts for around 80%
of the world’s total primary energy demand (including almost 95% of its coal demand and nearly
three-quarters of its gas and oil demand) and is responsible for more than 80% of total CO,
emissions (Figure 1.13).
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Figure 1.12 ¢ Share of G20 members in key global indicators, 2014
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Key message ® G20 countries as a group account for the majority of global energy demand and energy-
related CO, emissions.

The energy mix of the G20 group as a whole today depends largely on the use of coal (34%), oil
(29%) and gas (19%); nuclear represents a share of 6% and renewables the rest, with bioenergy
being the largest at 8% (of which, almost half is the traditional use of solid biomass) (Figure 1.14).
But the G20 group is a very diverse set of countries and individual energy consumption patterns
reflect factors that are unique to each. Resource endowments, for example, help to explain why
coal is the backbone of the energy mix in China and South Africa (at around two-thirds of the
total), while 70% of Saudi Arabia’s energy demand is met by oil (the remainder being gas).
Another important criterion is the level of access to modern sources of energy: for India and
Indonesia, bioenergy is an integral part of the energy mix (at around one-quarter of total energy
demand), mostly in the form of solid biomass. Achieving their quest to ensure access to modern
energy services should reduce the share of solid biomass in the mix. Brazil has the highest share
of low-carbon fuels in the total primary energy mix among G20 countries, at around 40%.

The power sector is the largest single sector consuming energy in G20 countries. With more than
60% of total coal and nearly 40% of total gas demand, the power sector is also the largest source
of CO, emissions in G20 countries as a whole. Among end-use energy sectors, the industry sector
is the largest energy consumer in the G20. More than one-third of industrial energy demand is
met by coal and its use has increased rapidly since 2000, mostly linked to the rapid expansion of
infrastructure and manufacturing output in China. Electricity has overtaken oil as the second-
largest fuel consumed in the industry sector after coal, but oil remains prominent. The industrial
sector is the second-largest consumer of oil after transport. The energy mix in the buildings
sector is diversified, reflecting the varied circumstances across the G20." Electricity and gas, the
mainstay of consumption in the more affluent countries, together account for around 55% of
energy consumption in buildings, but are closely followed by solid biomass, which is widely used
for cooking and heat in India and Indonesia. The transport sector is dominated by oil, although
gas plays a significant supporting role in a number of large markets, including Russia and
Argentina, and biofuels provide a meaningful contribution in Brazil, Argentina and the United
States.

17 The buildings sector includes energy used in residential, commercial and institutional buildings, and non-specified other.
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Figure 1.13 e Electricity generation, energy demand by fuel and CO, emissions in selected sectors in the
G20 and rest of the world, 2014
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Key message ® The G20 accounts for the bulk of global energy demand and CO, emissions.

While the G20 group is a major source of energy demand and energy-related GHG emissions, it
also plays an integral role in combatting climate change. Collectively, G20 countries are the key
driver of low-carbon technology deployment: the G20 holds 98% of global installed wind power
generation, 96% of solar PV and 94% of nuclear power capacity, while its passenger vehicle fleet
represents almost 95% of all electric vehicles worldwide (Figure 1.15).

Energy intensity (measured as total energy use per unit of GDP) is a key indicator of movement
towards a low-carbon energy sector, reflecting structural economic shifts but also efforts to
improve energy efficiency. Recent trends give cause for optimism: since 2000, the energy
intensity of global economic output has fallen by 10% (in market exchange rate terms). This
overall trend belies some significant regional differences (Figure 1.16). In parts of the G20,
growth in GDP was at times associated with a slight decline in primary energy demand, reflecting
shifts in economic structure, saturation effects and efficiency gains. This has led to peaks in
primary energy demand in Japan (2004) and in Europe (2006), where demand has since fallen by
around 15%, while demand in the United States today is 5% below its 2007 peak. For countries
outside the G20, the link between economic growth and energy consumption remains strong; in
the period from 2000 to 2014 every one percentage point increase in economic growth was
accompanied by a 0.6% point increase in energy demand.
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Figure 1.14 e Share of G20 in global low-carbon technology deployment in the power and transport
sectors, 2015
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Key message ® The G20 accounts for all but a small proportion of low-carbon technology uptake to date.

Improvements in the energy intensity of the global economy, together with the expanded use of
cleaner energy worldwide, have supported a slowdown in energy-related CO, emissions: on a
global basis, the growth in emissions stalled over 2014 and 2015, amid economic expansion. In
previous instances in which emissions stood still or fell compared to the previous year, they were
typically associated with global economic weakness.

Figure 1.15 e Changes in GDP and energy demand in selected countries and regions, 2000-14
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Note: GDP = gross domestic product expressed in year-2015 dollars in purchasing power parity (PPP) terms.
Source: IEA data and analysis.

Key message ® Comparing the pace of economic growth from 2000 to 2014 with energy demand growth
over the same period shows wide country and regional variations.

Power sector

CO, emissions from the power sector worldwide have grown by more than 45% since 2000 (and
at a similar rate in the G20), while electricity demand increased by more than 50%, signifying a
marginal 3% decrease in the emissions intensity of generation. The modesty of this overall
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decrease reflects two counterbalancing factors: on the one hand, the effect of the increasing
momentum of renewable energy technologies and the deployment of more efficient combustion
technologies; and on the other, the growth of coal-fired electricity generation was equivalent to
44% of the global increase in the total electricity supply. In total, emissions from the power
sector accounted for around 45% of all energy-related CO, emissions in 2014.

As described previously in this chapter, the pace of investment in renewable sources of power
has accelerated in recent years, pushed by increasing policy support and lower costs. The
majority of countries in the world now have policies promoting the deployment of renewables in
place, in particular for power generation. This support and falling costs have shifted the balance
of capacity additions in their favour. In 2015, renewables-based generation technologies
accounted for more than half of total power plant capacity additions, outpacing the combined
total of fossil-fuelled and nuclear power plants (Figure 1.17).

In the power sector more than any other, the variations in emission intensities between
members of the G20 group are especially large. These variations reflect a variety of regional
conditions, including the availability of domestic resources, access to international energy
markets, as well as the degree of industrial and economic development. Energy policy priorities
are also an important factor that is reflected in emission intensities in the power sector. China
and India, facing the imperative to provide access to hundreds of millions of people while
securing affordable energy for fast growing economies, are the two countries that have
accounted for almost three-quarters of the increase in electricity demand in the G20 since 2000
(and 60% of the world’s increase). But, over the same period, they managed successfully to bring
access to 720 million people (with 600 million people gaining access in India alone and China
achieving universal access by end-2015). Both countries are facing significant local air pollution
issues, but are pursuing ambitious efforts to increase the penetration of renewables-based
generation in their power systems.'® China alone accounted for one-third of the total global
investment in renewables-based capacity in 2015, and has seen the growth in its emissions from
power generation slow in recent years. India, meanwhile, where 245 million people still lack
access to electricity, is increasingly looking towards solar and wind as part of its efforts to
increase its renewables-based generation capacity (excluding large hydropower) to 175 GW by 2022.

Figure 1.16 e Recent power generation capacity additions
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Source: IEA data and analysis.

Key message ® Renewables accounted for more than half of total power capacity additions in 2015.

18 See Energy and Air Pollution: World Energy Outlook Special Report (IEA, 2016d).
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In the United States, the rapid increase in shale gas production has served to reduce natural gas
prices and increase the competitiveness of gas-fired generation versus coal, which had been a
mainstay of the system. In addition, there has been a strong push for power generation from
renewables, with yearly net renewables-based capacity additions over 10 GW in several years
since 2009, mainly in wind power and more recently solar PV. The impact on the power mix (and
therefore the overall carbon intensity of power generation) has been significant. From 2000 to
2014, the share of coal in the US power generation mix has fallen from over half to 40%, while
that of gas-fired generation has increased from 16% to 27% and the share of renewables has
risen by nearly five percentage points. Over the period, the overall carbon intensity of power fell
by almost 20% (Figure 1.18). Preliminary data for 2015 suggests that the US power mix has
continued to move in this direction, with less coal, more gas and a greater contribution from
renewables. The United States is one of only two countries in the world where plans for carbon
capture in power generation have materialised, with the facility at the Petra Nova coal-fired
power plant now in operation and capturing 1.6 million tonnes of CO, per year. (The Boundary
Dam facility in Saskatchewan, Canada, is the world’s only other operational power plant
equipped with CCS ). A second facility, at the Kemper power plant in the United States, is due to
become operational in early 2017, with a power generation capacity greater than the two
existing CCS-equipped plants combined.

The switch from oil-fired to gas-fired and renewables generation features prominently in a
number of countries among the G20. In Mexico, the availability of relatively cheap natural gas
imports from the southern United States has accelerated a significant shift away from oil (the
share of oil in generation has fallen from almost half in 2000 to just over 10% in 2014), delivering
a 23% decrease in the CO, emissions intensity of power generation. Recently, power market
reform has created new incentives to tap Mexico’s considerable potential for wind and solar
power, including through the establishment of a clean energy certificate system designed to
provide an additional source of income for investors in low-carbon power. In 2016, two auctions
awarded contracts for almost 5 GW of clean power generation capacity to private investors.

In Saudi Arabia, oil and gas had been the sole providers of electricity until solar started to make
in-roads in 2012. The country has recently taken steps to reform fossil fuel subsidies and
announced a substantial investment programme in renewables, both of which will serve to
reduce domestic fossil fuel use. Japan has also taken steps to minimise the use of oil in the power
sector for many years; the share of oil in total power generation steadily declined from over 30%
in 1990 to 16% in 2000 and less than 10% in 2010. The Fukushima Daiichi nuclear accident in
2011 led to an increase in the use of oil and other fossil fuels in the power sector, temporarily
raising the overall carbon intensity of power generation. Since then, aggressive energy efficiency
measures and the increased use of renewables (mostly solar PV) helped to return the share of oil
in the power mix to near 10% in 2014. As of mid-September 2016, three nuclear reactors had
restarted, with others approved in principle but delayed by local opposition or judicial
proceedings.
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Figure 1.17 e CO, intensity of power generation in selected countries and regions
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Key message e The carbon intensity of power generation has been in decline in most regions, but large
variations remain.

Transport sector

The global transport sector accounts for 20% of energy-related greenhouse gas emissions,
composed almost entirely of CO, from the combustion of oil. Emissions have increased by over
30% since 2000, largely as a result of an increase in the vehicle stock by 300 million over this
period (Figure 1.19). Over half of the increase in CO, emissions came from the G20, with China
and India, where growing demand for mobility for the burgeoning middle classes has resulted in
130 million vehicles being added to the automotive stock, leading the way.

The increase in transport-related CO, emissions is almost entirely in line with the increase in
energy demand in transport, given the sector’s heavy reliance on oil-based fuels, with every
percentage point increase in transport energy demand bringing about a commensurate rise in
emissions. In the G20, the CO, emissions intensity of the vehicle stock has increased since 2000,
reflecting growth in the average size of the vehicle fleet. This though does not tell the full story.
The CO, emissions intensity of new cars sold in Europe, for example, has fallen by nearly 30%
since 2000, with the rate of improvement accelerating after 2009, when the first emissions
standard was introduced. Increasingly stringent standards have since been announced, the latest
of which limits emissions to 130 grammes of CO, per kilometre (g/km) (with a further target of
reducing this to 95 g/km by 2021). Similarly, in the United States, the gradual tightening of the
Corporate Average Fuel Economy (CAFE) standards has helped reduce the average CO, emissions
per kilometre of new passenger vehicles by around 22% since 2000. In Canada, the passage in
2010 of mandatory regulations (setting a target of 98 g/km by 2025) has helped reduce the
average CO, emissions for new cars sold by over 15%. In Japan, amendments of the Energy
Conservation Law since 1999 to introduce ever-increasing fuel-economy standards have helped
reduce the CO, emissions intensity of new vehicles by more than 35%. Globally, mandatory fuel-
economy standards now cover around 80% of passenger vehicles sold. Without these measures,
global oil demand would have been 2.3 million barrels per day (mb/d) higher in 2015 (IEA,
2016e). One area in which progress has been slower is the fast growing freight fleet. Only four
countries (Canada, China, Japan and the United States) have introduced efficiency standards for
heavy-duty freight vehicles. Facilitating the introduction of such standards in other G20
countries, through international collaboration, would yield important climate, local air pollution
and health benefits. As an example, worldwide adoption of new emission and fuel standards
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could, by some estimates, help avoid 210 000 premature deaths in urban areas annually by 2030
(ICCT, 2013).

In some cities, modal shifts in transport have also played a prominent and increasing role in
reducing private car use. In Paris, for example, the introduction of Velib’ and Autolib’
programmes, which make available shared bicycles and electric-powered cars, and the
development of bus and bicycle lanes, has contributed to a 25% reduction in car use (IEA, 2016d).

Figure 1.18 ¢ CO, emissions in the transport sector and contributions by region
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Key message e Countries outside the G20 account for a growing share of CO, emissions from the
transport sector.

China, the world’s largest market for automotive sales, has seen its stock of passenger vehicles,
trucks and buses, more than double in the last five years. The potential for further growth,
particularly for personal mobility, is tremendous. At around 100 cars per 1 000 people, ownership
rates in China are currently low when compared to the United States (700) and Europe (510)
(Figure 1.20). While the emissions profile is currently lower than that of the United States, this
mostly reflects the abundance of small cars in China’s stock. This makes concerted efforts to
increase fuel economy a vital measure to avoid deterioration in environmental indicators as well
as a rapid increase in reliance on imported fuels. China introduced fuel-economy standards in
2005, helping to reduce average emissions per kilometre for new cars by around 15%, and has
been gradually tightening these since, with the latest Phase IV standards, which came into effect
in 2016, setting a standard for light-duty vehicles of 5 litres per 100 kilometres by 2020.

Energy demand for aviation and shipping has grown robustly since 2000 (by 1.4% per year and
1.8% per year respectively), and accounts for around one-fifth of both energy demand and CO,
emissions in transport. Energy efficiency has mitigated further rises in aviation emissions as
engines and air traffic management have improved. Regulations for both aviation and shipping
still lag behind those for passenger vehicles, but efforts are now being made. For example, the
Energy Efficiency Design Index introduced by the International Maritime Organisation, which
entered into force in 2013, is the first globally binding energy efficiency standard for shipping; it
mandates a minimum 10% improvement in the energy efficiency per tonne-km of new ship
designs from 2015, 20% from 2020 and 30% from 2025." In aviation, many airlines, aircraft
manufacturers and industry associations have committed to voluntary, aspirational targets that

19 One policy under discussion in the European Union is the establishment of a Maritime Climate Fund under the current
Emissions Trading System, which among other aims, would facilitate investment in technologies to reduce the sector’s CO,
emissions.



© OECD/IEA 2017 Energy and Climate Change

would collectively achieve carbon neutral growth by 2020 and a 50% reduction in GHG emissions
by 2050 (relative to 2005 levels) (IRENA 2017c).

Figure 1.19 e Passenger vehicle ownership per 1 000 people in selected countries and regions, 2014
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Key message ¢ Notable discrepancies between G20 countries suggest that there is large scope for
increasing vehicle ownership.

Industry sector

The global industry sector accounts for almost 40% of final energy demand and is responsible for
one-fifth of global energy-related CO, emissions.”® The G20 accounts for 85% of industrial energy
demand and is responsible for three-quarters of industrial natural gas demand, and more than
90% of industrial coal use (China consumes around 65% of all coal used in industry). Three
industries (iron and steel, chemicals and cement) account for almost 60% of total industrial
demand in the G20 and are responsible for more than 60% of industrial CO, energy emissions.
Process emissions, which are not energy-related but are generated through chemical processes in
the formation of intermediary inputs, are also significant in a number of industries: CO, emissions
related to the production of clinker, an intermediary input for cement production, are almost
twice the energy-related CO, emissions in the cement industry globally. In absolute terms,
energy-related CO, emissions have grown by more than 60% since 2000, with more than four-
fifths of this increase from China alone (Figure 1.21), whose consumption of energy in industry is
now larger than that of the combined industrial consumption of the OECD countries as a whole.

So far, efforts to mitigate the increase in energy use and emissions in industry have focused on
improving energy efficiency, including through the introduction of regulation: in the last 15 years,
the share of global final energy consumption in industry that is covered by mandatory energy
efficiency regulation has increased to 37% (from virtually nothing), led by efficiency policy in
China, which alone accounts for around three-quarters of the global industry consumption that is
covered by such regulations. While mandatory energy efficiency regulation is not the only
instrument available to policy makers, it becomes particularly important in times when energy
prices are low: low prices lengthen the payback period of energy efficiency investments that
might otherwise be made on commercial grounds. To date, renewable energy use in
manufacturing has received little attention. Yet, renewable energy technologies can be suitable
alternatives for process heat generation and as a carbon source for the production of chemical
and plastics (IRENA, 2014b).

20 The industry sector includes blast furnaces, coke ovens and petrochemical feedstocks.
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Figure 1.20 e Growth in energy-related CO, emissions in the industry sector in the G20 and the rest of the
world
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Key message e The G20 accounts for virtually all of the net increase in CO, emissions from industry since
2000.

Buildings sector

Energy consumption in buildings accounts for around a third of final energy consumption, and
less than 10% of energy-related CO, emissions, meaning that the emissions intensity per unit of
energy used in the buildings sector is two-to-three times lower than that of other sectors.
However, this does not tell the whole story. It is important to take into account that buildings are
also responsible for around half the global demand for electricity and for district heating and
cooling; indirect emissions from these sources, at 5.6 Gt, are equivalent to almost twice the
direct emissions from buildings (Figure 1.22).

Direct emissions in buildings come from the on-site generation of heat for space and water
heating and cooking. The need for space heating has grown at only a moderate pace in the last
15 years, with the greatest increase in energy demand instead coming from the increasing use of
appliances and cooling systems, and higher demand for hot water. This is partly a result of the
geography of demand: developing countries were responsible for 90% of population growth and
75% of global economic growth (leading to increased access to modern energy services — such as
water heating — but also greater numbers of appliances and cooling systems). Direct emissions
have stalled over the last three decades, as growth in heat demand was partly mitigated by
increasing efficiency in buildings, due in large part to more stringent buildings code. The
composition and efficiency of energy provision in this sector has also been affected by other
shifts: the switch away from coal towards gas and electricity for heating (globally, the share of
coal in the energy mix of buildings has fallen by seven percentage points since 1990, to just 4%);
and, particularly in more affluent countries, a shift from oil to gas as a source of heat has
occurred. Consumption of district heat has also doubled in the same period, providing heat in
dense urban areas and shifting even more direct emissions towards indirect emissions, with most
district heating currently produced through fossil fuels in combined heat and power processes or
heat plants. Currently, district heating and cooling mainly relies on fossil fuels, and only a few
countries have taken advantage of their renewable resource potential or put in place policies that
can promote further uptake of renewables. As electrification and electricity use have increased,
so too have indirect emissions in the buildings sector, which have increased by 40% since 2000.
The emissions profile here mirrors changes in the broader electricity sector (see above). The
current use of district cooling in dense urban areas is very low: only a few cities in Europe rely on
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district systems to satisfy cooling needs of non-residential buildings (offices, malls, government
buildings, etc.).”

The emissions intensity of energy use in the buildings sector has been on an upward trend
despite more efficient production of energy and efforts to promote energy efficiency (mandatory
regulations now cover more than 30% of final energy consumption in the buildings sector). This is
attributable to several factors. First, around 2.7 billion people still rely on solid biomass for
cooking. Among the many associated health downsides, the traditional use of biomass is
inefficient and polluting. A further driver for increased global emissions from buildings is the
rising wealth and energy consumption in developing countries, particularly through the
acquisition and use of household appliances. In India, the number of people without access to
electricity has decreased by 360 million and air conditioning ownership has more than doubled,
while in China, refrigerator ownership has also almost doubled.

Figure 1.21 e Direct vs indirect CO, emissions in the buildings sector
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Key message e Over the last 15 years, indirect CO, emissions in the buildings sector increased by 40%,
while direct emissions stalled.

Carbon budget

The important role of the energy sector for global GHG emissions, and particularly CO, emissions,
puts energy into the limelight of climate change. But how much do energy-related GHG emissions
have to be reduced to be compatible with climate targets? Recent climate studies have indicated
that the average global surface temperature rise has an almost linear relationship with the
cumulative emissions of CO,. This useful relationship has resulted in the concept of a remaining
global “CO, budget” (the cumulative amount of CO, emitted over a given timeframe) that can be
associated with a probability of remaining below a chosen temperature target (IPCC, 2014).
Despite its importance for climate change, CO, is not the only agent to affect global mean
temperature. Emissions of non-CO, forcers, such as methane (CH,), nitrous oxide (N,O) and
aerosols, mean that the CO, budget must be reduced in order to achieve the same probability of
a given temperature rise. While most non-CO, emissions originate from non-energy sectors (in
particular from agriculture and waste), variations in the projections from these sectors affect the
necessary rates of transformation of the energy sector. To allow for this, publications such as the
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report associate a range of

21 See IEA, Energy Technology Perspectives 2016 - Towards Sustainable Urban Energy Systems (IEA, 2016f)
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CO, budgets with a given probability of staying below a defined temperature rise: higher non-CO,
emissions mean a lower CO, budget and vice versa (Figure 1.23).

Figure 1.22 e Relationship between temperature rise and CO, budgets
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Source: IEA (2016a).

Key message ¢ Remaining CO, budgets are very sensitive to small changes in target temperature
thresholds and probabilities.

Long-term temperature targets and probabilities often refer only to the temperature rise in 2100.
But it is also important to consider the temperature rise over the course of the 21st century. The
average global surface temperature rise could temporarily exceed, or overshoot, a given
threshold (such as 2°C), before returning to this level in 2100. One key consideration for this is
whether or not it might be possible for CO, emissions to turn negative in the future. This is
possible only if technologies are available that can remove CO, from the atmosphere, examples
of which include direct air capture, enhanced rock weathering, afforestation and biochar (see
Chapter 3). Another example, which is relied upon heavily in deep decarbonisation scenarios
assessed by the IPCC, is bioenergy with carbon capture and storage (BECCS). This technology uses
bioenergy, produced by photosynthesis that removed CO, from the atmosphere when it was
growing, to produce electricity, biofuels, hydrogen or heat. With BECCS, the CO, emissions that
occur during the transformation process are captured and stored, and are therefore prevented
from being remitted to the atmosphere. If BECCS were to be deployed on a wide enough scale,
and accompanied by decarbonisation of all energy sub-sectors, it is theoretically possible for the
entire energy sector to absorb CO, emissions from the atmosphere.

Deriving an energy sector CO, budget for limiting global warming to 2°C

The Paris Agreement makes reference to keeping temperature rises to “well below 2°C” and
pursuing efforts to limit the temperature increase to 1.5°C. However it offers no clear guidance
on what “well below 2°C” means in practice, or what probabilities should be attached to the
temperature goals.

For the purpose of this report, it was chosen to focus on a scenario with a 66% probability of
keeping the average global surface temperature rise throughout the 21st century to below 2°C.
Understanding the CO, budget consistent with this definition is a critical consideration for
modelling the pace and extent of the energy sector transition (Table 1.4).

To generate an estimate of CO, budget for a 66% chance of staying below 2°C, it is necessary to
estimate levels and rates of non-CO, emissions. The IPCC Fifth Assessment Report scenario
database, which contains projections of non-CO, emissions over the 21st century under a wide
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range of scenarios provides a measure of the level of non-CO, emissions mitigation that is
possible under deep decarbonisation pathways.

Table 1.4 ¢ Energy sector CO, budget in the decarbonisation scenarios developed by IEA and IRENA

(GtCO2) 2015 - 2100

Total CO2 880
Industry processes -90
Land use, land- use change and forestry 0

Energy sector COz2 budget 790

The analytical tools used in this study directly project all energy-related GHG emissions, both CO,
and non-CO,. But for the decarbonisation scenarios developed by IEA and IRENA in the
subsequent chapters, non-CO, emissions originating from non-energy sectors rely on the
scenarios from the IPCC database. Using the climate model MAGICC?, widely employed in
studies assessed in the IPCC reports, the distribution over the non-CO, contribution to the
temperature rise in 2100 from scenarios in this database that have a reasonable chance of
keeping the temperature rise in 2100 below 2°C suggest that non-CO, forcers are likely to
contribute between around 0.4°C and 0.7°C of warming. In the scenarios developed in this study
that have a 66% chance of keeping the temperature rise in 2100 to below 2°C, it was assumed
that the contribution of non-CO, emissions to the temperature rise in 2100 will be around 0.5°C.

It is important to recognise that the 66% 2°C Scenarios explored in this report keep the
temperature rise below 2°C not just in 2100 but also over the course of the 21st century. It does
not permit any temporary overshooting of this temperature in any year. The main reason for this
working assumption is that permitting a temporary overshoot of a specific temperature rise
before falling back to this level in 2100 would imply relying on negative-CO, technologies at scale
sometime in the future. This is technically feasible, but the assessment of the implications of
widespread adoption of BECCS for land-use requirements or the potential uptake of non-energy
technologies for CO, removal is outside the scope of this report. This means that one unique
assumption as to how much CO, can be removed in the future cannot be taken. In addition, there
are also questions surrounding whether bioenergy can truly be considered to be a low- or zero-
carbon fuel (see Chapter 2).

With these assumptions, for the purpose of this study, we estimate that the CO, budget between
2015 and 2100 is 880 gigatonnes (Gt). This lies towards the middle of the 590 — 1 240 GtCO,
range from a study discussing CO, budgets commensurate with a 66% chance of staying below
2 °C (Rogelj et al., 2016). Nevertheless, as discussed above, many of the scenarios assessed by
the IPCC in its Fifth Assessment Report that aim to limit the specific temperature rise in 2100 to
2°C rely heavily upon BECCS such that the global energy sector as a whole absorbs CO, emissions
from the atmosphere by the end of the century.

The scenarios developed in this study are therefore ambitious in terms of the timing and scope of
required energy emissions reductions for meeting the 2°C goal as they offer no possibility to
delay CO, emissions reduction until negative-emissions technologies are available at scale.
Nevertheless, the scenarios offer the possibility for achieving more stringent climate targets in
the future, should negative-emissions technologies become available.

To arrive at an energy sector only CO, budget for the 66% 2°C scenario it is necessary to subtract
from the total CO, budget those CO, emissions not related to fossil fuel combustion in the energy

22 MAGICC = Model for the Assessment of Greenhouse-Gas Induced Climate Change.
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sector. These emissions predominantly arise from two sources: industrial processes and from
land use, land-use change and forestry (LULUCF).

Annual industrial process emissions are currently around 2 Gt, about 70% of which arises from
cement production. With material efficiency and the use of CCS becoming more widespread in a
stringent decarbonisation scenario, projections suggest that these emissions would rise
marginally to the mid-2020s before declining over the remainder of the century: in 2050, process
emissions therefore fall to around 1 Gt. This assumption is used by both institutions in this study
in developing decarbonisation scenarios for the energy sector.

Estimates of LULUCF emissions are uncertain. One estimate for 2013 indicated emissions were
around 3.3 Gt, but could range from 1.5 GtCO, to 5.1 GtCO, (Le Quéré et al., 2015). The high
degree of uncertainty arises from the differing methods that can be used to generate LULUCF
estimates, the poor quality of land-use change data in some key regions and the difficulty in
attributing emissions to human activities or to natural processes. As per agreement by the
participating institutions, the outlook for CO, emissions from LULUCF used in this study are based
on the median of 36 unique decarbonisation scenarios analysed by the IPCC. For this study, the
assumption is that CO, emissions from LULUCF fall from 3.3 Gt in 2015 to zero by mid-century.
LULUCF subsequently becomes a net absorber of CO, over the remainder of the 21st century,
and, as a result, cumulative CO, emissions from LULUCF between 2015 and 2100 are close to
zero.

The net effect of these two factors is to reduce the total CO, budget from 880 Gt to an energy
sector only budget of 790 Gt. This study analyses in detail the transformation of the energy
sector between 2015 and 2050, but also takes into account the emissions that might occur
thereafter. The challenge is stark: by means of comparison, current NDCs imply that, until 2050,
the energy sector would emit almost 1 260 Gt, i.e. nearly 60% more than the allowed budget.

Pursuing efforts to stay below a temperature rise of 1.5°C present unchartered territories. The
IPCC indicated that to have a 50% chance of keeping global warming to 1.5°C, the remaining CO,
budget from 2015 ranges between 400 and 450 GtCO, (IPCC, 2014). But more recent reports have
suggested it could be as low as 50 GtCO, (Rogelj et al., 2015). Even if the CO, budget is at the
upper end of this range, at around 400 GtCO,, energy sector emissions would need to fall to net-
zero by around 2040, if global energy-related CO, emissions cannot turn net-negative at any
point (IEA, 2016a).
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Chapter 2: Energy Sector Investment to Meet
Climate Goals

Author: International Energy Agency

Key messages

Limiting the global mean temperature rise to below 2°C with a probability of 66% would
require an energy transition of exceptional scope, depth and speed. Energy-related CO,
emissions would need to peak before 2020 and fall by more than 70% from today’s levels by
2050. The share of fossil fuels in primary energy demand would halve between 2014 and 2050
while the share of low-carbon sources, including renewables, nuclear and fossil fuel with CCS,
would more than triple globally to comprise 70% of energy demand in 2050.

The 66% 2°C Scenario would require an unparalleled ramp up of all low-carbon technologies in
all countries. An ambitious set of policy measures, including the rapid phase out of fossil-fuel
subsidies, CO, prices rising to unprecedented levels, extensive energy market reforms, and
stringent low-carbon and energy efficiency mandates would be needed to achieve this transition.
Such policies would need to be introduced immediately and comprehensively across all countries
for achieving the 66% 2°C Scenario, with CO, prices reaching up to USD 190 per tonne of CO,. The
scenario also requires broader and deeper global efforts on technology collaboration to facilitate
low-carbon technology development and deployment.

Improvements to energy and material efficiency, and higher deployment of renewable energy
are essential components of any global low-carbon transition. In the 66% 2°C Scenario,
aggressive efficiency measures would be needed to lower the energy intensity of the global
economy by 2.5% per year on average between 2014 and 2050 (three-and-a-half times greater
than the rate of improvement seen over the past 15 years); wind and solar combined would
become the largest source of electricity by 2030. This would need to be accompanied by a major
effort to redesign electricity markets to integrate the large shares of variable renewables,
alongside rules and technologies to ensure flexibility.

A deep transformation of the way we produce and use energy would need to occur to achieve
the 66% 2°C Scenario. By 2050, nearly 95% of electricity would be low-carbon, 70% of new cars
would be electric, the entire existing building stock would have been retrofitted, and the CO,
intensity of the industrial sector would be 80% lower than today.

A fundamental reorientation of energy-supply investments and a rapid escalation in low-
carbon demand side investments would be necessary to achieve the 66% 2°C Scenario. Around
USD 3.5 trillion in energy-sector investments would be required on average each year between
2016 and 2050, compared to USD 1.8 trillion in 2015. Fossil fuel investment would decline, but
would be largely offset by a 150% increase in renewable energy supply investment between 2015
and 2050. Total demand-side investment into low-carbon technologies would need to surge by a
factor of ten over the same period. The additional net total investment, relative to the trends
that emerge from current climate pledges, would be equivalent to 0.3% of global GDP in 2050.

Fossil fuels remain an important part of the energy system in the 66% 2°C Scenario, but the
various fuels fare differently. Coal use would decline most rapidly. Oil consumption would also
fall but its substitution is challenging in several sectors. Investment in new oil supply will be
needed as the decline in currently-producing fields is greater than the decline in demand. Natural
gas plays an important role in the transition across several sectors.
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Early, concerted and consistent policy action would be imperative to facilitate the energy
transition. Energy markets bear the risk for all types of technologies that some capital cannot be
recovered (“stranded assets”); climate policy adds an additional consideration. In the 66% 2°C
Scenario, in the power sector, the majority of the additional risk from climate policy would lie
with coal-fired power plants. Gas-fired power plants would be far less affected, partly as they are
critical providers of flexibility for many years to come, and partly because they are less capital-
intensive than coal-fired power plants. The fossil fuel upstream sector may, besides the power
sector, also carry risk not to recover investments. Delaying the transition by a decade while
keeping the same carbon budget would more than triple the amount of investment that risks not
to be fully recovered. Deployment of CCS offers an important way to help fossil fuel assets
recover their investments and minimise stranded assets in a low-carbon transition.

With well-designed policies, drastic improvements in air pollution, as well as cuts in fossil-fuel
import bills and household energy expenditures, could complement the decarbonisation
achieved in the 66% 2°C Scenario. Achieving universal access to energy for all is a key policy goal;
its achievement would not jeopardise reaching climate goals. The pursuit of climate goals can
have co-benefits for increasing energy access, but climate policy alone will not help achieve
universal access to all.

Introduction

This chapter presents detailed new International Energy Agency (IEA) analysis of the energy
sector transformation through 2050 that would be needed if the world is to limit the global mean
temperature rise to below 2°C with a probability of 66%, as well as the major reallocation of
investment capital that would be required to do so. This assessment uses scenarios to illustrate
the degree of difference in policies required and their consequences on energy markets,
investment requirements and energy-related emission trajectories. It is one possible
interpretation of the “well below 2°C” objective of the Paris Agreement.

Two main scenarios, varying in their assumptions about the evolution of government policies are
presented: the New Policies Scenario and the 66% 2°C Scenario. The New Policies Scenario
reflects the implications for the energy sector of the climate pledges, known as Nationally
Determined Contributions (NDCs), which were made as part of the Paris Agreement. This
scenario reflects the result of a detailed quantitative evaluation of the implications of the energy-
related components of these pledges, as well as extensive consultation with country
representatives and other stakeholders. This assessment was first published in the World Energy
Outlook 2016 (IEA, 2016a), but for the purpose of this report the analysis has been extended to
the 2050 time horizon.”® The other main scenario takes a different approach, describing a
trajectory for energy-related emissions consistent with a 66% probability of limiting the long-
term rise in global temperatures to less than 2 degrees Celsius (°C), illustrating the scale and
speed of the transition that this would necessitate in the energy sector. In addition, we include a
comparison with the World Energy Outlook’s 450 Scenario, the widely used reference for the
low-carbon energy sector transition, which maps out an energy future consistent with a 50%
chance of staying within a 2°C limit.>* This scenario was introduced in 2007 and has since been
updated on a yearly basis to take account of policy progress, market dynamics, technology cost
declines and countries’ priorities.

The modelling and analysis incorporates the most recent information available on an array of
factors including energy markets, prices and technology costs. On this basis, the analysis

23 The modelling time horizon of the World Energy Outlook 2016 is 2040.
24 The probability of the temperature increase refers to the end of this century.
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determines energy supply and demand outlooks, emissions abatement and investment needs in
the energy supply, power generation and end-use sectors (industry, transport and buildings) in
the two main scenarios. It also examines the co-benefits for local pollution, energy access and
energy security in a transition to a low-carbon energy system and its implications for the energy
industry.

Defining the scenarios

The scenarios discussed in this chapter are generated using the IEA’s large-scale World Energy
Model (WEM). Developed over a period of around 30 years, the WEM generates comprehensive
sector-by-sector and region-by-region projections covering the whole energy system from
primary energy production to transformation through to final energy consumption (Annex A).
The starting year for the projections is 2014, as reliable official market data for all countries were,
in most instances, available only up to the end of 2014. For technology costs (such as
renewables) and fuels (such as oil) for which more recent data were available, those were fully
taken into account in the analysis.

Global gross domestic product (GDP) is assumed to grow at an average annual rate of 3.1%
between 2014 and 2050 (measured in terms of purchasing power parity [PPP]), based on
economic forecasts by the International Monetary Fund (IMF, 2016), the World Bank and the
OECD.” The world’s population is projected to grow at a slower rate of 0.8%, although there is
a high degree of variation between regions. These assumptions remain the same across the
various scenarios examined in this chapter.?” Our analysis here focuses on trends at the global or
regional (G20 versus “rest of world”) level, although modelling within the WEM is carried out
with much greater granularity.

The direction that policy ambitions, as stated in the NDCs, will take the energy sector is
illustrated in the New Policies Scenario. It assesses the impact on the evolution of the energy
system of all the policies and measures that had been adopted as of mid-2016. It also takes
account of the targets and policy measures that countries have announced, even if these have
yet to be enacted into legislation or the means for their implementation are still taking shape.
The energy-related components of the NDCs form a key component of this scenario. The pledges
are assessed on an individual country-by-country basis, and, where policies exist to support them
and the implementing measures are clearly defined, incorporated into the New Policies Scenario.
However, where political, regulatory, market, infrastructure or financing constraints exist, the
announced targets may be met later than officially anticipated or not at all. Conversely, there
may also be cases in which energy demand, macroeconomic conditions and/or cost trends lead
countries to go further and faster than their declared objectives. But the New Policies Scenario
incorporates policies beyond NDCs, ranging from policies to increase energy security, fight local
pollution and to provide energy access. Nearly 1.2 billion people still lacked access to electricity
(25% of which are in G20 countries) in 2014 and over 2.7 billion did not have access to clean
cooking facilities and so rely on the traditional use of biomass (50% of which are in G20
countries). Providing modern forms of energy to the world’s poorest people occupies a priority
place in national policy making in countries without universal energy access and forms a crucial
backdrop to the growth in energy demand looking forwards.

25 Based on the scenarios examined in this chapter, the Organisation for Economic Co-operation and Development (OECD) is
conducting a study examining the implications of the energy sector transition for global economic growth (OECD,
forthcoming).

26 Based on United Nations Population Division forecast with medium fertility (UNPD, 2015).
27 For further details, see www.worldenergyoutlook.org.
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While the New Policies Scenario gives policy makers, investors, consumers and other
stakeholders an indication of how policy ambitions as of mid-2016 are likely to shape the energy
sector, it should not be considered a forecast. The New Policies Scenario is not an attempt to
predict shifts in policy, beyond those already announced, that affect energy supply and use in
response to uncertainties such as the pace of economic growth and technology advances. Our
analysis shows that the New Policies Scenario does not meet the Paris Agreement temperature
limiting objectives, but it provides a sound basis for expectations about developments in the
energy sector and their implications for the future, and serves as a guidepost for policies and
other factors that need to change in order to meet goals related to economic development,
energy security and sustainability (IEA, 2016a).

The 66% 2°C Scenario — the main focus of this chapter — describes an energy transition of
exceptional scope, depth and speed. This is based on the assumption that policies are
implemented to follow a trajectory of greenhouse gas (GHG) emissions from the energy sector
consistent with the international target “to limit the rise in global average temperature to well
below 2°C from pre-industrial levels”. The interpretation of this target in this scenario is that
energy-related carbon dioxide (CO,) emissions (from all sources and sectors) are bound by a
tight CO, budget: as described in Chapter 1, the cumulative amount of energy-related CO,
emissions between 2015 and 2100 consistent with this carbon budget is 790 gigatonnes (Gt). If
energy-related CO, emissions were to follow the New Policies Scenario, the entire energy sector
CO, budget for the 66% 2°C Scenario would be depleted in just over 20 years.

An array of ambitious policies and approaches, and unprecedented deployment of an array of
low-carbon technologies would be required to stay within this CO, budget and to channel the
types of investment that dramatically accelerate the transition to a low-carbon energy sector.
CO, prices in the industry and power sectors are an essential component and would be
introduced across all countries by 2020 in the 66% 2°C Scenario. Staying within the CO, budget of
the 66% 2°C Scenario would require a price of US dollars (USD) 190 per tonne of CO, (t/CO,) by
2050 in all developed countries, more than three-times the level in the New Policies Scenario, in
which the CO, price is less than USD 60/tonne in 2050 (where it exists at all).” In addition, to
facilitate the rapid and transformative worldwide changes across the energy sector in the 66%
2°C Scenario, CO, prices would also be necessary in all other countries, albeit at lower levels and
with a more progressive implementation (Table 2.1).

Table 2.1 ¢ Summary of CO, prices in the 66% 2°C Scenario (USD/tCO,)

2020 2030 2040 2050
OECD countries 20 120 170 190
Major emerging economies* 10 90 150 170
Other regions 5 30 60 80

* includes People’s Republic of China (hereafter “China”), the Russian Federation (hereafter “Russia”), Brazil and South Africa.

Yet even at these unprecedented levels, CO, prices alone would be insufficient to stimulate the
required pace and extent of energy sector transformation and would need to be accompanied by
the phase out of fossil fuel subsidies and additional fuel taxation In addition, the co-ordinated
enforcement of mandates, standards, energy market reforms, research, development and
deployment (RD&D) and other emissions reduction policies would also be required. These
additional measures would be essential across all sectors, and, as with CO, prices, go well beyond
those enacted to date.

28 For further details on assumptions in the New Policies Scenario, see IEA, (2016a).
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Table 2.2 ¢ Selected key policy assumptions in the New Policies Scenario and additional measures in the
66% 2°C Scenario

Sector

New Policies Scenario

CO, prices in specific countries in the power
and industry sectors implemented with a
variety of delays ranging from USD 25 to

66% 2°C Scenario

CO, prices in all countries ranging from USD 80 to
USD 190 per tonne in 2050 in the power and
industry sectors.

Cross- USD 60 per tonne in 2050. Fossil fuel subsidies removed by 2025 in all

cutting e Cautious implementation of announced countries.

measures NDCs as part of the Paris Agreement.

e All net-importing countries and regions
phase out fossil fuel subsidies completely
within ten years.

¢ Implementation of GHG emission Widespread market reforms, including toreflect
performance standards, renewable energy the value of flexibility.
mandates and nuclear power development Introduction of measures to integrate high shares
in accordance with NDC targets and of variable renewables, including RD&D for
national/regional policies. storage and support for demand-side responses.

Comprehensive GHG emission performance
Power standards.
Widespread renewable energy mandates.
Expansion of nuclear power deployment (where
acceptable).
Widespread deployment of CCS for both fossil
fuels and bioenergy.
o Existing energy efficiency mandates and Stringent mandates to realise energy efficiency
policies extended to 2050. potentials.
« Standards and financial support for efficient Widespread industrial use of material efficiency.
and low-carbon technologies. Widespread deployment of CCS for both fossil
fuels and bioenergy.

Industry Extensive support for electrification to meet low-
temperature heat demand, especially through the
deployment of heat pumps.

Measures to stimulate widespread deployment of
direct low-carbon heat (including bioenergy, solar
thermal and geothermal)
e Fuel economy targets for passenger Stringent fuel economy and emissions standards.
vehicles and light-duty trucks (and heavy- Extensive support for electrification of road
duty trucks in some countries). vehicles and necessary infrastructure including
o Biofuel blending mandates. catenary lines for trucks.
Targets for the share of sales for next- Increased taxation of oil-based fuels.
Transport generation vehicles. Strong efforts to improve urban planning and
 Realisation of goals for improvements in increase low-carbon public transport.
aviation efficiency. International fuel efficiency standards for aviation
e Sulfur dioxide emission standards for and shipping, and incentives for biofuels.
shipping.
e Partial implementation of energy efficiency Mandates to maximise insulation and retrofits for
mandates. new and existing buildings.
o Strengthening efficiency standards for Prioritising the construction of zero-energy
appliances and lighting (including full phase buildings.
out of incandescent light bulbs). Phase out of coal and kerosene for cooking.
o Enforced phase out of fossil fuel boiler sales by
Buildings

2025 in all regions, with exceptions.

Extensive support and mandates for electrification
including the use of heat pumps, solar thermal
and biomass.

Ban of all light bulb sales other than LEDs by
2025.

Notes: The precise policy instruments introduced in each of the scenarios varies across different countries/regions. NDCs = Nationally
Determined Contributions; RD&D = research, development and demonstration; CCS = carbon capture and storage; LEDs = light-

emitting diodes.
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Selected key policy assumptions, for the New Policies and 66% 2°C Scenarios are highlighted in
Table 2.2. Additional approaches in the 66% 2°C Scenario include widespread deployment of
carbon capture and storage (CCS) in both the power and industry sectors, including initial uses of
CCS with bioenergy as a feedstock (which removes CO, from the atmosphere) (Box 2.1), a much
larger push to electrify end-use sectors, particularly for transport, along with the needed
infrastructure, and the direct use of renewables for heat generation and as transport fuels. Given
the need for dynamic development to move beyond existing technologies across all sectors, an
intensified effort to innovate is also a necessary component of the energy sector transition in the
66% 2°C Scenario to continue meeting rising demand for energy services. This would require both
increased private and public investment into RD&D to lower the cost of technologies that would
otherwise entail a huge cost to deploy on a widespread basis (IEA, 2016b).

The analysis included in the next section focuses on the main aggregate and sector trends in the
period to 2050, with projections for the 66% 2°C Scenario compared with and benchmarked
against the New Policies Scenario. The intention is to highlight the differences between the
policies and implementing measures that would be required to meet the well below 2°C target
on the one hand, and the policies and measures that were actually pledged in the NDCs on the
other. The differences in policies encompassed in the two scenarios have a major impact on the
projection for carbon-intensive fuels and consequently the outlook for fossil fuel prices diverges
markedly (Table 2.3). Oil and gas prices would initially rise from 2015 levels in the 66% 2°C
Scenario, given the need to ensure ongoing investments in oil and gas supply to offset the
observed declines in current sources of production (see Implications of the 66% 2°C Scenario
section). The lower international fossil fuel price levels in the 66% 2°C Scenario relative to the
New Policies Scenario would not translate into lower prices for end-use consumers since the
decarbonisation policies (fossil fuel subsidies removal, taxation for road fuels, market reforms in
the power sector, CO, prices, etc.) implemented in the 66% 2°C Scenario would offset these
reductions to varying degrees across difference sectors and countries.

Table 2.3 e Fossil fuel import prices by scenario

New Policies Scenario 66% 2°C Scenario
2020 2030 2040 2050 2020 2030 2040 2050
IEA crude oil (USD/barrel) 51 79 111 124 137 73 66 64 61
Natural gas (USD/MBtu)
United States 2.6 4.1 5.4 6.9 8.9 3.8 4.3 4.2 4.2
European Union 6.9 7.1 10.3 11.5 12.2 6.7 8.3 7.9 7.5
Japan 10.5 9.6 11.9 124 12.8 8.9 10.0 9.3 8.9
OECD steam coal (USD/tonne) 64 72 83 87 90 66 63 55 53

Notes: All prices are in real USD (2015) terms. MBtu = million British thermal units. Natural gas prices are weighted averages
expressed on a gross calorific-value basis. All prices are for bulk supplies exclusive of tax. The US price reflects the wholesale price
prevailing on the domestic market. The European Union gas import prices reflect a balance of liquefied natural gas (LNG) and pipeline
imports, while the Japan import price is solely LNG.

Overview of trends in the 66% 2°C Scenario

Energy demand

In the 66% 2°C Scenario, global primary energy demand would be 4% higher in 2050 than in 2014,
while fuelling a global economy that is three-times larger (Table 2.4).%° Indeed, between 2020

29 Primary energy is measured using the physical energy content method (see www.iea.org/statistics).
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and 2030, primary energy demand would fall marginally, even though there is robust economic
growth of around 3.7% per year. This would represent a profound break with previous historical
trends, when economic growth has typically been accompanied by steady growth in energy
consumption: for example, annual global economic growth averaged 3.8% per year between
2000 and 2010, while primary energy demand grew by 2.6% on average over the same period.

The key reason for this trend break in the 66% 2°C Scenario would be the comprehensive,
systematic, immediate and ubiquitous implementation of strict energy and material efficiency
measures. These measures mean that energy would be used much more productively, reducing
the overall energy intensity of the economy.® A large portion of these measures are assumed to
be implemented over the next 15 years and would result in huge changes in the levels and
manner of energy consumption across the end-use sectors: for example, about one in three
existing buildings would be retrofitted by 2030 and conventional trucks would use 40% less fuel
than today, bending an historically flat trend for the first time.

Table 2.4 » Global primary energy mix by fuel in the 66% 2°C Scenario (Mtoe)

Difference in

2014 2020 2030 2040 2050  AACR 2050 to
Coal 3926 3421 2032 1475 1318 -3.0% -68%
Oil 4 266 4260 3474 2534 1760 -2.4% -63%
Gas 2 892 3 255 3325 2789 2 426 -0.5% -50%
Nuclear 662 816 1272 1 807 2 021 3.1% 56%
Hydro 335 381 516 639 733 2.2% 25%
Bioenergy*** 1421 1574 2 038 2543 2 928 2.0% 48%
Other renewables 181 395 1228 2277 3018 8.1% 120%
Total 13 683 14 102 13 885 14 064 14 204 0.1% -26%
Fossil fuel share 81% 78% 64% 48% 39% n.a. -47%
Renewables share 14% 17% 27% 39% 47% n.a. 128%
Low-carbon share**** 19% 23% 39% 59% 70% n.a. 153%

*Compound average annual growth rate. **New Policies Scenario. *** Includes traditional and modern biomass use and bioenergy
from waste. **** Includes nuclear, hydro, bioenergy, other renewables and fossil fuel use with CCS.

After 2030, there would be a slight increase in primary energy demand in the 66% 2°C Scenario.
In parallel with this massive deployment of energy and material efficiency measures in the earlier
part of the projection period, there would need to be a concurrent scaling up of electrification in
a number of end uses, particularly in the transportation sector, and a massive infrastructure
build-up to accommodate the new electric car and electric truck fleets. However, because much
of this increase is building from a low base (e.g. less than 0.1% of the global vehicle fleet in 2015
was electric), this growth takes time to have a significant impact on overall energy demand. After
2030, underpinned by this growth in electrification, primary energy demand therefore would rise
marginally.

Outlook by fuel

The share of fossil fuels in the overall primary energy fuel mix would plunge from 81% today to
39% in 2050 in the 66% 2°C Scenario (compared with around 73% by 2050 in the New Policies
Scenario). Coal would fall throughout the 66% 2°C Scenario at a particularly rapid rate to less

30 Energy intensity is measured as total primary energy demand per unit of gross domestic product expressed in market
exchange rates.
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than half of today’s level just after 2030 and to two-thirds lower by 2050, levels not seen since
the 1960s. Most significant is the decline of coal in the power sector, which by 2050 would be
nearly 80% below today’s level. Over 65% of the remaining coal consumption in 2050, most of
which is in the power and industry sectors, would be in conjunction with CCS.

Oil use would peak around 2020 in the 66% 2°C Scenario, with the decline in demand
accelerating over the course of the subsequent decade. Throughout the 2030s, oil demand falls
by around 2 million barrels per day (mb/d) every year, such that in 2050 demand would be 60%
below today’s level at less than 40 mb/d — also a level not seen since the 1960s. The sole sector in
which oil demand would increase is the chemical industry, due to the difficulty of finding
alternatives to oil as a petrochemical feedstock. By 2050 the use of oil as a feedstock would
account for around 30% of total oil consumption, up from just over 10% today. Such a drastic
shift for oil demand represents a huge challenge both to the oil industry and to those countries
heavily reliant upon oil exports for fiscal revenue (see Implications of the 66% 2°C Scenario
section).

Natural gas would fare best among the fossil fuels in the 66% 2°C Scenario: demand increases
through to the mid-2020s. Over 70% of this initial increase is related to fuel switching in the
power sector as natural gas displaces coal-fired generation over the next decade in countries that
have or can mobilise the necessary resources and infrastructure. After 2025, however, natural
gas-fired generation would be displaced by lower carbon sources of electricity and therefore gas
demand in the power sector falls, on average, by 2.5% each year between 2025 and 2050.

Natural gas demand in the buildings sector would fall by 400 billion cubic metres (bcm) in the
period to 2050, a drop of more than 50% as efficiency measures and low-carbon alternatives are
widely adopted. This would be offset to some extent by an increase in natural gas demand in a
number of other areas, most notably road transportation, as a bunker fuel and petrochemical
feedstock. But this growth would be insufficient to offset the lower demand in the power and
buildings sectors (alongside smaller changes elsewhere). As a result, natural gas demand would
decline after 2025.

All low-carbon sources of energy exhibit rapid growth in the 66% 2°C Scenario. There is a
particularly quick uptake of CCS after 2025. In 2025 there would be nearly 15 gigawatts (GW) of
power generation capacity equipped with CCS (compared with less than 0.2 GW today), which
would expand to almost 130 GW by 2030 and then further swell by a factor of four over the next
ten years. By 2050, CCS-equipped generation capacity is over 600 GW and accounts for just under
10% of total electricity generation. The use of bioenergy would more than double in the period to
2050, and, by 2030, exceed coal demand. Biofuels would play an increasingly important role in
decarbonising the transportation sector, in particular road freight, aviation and shipping: shortly
before 2050, more biofuels are consumed in the transportation sector than gasoline and by 2050,
consumption of biofuels would reach almost 12 mboe/d. The use of bioenergy with CCS (BECCS),
offers an important opportunity to generate net-negative CO, emissions in the energy sector. By
2050, power generation capacity equipped with BECCS would be nearly 50 GW and some
industrial sub-sectors (e.g. paper and cement) would also be employing BECCS technologies.

The most rapid growth would be in renewable sources of energy other than hydropower and
bioenergy, particularly wind, solar photovoltaic (PV) and concentrated solar power. Collectively,
they increase by a factor of 15 between 2014 and 2050 and just before 2050 become the largest
component of primary energy demand, overtaking bioenergy. Annual increases in electricity
generation from wind would be more than 12% and from solar by 18% over the next 15 years:
together, they would account for the largest source of electricity by 2030.
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Box 2.1 * Bioenergy — a precious commodity in a low-carbon world

Today, bioenergy is mainly used in two distinct manners. The “traditional” method is solid biomass
for cooking, typically using inefficient stoves in poorly ventilated spaces. In 2014, over 2.7 billion
people — nearly 40% of the world’s population — did not have access to clean cooking facilities and so
around 770 million tonnes of oil equivalent (Mtoe) of bioenergy was consumed in traditional uses.
The noxious particles emitted by burning biomass are linked to more than three million premature
deaths a year, mostly women and children (IEA, 2016c). More “modern” methods use bioenergy as a
feedstock for the production of synthetic fuels or electricity, as a substitute for petrochemicals or to
be combusted directly for heat. In 2014, modern bioenergy consumption was around 650 Mtoe.
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The cultivation of bioenergy is based on processes of photosynthesis which remove CO, from the
atmosphere. The CO, is returned to the atmosphere when the bioenergy is consumed. In our analysis,
bioenergy is considered to be a zero-carbon fuel (although it is important to recognise that for this to
be the case there must have been only a negligible amount of CO, emitted during cultivation and
conversion of the land to be suitable for growing bioenergy). However, with modern bioenergy uses,
it is also possible to capture and store the CO, that is emitted when the bioenergy is consumed. The
life-cycle emissions of this process, called bioenergy with carbon capture and storage (BECCS), can
therefore be negative. In other words, the use of BECCS technologies in the supply of electricity, heat
or liquid fuels represents a net sink of CO,, which is removed from the atmosphere and sequestered
permanently.

In decarbonisation pathways, bioenergy, both with and without CCS, typically becomes an important
mechanism to lessen reliance on fossil fuels and so to reduce CO, emissions in a number of end-use
sectors. However, the amount of bioenergy available in a given year is not unlimited. The land
required to produce bioenergy is multi-functional and can be used for a variety of purposes including
food, feed, timber and fibre production, as well nature conservation. The level of bioenergy that can
be produced in a sustainable manner, which takes into account competing uses and minimises local
factors such as water stress, is therefore a key consideration in assessing its potential to help in the
low-carbon energy transition. While there is a high degree of uncertainty in the amount of
sustainable bioenergy that can be supplied for energy purposes, a commonly quoted figure for the
global potential is around 100 exajoules (EJ) or 2 400 Mtoe (for use in modern technologies only)
(Rose et al., 2013).

As a result of such availability constraints, bioenergy becomes an increasingly valuable commodity in
the 66% 2°C scenario. In addition, when working to a strict trajectory for decarbonisation, it becomes
increasingly important to ensure that bioenergy is used, wherever possible, by technologies with
higher shares of CO, that can be captured. When using BECCS, only CO, produced when the
bioenergy is converted can be captured: the various conversion processes for bioenergy therefore
result in different potential levels of CO, removal. For example, when bioenergy is transformed into
electricity or heat, it is possible to capture nearly all of the CO, during the transformation process at a
point source. Conversely, biofuels for use in transport, even if produced using BECCS, will produce
CO, that cannot be captured when the fuel is combusted. While biofuels may offer an attractive
option to decarbonise some end-use sectors, there may be greater benefit in producing electricity or
heat with BECCS since this will remove a greater level of CO, from the atmosphere. Allocating
bioenergy most effectively across the different end-use sectors becomes an increasingly important
consideration when pursuing an ambitious decarbonisation agenda. In the 66% 2°C Scenario, biofuels
play a key role in decarbonising transport, particularly in aviation and shipping. But, in 2050, the
transport sector would account for less than 25% of total modern bioenergy consumption while the
power sector would consume around 40%, given the higher share of CO, that it can remove from the
atmosphere.
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Regional trends

All regions would need to undertake a prolonged and dramatic drop in energy intensity in the
66% 2°C Scenario, as energy and material efficiency measures take effect. The energy intensity of
the G20 group would need to fall by more than 60% in the period to 2050 (Figure 2.1) and total
primary energy demand to peak around 2020. From 2020 to 2050, energy demand in G20
countries would fall by around 0.2% per year even with economic growth of nearly 3% per year.
There are similarly significant improvements elsewhere. Energy intensity in the 66% 2°C Scenario
falls by a similar percentage in the non-G20 countries even though their total energy demand
continues to grow, led by Africa and the Middle East. Nevertheless, energy demand in the G20
group would still remain more than twice the level of the rest of the world even by 2050. The
increase in energy demand of less than 40% between 2014 and 2050 in countries outside the G20
is even more striking when considered alongside the other demographic changes that occur
during this period. For example, three-quarters of the increase in the global population occurs in
countries outside the G20 (an expansion of 1.8 billion people), while the percentage of people
without access to electricity drops from one-third in 2014 to 10% in 2050. Many of these
countries also have an expanding wealthy middle class increasingly seeking access to mobility
and other energy services.

Figure 2.1 e Primary energy demand by fuel and energy intensity by region in the 66% 2°C Scenario
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Key message ¢ Energy intensity decreases 60% and there is a substantial shift away from fossil fuels in
the G20 countries.

The use of bioenergy would need to expand substantially over the period in the G20 and
elsewhere. By 2050 in the G20, the largest portion (over 700 Mtoe) is for use in the power sector
(increasingly with CCS to mitigate GHG emissions) while demand in the industry, transport and
buildings sectors each accounts for about 350 Mtoe. The use of solid biomass for cooking falls in
the G20 countries in the 66% 2°C Scenario. Decarbonisation policies help improve access to clean
cooking facilities as renewable sources of electricity in urban areas displace the use of liquefied
petroleum gas (LPG). This means that additional levels of LPG would be available to be used in
modern cookstoves in rural locations. However in the absence of specific policies to address
access to clean cooking facilities, the energy transition may make switching to cleaner fuels and
technologies more difficult for the poorest people. In the absence of dedicated policies in the
66% 2°C Scenario, more than 1.3 billion people, mostly outside G20 countries, would still lack
access to clean cooking facilities in 2050. While this is a significant improvement over today’s
level of 2.7 billion people, lack of energy access nonetheless remains a significant contributor to
premature deaths and poverty.



© OECD/IEA 2017 Energy Sector Investment to Meet Climate Goals

Energy trends in the 66% 2°C Scenario relative to the New Policies Scenario

Effective implementation of the measures assumed in the 66% 2°C Scenario would have
profound implications for global energy demand and GHG emissions. The striking differences
from the trends in the New Policies Scenario are highlighted in Figure 2.2, starting with the
overall projection for primary energy demand. While overall global demand would flatten in the
66% 2°C scenario, a less dramatic policy push for energy and material efficiency in the New
Policies Scenario means that world primary energy demand expands by nearly 40% between
2014 and 2050.

The contrasts are particularly sharp in relation to the trajectories for fossil fuels. In the 66% 2°C
Scenario, demand for all types of fossil fuels would decline in the period to 2050; in the New
Policies Scenario, demand for all fossil fuels increases. Coal and oil exhibit the largest difference
between the two scenarios: in the case of oil, demand in 2050 in the 66% 2°C Scenario is some
65 mb/d lower than in the New Policies Scenario. Oil demand in 2050 would be at least 50%
lower across all regions, with the largest absolute differences occurring in major G20 countries.
Natural gas would initially grow to 2025 but by 2050 consumption would be 16% below current
levels in the 66% 2°C Scenario, compared with a nearly 70% increase between 2014 and 2050 in
the New Policies Scenario. Natural gas demand increases by nearly 50% in the G20 countries in
the New Policies Scenario between 2014 and 2050 (but falls by almost 25% in the 66% 2°C
Scenario) and by 110% in the rest of the world (but would largely stay flat in the 66% 2°C
Scenario). Wind and solar are the energy sources that grow most rapidly in both scenarios, but
the rate of growth over the period to 2050 in the New Policies Scenario is less than half that in
the 66% 2°C Scenario.

Figure 2.2 e Global primary energy demand by fuel in the New Policies and 66% 2°C Scenarios
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Key message e All energy sources increase to meet demand growth in the New Policies Scenario, while
the growth in low-carbon sources offsets the declines in fossil fuels in the 66% 2°C Scenario.

On a sectoral level the largest difference is in the transport sector, where nearly 1 500 Mtoe less
fuel would be consumed in the 66% 2°C Scenario than in the New Policies Scenario, partly as a
result of increased energy efficiency and partly because of a shift to electric vehicles and
bioenergy. There are also sizeable shifts in both the industry and buildings sectors, which each
would consume around 1 000 Mtoe less energy in 2050 in the 66% 2°C Scenario. Differences in
fossil fuel use account for the majority of this reduction (particularly coal in industry and natural
gas in buildings), but electricity consumption is also markedly lower in the 66% 2°C Scenario in
both sectors given the substantial effort to use energy more efficiently. Some of the difference is
offset by a greater direct use of renewables in both sectors in the 66% 2°C Scenario, which is
driven mainly by solar thermal with a smaller contribution from geothermal. This change is most
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notable in the industry sector. Direct use of renewables currently plays an increasing but modest
role in the industry sector and their growth in the New Policies Scenario remains limited. In
contrast, in the 66% 2°C Scenario, they would grow rapidly (at over 17% per year on average) to
contribute nearly 7% of total industrial energy demand by 2050, an order of magnitude greater
than in the New Policies Scenario.

Energy-related CO, emissions

The reduction in energy-related CO, emissions in the 66% 2°C Scenario would be much more
pronounced than the changes projected in energy demand. Emissions would peak before 2020 in
this scenario and exhibit an accelerating decline to the 2030s, when annual emissions would fall
by just over 1 gigatonne per year (Gt/year). Between 2014 and 2050, the rate of decline in global
CO, emissions would average just over 3.5% per year, and, by 2050, these emissions would be
less than 9 Gt, more than 70% below current levels. This is a hugely ambitious pace of decline
that would require robust policy support. To place it in context, global CO, emissions over the
past 40 years grew at less than 2% per year and the fastest rate of growth sustained over a ten-
year period was less than 3% (during the 2000s). In other words, the rate of emissions decline in
the 66% 2°C Scenario would surpass the fastest rate of growth ever seen over an extended period
and sustain this pace of decline over a period of 35 years.

All regions would need to contribute to CO, emissions reductions in the 66% 2°C Scenario,
although there is a large degree of variation between them depending on their current level of
emissions and the anticipated pace of economic growth over the next 35 years (Figure 2.3).
Average CO, emissions per capita on a global basis would fall below 1 tonne per person just
before 2050 (from around 4.4 tonnes per person today).

Figure 2.3 e Energy-related CO, emissions by region in the 66% 2°C Scenario
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Key message ¢ Global CO, emissions fall to less than 9 Gt in 2050, with all regions contributing.

As discussed in Chapter 1, the 66% 2°C scenario is formulated on the need to keep within a tight
cap on CO, emissions. But this does not mean that, in order to stay within the temperature
threshold, efforts are required only to reduce CO, while emissions of other greenhouse gases
such as methane (CH,;) and nitrous oxide (N,O) can continue to grow. The opposite is true: the
66% 2°C Scenario includes a dramatic reduction in all major sources of non-CO, gases both within
and outside the energy sector. In the energy sector, on a CO, equivalent basis,** global GHG
emissions fall by 35% between 2014 and 2030 (compared with CO, emissions that fall by just over

31 There are different ways to evaluate the effects of methane on global warming. CO, equivalent figures are generated on
the basis of the 100-year global warming potential of fossil CH4 and N20 of 30 and 265 respectively.
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30% in the same period), with early action targeting CH, emissions released during fossil fuel
production.®® Without determined action on reducing energy sector non-CO, forcers, the CO,
budget available to the energy sector would be reduced markedly, amplifying the required pace
of reduction in CO, emissions and thus further complicating the energy sector transition.

Emissions trends in the 66% 2°C Scenario relative to the New Policies Scenario

The outlook for CO, emissions in the 66% 2°C Scenario represents a very sharp contrast with that
of the New Policies Scenario. In the New Policies Scenario, which takes into account countries’
pledges in their NDCs to the Paris Agreement, CO, emissions continue to increase to reach
slightly more than 37 Gt by 2050. Cumulative energy-related CO, emissions between 2015 and
2050 in the New Policies Scenario are around 1 250 Gt, about 75% higher than the carbon budget
consistent with a 66% chance of keeping the temperature rise below 2°C.

An unprecedented effort to mitigate CO, emissions would be required to remain within the
carbon budget of the 66% 2°C Scenario. In absolute terms, much of the required savings would
need to come from the countries with the highest levels of CO, emissions in the New Policies
Scenario. For example, the G20 countries collectively account for around three-quarters of the
cumulative emissions in the New Policies Scenario to 2050. The G20 therefore also accounts for
around three-quarters of the 540 Gt reduction in cumulative emissions between the 66% 2°C
Scenario and New Policies Scenario (Figure 2.4).

Figure 2.4 ¢ Global CO, emissions abatement by technology and region in the 66% 2°C Scenario relative
to the New Policies Scenario
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Key message ® G20 countries provide almost three-quarters of the emissions reductions in 2050 between
the 66% 2°C and New Policies Scenarios.

The largest contributions to global energy-related CO, emissions abatement come from two
sources: energy and material efficiency, which reduces both material and energy use;* and in the
use of renewables in power generation, heat, and transport (i.e. biofuels). Both areas would be
responsible for around one-third of the CO, savings in 2050 in the 66% 2°C Scenario, relative to
the New Policies Scenario. Energy and material efficiency efforts would provide the largest
contribution to emissions savings up to 2030. There are numerous additional energy efficiency

32 The World Energy Outlook 2017 will contain an analysis of the level of methane emissions, and the scope and costs of
efforts to reduce them.

33 The emission reductions from efficiency measures include direct savings from lower fossil fuel demand and indirect savings
as a result of lower electricity demand which reduces GHG emissions from power generation. The results take into account
direct rebound effects as modelled in the IEA’s World Energy Model. Direct rebound effects are those in which energy
efficiency increases the energy service gained from each unit of final energy, reducing the price of the service and eventually
leading to higher consumption.
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measures, e.g. for appliances and lighting in buildings, boilers in industry and buildings, and fuel
economy standards in transport, that are deployed in the near term in the 66% 2°C Scenario, but
which are not adopted in the New Policies Scenario as existing policies are not sufficient to
support their deployment. Supported by extensive new policy measures, the 66% 2°C Scenario
also contains an array of ambitious improvements in material efficiency, none of which are
implemented in the New Policies Scenario. These measures include light-weighting of products
such as plastic bottles, paper and cars, and increased recycling and re-use of materials. While it
would remain a challenge to mobilise stringent efficiency measures in such a short period of
time, doing so has an immediate impact on emissions reduction in this scenario.

There has been an impressive scaling up of renewable energy options in recent years. In 2015,
renewables, for the first time, accounted for more than half of all new electricity generating
capacity installed worldwide. This momentum is maintained in the New Policies Scenario based
on existing and planned policies for renewable energy. In the 66% 2°C Scenario, the deployment
of renewables accelerates out to the end of the 2020s (and deployment maintains robust
thereafter). Nevertheless, it takes a longer period for there to be a sizeable difference between
the two scenarios in renewable energy supply (and consequently a longer period until there is a
substantial difference in related emission reductions). Electricity generation from renewables
increases on average by 7% per year over the next 15 years in the 66% 2°C Scenario, compared
with 4.4% per year in the New Policies Scenario (which is similar to the average rate of growth of
4.5% seen over the past 15 years). Coupled with some degree of scale-up of negative emissions
technologies in the power sector in the 66% 2°C Scenario, the contribution to emissions
reduction from renewables therefore would become more pronounced over time.

Carbon capture and storage would become increasingly vital for reducing energy-related
emissions in the power and industry sectors. CCS accounts for just over 10% of global CO, savings
in 2050 in the 66% 2°C Scenario relative to the New Policies Scenario. Worldwide electricity
generation from nuclear power nearly doubles in the New Policies Scenario over the period to
2050, while its contribution would triple in the 66% 2°C Scenario with nuclear providing 6% of the
emissions savings in 2050. There is also a notable contribution from fuel switching (15% of the
savings in 2050), which includes shifts from coal in the power sector and from oil in transport.

Figure 2.5 e Global CO, emission reductions by sector in the 66% 2°C Scenario relative to the New Policies
Scenario
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Key message ® The power sector accounts for around half of the emissions savings in 2050.

The power sector provides the largest contribution to global CO, abatement, accounting for
around half of the cumulative abatement relative to the New Policies Scenario between 2014 and
2050 (Figure 2.5). The rapid phase out of unabated coal plants (i.e. those not equipped with CCS),
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particularly older plants with lower conversion efficiencies, is very effective in curbing global CO,
emissions in the early period, while in later periods, an increasingly large part of the additional
CO, savings come from increased investment in renewable sources for power generation as
electricity demand increases. By 2050, several G20 countries would have close to zero CO,
electricty in the 66% 2°C Scenario, and the global average CO, intensity of electricity generation
would be one-tenth of that in the New Policies Scenario.

The transport sector would provide the second-largest contribution to CO, savings, accounting
for around 20% of the cumulative savings between 2014 and 2050 in the 66% 2°C Scenario.
Transport makes less of a contribution in the early part of the projection period. While policies
would underpin accelerated deployment of electric vehicles, it would take time — given their
current low numbers on the road and the need for infrastructure build-up — to have a sizeable
impact on oil demand and emissions reduction. Nevertheless, by 2030 there would be more than
750 million electric vehicles (motorbikes, passenger cars, trucks and buses) on the road and
nearly 3 billion by 2050 — a twenty-fold increase from today’s level. Nearly 60% of electric
vehicles would be passenger cars, but electrification also extends to freight transport in the 66%
2°C Scenario. By 2050 nearly 50% of trucks would be electric and a large number of motorways
would be equipped with electrified overhead (catenary) lines since batteries alone do not
support long-haul journeys. Fuel efficiency standards and biofuel mandates in aviation and
maritime transport also provide increasing contributions to emissions reductions over time and
the use of biofuels would expand to nearly 12 mboe/d by 2050, a seven-fold increase on today’s
level.

The industry sector would provide around 17% of the cumulative emissions savings in the period
to 2050. The introduction of CO, prices across all regions, alongside the use of wide ranging
decarbonisation and efficiency mandates, results in the full realisation of material and energy
efficiency potentials, a 40% increase in the use of electricity (especially for low-temperature
heat), an unprecedented increase in the use of renewable heat, and the extensive deployment of
CCS across a range of industrial processes.

Investment needs

From an investment perspective, the energy sector transition in the 66% 2°C Scenario would
require not only more capital expenditure, but also a fundamental reallocation of capital
compared with today’s portfolio. Compared with current trends and those projected in the New
Policies Scenario, a large, sustained increase in the capital flows for low-carbon energy options
and efficiency measures would be an essential prerequisite. Meanwhile, continued investment in
fossil fuel extraction (albeit at a lower level) would still be needed.

Over USD 120 trillion of energy-related investment worldwide in the period to 2050 would be
required in the 66% 2°C Scenario (Table 2.5).>* Around half of this investment is for supply-side
technologies including fossil fuels, biofuels and electricity (generation, and transmission and
distribution). The other half is for demand-side low-carbon technologies, including investment
into more efficient technologies that moderate energy and material use in end-use sectors, which
accounts for around one-third of total investment in the 66% 2°C Scenario. The remaining
investment is for technologies that help to reduce direct energy-related emissions in the end-use
sectors. In the transport sector, this includes the additional capital spent on electric or natural
gas vehicles and trucks that displace the use of conventional vehicles, excluding the
infrastructure investment needs related to this electrification. In the industry and buildings
sectors, it includes investment for the use of renewable sources that can generate heat for direct

34 Cumulative investment numbers are undiscounted.
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use, e.g. solar thermal, geothermal and biomass, as well as expenditure to install CCS in energy-
intensive industries.

Table 2.5 e Cumulative global supply- and low-carbon demand-side investment in the 66% 2°C Scenario,
2016 - 2050

Demand- side

Supply- side investment

investment
USD billion (2015) o]] Gas Coal Electricity Biofuels Efficiency Other**
World* 7 346 7 456 731 39 576 2221 39 071 26 207 122 607
Of which: G20 4 853 4708 641 28 944 1963 30 509 22 449 94 066

*Includes inter-regional transport. **Includes investment in road transportation, CCS and direct renewables in industry and buildings
but excludes investment in infrastructure.

Of the total level of investment in the 66% 2°C Scenario, around 13% would be required for the
supply of fossil fuels. Most of this is needed for oil and gas extraction, despite the rapid reduction
in oil demand in this scenario (averaging over 2% per year between 2014 and 2050). This is
because the natural decline from producing oil fields is generally much higher than the decline of
demand. The reduction in demand for natural gas is less pronounced than for oil in the 66% 2°C
Scenario and continued investment in its development remains essential. In the New Policies
Scenario, around 85% of oil and gas upstream investment is required simply to compensate for
declines at existing fields. This provides a natural hedge against the risk of stranded assets in the
upstream sector (see Implications of the 66% 2°C Scenario section). Continued investment in
fossil fuel supply remains a necessary feature of the low-carbon transition in the 66% 2°C
Scenario.

The largest portion of supply-side investment would be for power generation, the vast majority
of which is focused on low-carbon technologies. Effectively no new unabated coal-fired power
plants (i.e. those without CCS) would be built in the 66% 2°C Scenario, other than those currently
under construction and the least-efficient coal-fired power plants would be phased out by 2030
in most regions and in all regions by 2035. Renewables would account for half of the near
USD 40 trillion spent in the power sector, with a similar level of investment (just under
USD 7 trillion) each spent on wind and solar (both solar PV and concentrated solar power)
generation. G20 countries would account for the majority of the investment in low-carbon
electricity.

On the demand-side, a cumulative USD 39 trillion would be spent on energy efficiency measures
up to 2050. There are also impressive cost reductions anticipated in more efficient technologies
in the 66% 2°C Scenario, but an average annual spending of over USD 1 trillion per year would
still be required in order to ensure that primary energy demand remains broadly constant
between 2016 and 2050. The level of investment into direct emissions reduction technologies in
the end-use sectors is USD 26 trillion. The transport sector (principally the additional investment
into electric vehicles for displacing conventional vehicles) would account for 65% of this
cumulative total: the stock of electric passenger cars would need to grow by nearly 50% per year
over the next 15 years to achieve the targets of the 66% 2°C Scenario. By 2050, there would be
over 1.7 billion electric passenger cars on the road, compared with around 1.2 million today. The
number of electric trucks would also need to expand rapidly, in particular after 2025. By 2050,
almost 50% of trucks on the road are plug-in hybrid or full battery electric vehicles in the 66% 2°C
Scenario.
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Box 2.2 e Defining energy investment in IEA analysis

Investment figures in this chapter are generally split between supply- and demand-side investments.
Supply-side investment covers capital expenditure to construct or refurbish assets that extract,
process, transform or transport fossil fuels, bioenergy and power. It excludes the operating
expenditure incurred in the daily functioning of these assets. The main items covered by these capital
investments are the costs of engineering, procurement and construction, including all the equipment
and other material required, as well as the labour costs associated with installing a device, machine
or plant, or drilling a development well. They also include costs, such as planning, feasibility studies,
external advisory services and all licensing and approvals (including environmental approvals), as well
as acquiring the land for the project. They do not include research and development costs, or the
costs of abandonment or decommissioning. The investments are booked in the year in which new
energy supply commences; for a power plant, this is the first year of operation, while for upstream oil
and gas projects, this can be over a period of years as production from a new source ramps up.

Demand-side investments include both energy efficiency measures and direct emissions reduction
technologies such as CCS in industry, renewable technologies (e.g. solar thermal, bioenergy,
geothermal) in the buildings and industry sectors, and alternative fuel vehicles (e.g. natural gas,
electricity, hydrogen). In the industry and buildings sectors, costs cover similar elements to supply-
side investments. However investments for energy efficiency and alternative fuel vehicles are more
difficult to quantify. For efficiency, we analyse procurement capital, i.e. the money spent by end-
users on energy-consuming products. However not all of this spending is included: only the amount
that is spent to procure equipment that is more efficient than a given baseline. This baseline is
established as the 2014 average efficiency of different products and sectors. In other words, this
calculation reflects the additional amount that consumers have to pay for higher energy efficiency
over the period to 2050. In a similar way, the investment in alternative fuel vehicles represents the
additional cost for a vehicle over an equivalent 2014 conventional vehicle.

The volume of annual supply-side investments would be broadly constant over the period to
2050 in the 66% 2°C Scenario (Figure 2.6). There is a major shift, however, with expenditure
related to fossil fuels (including both extraction and investment in fossil fuel plants without CCS)
being reallocated to renewables and other low-carbon technologies (nuclear and CCS). In 2015,
fossil fuels comprised almost 60% of supply-side investment, a share that would drop to less than
20% by 2050 in the 66% 2°C Scenario. Indeed, by 2025, investment in renewables exceeds total
investment into fossil fuels in the 66% 2°C Scenario.

Investment in end-use sectors would need to see an even more radical transformation over the
period to 2050. Total demand-side investment into low-carbon technologies grows by a factor of
ten from less than USD 300 billion per year today to around USD 3 trillion by 2050 in the 66% 2°C
Scenario. Demand-side investment to 2020 in the 66% 2°C Scenario would be dominated by the
need to enhance energy efficiency and to deploy low-carbon options in buildings, using
technologies that are commercially available today. Between 2016 and 2020 investment into
energy efficient technologies is on average twice the level of 2015, and within five years, the level
of investment in energy efficiency measures exceeds the total level of spending on fossil fuel
extraction in 2015. An array of policies and measures drives this boost in the 66% 2°C Scenario,
such as tighter minimum energy performance standards for a range of equipment, more
stringent fuel efficiency standards and a widespread push for near zero-energy buildings. The
level of investment in demand-side technologies that directly reduce emissions also surges over
the period to 2050, growing by around 10% on average per year between 2015 and 2050 to more
than USD 1.4 trillion.
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Figure 2.6 e Average annual global energy supply- and demand-side investment in the 66% 2°C Scenario
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Key message e The level of supply-side investment remains broadly constant, but shifts away from fossil
fuels. Demand-side investment in efficiency and low-carbon technologies ramps up to almost
USD 3 trillion in the 2040s.

Investment trends in the 66% 2°C Scenario relative to the New Policies Scenario

Cumulative energy supply- and demand-side investment in the 66% 2°C Scenario is over
USD 120 trillion, 25% more than the USD 99 trillion needed in the New Policies Scenario. There is
also a marked difference in the destination of this capital between the two scenarios: in the New
Policies Scenario, 65% of the total is spent on energy supply, compared with less than 50% in the
66% 2°C Scenario, largely because energy is used more efficiently in the 66% 2°C Scenario.
Furthermore, in the New Policies Scenario, nearly 45% of total energy supply investment is spent
on fossil fuel extraction. In the 66% 2°C Scenario, less than 20% of total energy supply investment
would be for fossil fuel extraction. The contrary situation would be reflected for investment in
electricity supply given the higher demand levels for electrification (even with ambitious energy
and material efficiency adoption) in the 66% 2°C Scenario: nearly USD 40 trillion would be
needed for electricity generation, transmission and distribution, 40% more than in the New
Policies Scenario.

In the 66% 2°C Scenario, cumulative investment in power plants to 2050 would be
USD 26 trillion, 50% higher than in the New Policies Scenario. In large part, this reflects the
transition from fossil-fuelled power plants to low-carbon technologies, which are initially more
expensive to build though generally are less expensive to maintain and operate. Wind power and
solar PV exemplify this relationship, with higher upfront capital costs per unit of electricity
generated than fossil-fuelled power plants, but zero fuel costs. Nuclear and CCS-equipped power
plants are also more capital-intensive than unabated fossil-fuelled power plants. The underlying
assumption is that, to facilitate the proliferation of more capital-intensive technologies in this
scenario, market designs would need to be conducive for such investment. Overall, the increase
in total investment is partially offset by the reduced expenditure for fuel, but, despite significant
cost reductions in renewables-based electricity generation, the cumulative cost of the global
power system (including transmission and distribution) to 2050 would be around 15% higher in
the 66% 2°C Scenario.

Total energy supply investment in the 66% 2°C Scenario would be 10% lower than in the New
Policies Scenario. This is partly because energy demand is lower and partly because of the more
significant cost reductions for low-carbon technologies in the 66% 2°C Scenario (Figure 2.7). The
array of ambitious policies and approaches enacted in the 66% 2°C Scenario accelerates the
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deployment of low-carbon technologies, and greater deployment means economies of scale and
technology learning, pushing down costs especially through 2030 as many low-carbon
technologies still offer vast potential for cost reductions. Thereafter, the pace of cost reductions
levels off for many low-carbon technologies in the 66% 2°C Scenario, as the technologies mature.
The cost of traditional fossil fuel supply technologies experience little, if any, reduction in either
of the scenarios given their state of maturity, and because the effects of depletion (i.e. seeking to
produce small and harder-to-access resource deposits) offset the technology learning that
continues to occur.

Figure 2.7 e Cost reductions for selected low-carbon technologies in 2030 relative to 2015 in the 66% 2°C
and New Policies Scenarios
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Key message ® Enhanced policy efforts in the 66% 2°C Scenario would accelerate deployment of key low-
carbon technologies which yields faster cost reductions.

While investment in energy supply would be lower in the 66% 2°C Scenario, investment in low-
carbon demand-side technologies is over 90% higher (Figure 2.8). Much of the notable reduction
in energy demand in the 66% 2°C Scenario compared with the New Policies Scenario is achieved
by higher investment in more energy efficient technologies. Cumulative investment in energy
efficiency in the 66% 2°C Scenario is therefore some 50% higher than the USD 26 trillion in the
New Policies Scenario. Investment in energy efficiency in buildings is nearly 140% higher in the
66% 2°C Scenario, as a result of the need to curtail space heating and cooling demand in both
new and existing buildings. This is achieved through the stringent enforcement of minimum
energy performance standards and stringent building codes alongside rigorous retrofitting and
deep renovation of existing buildings to yield a reduction in energy demand well beyond the
levels seen in the New Policies Scenario.

In contrast, there is a slight decrease in the level of efficiency investment in the transport sector
in the 66% 2°C Scenario relative to the New Policies Scenario, since improvements in efficiency
are insufficient to generate the rapid and comprehensive emissions reductions required across
the vehicle fleet in the 66% 2°C Scenario. But the lower investment in energy efficiency in
transport is more than compensated for by a five-fold increase in the level of investment in direct
emissions reduction technologies in the end-use sectors. In 2050, there are over 250 million
electric cars on the road in the New Policies Scenario; in the 66% 2°C Scenario, there are over
1.7 billion. The early uptake of electric vehicles in the 66% 2°C Scenario accelerates technology
improvements and mass production, and electric car battery costs fall to USD 80 per kilowatt-
hour (kWh) in the early 2030s, a level not seen in the New Policies Scenario before 2050.
Nevertheless, this is insufficient to offset the additional cost of an electric car compared with its
equivalent conventional vehicle, and therefore results in an increased overall level of investment
in transport. Similarly, investment in direct renewables both for the buildings and industry
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sectors in the 66% 2°C Scenario is around 80% higher than the New Policies Scenario, while there
is an additional USD 0.7 trillion for CCS in the industrial sector.

Figure 2.8 ¢ Global energy sector investment in the 66% 2°C and the New Policies Scenarios

> = oil
Q.
NPS [ |
g Gas
E 66% 2°C H Coal
w Biofuels
g NPS M Plants
&  66%2°C T&D
B NS 1]
Transport
M Buildings
& o NPS
S o H :
-5 i i

30 35 40
USD trillion (2015)

Notes: NPS = New Policies Scenario; T&D = transmission and distribution. “End-use other” includes investment in road transportation,
CCS and direct renewables in industry and buildings.

Key message e Investment shifts significantly from supply to demand-side in the 66% 2°C Scenario.

Box 2.3 e Raising the probability of reaching 2°C: a different energy world?

The IEA has for many years looked into the transition to a low-carbon energy sector that would be
compatible with achieving the 2°C temperature rise limitation target using its 450 Scenario. This
scenario was first developed for the World Energy Outlook 2007. Since then, it has been updated
every year to illustrate the technology and investment requirements as well as the opportunities and
challenges that lie ahead, serving as a means to track progress towards achievement of the 2°C
temperature goal. The 450 Scenario is designed to achieve the 2°C temperature limitation objective
by 2100 with a probability of 50%.

In the context of this study, the IEA for the first time explores a more ambitious pathway for reducing
energy-related GHG emissions. The 66% 2°C Scenario, developed for the purpose of this study, aims
to illustrate one energy sector development pathway that could be compatible with the goal of the
Paris Agreement to limit the global mean temperature rise to “well below 2°C”. It does so via analysis
of a scenario with a 66% probability of limiting the temperature rise to below 2°C by 2100. Here we
highlight the key differences between the 450 Scenario and the 66% 2°C Scenario in order to illustrate
the additional energy sector challenges that arise from the different pathways.

The increase in probability from 50% to 66% implies a deep cut in the CO, budget that is allocated to
the energy sector: the CO, emissions budget for the achievement of the 450 Scenario amounts to
1 080 Gt, 290 Gt above the budget that is available to the 66% 2°C Scenario, or roughly nine years at
current emission levels. This variance is significant. The transition to a 450 Scenario would require
energy-related CO, emissions to become net-zero by around 2100. To realise the 66% 2°C Scenario,
CO, emissions would need to fall to net-zero by around 2060, i.e. 40 years earlier, unless negative
emissions technologies could be deployed at scale (IEA, forthcoming).
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Clearly, the emissions trajectory to 2050 in the 66% 2°C Scenario is a significant departure from that
of the 450 Scenario. For the achievement of the 66% 2°C Scenario, energy-related CO, emissions
need to drop to less than 9 Gt in 2050, which is 8 Gt below the level achieved in the 450 Scenario.
Already by 2030, emissions need to be nearly 15% (3.7 Gt) below the level of the 450 Scenario for the
more ambitious scenario to be achieved (Figure 2.9).
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Key message e Staying within the emissions budget of the 66% 2°C Scenario would require an additional
CO, emissions savings of around 8 Gt by 2050 relative to the 450 Scenario.

The energy sector transformation associated with the 66% 2°C Scenario is significantly deeper than
that of the 450 Scenario and the pace at which it has to be put in practice is faster (Table 2.6). Yet,
the world of the 66% 2°C Scenario is not one of just more robust efforts with the same policy and
technology levers of the 450 Scenario. To illustrate, we examine two key indicators of the energy
transition. The first indicator is the energy intensity of economic activity (measured as energy use per
unit of GDP), which is an important (yet imperfect) indicator for the efficiency of global energy use.
The drop in energy intensity to 2050, relative to today, is very similar between the two scenarios, at
2.8% per year in the 450 Scenario and 2.9% per year in the 66% 2°C Scenario. The main reason is that
much of the economic energy efficiency potential as it is known today is already being used as a cost-
effective measure to meet the decarbonisation target of the 450 Scenario; the additional reduction in
energy intensity of the 66% 2°C Scenario is therefore largely achieved through improving material
efficiency in the industry sector.

The second indicator is the carbon intensity of energy use (measured as CO, emissions per unit of
energy use), which is a key measure for assessing progress for the transition. It is this indicator that
reflects most closely on the additional energy sector challenge of raising ambition from a 50%
probability to a 66% probability of reaching the 2°C target: the pace at which the energy sector would
need to decarbonise for the achievement of the 66% 2°C Scenario is one-third above that of the
450 Scenario. By 2050, the carbon intensity of energy use in the 66% 2°C Scenario would need to be
around half of the level of an energy sector emissions pathway compatible with the 450 Scenario.

The second indicator is the carbon intensity of energy use (measured as CO, emissions per unit of
energy use), which is a key measure for assessing progress for the transition. It is this indicator that
reflects most closely on the additional energy sector challenge of raising ambition from a 50%
probability to a 66% probability of reaching the 2°C target: the pace at which the energy sector would
need to decarbonise for the achievement of the 66% 2°C Scenario is one-third above that of the
450 Scenario. By 2050, the carbon intensity of energy use in the 66% 2°C Scenario would need to be
around half of the level of an energy sector emissions pathway compatible with the 450 Scenario.
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Table 2.6 ¢ Key indicators of the global energy sector transition in the 450 and 66% 2°C Scenarios
450 Scenario 66% 2°C Scenario

Indicator

2030 2050 2030 2050

) Energy intensity
Primary energy (toe/1 000 USD,MER)
Page | 72 demand

0.192 0.125 0.082 0.120 0.077

Carbon intensity (tonne CO,/toe) 0.292 0.129 0.050 0.110 0.026

Carbon intensity (gCO,/kWh) 516 227 69 175 30
Power sector

Wind and solar PV capacity (GW) 527 2 850 5366 3761 7 131

Energy intensity
(toe/1 000 USD,MER)

Carbon intensity (tonne CO,/toe) 1.81 1.53 1.12 1.38 0.65

0.132 0.090 0.059 0.086 0.052

Total final
energy demand

Share of electricity in energy

demand 18% 21% 27% 23% 35%
Carbon intensity (tonne CO_/value
ey added) 0.28 0.17 0.09 0.14 0.05
sector*
Share of low-carbon fuels ** 12% 24% 41% 29% 54%
T Share of electric cars in car stock 0.1% 15% 47% 27% 69%
ransport ; ;
sector Sp;crlc(e of electric trucks in truck 0.0% 0% 0% 8% 46%
Fossil fu.el izfre in heat 69% 599% 47% 49% 20%
Buildings production
sector

Carbon intensity service sector

(tCO,/1 000 USD value added) 0.022 0.012 0.006 0.009 0.003

* Includes blast furnaces, coke ovens and petrochemical feedstock. ** Includes low-carbon electricity and heat and fossil fuels
covered by CCS; *** Excludes traditional use of solid biomass.
Notes: MER = market exchange rate; gCO,/kWh = grammes of carbon dioxide per kilowatt-hour.

The combination of the limited additional potential for energy efficiency, and the requirement to
accelerate and deepen the reduction of carbon intensity, requires structural energy sector changes in
the 66% 2°C Scenario that go well beyond those of the 450 Scenario. In the power sector, for the
achievement of the 66% 2°C Scenario, the carbon intensity of electricity generation in 2050 would
need to drop to less than half of the level of the 450 Scenario. This would require nearly 1 800 GW of
additional wind and solar PV capacity, both for reducing the emissions intensity of electricity
generation and for meeting higher electricity demand from increased electrification in end-use
sectors. Much higher electrification of road transport is a key driver of higher electricity demand in
the 66% 2°C Scenario, with levels for passenger vehicles considerably above those in the
450 Scenario. In addition, there would also be a need to electrify nearly half of all road freight trucks
and to build the associated infrastructure including the catenary (overhead) lines needed in the 66%
2°C Scenario — a measure not required for the achievement of the 450 Scenario. Similarly, in the
industry sector, the share of low-carbon fuels in total energy use would need to rise by one-third
above the level of the 450 Scenario. In the buildings sector, the share of fossil fuels for residential
heat supply would need to drop by almost 60% below the level of the 450 Scenario.

Achievement of the 66% 2°C Scenario requires energy sector investment of over USD 120 trillion over
the period 2016 to 2050, which is around USD 14 trillion (or 13%) greater than the level of the
450 Scenario (Figure 2.10). The majority of the additional investment is required to increase the
uptake of low-carbon technologies in end-use sectors above the level of the 450 Scenario, including
electric cars and trucks, CCS in industry, and solar and geothermal heat supplies in the buildings
sector. The rise in investment for electric cars and trucks is partially offset by lower investment needs
to raise efficiency of conventional combustion engine passenger vehicles, which all but disappear by
2050 in the 66% 2°C Scenario. The second-largest additional investment is needed to accommodate a
larger amount of low-carbon generation in the power sector.



© OECD/IEA 2017 Energy Sector Investment to Meet Climate Goals

Figure 2.10 e Global cumulative additional investment needs by type in the 66% 2°C Scenario relative to
the 450 Scenario, 2016-50
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Key message ® Net investment needs in the 66% 2°C Scenario are USD 14 trillion above the 450 Scenario;
the largest additional investment would be needed for low-carbon electricity supply and decarbonising
end-uses.

Power sector in the 66% 2°C Scenario

The power sector is in the vanguard of the drive for decarbonisation; profound changes are
already underway in many countries and this burgeoning transformation is reflected in the power
system that we project in 2050 in the New Policies Scenario. Low-carbon technologies increase
their share in the power mix from one-third in 2014 to more than half in 2050, led by solar and
wind, and the least-efficient and often most polluting fossil-fuelled power plants are retired. The
CO, emissions intensity of global power generation is 305 grammes of CO, per kilowatt-hour
(gCO,/kWh) in 2050 in the New Policies Scenario, down from 515 gCO,/kWh today. Although
electricity generation increases by more than 20 000 terawatt-hours (TWh) to meet rising
demand in this scenario, annual CO, emissions from the power sector are only slightly higher
than today, 14.6 Gt in 2050 versus the current 13.5 Gt.

While the pace of change engendered by current and announced policies is noteworthy, it is not
sufficient to achieve the level of emissions reduction required to meet climate goals. A much
more ambitious track is presented in the 66% 2°C Scenario. For its achievement, the emissions
intensity in the power sector would need to fall much faster and further, halved by the mid-2020s
and down 95% in 2050, to around 30 gCO,/kWh. CO, emissions from power generation would
then decline to 1.7 Gt in 2050, delivering about 45% of the required global CO, emissions
reduction, relative to the New Policies Scenario. The reductions in emissions and intensity in the
66% 2°C Scenario are largely driven by increasing carbon prices and strengthened policy support
for low-carbon generation. But a major effort to redesign markets would also be needed,
alongside rules and technologies to ensure the flexibility needed to accommodate large shares of
variables renewables.

It will be imperative for electricity market designs and regulatory frameworks to evolve and assist
the energy transition, particularly to enable the level of investment needed in low-carbon
technologies and network infrastructure. Reforms would need to provide for the full participation
of low-carbon generators in electricity markets, reflecting the value of various low-carbon
technologies to the system to ensure a cost-effective transition, while also providing a degree of
long-term revenue visibility to attract sufficient investment. The reliability of the power supply
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cannot be overlooked during the energy transition and may require market reform to ensure the
adequacy of the power system (see Use of flexibility options section). The intelligent design and
use of electricity network infrastructure would also be critical to managing the evolving
relationship between electricity demand and supply, requiring regulatory frameworks to support
the needed investment.*

Reshaping the power mix

Power generation capacity would take on an entirely new profile in the 66% 2°C Scenario, as
policies and measures support a rapid increase in the deployment of renewables and other low-
carbon technologies, reducing the need for electricity from fossil-fuelled power plants that are
not equipped with CCS. To achieve the stringent targets of the 66% 2°C Scenario, by 2050, low-
carbon options would need to reach more than 80% of installed capacity, with renewables
making up almost 90% of total low-carbon capacity. Wind power and solar PV become the two
leading technologies in terms of installed capacity in the 66% 2°C Scenario, both reaching roughly
twice the level in 2050 of the New Policies Scenario (Figure 2.11). Global installed capacity of
fossil-fuelled power plants without CCS plunges from 63% of the total in 2015 to 17% in 2050, as
their role transitions from the foundation of the power system (as it is presently the case at a
global level) to one focused on supporting the stability and reliability of the power supply.

Figure 2.11 e Global installed capacity by technology in the New Policies and 66% 2°C Scenarios
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Key message ® Wind and solar PV capacity would expand dramatically in the 66% 2°C Scenario, leading
the decarbonisation push and replacing fossil-fuelled capacity as the foundation of the global power

supply.

35 For more information on electricity market designs that support the energy transition, see the IEA’s Re-powering Markets
(IEA, 2016d).
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Related to the evolving power plant fleet, the contribution of each source to the overall
electricity supply reveals the full extent of the transition. By 2050, nearly 95% of global electricity
generation in the 66% 2°C Scenario would need to come from low-carbon sources, rising rapidly
from one-third today to almost 70% by 2030 (Figure 2.12). The share of renewables would need
to accelerate rapidly to nearly 70% of generation in 2050, compared with 23% today. Wind and
solar PV together steadily would make up an increasing share of power supply, reaching 35% by
2050. Nuclear generation would increase its share of global generation from 11% today to 17% in
2050, largely reflecting support for the technology in specific countries such as China, Korea,
Russia and Japan as well as in India and the United States. This support more than offsets the
reductions in other markets, including Canada and several countries in Europe. Generation from
fossil fuel plants that are not abated with CCS would be substantially reduced: it is cut in half
prior to 2035 and by more than 80% by 2050.

To keep pace with the overall emissions targets of the 66% 2°C Scenario, unabated coal-fired
power plants, i.e. those without CCS, would need to be phased out as soon as possible. The least-
efficient coal-fired power plants are phased out by 2030 in most regions, and by 2035 in all
regions. In many cases, these plants are retired prior to reaching the end of their technical
lifetime and, depending on the market conditions, can result in stranding a portion of the original
capital investment (see Implications for stranded assets section). Existing highly efficient coal-
fired plants continue to generate electricity for somewhat longer, but are almost completely
eliminated by 2040 in the 66% 2°C Scenario. The required phase out of coal also means that
effectively no new unabated coal-fired power plants would be built in the 66% 2°C Scenario
beyond those that are already under construction today. Bridge technologies, such as efficient
combined-cycle gas-fired power plants, would play an important role to drive down emissions
through fuel switching from coal-fired power plants over the next decade, before falling back as
the contribution from low-carbon technologies rapidly increases.

Figure 2.12 e Global electricity generation by source in the 66% 2°C Scenario

Thousand TWh

50

40

30

20

/

10 -

M Otherrenewables
Wind
Solar PV
Hydro
Nuclear
moil
HCoal
Coal CCS

Gas CCS

Gas

0 r T

T T T T T 1
1990 2000 2010 2020 2030 2040 2050

Note: TWh = terawatt-hours; CCS = carbon capture and storage.

Key message ¢ The power generation mix undergoes a dramatic transformation to one based on
renewables, nuclear and CCS, with unabated coal phased out and natural gas on the decline.

The massive build-out of renewables is critical to the low-carbon transition in the 66% 2°C
Scenario and would need to occur at an unprecedented pace — going well beyond the historic
rates of capacity additions and those projected based on Paris Agreement pledges (Figure 2.13).
Overall, the pace of renewables-based capacity additions in the 66% 2°C Scenario would continue
robustly through 2050, surpassing 400 GW per year towards the end of the period. This level is
four-times the average of new capacity additions worldwide over the past ten years and close to
double the average level of additions reached in the New Policies Scenario. Compared with
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record installations in 2015, the pace of solar PV capacity additions would need to double by
2020 and triple by 2030, reaching nearly 150 GW per year. This would also require the solar panel
manufacturing capacity to dramatically increase. Alongside solar, wind power capacity additions
would increase steadily to nearly 140 GW in 2030, well above the peak of 90 GW reached in 2040
in the New Policies Scenario. Beyond 2030, re-powering existing wind and solar PV projects
drives continued market growth for both technologies. Hydropower also sees higher capacity
additions, about 40% more than announced in the Paris pledges, helping to mitigate emissions
and providing operational flexibility in electricity systems.

Figure 2.13 e Global average annual capacity additions by technology by scenario
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Key message e The strong decarbonisation of the power supply requires an unprecedented build-out of
renewables and other low-carbon technologies that must be sustained through 2050.

In order to achieve the emissions reductions in the 66% 2°C Scenario, nuclear and CCS
technologies also would get a boost. Capacity additions of nuclear power would average 24 GW
per year to 2050, similar to the average annual capacity additions during the 1980s, but 50%
higher than in the New Policies Scenario. The additional growth in the 66% 2°C Scenario is led by
stronger development in China, which had more than 20 GW under construction as of mid-2016,
and India pursuing its goals as laid out in its NDC. Other long-time leaders in nuclear power
generation also expand their fleets in this scenario, as part of their low-carbon strategies.

The achievement of the 66% 2°C Scenario would require some degree of development and
deployment of CCS technologies in the power sector, which make up 8% of global electricity
generation in 2050. At that point, CCS-equipped power plants would account for effectively all
the remaining electricity generated from coal and one-third of the electricity from natural gas.
Capacity additions of CCS-equipped power plants would average over 30 GW per year from 2026
to 2040, split between retrofits and new builds. The expansion of CCS in the 66% 2°C Scenario
would be an important avenue to reduce CO, emissions in those countries that have a sizeable
fleet of coal-fired power plants. In such cases, retrofitting coal-fired power plants with CCS
equipment helps to reduce stranded assets in the power sector. The projected roll-out comes
against the background of a limited number of large-scale CCS projects to date (15 across all
applications as of 2016) and would also require the development of CO, storage resources.*® But
the development of CCS technologies for coal- and gas-fired power plants has important long-
term benefits as it lays the groundwork for net-negative power plants, namely bioenergy with
CCS (BECCS). This opens up the possibility of reaching more stringent climate targets beyond the
level of the 66% 2°C Scenario, if sustainable biomass is available at sufficient scale (see Box 2.1

36 For more information on the current state of the industry, priorities and opportunities for CCS, see 20 Years of Carbon
Capture and Storage (IEA, 2016e).
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and Chapter 1). In the 66% 2°C Scenario, BECCS would start to gain momentum around 2040, in
part to offset the remaining emissions from CCS-equipped fossil-fuelled power plants, on the
path to net-zero emissions in the power sector. Nearly all of the build-out of CCS technologies is
beyond that in the New Policies Scenario, as current and proposed policies are far less aggressive
in terms of targeted CO, emissions reductions and available policy instruments.

CO, emissions abatement

Ambitious actions in the power sector would need to be ramped up right away to keep the
overall climate target in sight. In the 66% 2°C Scenario, CO, emissions from the power sector
worldwide would be less than half of current levels by 2030 and less than 15% of current levels
by 2050, on the way towards zero. The G20 group, taken together, accounts for the vast majority
of the emissions reductions compared with the New Policies Scenario, with many individual
countries approaching net-zero emissions in the power sector by 2050.

In the 66% 2°C Scenario, renewable energy technologies taken together would account for about
60% of CO, emissions reduction to 2050 relative to the New Policies Scenario in the power sector
(Figure 2.14). Solar PV and wind power, in particular, extend well beyond the New Policies
Scenario, each accounting for about one-fifth of the total CO, emissions reduction from the
power sector. The projections of the 66% 2°C Scenario build on recent momentum for solar PV
and wind power technologies, namely driven by policy support and related cost reductions, but
also due to their modular nature and short installation periods, which facilitate a rapid uptake.
Additional use of hydropower, bioenergy, geothermal and concentrated solar power (CSP)
contributes further to emissions reductions. Nuclear and CCS-equipped power plants account for
the remaining one-quarter of emissions reduction by 2050 in the 66% 2°C Scenario, compared
with the New Policies Scenario.

Figure 2.14 » Global CO, savings in the power sector in the 66% 2°C Scenario relative to the New Policies
Scenario and the contribution of G20 group in 2050
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Key message ¢ By 2050, the power sector nears full decarbonisation, with renewables taking the lead in
the 66% 2°C Scenario. G20 countries would contribute the vast majority of the global CO, emission
reductions.

Power sector investment

Cumulative investment through 2050 in the power sector would be USD 39.6 trillion in the
66% 2°C Scenario, 40% higher than in the New Policies Scenario (USD 28.4 trillion) (Figure 2.15).
The majority of this increase stems from increased investment in new power generation capacity,
which totals USD 25.8 trillion in the 66% 2°C Scenario, more than 50% higher than in the New
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Policies Scenario. Renewables, led by wind power and solar PV, account for the largest share of
the increase, with almost USD 20 trillion spent on their rapid deployment over the period to
2050. Beyond the USD 11.6trillion spent in the New Policies Scenario, an additional
USD 2.2 trillion would be needed for the necessary extensions and reinforcement of the
electricity network during the energy transition, with more than 90% of the increase spent in
support of the expanded use of renewables. Nuclear and CCS technologies would receive an
additional USD 2.2 trillion in investment in the accelerated transition, in addition to the
USD 2.2 trillion of investment in the New Policies Scenario.

Figure 2.15 e Cumulative investment worldwide in the power sector in the New Policies and 66% 2°C
Scenarios, 2016-2050
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Key message ¢ Cumulative power sector investment would need to increase by 40% in the 66% 2°C
Scenario, with most additional investment going to build renewables and reinforce the grid to support
them.

In the 66% 2°C Scenario, annual investment in new generation capacity peaks at about
USD 900 billion in 2030, about twice the level of 2015 and USD 300 billion more than at any point
in the New Policies Scenario. After 2030, annual investment steadily declines, as most systems
start to approach a low-carbon power supply. The amount invested in renewables, on an average
annual basis, is double the level experienced in recent years, which fuelled rapid deployment of
wind and solar PV generation facilities (Figure 2.16). Annual expenditure for renewables peaks in
2030 at close to USD 700 billion. The investment represents a massive expansion of the
renewable energy industry from manufacturing the equipment, e.g. wind turbine blades, PV
panels and their related system components, to the sales and installation of new projects.
Additional investment beyond that for new power plants will also be needed to build the
industrial and manufacturing capacity for the supply of the technologies required to continue and
expand their widespread deployment to decarbonise power generation.

While nuclear power and fossil-fuelled power plants equipped with CCS are important low-
carbon technologies, they are less widely deployed and would need less investment than
renewables in the 66% 2°C Scenario. Annual investment in new nuclear power capacity, at about
USD 95 billion, is six-times more than in the past five years and 50% higher than in the New
Policies Scenario. While CCS is a key technology for eventual net-negative emissions, the amount
of investment required pales in comparison to that for renewables. The cumulative investment in
CCS to 2050 is about equivalent to two years of average annual investment in renewables.
Cumulative investment in fossil-fuelled power plants without CCS is about USD 1.6 trillion to 2050
in the 66% 2°C Scenario, 60% lower than in the New Policies Scenario. On an annual basis, this is
about 40% of the average investment over the past five years (USD 130 billion).
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Figure 2.16 » Recent and projected global annual average investment to 2050 in power plants by type
in the New Policies and 66% 2°C Scenarios
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Key message e In the 66% 2°C Scenario, average annual investment in renewables to 2050 would need to
double compared with recent levels, along with increased investment in nuclear and CCS technologies.

Renewables cost and competitiveness

The unprecedented level of deployment of renewables in the 66% 2°C Scenario spurs technology
improvements and process gains that enable several technologies to achieve low cost levels
decades ahead of the pace set in the New Policies Scenario. Solar PV is one of the biggest
benefactors of the accelerated transition and moves quickly down the cost curve. The global
average capital costs of utility-scale solar PV fall by 50% by 2030 and reach an average cost level
of USD 800 per kilowatt (kW), which is 20 years earlier than in the New Policies Scenario (Figure
2.17).* These reductions are in addition to the 40-75% cost declines seen in major markets since
2010. Cost reductions are also accelerated for other renewable energy technologies that are not
yet fully mature, including offshore wind power and CSP. Both technologies achieve cost
reductions of 40% by 2030, relative to today, two decades prior to reaching similar cost levels in
the New Policies Scenario. The use of CCS technologies is stepped up in the 66% 2°C Scenario,
supported by strong cost reductions through targeted research, development, demonstration
and deployment.

The rapidly falling costs of renewables improve their competitiveness with fossil fuels, especially
in the 66% 2°C Scenario, where CO, prices are on the rise. Comparing the levelised cost of
electricity (LCOE) from new power plants* indicates that the balance currently still tilts in favour
of fossil fuels (Figure 2.18). However, recent auction bids in several markets suggest that
renewables, particularly solar PV, are rapidly closing the gap with fossil fuels. By 2030, in the 66%
2°C Scenario, the balance for new projects clearly shifts towards renewables, helped by regional
CO, prices that range from 50 to 150 USD per tonne of CO, emissions (USD/tCO,). Beyond 2030,
CO, prices continue to rise, further widening the gap of LCOEs between renewables and fossil
fuels. The widening gap also helps new renewable energy projects to displace output from

37 For information on power plant cost assumptions, renewable energy technology learning rates and projected costs, see the
Investment costs section of the World Energy Outlook website: www.worldenergyoutlook.org.

38 The LCOE is an indicator of the average cost per unit of electricity generated by a power plant, representing the minimum
average price at which electricity must be sold for a project to “break even”, providing for the recovery of all related costs
over the economic lifetime of the project. The LCOEs presented reflect the full technology costs, based on a consistent set of
assumptions designed to enable technology cost comparisons and contribute to the evaluation of competitiveness (when
combined with value estimates).
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existing coal- and gas-fired power plants, essential to achieving the deep power sector emissions
reductions.

Figure 2.17 e Global average capital cost of utility-scale solar PV relative to installed capacity in the New
Policies and 66% 2°C Scenarios

2000

1500 \

66% 2°C

Scenario
2015

New Policies
Scenario
(NPS)

USD(2015)/kW

1000

2030 - NPS

2050 - NPS
500

0 r T T T T T T T T T T d

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
GW

Key message e The accelerated deployment of solar PV in the 66% 2°C Scenario helps to achieve strong
cost reductions by 2030, 20 years ahead of the schedule set in the New Policies Scenario.

While relative costs are an important consideration, the extent to which market forces contribute
to the energy transition depends on the ability of renewables and other low-carbon technologies
to attract investment without direct support. Gaining this fuller picture of competitiveness
requires consideration of both the costs and value of technologies. In practice, this means that
variable renewables — mainly wind power and solar PV — may need to reach lower LCOEs than
fossil fuelled power plants in order to attract investment without government support. In
addition, competitiveness can be a moving target, due to the fact that the market value of
variable renewables declines as their share of the power mix increases.*® In the presence of a
rising CO, price, a declining market value also signals a lessening ability to mitigate CO, emissions,
a motivating purpose for their deployment in the first place. Among low-carbon technologies,
consideration of value tends to lead to more technology diversity. Some renewable energy
technologies — including some forms of hydropower, bioenergy and CSP — are well-suited to
shifting their output when it is most needed, a trait that becomes increasingly valuable over time
in the 66% 2°C Scenario. As a result, while important, cost comparisons alone are insufficient to
inform a cost-effective path to reduce emissions. The continued appeal of variable renewables
therefore hinges critically on the flexibility of the electricity system, including demand-side
response. These measures help make the best use of the varying output of wind and solar PV
installations, aligning electricity demand with the available supply of electricity in real-time,
which is the opposite of the conventional practices in the power sector today.

39 For more in-depth discussion of the competitiveness of renewables, see the special focus on renewable energy in World
Energy Outlook 2016 (IEA, 2016a).
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Figure 2.18 e Global average levelised cost of electricity in the 66% 2°C Scenario
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Key message ® Renewable energy technologies beat fossil fuels on costs alone prior to 2030, as their
costs fall and fossil-fuelled power plants become more expensive due largely to increasing CO, prices.

Use of flexibility options

The security and reliability of power systems depend to a high degree on the real-time balance of
the demand and supply of electricity. Achieving this match and keeping the lights on requires the
supply or demand of electricity, or both, to be flexible. To date, flexibility has almost exclusively
been provided on the supply-side through the adjustable output of power plants. Fossil-fuelled
power plants and hydropower have historically provided the bulk of flexibility in systems, with
additional contributions from other technologies such as bioenergy-based and nuclear power
plants (in specific markets).

In the 66% 2°C Scenario, demand-side technologies and energy storage become increasingly
crucial to ensuring the security and reliability of the electricity supply. Hydropower continues to
provide flexibility throughout the period to 2050, but as emissions get significantly reduced, the
operations of fossil-fuelled power plants would need to be reduced to the maximum extent
possible. In their place, demand-side response options and energy storage technologies would be
needed to effectively balance supply and demand, while integrating increasing amounts of
electricity generated from variable renewable energy technologies. By 2050, solar PV and wind
power represent 35% of global power generation, with higher shares in many regions, including
the United States, European Union and India. To integrate such large shares of variable
renewables, we estimate that more than 990 GW of flexibility would be needed from demand-
side response measures and energy storage. In particular, G20 countries rely heavily on these
flexibility measures (representing 680 GW) in the 66% 2°C Scenario to integrate higher shares of
variable renewables and limit the use and related emissions from fossil-fuelled peaking power
plants (Figure 2.19).%

40 For more in-depth discussion of the integration of variable renewables and the role of flexibility options in the outlook, see
the special focus on renewable energy in World Energy Outlook 2016 (IEA, 2016a).
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Figure 2.19 e Flexibility options to ensure the reliability of electricity supply in the 66% 2°C Scenario,
2050
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Key message e Demand-side response options and energy storage are required alongside flexible power
plants to successfully integrate rising shares of variable renewables, especially in G20 countries

Electricity market designs, in addition to enabling investment in low-carbon technologies and the
network, will be critical to supporting an expanding suite of flexibility options, including demand-
side response measures and energy storage. One area for reform is to allow market participation
for all forms of flexibility, enabling wider competition across technologies that span both the
supply- and demand-sides of the power system. Another critical element is the potential for
additional revenue streams to supplement revenues for energy sold to the grid, reflecting the
value of flexibility and contributions to the reliability of the system. Doing so would support the
deployment of all forms of flexibility, including demand-side response measures and energy
storage, as well as preventing important providers of flexibility (such as gas-fired power plants)
from retiring early and potentially increasing the cost of the transition due to stranded assets.
This transition has already started in some wholesale electricity markets, where methods to
provide additional revenue streams, including capacity mechanisms, are being tested as a means
of incentivising essential investment. Without market access and additional revenue streams, the
necessary investments in the flexibility of the power system may not be forthcoming and, in turn,
threaten the overall security of the electricity supply.

End-use sectors in the 66% 2°C Scenario

Overview

The world’s need for energy is driven by demand for energy services across the various end-use
sectors, the main ones being industry, transport and buildings.”* The industry sector is an
important engine of economic growth and is responsible for almost 40% of final energy demand
today. The transport sector encompasses personal as well as commercial activities by roads,
airplanes, ships and rail, and requires energy, in particular oil, for doing so. Transport accounts
for 27% of final energy demand today, and, notably for the topic of this analysis, for almost 40%
of direct fossil fuel use in end-use sectors. The buildings sector encompasses residential,
commercial and public buildings and is responsible for nearly one-third of final energy demand
today, and, importantly, for over half of global electricity demand.

41 Energy end use is the sum of consumption by the various end-use sectors: industry (including manufacturing and mining,
blast furnaces and coke ovens, and petrochemical feedstocks); transport (including for individual and commercial purposes);
buildings (including residential and services) and other (including agriculture and non-energy use).
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With rising economic and population growth, demand for energy services from all end-use
sectors is expected to continue to grow through 2050 (Figure 2.20). ** Economic growth implies
rising industrial output in monetary terms at an aggregated level, although deep structural
changes are expected to occur over the next decades. Demand for mobility is also set to rise,
both for individual and commercial activities, particularly in developing countries. Rising
population and income are also expected to continue to push up demand for modern energy
services in the buildings sector, such as water heating, lighting, air conditioning and the electricity
required to power an increasing range and number of appliances.

Figure 2.20  Outlook for socio-economic (left) and economic (right) drivers in the 66% 2°C Scenario
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Key message e Activity levels across all end-uses are expected to rise steadily, pointing to rising demand
for energy services.

In all of these respects, G20 countries will continue to play a key role in setting global trends.
With an expected share of 75% in global GDP growth, this diverse set of countries will also see
some of the strongest increase for energy services. Over the period to 2050, 60% of growth in
global floor space in residential buildings is projected to be in G20 countries; around three-
quarters for growth in demand for personal mobility** and in value added from the industry
sector.

Table 2.7 ¢ Energy intensity improvement by sector and region in theNew Policies and 66% 2°C Scenarios

New Policies Scenario 66% 2°C Scenario
G20 Rest of World G20 Rest of World
Industry -54% -36% -66% -55%
Transport -57% -52% -74% -72%
Buildings -58% -54% -70% -62%

Note: Energy intensity refers to the total sectoral energy consumption divided by GDP in PPP terms.

Policy efforts to curb the growth in energy demand in end-use sectors have been ramping up in
recent years. Recent IEA analysis shows that efficiency-regulated energy use in 2015 covered 30%
of global final consumption and that the average stringency of regulation has increased by 23%
since 2005 (IEA, 2016f). This is notable and energy efficiency measures, together with structural
effects within the industry sector and across the economy as a whole, continue to constrain the

42 Assumptions for economic and population growth are the same across the IEA scenarios in this study. For further analysis
of the macroeconomic implications of the IEA scenarios, see OECD (forthcoming).

43 Measured in vehicle-kilometres driven by passenger cars.
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level of growth projected in the New Policies Scenario, bringing down the energy intensity of the
various sectors (Table 2.7). Nonetheless, energy demand across end-use sectors still increases by
around 40% by 2050 in the New Policies Scenario and the improvement in energy intensity falls
short of what would be required to achieve the 66% 2°C Scenario.

The intensity with which we use energy, relative to economic growth or other activity variables is
a useful yet imperfect aggregate measure of efficiency. The intensity with which we emit carbon,
relative to energy consumption, is another critically important indicator of the energy transition.
Today, on a global level, energy use in final consumption is associated with around 3 tonnes of
CO, per tonne of oil equivalent use (directly or indirectly), reflecting the current high dependency
on fossil fuels in all end-use sectors: coal (particularly in industry), oil (particularly in transport)
and natural gas (particularly in buildings) and the generally carbon-intensive nature of fuels used
to generate electricity and heat in most countries (Figure 2.21). Existing and planned policies, as
considered in the New Policies Scenario, point to important improvements. The carbon intensity
of final consumption in the New Policies Scenario drops by around 15% to 2050, to which the
projected shifts in the fuel mix towards lower carbon fuels for power and heat production also
contribute.

But much more would be needed in the 66% 2°C Scenario: by 2050, the carbon intensity of the
buildings sector would need to be reduced by another 80% below the level of the New Policies
Scenario; by two-thirds in the industry sector; by half in transport and by more than 70% in
agriculture. In the 66% 2°C Scenario, such improvements would bring down the direct CO,
emissions of all end-use sectors combined dramatically: by 2050, emissions would be three-times
lower than today. Indirect CO, emissions would also drop, by a factor of seven, as the CO,
content of electricity generation falls by a factor of more than 15 on a global average, relative to
today.

Figure 2.21 e Global carbon intensity by sector in the New Policies and 66% 2°C Scenarios
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Key message e Existing and planned policies lead to a drop in carbon intensity, but much more radical
improvements would be needed to achieve the 66% 2°C Scenario.

A drop in carbon intensity of the scale needed for the 66% 2°C Scenario would require a deep
transformation in the way demand for energy services is met across all end-use sectors. Radical
energy efficiency improvements (e.g. drastically raising the retrofit rates of buildings, better
electric motors in industry, appliances in buildings, boilers in industry and buildings, and fuel
economy standards in transport) are critical in the short term. These would need to be
accompanied by major structural changes in the way industrial processes are designed in order to
improve material efficiency (e.g. through the re-use of post-consumer scrap in iron and steel
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production, increased recycling and light-weighting in chemicals, petrochemical, and pulp and
paper). In combination, these measures would essentially stabilise global final energy
consumption (compared with a 2.2% annual growth since 2000) in the 66% 2°C Scenario. In
aggregate, G20 countries would register a decline in final energy consumption, so that, by 2050,
this returns to the level seen in 2009.

Achieving the emissions reductions required in the 66% 2°C Scenario would require not only
efforts to curb demand, but also profound changes in the way that demand is met. In practice,
this means major efforts to reduce the direct use of fossil fuels, notably by increasing the use of
renewable technologies, where relevant and possible (e.g. biomass boilers in industry, solar
water heaters in buildings, biofuels in transport), and by increasing the electrification of heat
supply and road transport vehicles (e.g. replacing boilers by heat pumps, increasing the
penetration of electric passenger and freight vehicles).*

Such transformative actions would fundamentally change the fuel mix: in the 66% 2°C Scenario,
the share of coal in final energy demand would drop from 14% today to 6% in 2050 and the share
of oil from 38% today to 17% (Table 2.8). Only natural gas retains about its current share,
reflecting its importance in the industry sector and potential role to reduce emissions from
international shipping. In addition, reducing the carbon intensity of the industry sector requires
large-scale deployment of CCS in the 66% 2°C Scenario.

Table 2.8 ¢ Global final energy demand by fuel in the 66% 2°C Scenario

Mtoe 2014 2020 2030 2040 2050 oACGR - Differenceln
Coal 1407 1347 1064 770 601 2.3% 869
oil 3740 3843 3264 2404 1687 2.2% 2839
Gas 1423 1536 1527 1435 1383 0.1% 1138
Electricity 1710 1903 2319 2917 3366 1.9% 99
Heat 274 295 290 277 266 0.1% 45
Bioenergy*** 1157 1237 1497 1705 1855 1.3% 494
Other renewables 37 78 242 433 563 7.9% 340
Hydrogen 0 0 4 13 21 n.a. 20
Total 9747 10240 10208 9955 9 741 0.0% -3 938
% fossil fuels in TFC 67% 66% 57% 46% 38% -25%
% renewables in 8% 11% 22% 34% 44% 27%
% low-carbon heat 9% 12%  25%  43%  55% 37%
Memo:

% low-carbon 33%  41% 68%  89% 94% 43%

electricity supply

*Compound average annual growth rate. **New Policies Scenario. *** Includes traditional and modern use of solid biomass.
*Includes indirect renewables contributions, excludes traditional use of solid biomass. ** Includes indirect renewables contributions
and fossil fuels covered by CCS, excludes traditional use of solid biomass. Note: TFC = total final consumption.

At a sectoral level, the transformation of final energy use in the 66% 2°C Scenario requires
success in overcoming two major policy and technology challenges that remain unresolved in the

44 Activity levels could also be part of policy actions. For example more public transport could move demand for mobility
from private to public (IEA, forthcoming).
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New Policies Scenario: decarbonising the transport sector and heat production. Transport
accounts for less than 30% of final energy demand today, but contributes a disproportionally high
share of direct CO, emissions (around 45%). This reflects the continued reliance on oil-based
fuels in most transport modes, such as road, aviation and shipping; the exception being rail
where electricity constitutes nearly 40% of energy demand. Alongside a near-term push to
dramatically reduce the fuel consumption of conventional vehicles across all transport modes,
the main means to decarbonise transport in the 66% 2°C Scenario are a deep electrification of
road transport (including passenger and freight vehicles) and a substantial uptake of advanced
biofuels in aviation and shipping. By 2050, nearly 60% of all fuels in the transport sector would
need to be low carbon (from 3% today).

Box 2.4 e Smart Cities: Opportunities to start from scratch

The world’s population will grow by one-third by 2050, mostly in emerging and developing
countries and will be concentrated in cities. The United Nations estimates that an additional
2.5 billion people will live in urban areas by 2050, 6.4 billion in total. This has enormous
implications for the long-term outlook for energy, as the rapid socio-economic development in
urban areas affects people’s lifestyles: demand for personal mobility, appliances and space cooling
equipment rises, among others. If trends continue along historic patterns, it risks amplification of
common urban problems such as congestion, accidents and air pollution. But increasing
urbanisation also creates opportunities for policy makers in developing countries to foster
improved urban conditions with effective efficiency standards for buildings and more efficient ways
to satisfy mobility demand by establishing “smart cities”.

Smart cities can improve services such as energy, water and waste management through the
installation of smart meters and using waste to produce energy. Through digitalisation of the
energy sector, they can also contribute to efficiently managing energy services in buildings, as well
as mobility. Planning for smart cities is also a good opportunity to compare options to meet heating
and cooling demand in buildings. For example, with sufficient density of demand, district heating
and cooling can be a viable option. However, district systems have high capital costs and long
payback periods, meaning that their design as a component of urban planning needs to be
effectively integrated. District cooling using ice storage is an additional storage option for the
power sector as a flexible means to integrate high shares of variable renewables.

Effective urban planning also can help to curb transport energy demand growth by facilitating
“smart mobility”. Early co-ordination between urban and traffic planners is important, in particular
where the development of a public transport system is envisaged, but also because it can help to
ensure that dedicated spaces for pedestrians and public transit networks are available. Smart
mobility goes beyond the use of information and communication technologies to optimise traffic
flows. Improving awareness is also vital as smart transport depends on the sharing of best practice
behaviours. Innovative transport solutions such as collective taxis, car sharing or car-pooling that
show promise and can ease traffic congestion and the need for parking. But smart cities require
significantly more effective approaches to shift modes to walking, cycling and public transportation
— elements which go beyond the analysis in the 66% 2°C Scenario.

“Smart cities” programmes have already been launched in some countries. For example, in 2015
India set out the “Smart Cities Mission”. China has established over 285 pilot “Smart Cities” and
Japan has launched its “Future City” programme in 2011.

Heat demand in the buildings and industry sectors represents around half of total final energy
consumption today (Figure 2.22). Heat demand is currently linked to 9.7 Gt of direct CO,
emissions from fuel combustion and 2.7 Gt of indirect CO, emissions from electricity and district
heating, or almost 40% of total energy sector emissions. In the buildings sector, heat is needed
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mainly for space and water heating as well as cooking. In the industry sector, it is used in a large
variety of processes. The nature and scale of heat demand varies significantly between countries.
These differences relate to climatic conditions; efficiency of the buildings stock and heating
equipment; level of economic development and access to modern energy services; and
availability of fresh water and industrial structure. Heat demand can directly or indirectly be
satisfied by various fuels: fossil fuel combustion in boilers and stoves; the use of electricity and
heat from district heating (which are indirectly linked to CO, emissions); and renewables
(bioenergy, solar thermal, geothermal). In the 66% 2°C Scenario, increasing the share of near
zero-energy buildings in new constructions to 40% (from 1% today) and mandates for stringent
retrofits of the entire stock by 2050 would be the key means to reduce heat demand in buildings.
In addition to further strong improvements to the efficiency of conventional boilers, the wider
use of low-carbon technologies (e.g. biomass boilers in industry, solar water heaters in buildings)
and the expanded use of electricity to meet heat demand would increase the low-carbon share
to more than half of heat demand in 2050 compared to less than 10% today (Figure 2.22). This
share would be considerably higher than in the New Policies Scenario, where low-carbon
technologies satisfy less than 20% of heat demand by 2050.

Figure 2.22 e Global final energy consumption by end-use and fuel in the New Policies and 66% 2°C
Scenarios
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Note: The category “Other” includes final energy consumption in industry, buildings and agriculture excluding heat.

Key message ® The uptake of low-carbon technologies across all end-uses would need to rise significantly
over existing efforts to meet the challenges of the 66% 2°C Scenario.

Box 2.5 e Hydrogen: Panacea to achieve a broader energy transition?

The fuel mix in global energy supply in the 66% 2°C Scenario in 2050 would differ dramatically from
today’s mix. Overall the energy sector would switch away from fossil fuels, their share in primary
energy demand would fall to less than 40% by 2050, compared with 81% today. But this transition
would be more than just a shift from one fuel to another; it would require entirely new ways of
making the energy system work. At its essence, a shift from a stock-system to a flow-system would
be needed, bringing about challenges to the way energy systems operate. While electricity is the
main energy carrier that facilitates the transition in the 66% 2°C Scenario, there could be alternative
routes towards a deeply decarbonised energy system, one option being wider hydrogen uptake.

Like electricity, hydrogen needs to be produced from low-carbon fuels to be considered a low-carbon
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energy carrier. Hydrogen can serve multiple purposes along the entire energy sector value chain on a
pathway to decarbonisation. For example, a high share of variable renewables in the power sector
requires development of demand-side response measures and storage at scale for its successful
integration. Hydrogen could serve as storage ; it is currently the storage technology with the longest
possible duration until full discharge (besides pumped hydropower), which could enable seasonal
storage of electricity.

The use of hydrogen as a storage option for electricity could facilitate the energy sector transition
towards the use of more renewables in electricity generation. But hydrogen could play a much wider
role and support the low-carbon transition also in the end-use sectors, in particular for transport,
chemical synthesis (e.g. associated with CCU™ in methanol production) or heat production in industry
(and, to a lesser extent, in buildings). In transport, electrification is the main route assumed in the
66% 2°C Scenario to phase out the use of oil in cars and trucks. But the use of electricity for road
transport, in particular for trucks, still faces significant barriers, such as driving range. Hydrogen is not
limited in this respect and could be an alternative. In addition, some means of heat production
(mainly in the industry sector) cannot switch from fossil fuels to renewables and electricity because
of the need for very high temperatures. Hydrogen could play a complementary role here, either by
partially substituting for natural gas in the distribution network or by producing a synthetic gas. In
addition, in the buildings sector, electricity and low-temperature heat could be supplied in a
decentralised way through a combination of an electrolyser with a fuel cell, so that excess heat
released by the fuel cell while producing electricity can be used to meet buildings heat demand.

In the 66% 2°C Scenario, hydrogen contributes only around 1% of final energy demand by 2050,
mostly in demonstration projects in transport. The immature level of hydrogen technology vis-a-vis
other low-carbon options, high upfront investment costs and the lack of available infrastructure are
key factors for this modest contribution. Significant further technology development would be
necessary on the supply and demand-sides for the hydrogen option to become widespread. Cost
related to hydrogen technologies (e.g. electrolysers, fuel cells, tanks) have declined over the last
decade and technology performance has improved. But much deeper cost cuts and more support for
the technology roll-out would be required if the potential benefits of hydrogen are to play a more
central role in reaching climate goals.

Recently 13 companies formed the “Hydrogen Council” and are planning to spend around
USD 10 billion in the next five years on hydrogen-related technology.46 But R&D spending would need
to be much larger for hydrogen to play a mainstream role in the energy transition. Hydrogen has
been part of the IEA Technology Collaboration Programme for the past 40 years, with the aim to
accelerate hydrogen implementation and widespread use. In 2016, 29 projects in France were
selected to be supported by public funding under the “hydrogen territory” call for proposals process.
These projects aim to demonstrate the technical feasibility of hydrogen on a territorial scale and
include hydrogen mobility as well as production. Japan’s ENE-FARM programme has supported the
deployment of around 140 000 residential fuel cell units. Japan aims to deploy 1.4 million residential
units by 2020 and 5.3 million by 2030.

Electrification is a key mechanism to accelerate the decarbonisation of end-uses in the 66% 2°C
Scenario. Energy efficiency can reduce, but not eliminate energy demand growth, and
renewables cannot provide all heat and transport fuel needs due to resource constraints (e.g.
bioenergy) and technology limitations (e.g. solar thermal for high temperature industrial
applications). As the power sector decarbonises, electricity gradually becomes a low-carbon
energy carrier. This makes the use of low-carbon electricity an integral part of the
decarbonisation pathway of the 66% 2°C Scenario; the share of electricity in end-use energy
demand rises above the level seen in the New Policies Scenario (Table 2.9). The largest change

45 CCU = carbon capture and use using CO, as a raw material.
46 http://hydrogeneurope.eu/wp-content/uploads/2017/01/20170109-HYDROGEN-COUNCIL-Vision-document-FINAL-HR.pdf.
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occurs in the transport sector, where passenger and freight transport are electrified at scale.
Average GDP per capita outside the G20 group is projected to remain around 40% below that the
G20 average in 2050. For this reason, the market penetration of new or innovative technologies
with higher upfront investment costs (including those that rely on electricity) is expected to be
generally faster in the G20 group in the 66% 2°C Scenario.

Table 2.9 o Electrification of end-use sectors in the New Policies and 66% 2°C Scenarios

New Policies

66% 2°C Scenario

Scenario
Indicator
G20 Rest of G20 Rest of
world world
Share of electricity in TFC 20% 18% 24% 19% 26% 22%
Industry C e
fg;;(;yOf electricity-based heat 3% 3% 6% 4% 1% 9%
Share of electricity in TFC 1% 0.6% 5% 1% 43% 30%
Transport ; i ;
fg’;’lep‘zg‘f/’sec” ic vehicles in 0.1%  <0.1% 11% 5% 72% 53%
Share of electricity in TFC 33% 19% 50% 34% 55% 40%
Buildings i
Share of electricity for space 13% 11% 18% 16% 22% 28%

heating

Notes: TFC = total final consumption; PLDVs = passenger light-duty vehicles.

A strong increase of electrification would not necessarily be associated with higher electricity
demand. Even if the increased use of heat pumps and electric boilers in the buildings sector leads
to higher electricity consumption to meet heat demand in some regions, energy efficiency and
electricity savings for other applications mean that electricity use in buildings in the 66% 2°C
Scenario would be around 15% lower relative to the New Policies Scenario (see Buildings
section). Similarly, in the industry sector, the share of electricity-based heat supply would grow,
but overall electricity demand would be lower than in the New Policies Scenario. At a global
scale, in 2050 in the 66% 2°C Scenario, electricity demand would be only 3% higher than in the
New Policies Scenario, as the reduction in buildings and industry would be offset by increases in
the transport sector (Figure 2.23).

Figure 2.23 e Global change in electricity demand by sector in the 66% 2°C Scenario
relative to the New Policies Scenario, 2050
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Key message e Electrification in 2050 rises across end-use sectors, but more efficient electricity use in
industry and buildings means that additional electricity demand is diluted.
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Industry

The decarbonisation challenge of the industry sector in the 66% 2°C Scenario is stark. It would
require targeted measures that are integrated and tailored to a multitude of industrial activities.
To meet the ambition of the 66% 2°C Scenario, a wide array of low-carbon technologies and
processes would need to be adopted at a faster pace and larger scale than ever before, setting
industrial production activities globally on a radically different path of development (Table 2.10).
The transformation depicted in the 66% 2°C Scenario is spurred by carbon prices in all regions on
the order of USD 80 - 190 per tonne of CO, in 2050, alongside other policy measures such as
mandatory energy management systems, minimum energy performance standards, inter-
regional energy intensity targets per sector and policies that support the ambitious early
adoption of CCS, which is central to the achievement of the industry sector’s decarbonisation
goals.

In the 66% 2°C Scenario, energy demand in the G20 region would decouple from the rise in
industrial production, with the region’s aggregate industrial energy demand starting to decrease
by the mid-2020s. This trend is sharply different from the one in the New Policies Scenario,
where industrial energy use keeps rising throughout the projection period. In the 66% 2°C
Scenario, many G20 economies, including China, would see energy demand from industry peak
by 2020, although in others, notably India and Indonesia, it continues to rise through 2050.

The trend in industrial energy demand in the 66% 2°C Scenario reflects a combination of
measures: material efficiency, which reduces material needs to provide the same service; energy
efficiency, which reduces energy demand; and changes in production routes. Increased material
efficiency, a relatively low cost strategy, requires some changes to industrial processes (e.g. light-
weighting of products such as plastic bottles, paper and cars) and consumer behaviour
(e.g. increased recycling and re-use of materials).” The implications of improved material
efficiency for energy consumption vary by sector: in the G20 region, in 2050, it has the effect of
reducing production levels by approximately 20% in steel, 10% in aluminium, 7% in cement, 3% in
paper and 5-15% in high-value chemicals.

Electrification with low-carbon electricity is a key decarbonisation option in the 66% 2°C Scenario.
In G20 countries, electricity demand to provide industrial heat would triple by 2050 (Figure 2.24).
Heat pumps, to provide low-temperature heat, would be responsible for over 80% of this
increase. Most heat pumps are used in the less energy-intensive industries, such as food
processing and textiles, and in the chemicals and petrochemicals sector. This would be a
considerable change from current patterns of industrial heat provision: today, most low-
temperature heat is supplied from fossil fuel boilers, while the use of heat pumps is very limited.
Although heat pumps would only account for about 15% of total electricity demand in the
industry sector in G20 countries by 2050 in the 66% 2°C Scenario, the electricity consumption of
heat pumps at the global scale would nevertheless be twice the level of total electricity demand
in Japan in that year. Overall, total electricity demand for heat in industry would be 30% higher in
2050 in the 66% 2°C Scenario than in the New Policies Scenario in the G20, and the uptake of
heat pumps three-times higher.

47 A detailed study of the material efficiency in energy-intensive industries is presented in the World Energy Outlook 2015
(IEA, 2015).
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Table 2.10 » Global energy and CO, energy intensity reductions and key additional technology levers in
the industry sector in the 66% 2°C Scenario relative to the New Policies Scenario

Reductions in the 66%
2°C Scenario relative to

Sub- sector* the New Policies Scenario Technology levers

Energy Carbon
intensity intensity

Energy efficiency deployment up to its economic potential.

Minimum energy performance standards for electric motors
by 2025 (min. IE4), including variable speed drives in
suitable load systems.

System-wide measures in industry systems, such as
predictive maintenance and proper systems sizing.

Cross- cutting -24% -66%

Recycling of all available scrap.

Material efficiency improvement through increased
manufacturing and semi-manufacturing yields and re-use of
post-consumer scrap.

Switch of steel production from blast furnace to smelting
reduction processes including CCS.

Iron and steel -26% -65%

Greater use of alternative fuels in kilns, in some cases above
50% of fuels inputs.

Cement 18%** -82% Improvement of cement-to-clinker ratio to at least 65% for
all regions by 2050.

CCS deployment, including for biomass (BECCS).

Material efficiency improvement through increased recycling
and light-weighting.
Electrification of low-temperature heat demand through the
Chemical and 3960 55% deployment of heat pumps.
petrochemicals 0 0 Direct use of renewable technologies (e.g. solar thermal),
mainly to satisfy needs for utilities.

CCS deployment in production processes including
ammonia, methanol and olefins.

Maximum deployment of secondary aluminium production.

Material efficiency improvement through increased
manufacturing and semi-manufacturing yields and re-use of
post-consumer scrap.

Fuel switching from coal/oil to gas in some processes, such
as alumina refining.

Aluminium -14% -17%

Material efficiency improvement through increased recycling
and light-weighting.

Greater integration of bioenergy in the production process.

Electrification of low-temperature heat demand through
deployment of heat pumps.

CCS deployment, including for biomass (BECCS).

Pulp and paper -30% -81%

Greater use of bioenergy in new and existing applications
and substantial investment in solar thermal and geothermal
27% -62% technologies to supply low-temperature demand.

Electrification of low-temperature heat demand through
deployment of heat pumps.

Other
industries

* Includes energy consumption and CO, emissions from blast furnaces and coke ovens, as well as petrochemical feedstocks.
** Positive value represents an increase in energy intensity in the 66% 2°C Scenario that stems from the additional energy need
associated with CCS deployment. *** If petrochemical feedstocks were excluded, the sectoral energy efficiency improvement relative
to the New Policies Scenario would be around 10%.

Notes: IE4 = super premium efficiency level according to the International Electrotechnical Commission (IEC) classification.
CCS = carbon capture and storage. BECCS = bioenergy with carbon capture and storage. Energy intensity and CO, energy intensities
refer respectively to the amount of energy divided by the physical production (total high-value chemicals production for the chemical
and petrochemical sector) and the total direct CO, energy emissions from the industry sector. Intensities are given by unit of total
industrial added value for the “other industries” category and at the total industry level in USD 2015 at market exchange rate.
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Figure 2.24 e Heat demand energy mix in industry (top) for the G20 region and related direct CO,
emissions by sector (bottom) in the 66% 2°C Scenario
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Key message e Besides energy efficiency, renewables, electrification and CCS are all necessary to shift
industrial heat demand to low-carbon.

The net result of these changes on energy demand is that global industry-related CO, emissions
in the 66% 2°C Scenario would fall by almost 60% to 2.7 Gt in 2050. The global trend is broadly
mirrored by that of G20 countries, where energy-related emissions from the industry sector
would peak at around 5.6 Gt before 2020 and fall by around 60% below today’s level by 2050.
Relative to the New Policies Scenario (where emissions continue to grow), the industry sectors of
G20 countries would save around 75 Gt of cumulative CO, emissions over the period to 2050,
accounting for about 80% of global savings from the industry sector.

The trends for industry sector emissions in the 66% 2°C Scenario vary considerably by region,
depending on the predominant industries and the status and outlook for industrial development.
The different pathways can well be illustrated by comparing the outlooks for China and India,
which are important countries for achieving the overall emissions reduction relative to the New
Policies Scenario. In China, the key challenge would be to decarbonise existing industrial
infrastructure; in India, the task in the 66% 2°C Scenario would be to develop new low-carbon
industrial facilities. Much of the importance of China and India in reducing industrial emissions to
the level projected in the 66% 2°C Scenario is related to their high production base (e.g. China
and India make up about 50% of both the world’s steel and cement production in 2050).

By sub-sector, the main reductions in industrial CO, emissions in G20 countries through to 2050
arise from the manufacturing of iron and steel (44% of emissions reductions), followed by
cement (18%) and chemicals (12%). The cement and paper sub-sectors would have to become
almost carbon neutral in the G20 region by 2050 in the 66% 2°C Scenario, which underscores the
size of the challenge. In iron and steel, emissions reductions stem from a combination of
increased recycling through the deployment of electric arc furnaces and large-scale deployment
of CCS. In the cement sector, emissions reductions would mainly be achieved from the switch to
low-carbon fuels (such as bioenergy) and because CO, prices as in the 66% 2°C Scenario would
facilitate the integration of CCS into the production process. The decarbonisation routes are
similar in pulp and paper, although integrating CCS is not as cost-competitive as in cement,
meaning that the deployment rate of CCS is lower. In regions with already significant industrial
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production, CCS is mostly an option for retrofit; in regions in which industrial activity is currently
expanding, CCS is integrated mostly in greenfield projects.

In the G20 group, energy efficiency plays the largest role towards a low-carbon industrial sector
in the 66% 2°C Scenario, followed by fuel switching and CCS (Figure 2.25). In addition, process-
related CO, emissions in industry would need to decline from above 1 700 million tonnes (Mt)
CO, today to below 800 Mt CO, in 2050. Most of the latter decrease is due to improvements in
the cement-to-clinker ratio and favourable penetration rates of CCS in cement making. Process
emissions in the aluminium sector would fall by almost half due to advanced technological
process change in smelting, starting from the mid-2030s."®

Overall, CCS appears to be a key technology enabling otherwise challenging emissions reductions
in the industry sector. It would account for around one-fourth of industry’s cumulative CO,
emissions savings, relative to the New Policies Scenario, and would avoid almost half of the coal-
related and about a quarter of the gas-related CO, emissions in the G20 group in 2050. Its
deployment at scale would need to start in earnest around 2020 and span across industrial
sectors. In the cement sector, CCS would be responsible for the majority of energy-related CO,
emissions savings, while it would save around 45% of the emissions in the steel sector. This poses
practical challenges with regards to the siting of future industrial activities, which would either
need to be located close to sites where CO, can be stored, or to be connected to a CO,
transportation network (which does not yet exist). CCS also forms the basis for potential future
development of bioenergy carbon capture and storage (BECCS), which could facilitate negative
emissions mainly in the cement sector (and, to some extent, in the pulp and paper sector) as a
means to offset remaining emissions elsewhere.

Large-scale deployment of CCS in industry, at the level required in the 66% 2°C Scenario, would
require a considerable near-term push to improve its commercialisation prospects, with an
immediate need for further research, development, demonstration and deployment. In the 66%
2°C Scenario, China and India play a key role in CCS deployment, contributing around 60% of the
global CO, emissions captured in industry by 2050, given their importance for global industrial
activities.

Figure 2.25 ¢ G20 region energy-related CO, emissions reduction in industry by measure
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Notes: “Other fuels” mainly refers to the electrification of demand in industry, but in some instances also includes CO, abatement of
fuel switching from coal/oil to gas. Material efficiency refers to those levers that impact overall raw material production.

Key message ¢ Combined and aggressive deployment of efficiency, fuel switching and CCS would be
necessary to reach the emissions reductions of the 66% 2°C Scenario in the industry sector.

48 Advanced process refers to the usage of Hall-Héroult inert anodes for the smelting of aluminium, which would result in
considerably decreased CO, emissions compared with traditional processes.
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In terms of investment, the 66% 2°C Scenario would require an additional USD 3.4 trillion of
cumulative investment in the industrial sector in G20 countries to 2050 (three-quarters of the
global increment), compared with the level in the New Policies Scenario (Figure 2.26). More than
half of the additional investment would be for energy efficiency measures. This would be
followed by about USD 1 trillion for renewable energy deployment in industry, mostly for low-
temperature heat via solar thermal and geothermal technologies in the less energy-intensive
industries. CCS deployment would require an additional USD 0.6 trillion in energy-intensive
industries in G20 countries, where most energy-intensive industries are currently located. Since
industrial facilities often have long lifetimes (and retrofitting existing high-emitting infrastructure
can be difficult and expensive), delaying the transition to a low-carbon pathway in industry risks
imposing significant additional costs, if climate targets are to be met.

Under the assumptions of the 66% 2°C Scenario, the measures to improve energy and material
efficiency, and boost the use of renewable energy sources to satisfy heat demand in industry,
would be largely cost-effective over the lifetime of the investment, facilitated by substantial
carbon price signals. Yet, payback periods can be long, and mobilising the high upfront
investment is challenging in a sector where investment decisions today typically demand a
payback of less than three-to-five years. Even with high carbon prices, targeted policies and
measures would therefore be essential to improve the visibility and viability of low-carbon
technologies and processes for investment planning. Such measures would include raising
awareness and stimulating the adoption of technologies and practices to expand the use of
renewables for heat production. Another important avenue would be to promote best practice
efficiency options in industry, for example by strengthening incentives and requirements for
effective energy assessment and management systems. In addition to cross-border carbon
pricing schemes, international sectoral agreements and benchmarking across industries can also
help to enable emissions reductions.

Figure 2.26 e Cumulative investment in the industry sector in the G20 region in the New Policies and 66%
2°C Scenarios, 2016-50
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Note: CCS in non energy-intensive industries includes other energy transformation, such as CCS in refineries, oil and gas extraction
activities, coal-to-liquids and gas-to-liquids.

Key message e Efficiency measures make up the bulk of investment needs in the industry sector.

Transport

Demand for mobility and freight activity is on a rising trend and the expectation is for further
growth. The passenger vehicle stock worldwide is expected to expand two-and-a-half times to
reach more than 2.5 billion by 2050, with more than 80% of the increase occurring in the G20
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countries. Both aviation and shipping activities are expected to more than triple by 2050 and
road freight activity (measured in tonne-kilometres) to rise over two-and-a-half times.

Meeting such demand growth without compromising energy security and environmental goals is
a key policy challenge. In the New Policies Scenario, energy demand for transport fuels grows by
more than 40% to 2050, to 3 700 Mtoe. More than 50% of the rise in energy demand is met by
oil-based fuels, which grow from around 51 mb/d today to nearly 63 mb/d in 2050. Further
growth of oil demand is constrained by fuel economy standards, particularly for passenger
vehicles. But the limited availability of such standards for other transport modes, notably road
freight, and the lack of commercially viable alternatives for oil means that, by 2050, oil demand
from transport in the New Policies Scenario is one-quarter above today’s level. In this scenario,
the contribution of alternative fuels such as natural gas, biofuels and electricity to total transport
demand remains just below 20%, even though electric cars make significant in-roads in passenger
transport.

Table 2.11 » Global energy and CO, intensity reductions and additional policy actions in the transport
sector in the 66% 2°C Scenario relative to the New Policies Scenario
Reductions in the 66% 2°C

Scenario relative to the New

Policies Scenario Policy actions

Energy Carbon
intensity intensity

Carbon pricing/taxes to offset the decline in oil prices.
All modes Stringent vehicle efficiency and emissions standards.
Agricultural and forestry land-use planning.

Purchase rebate or purchase tax exemption’.
Differentiated vehicle taxation based on efficiency

performance.

Sgﬁisggger -44% -76% Free access to toll road and urban centres’.
Biofuel blending targets.
Incentives for R&D and infrastructure deployment (e.g.
electric vehicle charging stations).
Right sizing and integrating bus and emerging mobility

cBg:cet?easnd -72% -78% services to high capacity public transport.
Public procurement promoting low-carbon vehicles.
Differentiated vehicle taxation based on GHG emission
performance.
Support to infrastructure deployment (catenary lines).
Greening financing, purchase rebate or purchase tax

- 9 - [ 3

Trucks 65% 73% exemption’.
Harmonisation and wide diffusion of fuel economy and
emissions standards across countries.
Biofuel blending targets.

Rail -59% -88% Support full electrification.

o Blending mandates and incentives for R&D for advanced

Aviation -32% -82% biofuels.
Optimise routing, minimise flight distances and cut
aircraft waiting times through improvements in air traffic
management.

Shipping 46% 57% Incentives to promote the development of advanced

biofuel technologies for aircraft and ship engines.

Fuel efficiency and emission standards for maritime and
air transport at international level.

* For low-carbon vehicles.
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To facilitate the transition to a low-carbon transport sector, the 66% 2°C Scenario relies on a
strong and integrated policy framework, which takes into account the specificity of each
transport mode and goes well beyond existing policy efforts (Table 2.11). Strengthened vehicle
efficiency standards, set at an international level, would be crucial to cut emissions from all
modes of transport. But standards alone are unlikely to be sufficient to ensure the adequate
development of low-carbon transport options. Differentiated vehicle purchase taxes (also known
as fee-bates) would complement vehicle efficiency regulations by providing clear pricing signals,
rewarding the most efficient technologies. Effective planning and development of the required
infrastructure to support the built-up of recharging stations for electric vehicles and Electric Road
Systems for electric trucks (such as catenary [overhead] lines), carefully designed public transport
networks and an integrated strategy for biomass supply and transformation are all crucial
elements of the 66% 2°C Scenario. Additionally, a carbon price (taking the form of a fuel tax)
would be required to offset the decline in oil prices and to avoid rebound effects.* Multi-
modality, which allows taking advantage of the least-emitting transport mode for passengers and
freight movement, is also an option that would require policy support (Box 2.4).

Figure 2.27 » Global transport fuel mix and biofuel demand by type in the 66% 2°C Scenario
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Note: mboe/d = million barrels of oil equivalent per day.

Key message ¢ Transport oil demand would fall drastically in favour of electricity and biofuels
in the 66% 2°C Scenario; road ethanol would peak before 2040 as the conventional car fleet declines.

The net impact of such robust strengthening of policy ambition is that, in the 2°C 66% Scenario,
transport-related energy demand would peak at around 2 750 Mtoe by the mid-2020s and then
fall to 2 250 Mtoe in 2050, almost 15% lower than today. The composition of the transport fuel
mix would change entirely: oil demand would decline steeply to a mere 15 mb/d in 2050 and its
share in the transport fuel mix would fall to less than one-third (Figure 2.27). Alongside efforts to
improve the efficiency of all types of vehicles, the main reason for this drop is a switch towards
electricity and biofuels. In 2050, virtually all cars sold worldwide would either be hybrid or
electric. Transport electricity use would increase significantly and account for around one-third of
global fuel demand by 2050 (from 1% today); electricity would become the main means to satisfy
road passenger and road freight demand. The use of biofuels would also expand and reach
almost 12 mboe/d in 2050, from 1.6 mboe/d today. Trends differ across biofuel types in the 2°C
66% Scenario. Ethanol is an important transition fuel for passenger vehicles; but its use starts to

49 Rebound effects occur when lower energy prices, due to less energy demand, lead to a reduction of household energy
expenditures. The available money can then be spent on other energy-consuming products or activities, such as driving more
or flying more often. Supporting the transition to zero emission mobility through taxes may take the form of a fuel tax as in
the 66% 2 °C Scenario, but could also take more complex forms, complementing and partly shifting fuel taxes with charges
reflecting road usage and other externalities, to offset the decline in oil prices and to avoid rebound effects.
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decline by around 2040 as battery costs fall and electric cars and motorbikes accumulate in the
vehicle stock, freeing up some of the limited sustainable biomass potential for other uses.
Instead, biofuels become the fuel of choice in transport modes where alternatives to oil are
scarce, such as aviation and shipping; and in road freight, where the build-up of the required
catenary lines is a key bottleneck for deployment of electric trucks.

This major transformation would lead to a cumulative reduction of CO, emissions of 112 Gt,
relative to the New Policies Scenario, of which two-thirds occurs in G20 countries. The radical
decoupling between transport activity growth and CO, emissions would require contributions
from all transportation modes — passenger cars account for about one-third of the emissions
reduction, road freight for one-quarter, aviation for one-fifth and shipping for one-tenth (Figure
2.28). But the means to achieve such a deep and rapid transition to a highly efficient and low-
carbon transport system are different by mode and region.

In the 66% 2°C Scenario electrification of the vehicle fleet is the key route assumed to
decarbonise road transport for both passenger and freight vehicles, coupled with a switch to
biofuels and energy efficiency measures. The share of electricity in road transport demand rises
to more than 40% in 2050, up from close to zero today. Electric engines are more than twice as
efficient as conventional gasoline engines and electric vehicles can shift transport sector
emissions from millions of mobile conventional sources to a much smaller number of stationary
sources in the power sector. If the power generation is from low-carbon sources, as in the 66%
2°C Scenario, then electric vehicles could make a major contribution to the reduction of GHG
emissions.

Figure 2.28 e Contribution to global CO, reductions by transport mode in the 66% 2°C Scenario
relative to the New Policies Scenario
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Key message ® CO, emissions reductions would accelerate after 2030 as sales of electric vehicles rise and
biofuels make in-roads in aviation and shipping.

Electrifying road transport at the pace and scale required in the 66% 2°C Scenario is an enormous
task: the share of electric cars in passenger car sales would rise from less than 1% today to almost
70% in 2050, more than six-times higher than what is achieved under existing and planned
policies in the New Policies Scenario (Figure 2.29). This is primarily a challenge for the G20 group,
which hold more than 85% of the global passenger car stock in 2050: the largest increase in
electric car sales in the 66% 2°C Scenario occurs in the large vehicle markets such as China, India,
the United States and the European Union. The main exception among G20 countries is Brazil,
which relies more on a very efficient fleet of flex-fuel and pure ethanol engine cars.

The deep transformation of transport required in the 66% 2°C Scenario would involve
electrification beyond passenger cars alone: there are 1 billion electric motorbikes on the world’s
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roads by 2050 in the 66% 2°C Scenario (from less than 250 million today, most of which are in
China) and more than 200 million electric freight vehicles. While the majority of the latter are
light commercial vehicles, used for local delivery in cities, the electrification challenge needs to
extend to heavy freight traffic operating over longer distances. So the most frequented highway
routes would need to be equipped with electrified overhead lines in the 66% 2°C Scenario to fuel
plug-in hybrid trucks, as battery ranges otherwise would not permit long-haul journeys.”® A
successful transformation of road freight transport as in the 66% 2°C Scenario would also require
improved logistic networks to optimise truck utilisation, e.g. platooning and backhauling, and
integrate long-haul delivery with local delivery, e.g. adjust timing to avoid trucks to travel during
congestion hours.

Figure 2.29 e Share of electric powertrains in global vehicle stock by type and global electricity demand
for transport in the 66% 2°C Scenario
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Key message e Electric engines would make big in-roads in passenger and freight road markets, inducing
a sharp increase in electricity demand.

In aviation and shipping, key elements of curbing CO, emissions in the 66% 2°C Scenario are fuel
efficiency improvements of the fleets and the large-scale use of biofuels. The average fuel
consumption of ships and aircraft would fall by around two-thirds in the 66% 2°C Scenario
between now and 2050, thanks to the large-scale deployment of technology improvements such
as open rotor, geared turbofan and counter-rotating fan, as well as better traffic management in
aviation and data-enabled load optimisation in navigation. In addition, drop-in>* biofuels from
non-edible vegetable oil and lignocellulosic material could substitute for almost 4 mb/d of oil in
aviation and 2 mb/d in shipping by 2050 in the 66% 2°C Scenario, up from a combined 0.7 mb/d
in the New Policies Scenario. Natural gas additionally supports the decarbonisation of shipping,
with liquefied natural gas (LNG) replacing more than 1.5 mb/d of oil by 2050.

By enabling behavioural changes, urban planning can also be a cornerstone to reduce emissions
from transport in an increasingly urbanising world, e.g. through a dense and interconnected
network of cycle lanes, low-carbon public transportation and charging stations. Development of
smart mobility might also help to transform traditional transportation patterns. On the one hand,

50 Alternatively, a carefully co-ordinated build-out of a hydrogen supply and fuelling infrastructure in tandem with the rollout
of fuel cell trucks could provide a cost-effective alternative to overhead lines, depending on the potential for technology
learning in electrolysers, fuel cells and other key hydrogen technologies.

51 Drop-in biofuels are made of the same molecules as conventional fuels, so they can be blended at a high rate in common
engines without any modifications.
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car sharing and car-pooling could reduce the overall vehicle kilometre; on the other hand,
autonomous vehicles and lower fuel consumption could lead to an increase of the activity.>

The transformation of the transportation sector in the 66% 2°C Scenario would require a
cumulative investment of USD 32 trillion between 2015 and 2050, USD 13 trillion more than in
the New Policies Scenario (Figure 2.30). This includes energy efficiency investment in road,
aviation and shipping sectors and investment for new powertrains, such as pure electric vehicles.
Over half of this investment would be dedicated to new electric vehicles and the remainder to
energy efficiency.”® The lion’s share of energy efficiency investment would need to be dedicated
to road transport to meet stringent fuel economy and emissions standards, although investment
in improving the efficiency of road vehicles would actually be lower than in the New Policies
Scenario. The reason is that because of the rise in electric mobility, there are fewer highly
efficient conventional vehicles on the road in 2050 in the 66% 2°C Scenario than in the New
Policies Scenario. Investment in aviation and shipping would jump by two-thirds in order to
improve fuel efficiency, relative to the New Policies Scenario. In addition, biofuels investment
would rise sharply to meet the larger demand for biofuels in particular in shipping, aviation and
road freight.

Figure 2.30 e Global cumulative transport investment in in the New Policies and 66% 2°C Scenarios,
2016-50
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Key message ¢ Additional investment needs in the 66% 2°C Scenario stem mainly from the electrification
of the fleet.

Electrification of transport accounts for the bulk of the overall investment requirement (of which
more than three-quarters of the required investment is for passenger cars, given the substantial
shift to electricity, and freight transport captures the remainder with the rise of electric trucks),
but this sum is mitigated somewhat by significant reductions in the cost of batteries. Battery cost
in the 66% 2°C Scenario falls at a much faster rate than in the New Policies Scenario, with the unit
cost reaching the assumed floor cost of USD 80/kWh>* for battery electric vehicles by the early

52 These effects have not been included in the analysis of the 66% 2 °C Scenario, but are discussed in Energy Technology
Perspectives 2017 (IEA, forthcoming).

53 Represents the additional cost compared with an average combustion engine vehicle today and includes a large set of
incremental as well as breakthrough improvements. For road vehicles, examples are hybridisation, higher capacity batteries
(e.g. lithium oxygen) and super-fast charging stations. For aviation, examples are light-weighting, drag reduction, engine
improvement and new motorisation such as open rotor. In navigation, it includes minimising drag and improving engine
operation.

54 This floor cost value is based on a US Department of Energy analysis that assumes overcoming chemistry challenges,
favourable systems engineering and high production volumes (Sarkar, 2016). See also the discussion in the World Energy
Outlook 2016 (IEA, 2016a).

Page | 99



Page | 100

Energy Sector Investment to Meet Climate Goals © OECD/IEA 2017

2030s, around 20 years earlier than in the New Policies Scenario. The reason is that the policy
push to electrification facilitates additional cumulative sales of more than 2 billion electric cars in
the 66% 2°C Scenario, relative to the New Policies Scenario. In addition to these investments, the
electrification of road transport implies significant investment across the whole chain value, from
R&D in battery capacity and robustness, to the upgrade of the grid to meet possible local surplus
demand and the deployment of charging stations for cars and catenary lines for trucks. Their
guantitative assessment would require a further analysis.

Buildings

Today, the buildings sector accounts for around one-third of global final energy demand; almost
75% of which was in G20 countries.>® Roughly three-quarters of the global total is required to
meet heat demand while the remaining quarter is mainly electricity for lighting, appliances and
space cooling. Satisfying heat demand currently accounts for about 4.5 Gt of CO, emissions,
which represent around half of the total emissions in the buildings sector (including direct and
indirect CO, emissions). Almost all of the sector’s direct CO, emissions arise from heat production
from coal, oil and natural gas boilers (around 1% of direct CO, emissions arise from the use of
kerosene for lighting). Today, fossil fuels account for more than one-third of total energy use in
buildings.

The outlook for the buildings sector is one of rapid growth. In the period to 2050, the global
number of dwellings is expected to swell (by around 60%) and the size of the average individual
building also rises. As a result, total floor space area of dwellings is expected to double, pushing
up demand for energy services such as space heating and cooling. The increase in floor area is
expected to be significant in the G20 group as a whole, at around 80% to 2050, but not as rapid
as in non-G20 countries, which include many fast-growing emerging economies. Until 2050, the
value added by the services sector, an important driver of consumption, almost triples, and more
than 80% of the increase comes from the G20 group.

Such trends are expected to push up energy demand in the buildings sector. In the New Policies
Scenario, total global energy demand in this sector rises by one-third, with half of the growth in
the G20 group. The intensity of energy demand in the buildings sector falls, but continued
reliance on fossil fuels in this scenario means that the sector’s carbon intensity barely improves.
Further steps to reduce emissions from the buildings sector, to the level required in the 66% 2°C
Scenario, would require major additional policy action in three main areas. First, adopting and
implementing effective policies that would make end-use appliances as efficient as possible.
Second, a push for near zero-energy buildings for new construction (covering around 40% of all
new buildings from today to 2050, the other 60% of new buildings by 2050 being compliant with
buildings codes), along with deep retrofits of the overall existing buildings stock by 2050 (to
reduce space cooling demand). Third, decarbonising the remaining supply of heat to the buildings
sector by replacing fossil fuels with electricity, district heating and renewables. These policies are
directed to spur the necessary reduction in the energy intensity of each end-use, or their carbon
intensity, or both (Table 2.12). Decarbonising power and heat generation are a vital additional
step towards achieving net-zero CO, emissions in the buildings sector: indirect CO, emissions
currently represent around two-thirds of the sector’s CO, emissions.

The net effect of implementing this very ambitious package of policies and measures is that, in
the 66% 2°C Scenario, energy consumption from the buildings sector would peak in the early
2020s and just about return to the level of today in 2050. This is the result of some offsetting
trends, with lower demand for space heating and lighting being counterbalanced by continued

55 The buildings sector includes energy used in residential, commercial and institutional buildings. Household and services
energy use includes space heating and cooling, water heating, lighting, equipment, appliances and cooking equipment.
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growth in all other buildings-related end-uses, for which the effect of higher income levels and
gradually improving access to modern energy services in developing countries outpaces efficiency
and conservation efforts. In G20 countries as a whole, energy demand in the buildings sector
drops by around 10% by 2050.

Table 2.12 ¢ Global energy and CO, intensity reductions and additional policies in the buildings sector in
the 66% 2°C Scenario relative to the New Policies Scenario

Reductions in the 66% 2°C
Scenario relative to the New
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End- use Policies Scenario Policy actions

Energy Carbon
intensity intensity

New buildings: increase the share of near zero-
energy buildings on average from now to 2040
to 40% (from 1% today) and ensure other new
construction complies with building codes.

Existing stock: mandate stringent measures to
ensure deep retrofit of the entire stock by 2050
(from less than 10% today).

Space heating -33% -79% Mandates seeking to maximise bu_ild_ings energy
performance for both new and existing
buildings. Phase out fossil fuel boiler sales by
2025 in all regions, except where natural gas is
a major provider today.

Extensive support and mandates for direct use
of renewables (solar and geothermal), efficient
electrification and efficient district heating in
dense urban areas.

Phase out of fossil fuel boiler sales by 2025 in
all regions, except where natural gas is a major
provider today.

Water heating -16% -84% Extensive support and mandates for direct use
of renewables (solar and geothermal), efficient
electrification and efficient district heating in
dense urban areas.

Phase out fossil fuel stoves sales by 2025 in all
regions; exceptions: regions where natural gas

Cooking -15% -74% is a major provider today; developing countries,
where LPG enables more access to modern
energy services in rural areas.

Phase out kerosene lamps sales by 2025.
Enhance deployment of electricity and clean off-
grid technologies, e.g. solar lamps.

Lighting -40% -92 o
Require lighting performance at current LED
efficacy levels or higher for all lighting sales by
2025.

Appliances 5% 90% Phase out of sales of the least-efficient major

appliance by 2025.

New buildings: increase the share of near zero-
energy buildings to 40% (from 1% today) and
ensure other new constructions comply with
building codes.

Space cooling -46% -93% Existing stock: mandate stringent retrofits to
ensure deep retrofit of the entire stock by 2050
(from less than 10% today).

Phase out least-efficient cooling systems sales
by 2025.

Notes: NPS = New Policies Scenario; LPG = liquefied petroleum gas. Energy intensity and carbon intensity for the buildings sector
refer respectively to the amount of energy divided by the global population and the total CO, emissions (direct and indirect) linked to
the buildings sector.
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Successful decarbonisation of the buildings sector in the 66% 2°C Scenario would also require
changes in the fuels and technologies used. The rapid rise in the use of renewables and electricity
for heating purposes would precipitate a major revolution in the sector’s fuel mix (Figure 2.31).
The required level of decarbonisation of the 66% 2°C Scenario would require the share of fossil
fuels in the sector to drop to around 10% by 2050, compared with 35% today. Electricity use in
the 66% 2°C Scenario would increase by two-thirds to 2050, with heat applications and other
electricity end-uses (e.g. appliances and space cooling) each accounting for around half of the
increase; about 3% is for desalination purposes. The change in energy demand in the 66% 2°C
Scenario is particularly notable for G20 countries, which would see their share in worldwide
buildings energy demand shrink from around three-quarters (and almost 85% for electricity) to
around 65% (70% for electricity) in 2050. Countries outside G20 have higher projected growth for
hot water needs (met either by electricity or solar water heaters) as well as for space cooling and
appliances.

Figure 2.31 e Global energy demand by fuel and electricity demand by end-use in the buildings sector in
the 66% 2°C Scenario
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Key message e Electricity demand would nearly double and account for half of energy demand in
buildings in 2050.

The composition of electricity demand in the buildings sector in the 66% 2°C Scenario reveals
some diverging trends. Compared with the New Policies Scenario, there would be electricity
savings of 5 400 TWh in 2050 as a result of more robust efficiency measures for lighting,
appliances and space cooling, but these would be partially offset by an additional 2 000 TWh of
electricity needed to satisfy increasing use of electricity for heating purposes. In some sub-
sectors, despite aggressive efficiency efforts, electricity demand would continue to rise. For
example, overall average electricity consumption per unit of large appliance would decrease
strongly (e.g. refrigerators, freezers, washing machines, dishwashers and dryers). But rising
ownership rates and a growing amount of small appliances and equipment would lead to an
increase of over 60% of electricity use related to appliances through to 2050 in the 66% 2°C
Scenario (compared with a doubling of electricity consumption in the New Policies Scenario).
Electricity demand for space cooling would see one of the highest growth among all end-uses,
despite efficiency efforts. In India, for example, electricity demand would increase by almost a
factor of four to 2050, of which around a quarter is related to space cooling, despite the adoption
of aggressive minimum energy performance standards and stringent building codes. The net
result is that, at a global level, electricity demand in the 66% 2°C Scenario would be 15% lower
than in the New Policies Scenario. Together with a reduction in carbon intensity of power
generation, this would reduce indirect CO, emissions by 6.1 Gt in 2050.
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The strong worldwide push for near zero-energy buildings in new constructions (40% of the
additional buildings by 2050) and deep retrofit of the existing buildings stock means that, in the
66% 2°C Scenario, global heat demand (mostly for space and water heating) in the buildings
sector would decline by 10% below today’s level by 2050. This is a radical reversal of present
trends: it compares with an increase by 10% in the New Policies Scenario (Figure 2.32). the G20
group — which today accounts for 70% of the world’s dwellings and more than 85% of space
heating demand — would be responsible for the entire decline in the 66% 2°C Scenario (countries
outside G20 would still have a higher heat demand in 2050, compared with today’s level). The
overall decline masks different trends: while global energy demand for space heating would
decline by one-quarter below today’s level in 2050, heat demand for water heating and cooking
with modern fuels would increase by over 25%. The latter largely reflects population and
economic growth in developing countries: sub-Saharan Africa accounts for a third of the increase.

The fuel mix to satisfy heat demand in the 66% 2°C Scenario in 2050 would be entirely different
from today, with bioenergy (including the traditional use of solid biomass), electricity and other
renewables (solar thermal and geothermal) supplying three-quarters of total heat demand, and
much of the remainder being natural gas. This would bring down the fossil fuel share to 15% from
45% today (compared with 45% by 2050 in the New Policies Scenario). Although the share of
bioenergy in heat demand (mainly traditional use of solid biomass for cooking which is
particularly inefficient) would be higher than that of electricity, the number of consumers reliant
on electricity would actually be higher, as the efficiency of heat pumps is higher than that of
other equipment. In 2050, around 40% of households would rely on electricity for space heating,
35% for water heating and 80% for modern forms of cooking.

Direct use of renewables also contributes to meeting heat demand. By 2050, in the 66% 2°C
Scenario, 20% of global households would use renewables (mostly bioenergy) for space heating
and some 40% solar water heaters. In the 66% 2°C Scenario, many African and Asian countries
would move directly to renewable options for water heating purposes.

Figure 2.32 e Heat demand by fuel and end-use in the buildings sector in the New Policies and 66% 2°C
Scenarios

2014 2050 - New Policies Scenario 2050 - 66% 2°C Scenario
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Note: Traditional use of solid biomass is accounted for separately from the three end-uses.

Key message ® The use of low-carbon technologies for heat demand in the buildings sector would need
to rise significantly over existing efforts, despite lower heat demand from energy efficiency.
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Moving to near zero-energy buildings for new construction and deep retrofits of the existing
buildings stock is a huge challenge; the required pace of change to 2050 amplifies the scale of
what is required. Tight, robustly enforced efficiency standards for equipment, appliances and
lighting would be needed to restrain energy demand growth in the residential and services
sector, as well as to spur technology advances. Best practice and effective codes to promote
energy-wise design and construction of new buildings have proven useful in many parts of the
world, but would need to continue to evolve and to be strengthened significantly to put the
buildings sector on track to achieve the 66% 2°C Scenario.

Dramatically improving the energy performance of today’s stock of buildings poses particular
challenges. The required decline of space heating demand by 25% through 2050 in the 66% 2°C
Scenario, relative to today, compares with an expected annual growth of 0.35% in the New
Policies Scenario. The latter is already below historic growth trends: space heating demand grew
by 0.5% per year on average over the last 15 years. The lower growth projected in the New
Policies Scenario is mostly due to relatively modest increases in floor area in countries with cold
climates. But, given the generally slow turnover of the building stock, this also implies that in
these countries, about 70% of today’s building stock will still exist in 2050. The absence of long-
term incentive schemes for retrofitting in most countries creates a lock-in effect that, unless
overcome through robust policy intervention, will continue to deter improvement in the energy
performance of existing buildings. Achievement of the 66% 2°C Scenario would therefore require
widespread retrofit and insulation measures, supported by financing models to overcome
barriers related to the significant capital outlays and long payback periods (more than ten years,
albeit in relation to buildings lifetimes that can exceed 100 years).

Figure 2.33 e Total CO, emissions reduction (direct and indirect) by end-use in the buildings sector in the
66% 2°C Scenario relative to the New Policies Scenario and cumulative CO, savings by region
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Key message ® Much greater policy action is needed across all parts of the buildings energy use to put
the sector on track to achieve the needs of the 66% 2°C Scenario.

As in other end-use sectors, the picture of the buildings sector that would emerge from our
projections in 2050 in the 66% 2°C Scenario is one that is very different from today (Figure 2.33).
The contribution of the G20 group towards direct and indirect emissions savings would be
particularly large, as their share in these emissions would drop from almost 85% today to around
60% in 2050 in the 66% 2°C Scenario. At less than 1 Gt by 2050, global direct CO, emissions would
be almost four-times lower than the current level. China would provide the largest contribution
to direct CO, emissions savings, as coal to meet demand for heat in buildings would be replaced
by other fuels. The United States and the European Union today account for 40% of global heat
demand met with modern fuels in the buildings sector and, in our projections, would be the
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second- and third-largest contributors to direct CO, emissions savings. By 2050, the buildings
sector would represent around 20% of total CO, emissions (including indirect) in the 66% 2°C
Scenario. Energy efficiency gains in buildings would contribute to these savings, but a large part
of the decline in CO, emissions also reflects the reduction in carbon content of the power sector.

Investment in more efficient buildings, equipment (e.g. LED lighting, appliances, induction stoves,
heating and cooling systems) and renewables-based heat systems (e.g. bioenergy boilers, solar
water heaters) would require investment of more than USD 25 trillion in the 66% 2°C Scenario,
over twice the level of the New Policies Scenario (Figure 2.34). About 85% of the cumulative
investment is in G20 countries. The bulk of the investment is to improve the efficiency of energy
use — including insulation and retrofits as well as more efficient appliances and heating systems —
and about a quarter is for expanding the use of renewables to serve heating needs.

Figure 2.34 e Cumulative investment for efficiency and renewables by end-use in the buildings sector in
the New Policies and 66% 2°C Scenarios
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Key message ¢ The 66% 2°C Scenario would require twice the level of investment in energy efficiency
and renewables than the New Policies Scenario.

The investment in renewables is for energy services related to heat production, such as biomass
boilers and solar water heaters. Efficiency expenditures for heat-related applications include
improvements in the building envelope, high-performance heat pumps, more efficient boilers
and heating/cooling equipment. These account for around 60% of the cumulative investment
with the rest being for efficiency improvements in end-uses that rely on electricity such as
appliances and lighting.

The variety of potential stakeholders making investment decisions related to energy use in the
buildings sector is very wide, ranging from the administration of a major city that decides how to
equip its schools with water heating systems, to a landlord who buys space heating units for a
rental apartment and to a homeowner who selects a new light bulb. Awareness of the energy
and GHG emission aspects of their decisions varies, as does their assessment of the costs
involved and their potential interest in pursuing such efforts. Where the owner reduces the
carbon intensity of a home, the impact will be felt directly: household energy expenditures in
2050 in the 66% 2°C Scenario are lower than in the New Policies Scenario (see next section). But
some of the required investment has long payback times, which can be a barrier to consumers
and requires improved access to finance. In other cases, where the owner of a building is not the
tenant, pursuing efforts to retrofit the building does not necessarily deliver direct benefits to the
owner (although the value of the property could rise as a result of the efforts taken), but rather
to the tenant whom benefits from lower energy bills. Overcoming such split incentives is a key
policy challenge in addition to the adoption of the measures of the 66% 2°C Scenario.
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Implications of the 66% 2°C Scenario

The primary objective of the 66% 2°C Scenario is to reduce energy-related GHG emissions to an
extent that it would put the world on track towards achieving climate goals. But energy affects
the entire economy and multiple stakeholders, which means that any energy policy to tackle
climate change has implications for the achievement of other policy goals. In this section, we
explore the implications of the 66% 2°C Scenario for the energy industry (with a focus on
stranded assets) as well as for selected energy policy goals beyond climate change, in particular
for energy security, air pollution and energy access.

Implications for stranded assets

A rapid and profound energy sector transition as required under the 66% 2°C Scenario would
have significant consequences for the energy industry. The sizeable expansion of renewables,
efficiency and other low-carbon technologies would bring with it many new jobs that support the
manufacturing of components, the installation of new projects, retrofits, and maintenance of
installations. The renewable energy industry is already a large employer, and this would be
expanded along the transition path. Fossil fuel consumption, meanwhile, would fall dramatically
in the 66% 2°C Scenario. A key question is whether these reductions would lead to severe losses
for companies and investors in the fossil fuel industry, or whether the transition to a low-carbon
economy could be managed smoothly with zero or minimum losses. There are multiple strands to
this debate that are inter-related but too often conflated, and, partly as a result of loose
terminology, there is a high degree of confusion surrounding discussions of the potential value of
losses resulting from climate change policy. It is therefore relevant to differentiate between the
various impacts and losses that could be incurred by the energy industry, which include:

e The extent of existing fossil fuel reserves that will be left unexploited as a result of
climate policy (“reserves left in the ground” or “unburnable fossil fuels”).

e The capital investment in fossil fuel infrastructure which ends up failing to be recovered
over the operating lifetime of the asset because of reduced demand or reduced prices
resulting from climate policy (“stranded assets”).

e The potential reduction in the future revenue generated by an asset or asset owner
assessed at a given point in time because of reduced demand or reduced prices resulting
from climate policy (“carbon bubble”).

The carbon bubble, occasionally also referred to as a reduction in the “remaining book value” of
assets as a result of climate policy, is an important consideration for understanding the impacts
of the low-carbon transition. This calculation has a wide number of moving parts to be
considered, many of which are quite subjective. For example, to calculate the losses for assets
resulting from climate policy, it is necessary to compare the book value between a scenario that
contains climate policy and for one that does not; estimates of losses are very sensitive to the
specific “counterfactual” scenario chosen. There is also uncertainty surrounding the possibility
that market participants could substantially modify the type and nature of their asset portfolios
in response to different climate policies; estimates of losses are therefore not static over time.
The calculation also requires a detailed knowledge of prices, demand, costs (including the cost of
capital), project-specific discount rates and any potential alternative sources of revenue (such as
government support to ensure sufficient capacity is maintained in the system).”® Without
considering all of these elements, any estimate of the carbon bubble for a specific sector is likely
to be flawed.

56 The calculation is further complicated when estimating the carbon bubble for assets that do not necessarily generate any
obvious revenue streams, such as in the buildings or transport sectors.
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Potential losses incurred on invested capital, i.e. stranded assets, pose a critical concern for
companies, investors and policy makers. For each asset taken out of service before it has been
able to recover the original capital investment, the parent company’s total capital is reduced,
potentially lowering its ability to make future investments. Here, our analysis therefore focuses
on the impacts of climate policy on fossil fuel reserve utilisation and stranded assets (as defined
above) in the power, upstream and refining sectors, the sectors in which stranded assets are
likely to be largest. While there are also potential risks for stranding of midstream gas
infrastructure, including pipelines and LNG terminals, given the increase in natural gas
consumption through to the mid-2020s in the 66% 2°C Scenario, this issue appears less pressing
than for the other sectors examined.

Unburnable fossil fuels

Current reported fossil fuel reserves worldwide consist of around 1 000 billion tonnes of coal,
1 700 billion barrels of oil and 215 trillion cubic metres of gas.57 The CO, emissions that would
result from combusting these reserves total around 2 800 Gt of CO,, over three-times the
remaining CO, budget in the 66% 2°C Scenario (880 Gt). This leads to the oft-quoted finding that
two-thirds of today’s fossil fuel reserves need to be “left in the ground” to avoid dangerous
climate change.

Figure 2.35 e Proportion of fossil fuel reserves produced in the 66% 2°C and New Policies Scenarios, 2015
- 2050
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Key message ¢ Close to 80% of remaining coal reserves, 50% oil reserves and 40% gas reserves would not
be produced before 2050 in the 66% 2°C Scenario. Remaining reserves would not be fully utilised in the
New Policies Scenarios as well.

This is a simplification for a variety of reasons. The outlook for each fossil fuel varies markedly in
the 66% 2°C Scenario: coal consumption would drop by over 65% between 2014 and 2050, oil by
around 55% and natural gas by less than 20%. This is because the combustion of coal results in
significantly more CO, emissions than from oil and gas per unit of energy supplied, the energy
density of oil is significantly higher than that of coal (hence its widespread use in the transport
sector) and the substitutability of the various fossil fuels is decidedly different, depending on the
purpose to which they are serving. Comparing cumulative fossil fuel production in the 66% 2°C
Scenario up to 2050 with the remaining reserves of each fuel individually, we find that around
40% of gas, 50% of oil and over 80% of steam and coking coal current reserves would be
“unburnable” (Figure 2.35). However this calculation overlooks that most of today’s proven

57 Here we use “reserves” loosely to mean “published proven reserves”, recognising that not all the published numbers
should be considered as proven under international classification schemes such as SEC, PRMS or UNFC.
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reserves are not produced by 2050 in any scenario even in the absence of stringent climate
policies. In the New Policies Scenario, for example, less than 40% of coal reserves and 80% of oil
and gas reserves are produced between 2014 and 2050. In other words, over 60% coal reserves
and 20% of oil and gas reserves are not produced before 2050 in the New Policies Scenario. The
world’s proven reserves are not synonymous with those lined up for development, though this is
the definition implied by most international classification systems. Continued exploration for and
development of new resources remains essential in the 66% 2°C Scenario.

Stranded assets

Stranded assets can occur for a number of reasons related to market conditions, technology and
performance risk, as well as changes in regulations or policies. They can occur for all types of
technologies, including low-carbon technologies. Low-carbon technologies and, in particular,
renewables are often supported by policies that provide consistent revenue streams, such as
feed-in tariffs in the power sector. In such cases, retroactive policy changes that reduce these
revenue streams could lead some of the initial capital investment to be stranded.

When considering the potential value of stranded assets, it is important to recognise the
difference between assets that are prematurely shut down due to adverse demand evolution,
and assets that are prematurely shut down and lose part of the capital spent on their
development. In other words, it is possible for an asset to be shut before it reaches the end of its
technical lifetime, but for it still to have recuperated all of the capital invested into it. The degree
of capital recovery when an asset is retired requires a detailed understanding of investment and
operating costs, utilisation and production rates, commodity prices and other potential revenue
streams that it generated over its lifetime. In this section, we build our analysis of stranded assets
on the detailed modelling of all these parameters for the different parts of the energy sector in
the IEA’s World Energy Model (WEM) (see methodology in Annex A) and focus on those assets
that may not recoup their capital due to the additional climate policies put in place in the 66%
2°C Scenario.

In the power sector, stranded assets in the 66% 2°C Scenario would total USD 320 billion
worldwide over the period to 2050 in terms of fossil fuelled power plants that would need to be
retired prior to recovering their capital investment. Coal-fired power plants account for the vast
majority of the total (96%), as many of them would be phased out in the 66% 2°C Scenario
(Figure 2.36). Gas-fired and oil-fired power plants would be far less affected, partly because they
are critical providers of flexibility for many years to come and partly because they are less capital
intensive than coal-fired power plants. A detailed analysis underpins these estimates of stranded
assets in the power sector, based on simulated costs and revenues for each of the 87 fossil
fuelled technologies represented in each region of the IEA’s WEM. Each technology was further
broken down by the year it was completed. For example, for the subcritical coal-fired power
generation capacity that was put into service in 1995 in the United States, market-based
revenues were simulated for each year of its operational life, marrying historic data and
projected market conditions concerning the mix of technologies in operation, fuel and CO, prices.
The amount of capital recovered in each year for that capacity could then be calculated (annual
revenues less operating costs) and tallied over the 30-40 year operational life.

Three-quarters of the total stranded assets in the power sector are related to plants already in
operation today that are retired during the transition before recovering their original investment.
The remaining USD 80 billion of stranded capital in the power sector is associated with plants
that would be built over the projection period, nearly all of which are already under construction.
The level of new power plants that would become stranded is limited by the fact that the 66%
2°C Scenario embodies a well-planned emissions reductions schedule: market players have
certainty of the coming transition and invest accordingly. The apparent risk is that stranded
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assets become larger with more limited visibility about the policy direction, or an unanticipated
switch in policy direction or the intensity of emissions reduction (Box 2.6).

Figure 2.36 e Cumulative stranded assets in the power sector in the 66% 2°C Scenario, 2015-2050
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Key message ¢ Global stranded capital would surpass USD 300 billion by 2050 in the 66% 2°C Scenario,
most of it related to coal-fired power plants.

In the 66% 2°C Scenario, the installed capacity of the global fleet of coal-fired power plants
without CCS would fall from some 1 950 GW today to near-zero by 2050, with the exception of
some combined heat and power plants. This is a considerable departure from the path in the
New Policies Scenario, where unabated coal-fired power plants remain a fixture of power
systems through 2050. However, while the phase out of coal capacity is dramatic, not all
retirements indicate stranded capital. Of the total capacity that is phased out by 2050, some
600 GW — about 40% of the total — would have fully recovered its initial capital investment,
another 450 GW would have recovered more than 80% of its capital and some 200 GW would
have recovered less than 60% (Figure 2.37).

Figure 2.37 e Global coal-fired power plants currently in operation or under construction
in the 66% 2°C Scenario
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Key message e Coal-fired power plants in operation or under construction are either retrofitted with CCS
or phased out by 2050 and two-thirds of retired capacity fail to fully recover the initial capital
investment.

The development and deployment of CCS technologies provides a level of asset protection for
fossil fuelled power plants. Power plants can be designed and built with the option to be
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retrofitted with CCS technologies; for example, providing the necessary space to add carbon
capture equipment at a later date. Retrofitting fossil fuelled power plants helps to extend the
original asset’s operational life as CO, prices rise and emission limits fall. In doing so, CCS
technologies reduce the amount of stranded assets in the power sector and the associated
financial strain on energy companies. Where the operations of coal-fired power plants without
CCS soon become incompatible with the emissions trajectory of the 66% 2°C Scenario, the
continued operation of fossil fuelled power plants equipped with CCS would be fully compatible
through to 2050.

The fossil fuel upstream sector is, besides the power sector, the one that carries the main risk for
stranding assets as a result of climate policy. In our analysis, stranded assets in the upstream
sector refer to production facilities, including coal mines, oil and gas wells and processing plants,
that fail to recover their capital investment as a result of climate policy.*® For oil and gas, the
relationship between the decline in demand in the 66% 2°C Scenario and production declines
from existing fields provides a crucial backdrop to the stranded assets discussion. In the 66% 2°C
Scenario, the maximum annual decline for oil demand in any year would be just over 3.5% per
year, while the maximum decline in gas demand would be less than 2.5% per year. As examined
in WEO-2016, the observed decline rate for conventional oil fields that have passed their peak in
production is around 6% per year, and if all investment were to cease entirely, this decline rate
would accelerate to the natural decline rate, which is closer to 9% per year (IEA, 2016a). The
average global decline rates for gas fields are broadly similar. In order to keep oil and gas
production at the levels required in the 66% 2°C Scenario, these declines would need to be offset
by developing new reserves in known fields, and by discovering and developing new oil and gas
resources (Figure 2.38).

Figure 2.38 ¢ Global oil and gas demand, and observed decline in current oil and gas supply
in the 66% 2°C Scenario
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Key message ¢ The decline in currently producing fields is greater than the anticipated decline in oil and
gas demand in the 66% 2°C Scenario.

In the 66% 2°C Scenario, between 2014 and 2050, around 350 billion barrels of new oil resources
and reserves would need to be developed to ensure a smooth match between supply and
demand. Similarly, around 115 trillion cubic metres (tcm) of new gas resources and reserves
would need to be developed. In the New Policies Scenario, oil and gas demand grows to 2050
and so around 850 billion barrels of new oil resources and reserves need to be developed and
around 180 tcm of gas. The 500 billion barrel and 65 tcm differential between the two scenarios
provides some boundaries for the discussion about stranded assets in the upstream sector. It is

58 The upstream sector encompasses oil and gas extraction as well as coal mining.
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investment in these volumes that runs the most risk of becoming surplus to requirements. In
particular, a portion of the resources that are developed in the New Policies Scenario, but that
are not developed in the 66% 2°C Scenario, have already had money spent on their discovery and
appraisal. The capital already spent proving up these reserves, i.e. the exploration costs, would
not be recovered in the 66% 2°C Scenario and could therefore be considered stranded. Of the
500 billion barrel and 65 tcm differential between the two scenario projections, around
300 billion barrels and 30 tcm consists of proven, but undeveloped, reserves. It is not simple to
assign their value, particularly since the costs were incurred many years ago, but we estimate the
expenditure incurred to be around USD 400 billion for oil and USD 120 billion for gas.

Beyond these exploration costs, there is no reason why other upstream oil and gas assets should
become stranded in the transition, provided the process is one in which a consistent and credible
course towards decarbonisation is pursued. As with the power sector, if the path towards the
66% 2°C Scenario is clear and visible to investors, there would be little reason for oil and gas
companies to develop new resources in the expectation of a much higher trajectory for demand
and prices.

Coal is hit harder than oil or gas in terms of the decline in demand in the 66% 2°C Scenario.
Indeed, the decline in demand would be greater than the natural decline in coal production from
existing mines. A portion of existing coal mining capacity would therefore need to be shut-in
before the mines are fully exhausted — these are at risk of becoming stranded assets. In
guantifying this, it is important to recognise that over the lifetime of a mine, the costs of labour
and the fuel and power required for the mining equipment far outweigh the capital expenditure
necessary. For example, while capital often comprises around 50-75% of the total costs of a new
oil project, it can represent less than 15% of total expenditure for a new greenfield coal mine. In
the 66% 2°C Scenario, around 1400 million tonnes of coal equivalent (Mtce) capacity, one-
quarter of current production, is closed between 2014 and 2050 before the mines are fully
depleted. The value of stranded assets in the upstream coal sector is less than USD 12 billion,
significantly lower than stranded capital in the power and oil and gas sectors. This is because the
majority of mines that are shut have already recovered their invested capital well before they are
closed. Of more concern is the impact that closing this level of mining capacity would have on
direct mining jobs. In the 66% 2°C Scenario around one million direct mining jobs would be lost
due to the premature closure of assets, around 20% of current global coal mining employment.

Besides stranded assets in the upstream sector, with the drop in oil demand in the 66% 2°C
Scenario, there is also a risk that some oil refineries would become stranded assets. However,
while there is over 65 mb/d refinery at risk of closing by 2050 in this scenario (around two-thirds
of total capacity today), this is unlikely to result in any significant stranded investment. Most of
the current refineries that would need to close in the 66% 2°C Scenario in early years are in
developed countries: these were largely built some time ago and have already recuperated the
capital invested into them. Some refining capacity has been built more recently (within the past
ten years), but this is mostly located in the Middle East and Asia. Refineries in these regions
remain robust even in the 66% 2°C Scenario thanks to the availability of cheap feedstock or
relatively resilient demand. In total, the value of stranded investment in the refining sector in the
66% 2°C Scenario would be around USD 20 billion.
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Box 2.6 * Delayed action on climate change and stranded assets

The level of stranded power plant and upstream fossil fuel assets analysed in the 66% 2°C Scenario
hinges on the assumptions that the transition starts immediately at the pace and level needed; that
all market participants act rationally; and that the policy and market signals related to the low-carbon
transition are credible and visible. As investors adjust to lower demand and price levels of the 66%
2°C Scenario, they avoid loss-making investment that could bear the risk of becoming stranded. In
the following, we construct a “disjointed transition case”, in which we examine the possibility that
climate action is delayed until 2025 and an abrupt and unexpected step-change in mitigation policies
occurs in 2025, whatever the reason. The assumption is that to 2025, operators invest expecting that
prices and demand will continue to rise as in the New Policies Scenario. In 2025, a sudden shift in
climate policy is assumed to occur, with policy makers seeking to ensure that cumulative energy
sector CO, emissions between 2015 and 2100 remain as in the 66% 2°C Scenario (790 Gt). Once these
policies are enacted, the pace of the emissions reduction is then faster than in the 66% 2°C scenario
to make up for the lack of effort over the preceding ten years. This is a hugely disruptive case for
energy markets and the abrupt change in 2025 would pose enormous challenges to the industry. For
example, from 2025, oil demand would need to fall by around 4% per year to 2050, one-third greater
than the rate seen over the same period in the 66% 2°C Scenario. Gas demand would need to decline
50% faster than in the 66% 2°C Scenario, while the pace of decline for coal would be over twice as
fast. For a transition to materialise at such a pace, massive policy intervention would be required,
leading to an unprecedented ramp up of capacity for low-carbon infrastructure.
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The implication for stranded assets would accordingly be substantial; the combined effect across all
sectors would be a rise by a factor of nearly three over the level of the 66% 2°C Scenario. In the
power sector, stranded assets would be some USD 80 billion higher to 2050, 25% beyond the level in
the 66% 2°C Scenario. The assets most at risk of becoming stranded in the 66% 2°C Scenario would be
those currently in operation that were affected by the immediate impact of price reductions from
2015. In the disjointed case, the ten-year period between 2015 and 2025 where prices and demand
follow the New Policies Scenario, provides an extended opportunity for these assets to recuperate
their capital investment. Over the 2015 to 2025 period, however, some countries would continue to
invest in new unabated coal-fired power plants. While these plants can operate normally to 2025,
their operations would plunge thereafter, stranding the majority of their invested capital. On balance
this latter effect leads to an increase in the overall level of stranded assets in the power sector.

The increase in upstream oil and gas stranded assets in the disjointed case is much larger, given the
required pace of decline of demand. While a significant part of the sudden reduction in demand that
occurs in 2025 would again be absorbed by declining output from existing fields, two types of
stranded assets would still arise (in addition to the stranded exploration capital discussed above).
First, as was the case with the power sector, projects developed between 2015 and 2025 that were
expecting prices to follow the New Policies Scenario outlook could fail to recover their invested
capital. Larger scale and higher cost assets reliant on high and rising oil and gas prices over a
prolonged period after 2025 would be most at risk. In addition, part of the prolonged reduction in
demand would be absorbed by shutting in fields that have already been developed. The stranded
exploration capital would largely be similar to the 66% 2°C Scenario, but total stranded oil investment
would be above USD 1 trillion and there would be over USD 300 billion stranded natural gas assets.

Coal assets would again be less affected; indeed the level of stranded assets in the disjointed case is
actually lower than in the 66% 2°C Scenario. This is because many of the mines that get stranded in
the 66% 2°C Scenario result from investments made between 2008 and 2012, a period when the
outlook for the coal market and coal prices appeared to be much more promising than it does today.
Many of these mines have relatively high breakeven costs and so the capital at risk is higher than for
mines we would assume to come online in the future. A price path following the New Policies
Scenario to 2025 covers most of the critical timeframe for these high-cost mines to recoup the capital
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invested into them. The disjointed case therefore leads to stranded coal assets of around
USD 7 billion, most of which stems from projects that were recently commissioned or are scheduled
to come online over the medium term.

Taken together, it is evident that a disjointed energy sector transition would significantly increase the
value of cumulative stranded assets, demonstrating the importance of early action on emission
reductions to avoid unnecessary losses (Figure 2.39).

Figure 2.39 e Cumulative stranded assets in the 66% 2°C Scenario and the disjointed 66% 2°C transition
case
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Key message ¢ A disjointed energy sector transition would increase stranded assets by a factor of three,
relative to the 66% 2°C Scenario.

Implications for energy security and import bills

The energy security implications of the 66% 2°C Scenario vary by fuel. Security of electricity
supply, an issue that often takes a back seat in energy security discussions, becomes a key energy
security concern, as electricity becomes the most used energy carrier thoughout the economy
and as most of this electricity is produced by variable renewables. This raises the oft-discussed
issue of ensuring adequate system reliability by enhancing flexibility in the power system with a
combination of improved networks, energy storage, demand-side response measures and flexible
power plants (discussed in the power section above and in detail in the World Energy Outlook
2016).% In the 66% 2°C Scenario, the rising share of variable renewables is accommodated
through the effective management of the demand for electricity supply and a rising amount of
energy storage at utility or decentralised level, in order to guarantee system reliability. But to
facilitate the necessary investments, and to ensure the reliability of power supply at all times,
wider reforms to the design and operation of electricity markets will often be necessary.
Electrification and the advent of a “smarter”, more responsive energy system will also require
constant vigilance from policy makers on issues of cybersecurity.

Energy security deliberations span well beyond the power sector, as, for many countries, it
relates to their reliance on imports to satisfy domestic energy demand. Such concerns have two
main dimensions: the actual physical level of imports dependency and the monetary value that is
associated with it. The latter is a particularly important measure, as fossil fuel import bills can be

59 For further details on the integration of variable renewables in the power sector, see World Energy Outlook 2016 (IEA,
2016a).
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a major economic concern. Although the 66% 2°C Scenario is not designed specifically to this end,
its aggressive pursuit of a path to facilitate achievement of climate goals helps to achieve the
desirable co-benefit of improving the balance of payments of net importers. Within the G20
group, the net-importing countries stand to benefit from reduced import bills, with the value of
oil imports falling by over USD 1 600 billion, gas-imports by around USD 300 billion and coal
imports by around USD 50 billion (Figure 2.40).

Figure 2.40 e Net savings in imports bills for fossil fuel importing G20 countries in the 66% 2°C Scenario
relative to the New Policies Scenario, 2050
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Key message e Fossil fuel import bills would fall in the importing countries of the G20 group
in the 66% 2°C Scenario.

Naturally, the other side of this equation is that revenues for fossil fuel producers and exporters
are reduced relative to the New Policies Scenario. In the 66% 2°C Scenario, these revenues
remains very substantial: net export revenues of fossil fuel exporters in the G20 group amount to
a cumulative USD 17.7 trillion for oil and gas over the years to 2050, compared with a cumulative
USD 13.4 trillion for the previous 35 years. Revenues at this scale would provide the opportunity
for exporters to reduce vulnerabilities by taking steps to limit their dependence on fossil fuel
revenue, as Saudi Arabia is doing with its sweeping Vision 2030 reform programme. It is,
nevertheless, clear that in the world of a 66% 2°C Scenario, the export market for fossil fuel
producers is much smaller than one based on the projections of the New Policies Scenario.
Without additional compensating measures, such as through structural reforms, this is likely to
result in economic pressure for the countries concerned.®

Implications for household energy expenditure

The investment required to reduce emissions in the industry, transport and buildings sectors
would be significantly higher in the 66% 2°C Scenario than in the New Policies Scenario. The
purchase of more efficient appliances, boilers and other equipment, the insulation of buildings or
the purchase of electric cars brings about higher upfront investment needs. The increase of
investment limits the ability of households (which are responsible for a large part of the
investment made) and firms to invest in other activities. Given that household consumption, in
general, is a particularly important driver of economic growth, this is a major policy
consideration.

Yet, there is another side to the story. For households, the share of disposable income that is
allocated to energy expenditures varies by country, depending, for example, on the level of

60 For more analysis of structural policy reforms, see OECD (forthcoming).
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taxation and extent of domestic energy resources. But energy expenditures, in particular for oil-
based transport fuels, can be an important burden on household budgets. Aggressive efficiency
measures as assumed in the 66% 2°C Scenario offers some important relief. With the deployment
of more efficient technologies, as well as low-carbon technologies (such as renewables-based
heat or electric cars), energy expenditures for fuel use are generally much lower. In the 66% 2°C
Scenario, on a global average, household energy expenditure for fuel consumption drops below
the level of the New Policies Scenario during the 2020s, and below today’s level during the 2040s,
freeing up additional resources (Figure 2.41). However, upfront additional investments would
remain still well above the New Policies Scenario, which would require the development of
appropriate financing models.

Figure 2.41 e Global average household energy-related fuel expenditures in the New Policies and the
66% 2°C Scenarios
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Key message ¢ After 2030, average household energy expenditures in the 66% 2°C Scenario
would be lower than today.

Implications for air pollution

The energy sector is the largest emitter of air pollution, including harmful pollutants such as
sulfur dioxide (SO,), nitrogen oxides (NOy) and fine particulate matter (smaller than
2.5 micrometres) (PM,s), which are responsible for about 6.5 million premature deaths each year
(IEA, 2016¢).%* The pursuit of strategies to reduce GHG emissions from the energy sector can
have important co-benefits for mitigating air pollution. For example, at a global level,
combustion-related SO, emissions mainly relate to the power sector. A power sector strategy to
displace unabated coal-fired power generation with non-emitting fuels (such as renewables and
nuclear power) can therefore reveal important reductions of SO, emissions. In the 66% 2°C
Scenario, this could cut energy-related SO, emissions by almost 60% in 2050, relative to the level
of the New Policies Scenario (Figure 2.42).

Combustion-related NOyx emissions, large parts of which are, at a global level, related to the
transport sector, would also be drastically reduced in the 66% 2°C Scenario. The switch to electric
cars, both for passenger and road freight applications, is a key means for combustion-related NOy
emissions to drop by 55 % in 2050, relative to the level reached in the New Policies Scenario. This

61 Recognising that air pollutant emissions cannot simply be calculated by applying emissions factors to fuels (as emissions are
typically very process dependent), the IEA’s assessment of air pollutant emissions is conducted using a link of its World Energy Model
with the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) model of the International Institute for Applied
Systems Analysis (IIASA). Results for air pollutant emissions in this study are based on Energy and Air Pollution: World Energy Outlook
Special Report, which includes an in-depth discussion of the applied methodology (IEA, 2016c).
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reduction is particularly important in urban areas, where traffic is a major source of air pollution
and, given proximity of human exposure, is a significant cause of premature deaths.

Fine particulate matter (PM,s) is one of the most harmful substances among the various air
pollutants. There are multiple sources: in developing countries, PM, s emissions are often linked
to the traditional use of biomass in inefficient cookstoves; in developed countries, they stem
from industrial facilities and power plants, as well as road traffic. While a decarbonisation
strategy for the energy sector is a key ingredient for their reduction, an entire phase out of PM, 5
emissions would require wider efforts, including energy access policies in developing countries
and strategies to avoid traffic in urban areas. In some cases, the pursuit of climate targets can
create conflicts with air pollution targets if the latter are not being adequately taken into
account. For example, while the use of wood burning stoves for residential heating is a
favourable option for the achievement of climate targets, it can contribute to indoor air pollution
if appropriate standards are not put in place.

Figure 2.42 ¢ SO,, NOy and PM, 5 emissions by scenario, 2015 and 2050
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Key message e Large-scale deployment of low-carbon technologies could mitigate not only CO,
emissions, but also SO,, NOx and PM, ; emissions.

While important, the pursuit of a decarbonisation strategy alone is not sufficient to mitigate air
pollution. The deep pollutant emissions reductions required to minimise adverse impacts on
human health require more stringent pollution control policies to facilitate the uptake of
advanced air pollution control technologies. Their adoption would further reduce emissions
beyond the level reached in the 66% 2°C Scenario.

Implications for energy access

Access to modern energy services — electricity and clean cooking facilities — is a crucial factor in
human development. Every advanced economy has required secure access to modern energy
services to underpin its development and foster prosperity. While many countries are focussing
on energy security and decarbonising their energy mix, many others are still trying to secure
sufficient energy to meet basic human needs. In developing countries, access to affordable and
reliable energy services is a building block to reduce poverty, improve health and increase
productivity, and is a necessary step to promote economic growth. Today, billions of people lack
reliable access to either electricity or clean cooking facilities, or both.

Even among G20 countries, energy access remains a crucial problem: around 300 million people
(6% of the population) have no access to electricity today, many of which are in India and
Indonesia. This is around a quarter of the global population without access. Maintaining access to
electricity for those already with access is also a challenge. For many who currently have access
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to an electricity connection, the supply is not reliable and the steady delivery of electricity in
many countries is a daily challenge. Major strides have been taken: in 2015, the government of
China announced achievement of universal electricity access, culminating the largest national
electrification programme in history. In India, the electrification rate reached 81%, almost
doubling the 43% rate of access in 2000. But, at a global level, the situation is not expected to
improve much further in the next few decades unless more vigorous action is taken, especially
outside the G20 group. In the New Policies Scenario, more than 780 million people are projected
to remain without access to electricity in 2030 globally, of which 66 million are in G20 countries.
By 2040, while G20 countries are almost fully electrified, more than half a billion people still
remain without access at a global level.

In addition to the lack of electricity access, there are around 1.4 billion people in G20 countries
who still rely on the traditional use of biomass for cooking today, or 30% of the population of the
G20 group. This represents around half of the more than 2.7 billion people without modern
cooking access in the world. For cooking, the outlook is worse than for electricity access in our
projections, with nearly 1.9 billion people still without access in 2040 in the New Policies
Scenario. This is largely because in several regions, growth of cooking access solutions does not
keep up with population growth. Such trends are already apparent today. In sub-Saharan Africa,
for example, the rate of access to modern cooking has been decreasing year-on-year in recent
years, and in general, access to electricity is prioritised in national agendas over modern cooking
access.

The projections for energy access in the 66% 2°C Scenario are similar to those of the New Policies
Scenario — while climate policies can have positive co-benefits for energy access, they are not
enough in isolation. Dedicated policies beyond those that decrease GHG emissions will be
needed to achieve improvements in modern energy access. Nevertheless, climate policies can
complement the challenge of meeting energy access targets. The faster deployment of
renewable and distributed technologies as a result of meeting climate objectives is expected to
bring down costs of low-carbon technologies worldwide. This would allow a greater deployment
of decentralised electricity access solutions in rural areas in particular, which currently account
for 83% of the global population without access. Climate policies can also provide co-benefits for
modern cooking access. One example is the displacement of LPG for water heating and cooking
services in urban areas in developing countries through the use of electricity and renewables.
This is a useful measure for reducing GHG emissions in urban areas, but would also help to
restrain the tight LPG supply that can be observed in some rural areas (such as in India), where
the amount of LPG available is insufficient to meet the needs of the poorest segments of the
population. Although there is a risk that climate policies will increase the consumer price of LPG,
targeted additional access policies can help to ensure that LPG remains available and affordable
as a clean cooking option for those without access in rural areas. There may be further synergies
between climate policies and measures to improve modern cooking access. Biomass
consumption in the 66% 2°C Scenario would reach twice the level of today in 2050, which would
increase competition for biomass and available land (see Box 2.1). Although traditional uses of
biomass today are rarely ever in competition with modern uses of biomass, such pressure might
increase in the future with the pursuit of climate goals and could act as a spur to incentivise a
switch from the traditional use of biomass for cooking and a more efficient use of biomass in
general.

Climate policies can be designed to complement energy access objectives. But achieving univeral
access to modern energy by 2030 would generally have a negligable impact on global energy
demand and GHG emissions. The IEA has been providing in-depth analysis related to access to
modern energy services for almost two decades and consistently highlights that even achieving
universal access to electricity and clean cooking by 2030 would add less than 1% to overall energy

Page | 117



Page | 118

Energy Sector Investment to Meet Climate Goals © OECD/IEA 2017

demand and energy-related CO, emissions in that year (IEA, 2013). This means that the additional
contribution to climate change from achieving greater access to energy for the under-served is
negligible. In some cases, it can even be positive. The IEA has estimated that, to replace kerosene
lamps, providing electricity access to the 1.2 billion people (16% of the world’s population) that
still lack access to electricity could save an estimated 35 Mt of CO, per year, in addition to the
multiple benefits that such a switch could provide (IEA, 2015). Another example is the traditional
use of biomass for cooking. There is much uncertainty about the actual level of GHG emissions
from traditional cookstoves using solid biomass, since their efficiency is widely variable. But,
typically, their efficiency is low and the combustion process incomplete. Their displacement is a
key priority for energy access, given their adverse impacts on human health. But this can reap
climate benefits, too, as biomass is a renewable source only if harvested sustainably, while
burning biomass in traditional stoves may actually emit more GHG emissions (i.e. including
methane and nitrous oxides emissions) than even LPG stoves.
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Chapter 3: Global Energy Transition Prospects and
the Role of Renewables

Author: International Renewable Energy Agency

Key messages

The world has entered a period of energy transition. The global imperative to achieve
sustainable growth and limit climate change, combined with a rapid decline in costs and rising
investment into renewable energy, has put in motion a transition of the way that energy is
produced, distributed and consumed. Innovation and the accelerated deployment of low cost
renewable energy, energy efficiency, widespread electrification and the use of information and
communications technologies are essential to accelerating this energy transition.

The importance of reducing energy-related CO, emissions and achieving the goal of limiting
climate change is at the heart of this transition. The carbon-dioxide (CO,) emission intensity of
the global economy needs to be reduced by 85% over the next 35 years in order to limit global
temperature increases to below 2°C degrees compared to 1990 levels. This means reducing
energy CO, emissions by 2.6% per year on average, or 0.6 Gt per year on absolute terms. To be in
line with the aim of the Paris Agreement to reduce energy-related CO, emissions, the global
energy transition (or decarbonisation) must be accelerated over the next 35 years in order to
prevent global temperatures from rising more than 2°C.

Governments have a critical role in accelerating the energy transition. Governments have the
responsibility to enact an enabling policy framework that provides long-term certainty for the
private sector and ensures a positive environment for the energy transition. Market signals must
be put in place that create financial incentives for low-carbon solutions. The governments of the
G20 countries play a key role in this regard given that they account for a large share of global
greenhouse gas emissions.

A holistic approach to the energy transition should be at the heart of the G20 efforts. The
transition is feasible and in line with the Paris Agreement and the UN Sustainable Development
Goal as it encompasses all sectors of the energy system and would ensure an affordable, secure
and sustainable supply of energy. The transition goes beyond the energy sector, and will have
wide-ranging benefits for the economy and for the way societies operate.

Renewable energy and energy efficiency measures can potentially achieve 90% of required
carbon reductions. We have a good understanding today of what the energy transition can look
like from a technical, policy and business perspective. Accelerated deployment of renewable
energy and energy efficiency measures are the key elements of the energy transition. By 2050,
the accelerated deployment of renewables and energy efficiency can achieve around 90% of the
emissions reductions, while the remainder would be achieved by fossil fuel switching and carbon
capture and storage (CCS). In the decarbonisation case presented here, nuclear power stays at
today’s level until 2050, and CCS is exclusively deployed in the industry sector.

In this decarbonisation case, energy demand in 2050 would remain around today’s level due to
intensive energy efficiency improvements. Energy intensity improvements must double to 2.5%
per year by 2030 and continue at that same level until 2050. The share of renewable energy
must meanwhile rise from around 15% of the primary energy supply in 2015 to around 65% in
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2050. Around half of the incremental energy intensity improvements could be attributed to
renewable energy. This includes efficiency gains from renewable energy-based heating, cooling
and transport and electrification coupled with renewable power. We have witnessed accelerated
deployment of solar and wind power on a global scale in recent years, based on technology
innovations and dramatic cost reductions. Electrification of end-use sectors will gather speed, for
example in electric vehicles and heat pumps.

The energy supply mix would change substantially. Fossil fuels will continue to play a role in
the energy transition. Total fossil fuel use in 2050 would be a third of today’s level but the use of
coal would decline the most, while oil demand would be at 45% of today’s level — roughly
equivalent to today’s oil production volume of OPEC. The world will not run out of fossil fuels, but
it will stop using the most challenging resources that have high production costs, such as oil
sands and Arctic oil. While natural gas can be a “bridge” to greater use of renewable energy, its
role will be a short-lived one unless it is coupled with high levels of CCS. There is a risk of path
dependency and future stranded assets if natural gas deployment expands significantly without
long-term emissions reductions goals in mind.

Such an energy transition is affordable — but it will require additional investments in low-
carbon technologies compared to the Reference Case or business-as-usual. Further significant
cost reductions will be major drivers for increased investments across the range of renewables
and enabling technologies, but cumulative additional investment would still need to amount to
USD 29 trillion over the period 2015-2050 to meet decarbonisation targets. This is in addition to
the investments in the Reference Case of USD 116 trillion in the same period. Incremental system
costs would amount to USD 1.8 trillion in 2050. However, reducing human health damages (a
fundamental driver for energy policy in key G20 countries) and CO, emissions from fossil fuels
would save between two- and six-times more than the costs of decarbonisation.

From a macroeconomic perspective, the energy transition can fuel economic growth, create
new employment opportunities and enhance human health and welfare. GDP will be boosted
around 0.8% in 2050 compared to the Reference Case. The cumulative gain through increased
GDP from now till 2050 will amount to USD 19 trillion. Increased economic growth is driven by
the investment stimulus and enhanced through pro-growth policies, in particular the use of
carbon pricing and recycling of proceeds to lower income taxes. Important structural economic
changes will take place. While fossil fuel industries will incur the largest reductions in sectoral
output, those related to capital goods, services and bioenergy will experience the highest
increases. The energy sector (including energy efficiency) will create around six million
additional jobs in 2050 compared to the Reference Case. Job losses in fossil fuels would be
completely offset by new jobs in renewables, with more jobs being created by energy efficiency
activities. The overall GDP improvement will induce further job creation in other economic
sectors.

Improvements in human welfare, including economic, social and environmental aspects, would
generate benefits far beyond those captured by GDP. Around 20% of the decarbonisation
options identified are economically viable without consideration of welfare benefits. Yet
renewables improve welfare in ways that are not captured by GDP. The remaining 80% are
economically viable if benefits such as reduced climate impacts, improved public health (a key
consideration, given the millions of deaths every year due to air pollution), and improved comfort
and performance are considered. However, today’s markets are distorted - fossil fuel
consumption is still subsidised in many countries and the true cost of burning fossil fuels, in the
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absence of a carbon price, is not accounted for. To unlock these benefits, the private sector
needs clear and credible long-term policy frameworks that provide the right market incentives.

Early action is critical in order to limit the planet’s temperature rise to 2°C and to maximise the
benefits of this energy transition, while reducing the risk of stranded assets. Taking action early
is also critical for feasibly maintaining the option of limiting the global temperature rise to 1.5°C.
Delaying decarbonisation of the energy sector would cause the investments to rise and would
strand an additional USD 10 trillion in assets. In addition, delaying action would require the use of
costly technologies to remove carbon from the atmosphere (known as negative emission
technologies, such as bioenergy with CCS) in order to stay below the 2°C target. Also, further
development of solutions will be needed for sectors where no significant or economically
attractive solutions exist today. Early action is needed in deploying renewables, improving energy
efficiency and establishing the enabling infrastructure and supporting technologies.

Sectoral approaches must be coupled with systems wide perspectives to address the main
challenge of reducing the direct use of fossil fuels in end-use sectors. Deep emission cuts in the
power sector are a key opportunity and should be implemented as a priority. The power sector
is currently on track to achieving the necessary emissions reductions, but it must continue
ongoing efforts and focus more on power systems integration as the share of variable renewable
power rises. In addition, electricity accounts only for about one-fifth of final energy use today.
The share of electricity in total final energy consumption needs to increase to 30% by 2050. This
means that a broader coupling between the power sector and end-use sectors such as transport,
buildings and industry is required. In transport, the number of electric vehicles needs to grow and
new solutions will need to be developed for long-range haul trucks, airplanes and shipping. It is
critical that new buildings are of the highest efficiency and that existing ones are retrofitted and
refurbished at an accelerating rate. Buildings and city designs should facilitate renewable energy
integration. There is an important role for governments to facilitate enabling infrastructure such
as recharging stations, smart grids and sustainable biomass supply chains.

Carbon emissions from energy use need to fall to zero by 2060 and stay at this level thereafter
to achieve targets by the end of the century. In order to limit the global temperature increase to
below 2°C with a 66% probability of meeting the target, a significant effort also is required to
reduce industrial process and land use emissions to or below zero. Without such progress in non-
energy sectors, the climate goal cannot be reached.

Increased investment in innovation needs to start now to allow sufficient time for developing
the fundamental new solutions that are needed for multiple sectors and processes, many of
which have long investment cycles. Technology transfer will also be part of this transition. For
more than one-third of all current energy applications, economically viable technology solutions
are limited today, mostly in end-use sectors (buildings, industry and transport). Solutions will also
be required to overcome institutional barriers in these sectors, such as addressing carbon leakage
in industry, and developing policies for bunker fuel use for aviation and shipping. Technology
innovation efforts will need to be complemented by new market designs, new policies and by
new financing and business models.
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Introduction

This chapter presents the findings from IRENA’s analysis that employs its REmap approach to
analyse which technologies are required for an energy transition or a decarbonisation of the
energy sector in line with the goals of the Paris Agreement and to assess the implications of a 2°C
scenario, with a 66% probability of meeting that target. This work builds on the REmap
technology options analysis for 2030 and expands the outlook to 2050. Moreover, energy
efficiency and renewable energy technology options have been combined for the first time into a
full-scale REmap case up to 2050. In the REmap case, while all types of low-carbon technologies
are assessed in detail for a decarbonisation of the energy sector, the chapter pays particular
attention to the role of renewable energy technologies in realising the transition. This is
complemented by a cost-benefit analysis and an assessment of the REmap energy mix
macroeconomic impacts, using a version of the E3ME econometric model that takes the REmap
findings as the main input.

Box 3.1 e G20 Renewable energy toolkit and REmap

The REmap programme is part of the G20’s toolkit of Voluntary Options for Renewable Energy
Deployment (G20, 2015). In 2016, the G20 countries, under the Chinese presidency, agreed on a
voluntary action plan for renewable energy. It builds on a toolkit with five pillars:

e Analysis of renewable technology costs, cost reduction potentials and best practice
exchanges.

e Best practice exchanges on enabling policy framework design and power system integration
of high shares of variable renewables.

e Development of a renewable energy specific risk mitigation facility.

e Assessment of country renewable energy technology potentials and development of
roadmaps.

e Acceleration of modern bioenergy deployment.

The G20 accounts for 75% of the renewable energy potential worldwide (IRENA 2016a). This is
the first time this important body has started an action agenda on renewable energy. Earlier
REmap analysis for G20 has shown that use of renewable energy in the global energy mix can
double by 2030, compared to the 2015 level (IRENA, 2016a). The results show that in each of the
G20 countries, significant renewable energy opportunities remain beyond today’s policy plans,
and that the benefits exceed the cost. These options can double the global renewable energy
share by 2030, a growth rate of more than one percentage point per year. (This does require
using “modern” renewable energy sources, replacing any traditional uses of bioenergy, such as
for cooking and water heating, that are inefficient or unsustainable.) The potential to accelerate
renewable energy deployment varies by country. Some countries may get less than a 10% share
of energy from renewable sources in 2030, while others can achieve more than a 90% share. The
starting points vary, the state of the policy frameworks vary and the resource endowment and
fuel pricing varies. But all countries can accelerate their renewable energy deployment
significantly.
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Definitions of the Reference Case and REmap

The analysis is based on a sector and technology bottom-up analysis for individual countries,
whose output is fed into a global macro-econometric model that assesses the macroeconomic
impacts of REmap compared to the Reference Case.

The analysis starts with the Reference Case, which is the most likely case based on current and
planned policies and expected market developments for each country’s energy sector. IRENA has
collected data from the G20 countries about their national energy plans and goals for the period
2015 to 2050.

This Reference Case reflects the Nationally Determined Contribution (NDC) if it is already an
integral part of the country’s energy plan (which is the case for around 60% of the total global
primary energy supply).®® If there were any data gaps, such as missing years, in preparation of the
Reference Case, they have been bridged using credible third-party scenarios (e.g. IEA). Important
renewable energy deployments and energy efficiency improvements are already included in the
Reference Case since each country has a goal to increase its current renewable energy capacity
and improve the energy efficiency of its energy system.

The analysis then examines a low-carbon technology pathway that goes beyond the Reference
Case for an energy transition. This is called the REmap case. Technologies covered under REmap
include:

o Renewable energy technologies®® for energy and as feedstock for production of
chemicals and polymers (referred to as “RE” in the rest of this chapter).

e Energy efficiency measures (“EE”) and widespread electrification that also improves
efficiency® (“ELEC”).

e Carbon capture and storage for industry (“CCS”).
e Material efficiency technologies such as recycling (“OTHERS”).

REmap explores the energy transition to decarbonise the energy system in line with the goal in
the Paris Agreement of limiting global temperature rise to less than 2°C above pre-industrial
levels with a 66% probability. Energy CO, emissions need to fall from 33 gigatonnes (Gt) in 2015
to below 10 Gt per year in 2050, then drop to zero by 2060 and stay at that level (emissions must
drop below zero to limit the increase to 1.5°C). The 2°C target requires energy-related CO,
emissions to drop to 20-22 Gt per year by 2030. Such a reduction translates to a decrease in the
average CO, emissions per unit of gross domestic product (GDP) (or the carbon intensity of the
global energy supply)® by more than 85% between 2015 and 2050 (IRENA, 2016c).

The analysis of the technology potential has been carried out at the sub-sector level for the world
as a whole. For example, the analysis looked at iron-making processes in the steel industry.®®
Thirteen sector-specific background summaries as part of an innovation agenda have been
prepared by IRENA (IRENA, 2017a).%” The analysis also estimated the potential for additional

62 This chapter employs the physical energy content method to convert from final to primary energy.

63 All forms of renewable energy have been included, namely bioenergy, geothermal, hydropower, ocean, solar and wind
energy.

64 Electrification is covered under energy efficiency as electricity-based technologies are generally much more efficient than
those that rely on the combustion of fuels to deliver the same energy service.

65 In this study, carbon emission intensity is expressed in tonnes of CO, per USD GDP measured in purchasing power parity
(PPP).

66 A detailed overview of the bottom-up methodology can be found online (IRENA, 2017b).

67 Industry: steel (referred to as “STEEL” in this chapter), cement (“CEM”), chemical and petrochemical (“CHEM”), aluminium
(“ALUM”) and pulp and paper (“PAPER”). Buildings: space heating (“SH”), water heating (“WH”), space cooling (“SC”) and
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renewable energy and energy efficiency in each G20 country beyond the Reference Case. Country
results have been aggregated to assess the developments for the G20 as a whole, and they also
have been scaled up to the world level based on global coverage factors by energy carrier and
sector.

The energy demand of each end-use sector has been disaggregated to the main energy-
consuming applications. Physical level activity (e.g. tonnes of steel production) has been
combined with technology options. Each technology option has been characterised by its energy
mix and cost. The growth rates of the various physical level activities were estimated for the
period between 2015 and 2050. Estimates of the energy consumption for these activities under
the Reference Case were also included. For REmap, the potential of increasing the use of low-
carbon technologies for each application was estimated based on market growth rates, resource
availability and other constraints.®® Key energy and materials system interactions were taken into
account.®

The assessment pays special attention to renewable energy-enabling technologies and sector-
coupling solutions, such as electric vehicles, district heating and cooling, heat pumps and
interconnectors that allow electricity to flow between networks.

The CO, emissions in both the Reference Case and REmap have been estimated by country and
by sector. The system boundaries of the emission accounting have been provided later in the
chapter where relevant. This allows the assessment of the changes in each sector’s CO, emissions
between 2015 and 2050 with the introduction of low-carbon technologies.

Five economic and human welfare indicators have been deployed to characterise the impacts of
REmap. These include:

e The investment needed to achieve the REmap technology pathways.

e Macroeconomic impacts of those investments in renewable energy and energy
efficiency. Those include impacts on GDP and employment, along with structural effects.

e Additional proxies of welfare, since GDP is a limited measure of human welfare. GDP
does not capture important components, such as improved health because of reduced air
pollution’®and climate impacts avoided.

e The additional energy supply cost (i.e. system cost).

e An estimation of stranded assets, including both energy assets (in electricity generation
and the upstream fossil fuel supply sector) and assets in the end-use sectors of buildings
and industry.

cooking (“COOK”). Transport: passenger cars (“CAR”), other road passenger (“ROAD_OTH”), other passenger transport
(“PASS_OTH”) and freight (“FRE”). Power (“POWER”) and district heating and cooling (“DHC”).

68 See (IRENA, 2017a) for details of this assessment.

69 For example, a switch to new iron-making processes reduces availability of blast furnace slag as a clinker substitute. Also
biomass scarcity has been accounted for across all possible applications.

70 A detailed description of IRENA REmap costs and externality methodology can be found online (IRENA, 2016d; IRENA,
2014a).
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Box 3.2 e Definition of the economic and human welfare indicators used

e Additional investment needs (in USD trillion): These needs are the sum of the differences
between investment needs based on the technology mix in REmap and the Reference Case in
2015-50. Investment needs in 2015-50 are estimated by summing the investment in each year
in that period. Investment in a given year is estimated as the product of the capital
investment cost and the deployment of the technology in that year. These include
investments for both energy generation capacity (e.g. power plants, heating equipment, etc.)
and for infrastructure (e.g. transmission and distribution lines, energy storage, recharging
infrastructure for electric vehicles, and hydrogen and CO, pipelines). Investment needs for a
Delayed Policy Action scenario have not been estimated as that scenario is not considered as
an option in this assessment. Investments related to delayed policy action could be
significantly higher than the investment needs for the Reference Case or REmap given the
effort that would be required to remain within the same carbon emission budget to realise
the decarbonisation of the energy system.

e Macroeconomic impacts of those investments in renewable energy and energy efficiency:
These impacts are measured in terms of GDP (total net output71 produced by all economic
sectors in a country in a given year), employment (in the renewable energy sector, in the
overall energy sector and in the economy as a whole) and structural effects (i.e. differences in
the contribution of different economic sectors to GDP).

e Changes in human welfare in economic, social and environmental terms: There is a broad
literature on human welfare and sustainable development indicators, with significant work
having been undertaken by institutions such as The World Bank, the Organisation of
Economic Co-operation and Development (OECD) and the European Commission. This
analysis does not intend to be as comprehensive, focusing only on two proxies to welfare: the
reduced externalities from impacts of fossil fuel use on human health and from impacts of
climate change (in USD trillion per year). They are calculated as the sum of the differences
between the external costs from generation of energy-related to air pollutants and CO,
emissions based on the energy mix in REmap and the Reference Case in 2050. No aggregation
into a single welfare indicator has been done.

e Incremental system costs (expressed in USD trillion per year): These are the sum of the
differences between the total capital and operating expenditures of all energy technologies
based on their deployment in REmap and the Reference Case in 2050.

e Stranded assets (in USD trillion): The calculated stranded assets are the remaining book
value” of assets substituted for before the end of their anticipated economic lifetimes and
without recovery of any remaining value because of the need for a deep decarbonisation of
the energy system in the 2015-2050 period.73

Table 3.1 shows the key assumptions used in this assessment for both the Reference Case and
REmap. All assumptions have been set exogenously to the analysis.

No differentiation has been made in energy prices between the Reference Case and REmap. The
energy prices provided in Table 3.1 are an average of both cases. Depending on region and
demand/supply balance, prices would differ. For the macroeconomic analysis, lower future

71 Value of output minus the value of required inputs.
72 Book value is defined here as the cost of an asset, minus accumulated depreciation.
73 A detailed background paper of IRENA's stranded assets assessment can be found online (IRENA, 2017c).
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energy prices are assumed in the REmap case, since they represent relevant expenditures and
incomes for different economic agents. The prices used are in line with the New Policies Scenario
and the 450 Scenario of the World Energy Outlook 2016 (IEA, 2016).

Moreover, no carbon price has been assumed in this analysis. The approach taken to estimate
the incremental system costs, and subsequently the cost of abatement of low-carbon technology
options (in USD per tonne of CO,), follows a government perspective where energy prices
exclude all energy taxes and subsidies, and a standard 10% discount rate is applied. This shows
the cost of the transition as governments would calculate it. For the macroeconomic analysis, on
the contrary, a carbon price is used since it affects the energy costs that companies and
households face, and the tax revenue that governments collect. The carbon prices assumed for
the Reference and REmap cases are, respectively, based on the New Policies Scenario and the
450-Scenario of the World Energy Outlook 2016, differentiated by country and sector (IEA, 2016).

Since for some indicators (e.g. energy prices) there are differences between what were assumed
in Chapters 2 and 3 of this study, a sensitivity analysis on the REmap analysis was carried out that
uses similar assumptions to quantify the changes in the results. For instance, by making use of
higher energy price assumptions, the sensitivity analysis also allows the assessment of the impact
of introducing a carbon price to the energy system. The sensitivity analyses are presented at the
end of this chapter.

Table 3.1 e Key assumptions

Unit 2015 2050
Population millions 7 350 9700
GDP %/yr in 2015-2050 2.8
Average energy prices
Coal usb/dJ 2.5 3
Crude oil USD/barrel 50 80
Natural gas USD/MBtu 7 11
Biomass feedstock usb/aJ - 8
Discount rates % - 10

Note: All economic data refer to real 2015 USD. GJ=gigajoules, MBtu= million British thermal units.

The aim of REmap is to communicate results to a diverse audience. This includes policy makers to
technology developers, academia and the general public. Therefore, REmap employs a unique
methodology to assess the potential of low-carbon technologies. The identification of the
additional low-carbon technology potential is the most important step of the process. For this
purpose, a spreadsheet-based simple accounting framework was developed. The aim is not to
apply complex models or sophisticated tools to assess the potential, but to facilitate an open
framework with countries to aggregate the national energy plans, and subsequently identify
technology options. Deployment of technology options has been chosen independently. The
choice of a technology analysis approach instead of a scenarios approach is also deliberate.
IRENA’s REmap is an exploratory study, and is not meant as a target-setting exercise. Instead,
countries can make informed choices as to how to use the identified options. REmap was
designed from the start to be practical and to co-operate directly with countries in order to
analyse and discuss their specific cases in detail. Such an approach also creates an opportunity to
discuss implementation of the options identified with the countries, and to improve the existing
analysis continuously over the years. Thus, REmap is an evolving exercise.

Given its nature, the REmap approach also has a number of limitations. For instance, REmap uses
a single time step for the years of 2030 and 2050. The time period between 2015 and 2030/50 is
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not assessed in detail. For example, the analysis does not take into account interactions,
developments and dynamics across technologies or feedbacks in energy prices due to demand
and supply changes (e.g. rebound effects). Moreover, inter-temporal dynamics and inertia that
determine deployment, system constraints, path dependencies, and competition for resources,
etc. also are not explicitly taken into account (Saygin et al., 2015).

An earlier study has compared the findings of REmap with the results of the IEA-ETSAP models at
both national and global levels. The premise of this comparative analysis was that the sequence
of technology options in REmap’s cost-supply curves should be similar to the technology options
selected by the ETSAP models as they increase the required share of renewables in their energy
system. The comparison suggests that for a number of countries and regions, the results are
directly comparable to the REmap country results (Kempener et al., 2015).

For the macroeconomic analysis, the REmap energy mixes are taken as an exogenous, fixed input.
The energy mixes are fed into a fully-fledged post-Keynesian global macro-econometric model
(EBME) that takes into account the linkages between the energy system and the world’s
economies within a single and consistent quantitative framework.”

Energy transition to 2050: a key role for renewable energy

Energy CO, emissions fall by more than 60% by 2050 while GDP triples

Policy makers are looking for effective approaches to achieve decarbonisation. Renewable energy
is a key solution. Reducing CO, emission levels by increasing the deployment of renewable energy
is already affordable and would result in significant economic benefits. Many NDCs already
anticipate deploying more renewables in order to reduce greenhouse gas (GHG) emissions. Those
efforts need to be accelerated to reduce emissions quickly enough to limit global temperature
increases.

Earlier analysis has indicated that renewable energy technologies, in combination with greater
energy efficiency gains, can achieve most of the required emissions reductions by 2030 and 2050
(IRENA, 2016c). Some fossil fuel switching, CCS in industry and nuclear could close any remaining
gap.

The Reference Case represents developments in energy-related CO, emissions based on policies
in place and considers the latest energy policy of each G20 country as indicated in its national
energy plan. For countries outside of the G20, the results have been scaled to the global level
based on the findings from the G20 countries. In the Reference Case, GDP at purchasing power
parity triples and primary energy demand grows by 50% between 2015 and 2050. Emissions will
continue to grow, reaching 45.1 Gt by 2050 (+29%) (CO, emissions from fossil fuel combustion
only grow to 40.2 Gt per year).

It should be noted that the energy plans for 40% of the world’s total primary energy supply were
not consistent with the corresponding NDCs. If all energy plans matched the NDCs, CO, emissions
in the Reference Case would be about 3 Gt per year lower in 2030. Fully implementing the NDCs,
therefore, is a welcome first step. However, they alone are not enough. If implemented in full,
they will reduce emissions by 20% by 2030, far less than the 50% decline that is needed. Revising
the NDCs in 2020 to make them more ambitious is a critical step, therefore, even more ambitious
plans are needed for 2030 and beyond. Given the urgent need to reduce emissions and the long
lead times for deploying low-carbon technologies, early action should be a key part of these
plans.

74 See Annex B for details on the methodology.
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Energy efficiency measures and renewable energy will deliver the lion’s share of the emissions
reductions needed to decarbonise the global energy system. Energy and materials efficiency
improvements can reduce emissions by about 4 Gt by 2030, about 30% of the emissions
reductions needed. Electrification cuts another 1.5 Gt, or 10% of what is needed. Renewable
energy options that were identified based on the bottom-up analysis of the G20 countries can
reduce emissions by another 10 Gt. As a result of these measures, 2030 emissions would fall to
25.5 Gt in 2030 (with the remaining fossil fuel combustion emitting about 22 Gt of CO, emissions
per year).

This level is sufficient to put the world on a 2°C pathway in 2030. But to keep the world on this
pathway, efforts need to be strengthened further between 2030 and 2050. This would require
energy-related CO, emissions to drop to below 10 Gt by 2050, which would be 70% lower than
2015 levels and 31 Gt less than in the Reference Case. About half of these reductions would come
from renewable energy technologies. Energy efficiency improvements and electrification would
account for the bulk of the other half. The remaining 10% of reductions would come from
additional measures in industry, notably CCS, material efficiency improvements and structural
changes.

Figure 3.1 e Primary CO, emission reduction potential by technology in the Reference Case and REmap,
2015-2050
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Notes: CO, emissions include energy-related emissions (fossil fuel, waste, gas flaring) and process emissions from industry. If only
fossil fuel emissions were displayed in this figure, CO, emissions would start from 33 Gt in 2015 and would reach 40.5 Gt and 9.5 Gt
per year in 2050 in the Reference Case and REmap, respectively.

Key message ¢ Renewables would account for half of total emissions reductions in 2050, with another
45% coming from increased energy efficiency and electrification.

G20 has a key role to play in the energy transition

Meeting the goals of the Paris Agreement requires the world to speed up decarbonisation of the
enrgy sector. The UN Sustainable Development Goals (SDG) also call for an accelerated
deployment of renewable energy. This means scaling up the deployment of mature renewable
technologies such as solar photovoltaic (PV) and onshore wind. It also requires an accelerated
rollout of emerging technologies.
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This energy transition will not happen by itself. There is a critical role for governments to create
an enabling policy frameworks that provide long-term assurance for the private sector and
ensures a conducive environment for the energy transition. Market signals must be put in place
that create monetary incentives for low-carbon solutions. The G20 will be responsible for making
80% of the global energy-related CO, emissions reductions needed to reach the 2050 goals
(Figure 3.2). That requires a holistic approach at the heart of the G20 efforts.

Figure 3.2 ¢ CO, emission reductions in the G20 and non-G20 groups, 2015-2050
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per year in 2050 in the Reference Case and REmap, respectively.

Key message e CO, emissions will increase to 45.1 Gt by 2050 in the Reference Case but need to be
reduced by more than 30 Gt. To reach the 2°C target, the vast majority of the needed emissions
reductions must be made in G20 countries.

Emissions from all sectors must be cut, with the greatest reductions coming
from power generation and buildings

Achieving a global energy transition that limits global temperature change to less than 2°C is
technically feasible. We also understand what this energy transition would look like from a
technical, policy and business perspective. It would be achieved largely by the accelerated
deployment of renewable energy and energy efficiency measures (Figure 3.1)

The largest CO,-emitting sectors are electricity generation and industry. They are responsible for
about 65% of all energy-related CO, emissions today. The remaining 35% comes from transport,
buildings and district heating. Buildings have a low share, but this increases if indirect emissions
related to electricity use are included. The sector breakdown of CO, emissions stays roughly
constant between 2015 and 2050 under the Reference Case (Figure 3.3).

Under REmap, electricity generation sector emissions would fall to around 2 Gt per year by 2050,
a decrease of 85% compared to the 2015 level. This is achieved by an aggressive deployment of
renewable energy technologies, especially solar and wind. These renewable technologies would
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generate more than 80% of all electricity by 2050. Natural gas and nuclear would generate the
remaining 20%. The decrease in power sector emissions is also an outcome of the demand-side
measures in industry and buildings to reduce electricity use for heating and cooling.

In the REmap case, emissions in the building sector would decrease by about 70% by 2050.
Transport and industry are the two most challenging sectors. Transport’s emissions would be
halved, while industry would become the largest remaining emitter.

Figure 3.3 e CO, emissions by sector in REmap relative to the Reference Case, 2015-2050

Reductions in 2050

Total direct compared to
CO, emissions Reference Case
(Gt CO,/yn) (Gt CO,/yr)
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Notes: CO, emissions include energy-related emissions (fossil fuel, waste, gas flaring) and process emissions from industry. If only
fossil fuel emissions were displayed in this figure, CO, emissions would start from 33 Gt in 2015 and would reach 40.5 Gt and 9.5 Gt
per year in 2050in the Reference Case and REmap, respectively.

Key message ¢ By 2050, total energy-related CO, emissions will need to decrease to below 10 Gt. CO,
emissions from the power and buildings sectors will be almost eliminated. Industry and transport would
be the main sources of emissions in 2050.

The breakdown of CO, emission reductions in the Reference Case and in REmap in 2050 are
illustrated in Figure 3.4. To put this figure in perspective, it is necessary to understand the
magnitude of emissions in each sector and the opportunities to reduce them. Developments in
each sector are discussed in the following sections.
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Figure 3.4  CO, emissions reductions in REmap compared to Reference Case by technology, 2050

Total direct CO, emissions (Gt/yr)

Emission abatement potential 2015 Re{?;?;"e REmap Abatement
Total 36.3 451 13.4 70%
District heating and cooling 1.2 1.4 0.4 70%
Power generation 2.7 14.4 22 85%
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Water heating 06 05 0.2 66%
Space heating 17 18 01 92%
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Notes: CO, emissions include energy-related emissions (fossil fuel, waste, gas flaring) and process emissions from industry. If only
fossil fuel emissions were displayed in this figure, CO, emissions would start from 33 Gt in 2015 and would reach 40.5 Gt and 9.5 Gt
per year in 2050 in the Reference Case and REmap, respectively.

Key message ¢ While CCS and other low-carbon technologies will play the main role in industry,
renewables and efficiency will be the most important for heating and cooling in buildings. The transport
sector requires a mix of renewables and electrification.

Electricity generation

Electricity generation is the sector with the largest CO, emissions. Worldwide, generation is
projected to increase to about 32 000 terawatt-hours (TWh) by 2030 and to around 43 000 TWh
per year by 2050. Total electricity generation capacity would reach more than 12 000 gigawatts
(GW) by 2050.

In the REmap case, total electricity generation remains just below the level in the Reference Case.
That is because improved energy efficiency and demand-side measures would offset any
increases in demand from increased electrification.

In the REmap case, renewable energy technologies would generate an increasing share of that
electricity. The renewable share would rise from 23% of total electricity generation in 2015 to
59% by 2030 and 82% by 2050. That compares to a 31% share by 2030 in the Reference Case.
This assessment is largely based on the country level scenario work carried out by the German
Aerospace Centre (DLR) for the fifth energy revolution series (DLR-GPI, 2015).

Renewable sources like wind and solar that substitute for fossil fuels in electricity generation will
achieve about a quarter of the more than 31 Gt CO, emissions reductions required in 2050
compared to the Reference Case. Additional emissions reductions will come from demand-side
measures, such as energy efficiency improvements in appliances used in buildings, or using more
efficient industrial motors and implementing better industrial energy management systems.
Those reductions are included in the analysis for each end-use sector. If they were also
accounted for under electricity generation, the sector would represent one-third of all the CO,
emissions reductions needed in 2050. As a result of higher shares of renewable energy and more
efficiency in end-use applications, overall CO, emissions from power generation would decline to
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2 Gt per year by 2050 compared to 13 Gt in 2015. In this assessment, the deployment of CCS in
the power sector has been excluded. This choice was made because of the additional costs CCS
adds to electricity generation. With low energy prices, power plants combined with CCS may
continue to be perceived as high-risk and not economically viable.

Industry

Industry is the second-largest CO, emitting sector, representing a third of all emissions
worldwide. The industry sector as a whole accounts for the largest share 35% of the emission
reductions in the REmap analysis. Within the sector, chemical, petrochemical and steel are
among the largest energy consumers. However, less energy-intensive sectors, such as food and
textile (covered under “other industry”) will also have important roles in reducing industrial CO,
emissions. Cement’s share is large because of the process emissions that can be reduced by
ccs.”

Cement production is the largest individual CO,-emitting industry. Making cement requires the
decomposition of limestone in a process called calcination, which produces large amounts of CO,.
As a result, the industry is responsible for 8% of all global CO, emissions. This is one of the few
industries where CCS could play a role. In REmap, 35% of all emissions reductions in the entire
industry sector come from using CCS in the cement industry. More emissions reductions — 20% of
the total from the sector — would come from new cement types and substitutes for clinker.

The iron and steel industry is currently a large coal user and emits about half as much CO, as the
cement industry. Since the 18th century, coal and coke have been used as chemical reducing
agents in blast furnaces to make iron. That process could be replaced by hydrogen-based direct
reduced iron or even electrolysis processes similar to the technologies being employed in
aluminium making. In REmap, emissions from the industry would decline by 90% to 0.6 Gt in
2050, compared to the Reference Case. One-third of this reduction would be achieved with CCS,
25% would come from renewables (largely biomass) and 40% from energy and material efficiency
measures.

Chemical and petrochemical industry emissions are similar in size to those from the iron and steel
industry. The industry’s total direct CO, emissions from production could be cut by 1.8 Gt of CO,,
from 3 Gt to 1.3 Gt, by 2050.7° About 1.1 Gt of these reductions could come from material
efficiency improvements and the remainder, or 0.7 Gt, from energy efficiency measures,
renewable energy and CCS.

A unique feature of the chemical and petrochemical sub-sector is that most of the carbon is
stored in chemicals and other products and, is released during waste incineration. These
emissions do not fall within the modelling boundaries of the chemical and petrochemical industry
as they are released in the waste sector. However, if one views these emissions together, more
reductions could come from replacing oil and natural gas feedstocks with biomass feedstocks or
recycled plastic. Biomass is already used in commercial facilities in Brazil to produce
polyethylene-terephtalate (PET) bottles, for example. Avoiding carbon from fossil fuels in plastics
and chemicals could cut waste management related emissions by an additional 1.8 Gt in this sub-
sector. But bioplastics and recycled plastics are currently more expensive than conventional
products. Clear economic incentives are therefore needed to reduce emissions from post-
consumer incineration of packaging and other types of waste.

75 Process emissions are not energy-related CO, emissions. These emissions are by-products of chemical reactions that take
place in the production of materials. In this chapter, their assessment for certain industries was included as they represent a
high share of that industry’s total emissions (e.g. cement).

76 These emissions cover those that only come from the production of high value chemicals (ethylene, propylene, butadiene,
aromatics), ammonia and methanol.
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CCS is a key technology under REmap for the industry sector. However, its prospect is uncertain
and realising its potential will depend on location, geology, water resources and other factors.
The difficulties of deploying CCS thus pose a major challenge to the successful implementation of
the Paris Agreement. In fact, using CCS in industry is even more challenging than in the power
sector, because industry plants tend to be process specific, smaller and more scattered than
power plants. The CCS process itself may also have to be redesigned for the industry sector. It
also reduces plant efficiency, and results in residual emissions because the capture process also
requires heat and electricity. These challenges will need to be quickly overcome if the technology
is to play a role in industry.

Buildings

The building sector is growing quickly with today’s 150 billion square metres (m?) of residential
and commercial floor area projected to increase to 270 billion m® by 2050. Most of the growth
will be in urban areas. Today, half of the world’s population lives in cities, a share that will rise
further. Two billion more people will live in cities over the next two decades, which will require
building the equivalent of 2 000 new cities of one million inhabitants. This is an unprecedented
challenge.

Heating and cooling represents 80% of the building sector’s total energy demand. Space heating
alone accounts for the largest share of all thermal energy needed in a building, at about 60% of
the total. The share for cooling is small today but demand for cooling is expected to increase to
more than that of space heating by 2050.

It will be critical that new cities (and in fact, all new buildings in all locations) are built according
to the highest energy efficiency standards to minimise energy demand. Using modern building
shell insulation technology, heating and cooling demand can drop by one order of magnitude
compared to conventional buildings. More attention will need to be paid to retrofit or replace
existing inefficient buildings. In developed countries, accelerated renovation and refurbishment
offers great potential to improve energy efficiency and reduce emissions.

There are also many renewable technology options for buildings. They include bioenergy, solar
PV panels and solar water heaters, geothermal energy and electrification, as well as renewable
energy-based district energy networks. Also, buildings design should facilitate renewable energy
integration, along with approaches like floor heating or integrated building envelop systems that
significantly increase the efficiency of energy use for heating and cooling. The optimal solutions
vary by country and by case.

In buildings, appliances account for one-third of all the potential (to reduce indirect emissions
related to electricity use), followed by space heating. For emissions reductions in heating,
improvements in building shells, such as better insulation, account for 30% of the reduction
potential. Electrification of heating and other functions represents another 20%, and the direct
use of renewables accounts for 50% (including deployment for cooling). More efficient cooling
systems and appliances can also save emissions from electricity generation, but these are not
included in the building sector (because the emission reductions occur in the power sector).

Transport

The transport sector accounted for just above 20% of all energy-related CO, emissions in 2015, of
which passenger cars and freight transport account for 80% and aviation for 10%. The aviation
sector alone contributes about 2-3% of total global CO, emissions and as demand increases,
particularly for long-distance passenger transport, aviation’s emissions are projected to continue
to increase in the coming years.
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In the REmap analysis, the transport sector would contribute about 20% of the total emission
reductions in 2050 compared to the Reference Case. Passenger vehicles have the largest
contribution followed by freight. Passenger car emissions can be cut by improving fuel economy,
switching to electric vehicles (EVs) or replacing oil with liquid or gaseous biofuels or renewables-
based hydrogen. The analysis shows that such steps can cut transport emissions by 3.5 Gt CO,
per year by 2050, which is an 85% reduction compared to the Reference Case.

In the REmap analysis, people travel increasingly by buses and other communal modes within
cities and over long distances as well. They also ride two- and three-wheelers. Although the
number of trips made by non-car forms of transit is 60% higher than the number of trips in
passenger cars, the CO, emissions associated with these activities are lower than for cars,
representing about 20% of the total.

Electrification is a key solution for the two- and three-wheelers as well as for reducing diesel use
in railways. Bus transport can also be partly electrified. Where electrification is not possible, CO,
emissions can be cut by using more biomethane and other advanced biofuels. Under REmap,
biomass is estimated to supply a quarter of all energy for non-car passenger transport (excluding
aviation and shipping), with electricity representing nearly 20% of the demand. As a result, non-
car passenger transport emissions can be reduced by two-thirds.

Total aviation activity is expected to grow by 3% to 5% in the coming decades, higher than for any
other transport mode. Biofuels represent the main alternative to fossil fuels in aviation.

Freight transport — mainly trucks, ships and trains — represents more than 40% of transport’s
total energy demand. The shipping industry is the backbone of global trade and a lifeline for
island communities, transporting about 90% of the tonnage of all traded goods. The freight
sector’s energy demand is expected to increase in line with economic and population growth.

Under REmap, renewable energy can reduce freight transport’s rapidly growing CO, emissions.
For delivery trucks, electric drive is already an economic option. About 0.6 Gt of CO, emissions
can be reduced by using biofuels (liquid and gaseous) in heavy duty trucks and ships and another
1.5 Gt of CO, emissions can be cut by efficiency measures and electrification across all modes of
freight transport. By taking these steps, emissions from freight would decline by two-thirds by
2050.

In addition to these technological changes, the business models in transport will change over
time. This is an outcome of a number of factors, such as changing demographics, lifestyles and
socio-economic status of populations. As a result of these trends, new approaches, such as car
sharing and car-pooling, are gaining popularity. While these trends are excluded from this
assessment, they may have impacts on future transport energy demand, depending on the
extent of their development.

Renewables could feasibly account for two-thirds of the world’s energy
supply in 2050

The total energy demand in 2050 under REmap would be similar to today’s level. But the supply
mix would change substantially, compared to both today and to the Reference Case.

In the Reference Case, the total primary energy supply is estimated to grow by more than 50%
between 2015 and 2050. This is equivalent to average annual growth of about 1.2% per year,
roughly half of the rate seen in the past two decades. Despite this slowdown, the total primary
energy supply would increase to about 835 exajoules (EJ) by 2050 in the Reference Case. Just
under 80% of this total would still be supplied by fossil fuels in 2050, down slightly from today’s
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level of 84%. Under today’s national energy plans, renewable energy would bring little change in
the supply mix over this time frame, since those plans mainly reflect market trends.

Under REmap, the total global primary energy supply in 2050 would reach 635 EJ per year in

2050, only marginally higher than today’s level and 26% less than in the Reference Case. Total
non-renewable energy use would be reduced by 67%. The share of renewable energy in the total

primary energy supply grows to about 65% by 2050 (Figure 3.5). An overview of all renewable Page | 137
energy technologies deployed between 2015 and 2050 is provided in Table 3.3.

Figure 3.5 ¢ Global total primary energy supply in the Reference Case and REmap, 2015-2050
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Notes: Data include the energy supply in electricity generation, district heating/cooling, industry, buildings and transport sectors.
These sectors accounted for 85% of the global total primary energy supply (TPES) in 2015. Non-energy use of fuels for the production
of chemicals and polymers is excluded.

Key message ® Renewable energy would be the largest source of energy supply under REmap in 2050,
representing two-thirds of the energy mix. This requires an increase in the renewables’ share of about
1.2% per year, an eight-fold acceleration compared to recent years.

There is still an important role for fossil fuels in the energy transition. Total fossil fuel use in 2050
would be a third of today’s level. Coal use would decline much faster, while oil demand in 2050
would be at 45% of today’s level. For comparison, this is roughly today’s oil production volume of
OPEC. In the REmap case, the world will stop using the most challenging resources with high
production costs, such as oil sands and Arctic oil. Even the role of natural gas as a “bridge” to
renewables is a short one unless natural gas use is coupled with high levels of CCS. There is a risk
of path dependency and future stranded assets (e.g. pipelines, liquefied natural gas [LNG]
terminals) if natural gas deployment expands significantly without long-term emissions
reductions goals in mind. Because of the need to reduce carbon emissions, most of today’s fossil
fuel reserves would remain unexploited.
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Under REmap, total primary energy supply remains more or less flat between 2015 and 2050.
Global GDP, however, triples over this period. As a result, energy intensity drops from about
5 gigajoules (GJ) per USD to 2.1 GJ per USD between 2015 and 2050.”’ This is equivalent to an
energy intensity improvement rate of around 2.5% per year, representing nearly a doubling
compared to the trends observed between 1990 and 2010. In 2015 the improvement rate was
1.8%, which is still much lower than what is required to reach the 2050 goal.

Figure 3.6 ® Improvements in energy intensity in the Reference Case and REmap, 1990-2050
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Key message ¢ Energy intensity improved at an annual rate of about 1.8% in recent years and is
expected to be maintained in the Reference Case, while it would increase to around 2.5% per year in
REmap.

Figure 3.7 shows the factors that influence energy intensity to both decline and increase in 2050
in the REmap case compared to the Reference Case. About half of the decline (53%) is related to
energy efficiency improvements in heating. This is followed by accelerated deployment of
renewables that can result in a decline on a similar order of magnitude. This includes the net
savings in primary energy use of 8% from accelerated deployment of renewable energy
technologies. On the other hand, CCS in industry requires heat for solvent regeneration as well as
for compression and pumping of CO,. These processes increase the primary energy demand by
7% in total. The additional demand for energy offsets some of the decline in energy intensity
improvements.

77 The reverse of this indicator yields energy productivity where output is divided by energy consumption.
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Figure 3.7 e Energy intensity by factor in the Reference Case and REmap, 2050
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Key message ¢ Renewable energy and energy efficiency contribute equally to energy intensity
improvements.

Box 3.3 e The prospect for technologies that remove CO, from the air

Limiting the global temperature increase to less than 2° C with a 66% probability requires emitting
no more than an additional 575 - 1 125 Gt CO,. This study assumes a carbon budget of 790 Gt CO,.
At the 2015 level of emissions, this budget would be depleted in just over 20 years. The budget
would have to be one-half as large to limit the temperature increase to 1.5°C with a 50%
probability.

Given the likelihood of exceeding these emissions budgets as projected in many scenario analyses,
technologies that pull carbon from the air may be required to meet the goal of limiting global
temperature increases. These “negative emission technologies” have two main advantages. They
compensate for emissions that have already been released or could be emitted in the short-term.
For example, in a scenario with delayed emissions reductions, it will be harder to reach 2° C without
using negative emissions approaches. Negative emission technologies also offset emissions from
sectors where abatement will be challenging, such as the manufacturing industry.

There are many negative emission technologies including:
e Direct air capture.
e Cloud treatment to increase alkalinity.
e Enhanced weathering of rock.

e Enhanced ocean productivity.
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e Ocean and coastal ecosystem restoration.

o Afforestation and reforestation.

e Biomass combustion with CCS.

e Increased use of biomass-based construction materials.
e Biochar.

e Soil carbon sequestration.

(Carbon Brief, 2016)

BECCS and afforestation are probably the most well-known negative emissions technologies. Most
studies that look into BECCS estimate a role in the order of 10 Gt CO, per year by 2050 (e.g.
(Muratori et al., 2016)). If this level of BECCS were employed in REmap, net energy-related CO,
emissions would reach zero by 2050. BECCS is in principle not too different than CCS and the
implementation challenges are similar. BECCS would increase reliance on biomass, because the
capture and storage processes require additional energy. With a post-combustion capture
technology that requires about 3 GJ heat per tonne of captured CO,, additional demand could
easily increase to 30 EJ by 2050 if BECCS played a significant role. Depending on the biomass
feedstock type and how the feedstocks would be sourced, there could also be additional impacts
on land use. However, these impacts could be reduced by using second-generation bioenergy.
Storing the captured CO, could also be a limitation. The estimated potential contribution of
afforestation ranges between 2-4 Gt carbon-dioxide equivalent (CO,-eq) per year, but afforestation
also requires water and land. Direct air capture and enhanced weathering also require additional
energy and there are logistical challenges associated with such technologies which may hamper
feasibility (van Vuuren, 2017).

While negative emission technologies have not been considered in this study, they may have an
important role in the future, even before 2050. The possibility of using negative emissions
technologies in the future should not delay action now, because their prospects are uncertain.

The investments needed for the energy transition are affordable

The REmap approach makes it possible to calculate the overall amount of additional investment
needed to decarbonise the energy system, compared to the Reference Case. The analysis shows
not just the market potential, but also where the investment challenges lie.

In the Reference Case, the total investments in the energy sector would add up to an estimated
USD 116 trillion between 2015 and 2050, or USD 3.3 trillion per year on average. The largest
share would be in energy efficiency improvements for heating/cooling in buildings and the
second-largest share would be investments in fossil fuels, mainly related to supply.

Cumulative renewable energy investments in the Reference Case are estimated at USD 9 trillion,
or USD 260 billion per year on average between 2015 and 2050. That represents a continuation
of current investment levels for the next 35 years. Investment needs for the power sector would
be USD 16 trillion, with about half for renewable energy investments.
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Figure 3.8 e Total investment needs by area and value of stranded assets in the Reference Case,
2015-2050
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Key message ® The Reference Case foresees a cumulative investment need of USD 116 trillion for the
energy sector between 2015 and 2050, equalling USD 3.3 trillion per year, or 1.7% of global GDP in 2050.

Making the transition to a decarbonised energy system would require a higher level of
investment than in the Reference Case. The added investments, however, are affordable, in part
because of expected further significant cost reductions in renewables and other enabling
technologies. Depending on the technology, estimated cost reductions between 2015 and 2050
range from 10% (e.g. for energy efficiency) to 65% (e.g. solar PV).

Overall, the REmap case would require additional net investments of USD 29 trillion between
2015 and 2050. This has been estimated for each year between 2015 and 2050 by summing the
product of capital costs and deployment potential of each additional low-carbon technology.

The additional investment needs can be split into five components:

e USD 23 trillion for energy efficiency (including electrification) — notably for building
renovation.

e USD 16 trillion for renewable energy supply.

e USD 5 trillion for stranded assets that require early replacement (notably in buildings).
e USD 8 trillion for transmission and distribution, back-up and battery storage.

e USD 1 trillion for CCS, material efficiency improvements and nuclear.

These five components add up to additional investments of USD 54 trillion. However, there are
also avoided investments on fossil fuels in both fossil fuel and nuclear electricity generation
capacity as well as in the upstream sector.”® Those avoided investments add up to USD 25 trillion.
As a result, net additional investment needs are estimated at around USD 29 trillion between
2015 and 2050. This averages USD 0.83 trillion per year between 2015 and 2050, equivalent to
0.4% of global GDP in 2050, and compares with the average annual investments of
USD 3.3 trillion per year in the Reference Case. To put these numbers in perspective, the total
additional investments needed over 35 years are equivalent to about 10% of the total global GDP
in 2050.

78 Upstream sector refers to the exploration and production step in the fossil fuel supply chain.
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The total investment in the fuel supply would not need to rise over today’s level to achieve
climate targets. That is because the bulk of the additional investment needs will be in the end-
use sectors (buildings, industry and transport), not in electricity generation. The reason is the
good progress that has already been made building renewable energy capacity in the power
sector, along with the progress expected in the coming decades as countries implement their
national energy plans, as assumed by the Reference Case. More effort in all types of low-carbon
technologies will be needed in the end-use sectors, notably energy efficiency in buildings. That
effort requires high upfront investment costs, though the investments for energy efficiency
measures estimated in this analysis can be interchanged with investments for other low-carbon
technologies. For instance, rather than cutting emissions by improving energy efficiency, the
same goal can be reached using heat supplied by decentralised renewables-based heating and/or
district systems. However, it may be challenging to mobilise significantly more biofuels or install
more solar water heaters over limited roof space. Either way the investments required to
decarbonise buildings would be high.

Additional investment needs include USD 1.9 trillion for variable renewable technologies (VRE) in
the transmission and distribution (T&D) of electricity. That is about half of the additional
investment needs of T&D for the entire power system (including high-voltage direct current
transmission lines and super grids). An additional investment of USD 0.8 trillion is needed for
battery storage (excluding pumped hydro).

It is vitally important that the investments made in energy generation equipment and related
infrastructure today and in the coming decades bring deep emission cuts by 2050. This is
especially true for long-lived investments, such as in buildings, industrial production facilities,
power plants, transport infrastructure, etc. Otherwise, the risks of continued carbon lock-in will
be high.

Figure 3.9 ¢ Additional investment needs by sector and technology in REmap relative to the Reference
Case, 2015-2050
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Notes: Electric vehicle charging infrastructure, hydrogen pipelines and refuelling stations are included. Electrification also includes
additional costs for electricity generation growth.

Key message  Meeting the 2°C target requires investing an additional USD 29 trillion between 2015 and
2050 compared to the Reference Case. The largest additional investment needs are in energy efficiency,
followed by renewables. The total investment cost, however, is reduced by the avoided investments in
the upstream sector and in fossil-fuelled power generation.
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Early action is critical to minimise the risks of stranded assets and achieve
climate targets

It is hard to over emphasize the importance of early action. Early action is needed not only in the
deployment of renewables and other enabling infrastructure and supporting technologies, but
also in the development of solutions for sectors where no significant or economically attractive
solution exists today. If action is delayed, total investment costs will rise, the chances of stranded
assets will increase and costly negative emission technologies will be needed to limit planetary
warming. These latter technologies also bring their own risks as they have not been fully
commercialised and therefore their feasibility and potential are uncertain (IPCC, 2014; Kartha
and Dooley, 2016).

In the REmap case, a total value of USD 10 trillion is estimated for stranded assets for the 2015-
50 period. To put this in context, USD 10 trillion is approximately 4% of global wealth in 2015
(estimated at USD 250 trillion at current exchange rates) (Credit Suisse, 2015). Figure 3.10 shows
the potential for asset stranding in a Delayed Policy Action case, in which the accelerated
renewables and energy efficiency deployment that begins immediately in the REmap case is
delayed until 2030. Such delayed action would cause significant asset stranding. The total value
of the stranded assets in the upstream energy, electricity generation, industry and buildings
sectors would be USD 20 trillion.

Figure 3.10 e Stranded assets by sector in Remap and Delayed Action cases, 2015-2050
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Key message ¢ Delaying policy action will result in an additional USD 10 trillion in stranded assets.

The buildings sector would see the largest amount of asset stranding on a worldwide basis. About
USD 12.5 trillion would be stranded in Delayed Policy Action case, more than double the amount
in REmap.”

Buildings have a low stock turnover. This is especially true in Western Europe and the United
States, where the growth in building stock is slow. In Germany, for example, more than 85% of

79 Here, Delayed Policy Action follows the same trend as the Reference Case until 2030, and then emissions start decline to
ensure the carbon emission budget between 2015 and 2050 is not exceeded. This requires zero emissions in the end-use
sectors by 2050.
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the expected residential building stock in 2050 already exists today. As a result, it is difficult to
avoid stranding building assets (i.e. buildings with inefficient building envelopes, equipment,
etc.), even when all new buildings are constructed to the highest of standards in terms of energy
efficiency and renewable energy use.

In REmap, total building stock grows from around 140 billion m? to 270 billion m? between 2015
and 2050. It is important to distinguish between the share of buildings that will be new and those
that will need to be renovated. At a country level, an annual demolition rate that ranges from as
low as 0.1% (e.g. European Union countries) to 1% (e.g. China, India, Indonesia) has been
assumed. As a result, 184 billion m® of all building area in 2050 will be new. This represents
about two-thirds of the total stock. In REmap, it is assumed that by 2020, all new buildings will be
fossil fuel free. The remainder of the building stock would be from the existing building stock
today. Without any additional effort for renovation, around 60% of this existing building stock in
2050 would continue to rely on fossil fuels. A share of this building stock needs to be deeply
renovated in order to reduce the demand for fossil fuels in the sector enough to remain within
the carbon budget. The construction value that is lost due to renovation of this building stock —
or the stranded assets in buildings as defined in this assessment — is estimated to be
USD 5 trillion in 2015-2050 under REmap. This includes a depreciation of the investment made
before renovation. If depreciation is not included, the stranded asset value would be twice as
high.

In this chapter, stranded assets and investment needs in buildings have been estimated
separately. An example of stranded assets would be the additional costs of installing single-
glazed windows, then replacing them with double-glazed windows, versus installing double-
glazed windows in the first place. Similarly, stranded assets would occur through the ambitious
deployment of energy efficiency technologies in both new and existing buildings. By comparison,
investments refer to energy efficiency measures that either replace building equipment that has
reached the end of its lifetime (e.g. efficient light bulbs) or that are implemented as an additional
feature to buildings in order to reduce energy demand (e.g. wall insulation).

The second-largest group of stranded assets would be in upstream energy infrastructure, 75% of
which would be in oil production. Large capital investments made in this upstream infrastructure
from now until 2030 in the Delayed Policy Action case would result in USD 7 trillion worth of
assets being stranded after 2030. The stranded assets in upstream oil would represent about 20-
40% of the estimated valuation of today’s oil upstream producers. In order to assess the
upstream stranded assets, existing upstream assets first were valued based on current
(estimated) valuation of fossil fuel producers, their share in global production, and the share of
company valuation related to upstream operations (as per the share of the upstream sector in
total operational income in recent years). In a subsequent step, the valuation was adjusted based
on reduced net cash flows due to a reduced production outlook, in both the REmap and the
Delayed Policy Action cases.

Electricity generation is the third-largest sector in terms of stranded assets. Under Delayed Policy
Action, USD 1.9 trillion would be stranded. For example, the coal power plants now being built in
the developing world would have to be stranded after 2030 to meet decarbonisation targets.

In addition, stranded assets in industry are estimated at USD 740 billion. Relatively lower capital
expenditures for process heat equipment (compared to electricity generation) explain the lower
amount compared to other sectors. The stranded assets in industry between 2015 and 2050 are
equivalent to USD 21 billion per year, an amount that could be recouped through lower energy
bills if industry achieved a 1.5% per year improvement in energy efficiency. Industry is therefore
better placed than other sectors to anticipate and manage the effects of stranded assets.
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Box 3.4 e Stranded assets definition

There are a number of definitions of stranded assets in the energy context. The term “stranded
costs” or “stranded investment” is used by regulators to refer to “the decline in the value of
electricity-generating assets due to restructuring of the industry” (Congressional Budget Office,
1998). This was a major topic for utility regulators as power markets were liberalised in the United
States and United Kingdom in the 1990s. There is no universally settled view of what stranded
assets are. IRENA’s analysis attempts to capture the breadth of views about the definition of
stranded assets, and to include a number of issues related to climate and environmental change —
from investment risk to the idea of a “just transition”.
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Several organisations that work in the field of energy and climate have already examined what
stranded assets could mean from their own perspective. The most commonly applied definitions
are briefly discussed below:

e The IEA defines stranded assets as “those investments which have already been made but
which, at some time prior to the end of their economic life (as assumed at the investment
decision point), are no longer able to earn an economic return as a result of changes in the
market and regulatory environment brought about by climate policy” (IEA, 2013a and IEA,
2013b). This is focused on asset stranding caused by climate policy in the power sector and is
widely recognised in the literature.

e The Carbon Tracker Initiative also uses this definition of economic loss, but says stranded assets
are a “result of changes in the market and regulatory environment associated with the transition
to a low-carbon economy” (Carbon Tracker Initiative, n.d.).

e The Generation Foundation defines a stranded asset “as an asset which loses economic value
well ahead of its anticipated useful life, whether that is a result of changes in legislation,
regulation, market forces, disruptive innovation, societal norms, or environmental shocks”
(Generation Foundation, 2013).

e The Smith School of Enterprise and the Environment at the University of Oxford employs a
“meta” definition to encompass these (and other) definitions: “Stranded assets are assets that
have suffered from unanticipated or premature write-downs, devaluations, or conversion to
liabilities” (Caldecott et al., 2013).

For this analysis, IRENA defines stranded assets as the remaining book value® of assets substituted
before the end of their anticipated technical lifetimes, and without recovery of any remaining
value, to achieve 2050 decarbonisation targets. This definition emphasises that assets become
stranded because of the requirement to reduce fossil fuel use to achieve a deeply decarbonised
energy system by mid-century. It should be noted that the purpose of the IRENA analysis is not to
propose a universal definition of stranded assets. While different approaches and definitions by
sector and asset class are used for the purpose of this analysis, attention is paid to make sure these
are sufficiently aligned with the overarching concept of stranded assets (which
is fundamentally unanticipated or premature lost value). The purpose of the analysis is to point out
the potential magnitude and guide investors towards this, not to claim high degrees of accuracy.

The clear majority of stranded oil assets would occur upstream, rather than in the power,
buildings or industry sectors. Qil is primarily used in transport. The increasing use of ultra-low
emission and electric vehicles, will cause oil demand and oil prices to drop, reducing the value of
oil reserves. Compared to oil demand from transport, the demand for oil from electricity
generation, heating in buildings and industry is minor.

80 Book value is defined here as the cost of an asset, minus accumulated depreciation.
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Natural gas assets would be stranded across each of the four sectors. Gas T&D systems, including
LNG terminals, would be affected because of their long life spans. Although gas has lower GHG
emissions than oil and coal, it remains incompatible with required levels of decarbonisation. As a
result, there would be significant stranding upstream and in gas-fired power generation.

Coal assets would also be stranded across each of the four sectors, but the power sector would
be most affected. Coal-fired electricity generation is currently a major source of direct CO,
emissions (producing about 25% of the global total). As a result, much of the policy effort has
been focused on phasing out coal or limiting its growth. For example, the United Kingdom, France
and Canada have recently announced plans to end the use of coal-fired power plants. Given the
relatively modest value of stranded coal-fired power assets and the high level of emissions from
coal plants, this approach is an economically viable way of achieving decarbonisation.

Box 3.5 e The significance of technology lock-in: power sector case

In calculating the value of stranded power plant assets it was assumed that the economic lifetime
of a power plant equals its technical lifetime. If a plant is shut down before it reaches the end of its
lifetime, the nominal value (capital expenditure minus accumulated depreciation) is assumed to be
lost.

However, some might argue that often the economic lifetime of a plant differs from its technical
lifetime. The economic life of a plant ends when marginal costs consistently exceed marginal
revenues. This could happen due to market trends that cannot be perfectly foreseen at the start of
operation (e.g. rising maintenance or input costs, or lower than anticipated power prices). In
practice there also exists a grey zone of old plants that are mothballed or where operating hours
are reduced significantly compared to new plants.

To account for the risk of reaching the end of an economic lifetime, companies might depreciate
power plants over a shorter period than expected by their technical lifetime. The assumed lifetime
has significant implications on the stranded asset calculations in this study. In this study the
following technical lifetimes were assumed to be: coal, 50 years; natural gas, 30 years; oil, 50 years.

The resulting value of stranded assets in the REmap analysis is USD 940 billion (or about 3 800 GW)
(Figure 3.11). If all companies used these lifetimes to depreciate power plants on their balance
sheets, and no asset impairments occurred up to the point of stranding, then this is the value of
asset impairments that could be expected up to 2050 because of decarbonisation.

However, given that some companies depreciate power plants over shorter periods of time, or have
already witnessed asset impairment in recent years for a variety of reasons, the impact of stranded
assets might be more limited. In some cases, the assets that get shut down are those that were
already written off and have little value left on the balance sheet.

If one assumed technical lifetimes for coal and oil assets of 50 years and 30 years for gas, but only
25 years for the true economic lifetimes for coal and oil and 15 years for gas, then 2 250 GW of
3 800 GW of total stranded assets in the REmap analysis have economic value left at the point they
are shut down. The remaining 1 550 GW (about 40% of the total) are plants that are stranded with
no remaining economic value, but that still have remaining technical lifetime. With these
assumptions, the value of stranded assets is USD 200 billion.

It is difficult to assess the assumptions that are made on balance sheets across countries and
companies to value power plant assets. The shorter economic lifetimes as assumed above come
with the risk of underestimating the magnitude of stranded assets. Electricité de France, for
example, recently increased its depreciation period for nuclear plants from 50 to 60 years. In some
countries, plants even run beyond their technical lifetime (recently a 100 year-old coal-fired power
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plant in Peru was decommissioned). It would be advisable for companies/countries to report more
transparently about the reported book value of power plant assets and hence their exposure to the
risk of stranded assets.

Figure 3.11 e Technology lock-in in power generation assets, 2015-2050
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Key message ¢ The power sector could see stranded assets in the range of between USD 200-
940 billion by 2050, with most of it being coal-based generation assets.

Renewable energy’s share of the global energy mix will need to double by
2030 and more than triple by 2050 from today’s level

This analysis finds that supplying two-thirds of global 2050 primary energy with renewable
sources is technically and economically feasible. We already have seen accelerated deployment
of solar and wind power on a global scale in recent years, in part because of technology
innovations and spectacular cost reductions. We also see increasing electrification of end-use
sectors coupled with renewable power, for example in the areas of EVs and heat pumps.

This recent acceleration of renewable energy technology has occurred in spite of slow economic
growth and low oil prices. It has been driven by the improving cost-competitiveness of solar PV
and onshore wind power, as well as other factors such as air pollution policy and regulations.

IRENA’s renewable energy statistics show that renewable energy added more capacity than fossil
fuels and nuclear combined for the each of the last four years (IRENA, 2016e), and that the total
renewable electricity generation capacity reached nearly 2 000 GW in 2015. Solar PV and onshore
wind power continue to grow the fastest, while hydro still produces the lion’s share of renewable
power. For the past five years, the average annual increase in the share of electricity from
renewable sources has been 0.7 percentage points. About 24% of all power worldwide was
generated from renewable energy sources in 2016.

Yet, when including all non-electricity sectors, the growth in renewable energy amounts to only
an annual average of 0.17 percentage points in terms its share of total energy consumption. This
is due largely to the fact that consumption of electricity accounts only for one-fifth of total final
energy use, and renewable energy use growth is slow in key building and transport sectors. As a
result, the share of renewables was 24% in global total electricity generation in 2016, but only
19% in the total final energy mix.

In the Reference Case, current trends continue, yielding only minor changes in the energy mix. Of
the total 520 EJ final energy demand in 2050, renewable energy covers only about a quarter of all
demand, including the consumption of electricity and district heat sourced from renewables.
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Today’s renewables share is about 19% of total energy generated. That grows to 21% by 2030
when the national energy plans of all countries are included. That means that the renewable
energy share continues to grow close to today’s level of around 0.17 percentage points per year
for the next 15 years until 2030. This rate drops to 0.05 percentage points in the 2030-2050
period and renewable energy covers only a quarter of the total final energy consumption in 2050.
This result shows that existing policy plans for capacity additions and the importance given to
renewable energy sources in country energy plans are still insufficient to make a significant
change in the total mix.

Box 3.6  The need for better statistics for solid bioenergy use

Different sources of energy statistics indicate that traditional uses of solid bioenergy for cooking
and water heating in the residential sector account for a significant share of renewable energy
worldwide, particularly in the non-OECD countries.®!

Given the challenges involved in assessing how much bioenergy is used today in these parts of the
world, it is worth pointing out the potential differences in the available data sets.

According to the energy statistics of the IEA, in 2014, 32.5 EJ of primary solid biofuels were used in
the residential sector of the non-OECD countries. This bioenergy was in the form of firewood and
charcoal. Data from the Food and Agriculture Organisation of the United Nations (FAO) statistical
database (FAOSTAT) on firewood and charcoal production, adjusted for use in the residential
sector, show a significantly lower figure of 13.6 EJ. The IEA estimate is more than two-times larger
than the FAOSTAT estimate.

The large difference has important implications for policy making. Depending on which data source
is used, the estimated current share of renewable energy in the global final energy consumption
can range from 13% to 19%. Today, “modern” renewable energy, like solar PV and wind farms, has
a 9% share. Using the lower solid biofuels estimate, modern renewables now have a share more
than two-times greater than that of traditional uses of bioenergy. But with the higher estimate,
the modern and traditional renewables have a more equal share.

Sustainable Energy for All (SEforALL) has set a voluntary target of doubling the share of renewable
energy in the global energy mix by 2030 compared to today’s level. Depending on which share is
taken as a starting point, the doubling target can mean increasing the share of renewables to 26%
or to 36% by 2030. Such wide ranges make policy making a challenging task. It also becomes
impossible to understand how countries can contribute to such global goals.

Traditional uses of bioenergy also have impacts beyond energy. There are socio-economic impacts,
and negative effects on human health and the environment. Without better data, policies to reduce
these impacts will not be robust. These problems highlight the need to improve the statistical data
on traditional uses of bioenergy and for better policy making.

While the share of oil use remains constant in the entire period in the Reference Case, the
natural gas share increases at the expense of coal. The change in the share of electricity use is the
largest among all other energy carriers.

81 These are defined according to the IEA as wood, animal dung and agricultural residues that are burned in simple stoves at
low rates of efficiency. Their use is most common outside OECD countries (IEA, 2012), and they are an important source of
energy for many.
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The use of ambitious energy efficiency technologies in REmap reduces the total final energy
consumption in the 2015-2050 period compared to the Reference Case, with total energy
consumption at about 380 EJ. The share of renewable energy increases to 60% by 2050
(Figure 3.12). This requires a growth in the renewable energy share of 1.2 percentage points per
year, equivalent to a more than seven-fold increase over past rates. To achieve this rate,
expanding the use of renewable energy technologies in all sectors will be required.

Figure 3.12 e Renewable energy share in global total final energy consumption, 2015-2050
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Key message ¢ Under REmap, the renewable share of total final energy consumption will rise from 19%
to over 60% by 2050, a three-fold increase. The growth rate in terms of renewable share per year will
need to increase seven-fold over past rates.

Figure 3.13 shows how total energy demand develops between 2015 and 2050 in both the
Reference Case and in REmap. Under REmap, demand is flat in total final energy consumption
(TFEC) terms. The share of fossil fuels in TFEC declines from 70% to 30%. Direct uses of renewable
energy grow from 10% to 35%. Notably, the share of final bioenergy use in total final energy
consumption rises from around 13% today to around 21% in 2050 (from about 50 EJ to 80 EJ).
This can be divided into 7% transport biofuels and 14% solid and gaseous biofuels for power
generation and heating. Solar water heater use grows for industry and buildings from negligible
to about 35 EJ. Qil share decreases significantly, with transport relying more on biofuels and
electricity. However, an amount of oil that is half of today's level would be used to meet the
demand in non-road passenger transport and freight. Compared to the Reference Case, in final
energy terms, there is a major change in oil and its products. In the Reference Case, oil use grows
from 123 EJ to 170 EJ, while in REmap, oil demand drops to 55 EJ. Compared to current levels,
coal use is more than halved and remains in use only for a few applications in the industry sector.
Gas remains as an important fuel in this transition for supplying any heating in industry and
buildings that remains unserved by renewables. Electricity’s share increases significantly, rising
from just below 20% in 2015 to more than 30% by 2050. Coupled with renewable energy supply,
renewable power represents 40% of all final renewable energy use in 2050.
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Figure 3.13 e Total final energy consumption by energy carrier, 2015-2050
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Notes: Includes only buildings, industry and transport. Non-energy use of fuels for the production of chemicals and polymers is
excluded.

Key message ¢ Under REmap, renewables direct use and renewable electricity grow from 115 EJ in 2015
to 250 EJ in 2050, representing 65% of TFEC. Coal use dwindles.

Box 3.7 e China 2050 High Renewable Energy Penetration Scenario and roadmap

China has set ambitious emission reduction and non-fossil fuel energy targets for both 2020 and
2030. There is little doubt that these targets can be met on time, or earlier if China continues to cut
back on coal consumption to reduce its air pollution problems. Despite these important mid-term
targets, however, China needs to give more thought to a long-term strategy for reducing carbon
emissions.

In the 2050 High Renewable Energy Penetration Scenario and Roadmap Study, the China National
Renewable Energy Center (CNREC) presented enhanced low-carbon scenarios for achieving shares of
renewables as high as 61% in total primary energy consumption and 86% in the power mix. In the
scenarios, renewables would replace coal as the dominant energy fuel in the energy mix in 2050.
According to the study, electricity demand will account for at least 60% of the TFEC, compared to the
current 25%. That target requires that the road transport sector be substantially electrified, with 86%
of vehicles being electric powered and 100% of trains being electrified by 2050. This would allow
renewable electricity to play a major role.

In the scenario, CO, emissions would be reduced to 3.3 Gt by 2050 from the 2011 level of 7.3 Gt,
largely by reducing coal’s share of the total primary energy supply by a factor of five. This means a
significant decline in coal use in the industry sector of China, where coal is exclusively used for steel
(for about a quarter of all steel production, with the remainder produced from electric arc furnaces)
and cement production industries.

Achieving this high-share renewable scenario will require strong political will, consistent policy
support, effective institutional reforms in the energy sector (and in particular, in the power sector)
and major technological breakthroughs in the next decade or so. Replacing coal with renewables in
China is an extremely challenging and long-term task. Yet, as the Chinese proverb says, “the journey
of a thousand miles starts with a single step”. This study is indeed a step towards a low-carbon
energy future for China.

Source: (CNREC, 2016).
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Renewables and natural gas will dominate the electricity generation mix

Because electricity generation contributes the single highest sectoral share of CO, emissions,
decarbonising the sector by 2050 is a top priority. The sector is more on track than are end-use
sectors in terms of deploying of renewable energy, but efforts to reduce the use of coal must be
strengthened to continue on that path. This is particularly important given the increasing
dependence of coal for electricity generation in Asia’s fast growing economies. Phasing out coal
without CCS in the electricity generation sector, especially in China, India and Indonesia, is a top
priority, and no CCS deployment is foreseen in power generation until 2050 under REmap.

Renewable energy’s share of electricity generation reaches 31% in the Reference Case in 2030,
up from 23% in 2015. Under REmap, the renewable energy share reaches 82% by 2050, more
than twice the level of the Reference Case, and nearly four-times higher than the level today. The
transition thus requires current efforts to scale up significantly. Today the share of renewable
energy in the sector increases by about 0.7 percentage points per year. Meeting the
decarbonising goals will require this rate to more than triple to 2.4 percentage points per year
until 2030, so that the share of renewables reaches 59% of energy generation. The increase must
continue at a rate of at least one percentage point per year until 2050.

Figure 3.14  Power generation capacity and total electricity generation by technology
in the Reference Case and REmap, 2015-2050
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Key message ® The power sector will see the highest share of renewables. In REmap by 2050, a diverse
mix of renewables will provide more than 80% of electricity, with wind and solar providing the largest
shares. Coal and oil in power generation will be eliminated.

Total installed electricity generation capacity at the end of 2015 was about 6 200 GW (Figure
3.14). In the Reference Case, this increases by 180 GW per year to reach 12 400 GW by 2050. The
largest additions are in solar PV and wind onshore and offshore power, representing 70-80% of
the total. Total installed coal capacity remains same as today in the entire period to 2050. By
comparison, gas capacity increases by 1 400 GW, from 1 500 GW to 2 900 GW, representing the
largest share in total generation capacity by 2050.

In the REmap case, more renewable power capacity is added than in the Reference Case. Solar PV
capacity climbs to 6 000 GW, while wind capacity reaches 4 800 GW. While oil-based capacity
drops to zero, total installed nuclear capacity remains same as today. The remaining fossil and
nuclear (though typically the least flexible of all options) capacity offer flexible generation,
supplemented with a back-up natural gas capacity of around 5000 GW worldwide by 2050.
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A range of renewables, including biomass, concentrating solar power (CSP) and hydropower, also
offer flexible generation. With these changes, total installed electricity generation capacity in
REmap reaches more than 20 000 GW, a three-fold increase from today.

Renewable energy has the potential to meet more than half of all final
energy demand in 2050

While the power sector holds great potential for renewables, electricity accounts only for around
20% of final energy use today. As a result, this analysis points to an essential role for renewable
energy technology deployment in end-use sectors. Such a role is especially important because
these sectors today account for approximately 80% of all global energy demand.

In the end-use sectors, IRENA’s REmap shows that the renewable energy share can grow to 78%
in buildings, 39% in industry and 50% in transport by 2050 (Table 3.2). The renewable energy
share reaches 61% of TFEC, which includes the use of electricity and district heat sourced from
renewables. If these uses are excluded (i.e. by considering the direct uses of energy only), the
renewable energy share would reach an estimated 53%, thereby covering more than half of all
energy demand by 2050.

Realising the renewable energy potential in the REmap case requires that the renewable energy
share in TFEC increases to 36% by 2030 and to 60% by 2050. In 2030, consumption of renewable
power would account for around 34% of the total final renewable energy use, with the remaining
65% being renewable energy used in heating and cooling, and the transport sector. Renewable
power’s share in the total final renewable energy use increases to 40% by 2050.

Table 3.2 » Global total and sector-specific renewable energy shares, 2015-2050

Reference Case

(excl. NEU, electricity & DHC) 9% 12% 15% 28% 44%

Industry (incl. electricity & DHC) 9% 13% 16% 23% 38%
(incl. NEU, electricity & DHC) 10% 14% 17% 33% 46%

o (excl. electricity & DHC) 46% 42% 41% 59% 79%
Bulldings (incl. electricity & DHC) 37% 36% 38% 57% 78%
(excl. electricity & DHC) 3% 7% 10% 15% 44%

Transport (incl. electricity & DHC) 4% 7% 10% 17% 53%
Power generation 23% 31% 37% 59% 82%
District heating and cooling 7% 7% 15% 20% 30%
(excl. NEU, electricity & DHC) 18% 18% 19% 32% 54%

TFEC (incl. electricity & DHC) 19% 21% 23% 37% 61%
TFC (incl. NEU, electricity & DHC) 18% 19% 22% 36% 56%
TPES 16% 20% 24% 40% 65%

Notes: NEU = non-energy use; DHC = district heating and cooling; TFEC = total final energy consumption; TFC = total final
consumption; TPES = total primary energy supply.TFC includes the use of fuels for the production of chemicals and polymers.

In the Reference Case, total final renewable energy use would grow from around 65 EJ in 2015 to
88 EJ in 2030 and 125 EJ in 2050. In comparison, under REmap, the figure would reach 145 EJ in
2030 and 235 EJ in 2050 (Figure 3.15). Half of the total final renewable energy use in 2015 was
accounted for by traditional uses of bioenergy, so modern renewable energy was about 32 EJ.
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In REmap, the use of traditional bioenergy drops to almost zero, so the 145 EJ in 2030 (and 235 EJ
in 2050) would come almost entirely from modern renewable energy. Overall, under REmap,
modern renewable energy use is seven times higher than today by 2050.

Direct uses of renewable energy for transport, heating and cooling would account for less of the
total final renewable energy use in 2030 compared to today, falling from a share of 80% in 2015
to 66%, because of greater efficiencies and the growing share of renewable electricity. The
potential in end-use sectors remains equally high in 2050 as well. The share of end-use sectors in
total final renewable energy use is high despite the significant decline in traditional uses of
bioenergy.

Between today and 2050, the way heat is produced would also change. Solar water heaters
would play a greater role under REmap for both industry and buildings, covering around 15% of
all final renewable energy use. This is equivalent to 9% of all final energy use worldwide and
would mean a huge market for solar heaters. In buildings, total installed solar water heating
capacity under REmap reaches 5540 million m? by 2030 and 11 700 million m?. Industry use
would be significantly higher than it is today, with capacities reaching 2 440 million m* by 2030
and 3 695 million m? by 2050.

The use of heat pumps would increase significantly in many developed markets. Heat pumps
would replace fuels for heat generation with renewables-based electricity. In industry bioenergy
for to generate process heat from combined heat and power plants would also grow.

In transport, which has the lowest renewable energy share among all sectors today, the share of
liquid biofuels and biomethane in total renewable energy use would grow from 4% in 2015 to
12% in 2030 and 26% in 2050. In absolute terms, this represents four-fold growth, from
129 billion litres in 2015 to approximately 500 billion litres per year by 2030. After 2030, the
amount would more than double, to 1 120 billion litres per year by 2050. Nearly half of this total
amount would come from advanced liquid biofuels in 2050, which are made from a wider variety
of feedstocks than are conventional biofuels, but which supply just 1% of biofuels today.

Daunting challenges remain in long-range freight transport, aviation and shipping. These uses
account for about half of the global transport sector’s total energy demand. The potential for
electrification is limited. Biofuels are currently the main solution for these transportation modes.
If the aviation sector switches from today’s conventional petroleum-derived kerosene to
advanced biofuels, it would consume about 40% of the total production of such fuels. But in
general, bioenergy in transport will require a careful approach because growing its feedstocks
may take land away from growing crops for food production. Possible hydrogen or breakthrough
electricity storage solutions could reduce the need for biofuels.

Transport has the lowest share of renewable energy today, but the sector is undergoing
fundamental change. EVs are revolutionising the way we move. In combination with information
and communication technologies (ICT), the whole transport concept is changing. As performance
improves and battery costs fall, sales of EVs, electric buses and electric two- and three-wheelers
are growing. In countries such as the Netherlands and Norway, 10-30% of all cars sold today are
electric. Many other countries, such as China, are trying to boost the sales of EVs by setting
targets or offering incentives. In REmap, the number of four-wheel EVs in use would reach
195 million by 2030 and 830 million in 2050. Carmakers already offer affordable models that can
travel more than 380 km on a single charge, reducing drivers’ anxiety about being stranded
without power, thanks to improvements in battery engineering and recharging options.

The numbers of electric buses and electric two-wheelers are growing as well, especially in China.
In the REmap analysis, 11 million electric buses and light-duty vehicles would be on the road in
2030 and 21 million by 2050.
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Achieving these numbers will require at least 10% of the total passenger car vehicle stock in 2030
and more than one-third in 2050 to be battery-electric cars or plug-in hybrids. Yearly sales of
these cars would need to average around 25 million. Still, total renewable energy use in transport
would remain relatively small. To begin with, these vehicles are much more efficient than
conventional vehicles, so small amounts of renewable electricity would go a long way. In
addition, not all of the electricity cars use would come from renewables, and passenger vehicles
account for only half of total transport energy use. As a result, the significant deployment of EVs
would increase transport’s renewable energy share by only eight percentage points under REmap
in 2050, from 42% (including biofuels and hydrogen) to 50%. Electricity use share would climb
from 0.6% in 2015 to 21% in 2050. Because of the greater efficiencies of using electricity, this
increased share would keep transport’s total energy demand relatively constant from 2015 to
2050 in the REmap analysis. In contrast, demand grows 60% over that time period in the
Reference Case.

Hydrogen also plays a role in end-use sectors. Under REmap, renewables-based hydrogen use
grows to 0.9 EJ by 2050 (1% of all industrial energy demand). Its main use would be to replace gas
in the process of direct reduction of iron ore in iron making. It also would be used for the
production of ammonia and methanol. In addition, there has been much discussion about
possible other applications, such as in fuel cell-powered electric cars or other hydrogen-powered
vehicles. The technology remains far from commercialisation, but some countries see a potential
for hydrogen as a transport fuel. In the passenger car and freight segments, its use in 2050 would
be just below 10% of all energy demand with a total consumption of about 7 EJ. More innovation
is needed if hydrogen is to play larger roles and be used in more applications.

Figure 3.15 e Final renewable energy use by sector and technology in REmap, 2030 and 2050
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Key message ® Under REmap, final renewable energy use is four-times higher in 2050 than it is today.
Power and heat consume about 40% and 44% of the total renewable energy, respectively, while
transport uses about 16%.

Box 3.8 e Transforming the energy market through regional efforts and corporate sourcing of
renewables

Recent years have seen the emergence of actors on a sub-national level committing to significantly
scaling up their sourcing and use of renewable energy. Many cities, regional governments,
communities and co-operatives have set a goal of getting 100% of their energy from renewables.
Most of the time, the goal is to source 100% renewable power, but some projects are also looking
to power transport, heating or cooling with renewable energy. The GO100% initiative tracks these
projects. As of early 2017, it shows that 256 million people live in areas that have shifted, or are
committed to shifting within the next few decades, to 100% renewable energy in at least one of
these sectors. The initiative shows that there are currently 166 regions, cities or communities that
have projects in place to go to 100% renewables (0100%, 2017).
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Companies are also increasingly seeking to achieve significantly higher levels of renewable power.
The RE100 initiative brings together and tracks companies that have committed to sourcing 100%
of their electricity from renewable energy. RE100’s latest annual report lists 87 companies,
including some of the world’s leading companies, that have made such commitments (The Climate
Group, 2017). These companies collectively consume 107 TWh, the same amount of power
consumed in the Netherlands. The list is growing quickly. In the last two years, there has been an
increase in interest from heavy industry in the RE100 initiative, as some of the world’s largest car
manufacturers and cement companies have become members. There are many more companies
that also have similar aims but are not formally part of the initiative.

These corporate commitments have benefits that go beyond just the increase in renewable power
capacity. The companies’ efforts can spur innovation in energy service areas where new
technologies are badly needed, such as in heavy industry and transport. The companies can also
serve as test beds for innovative technologies and for energy service models that can pave the way
for wider adoption of renewables on regional and national levels.

More focus is needed on power systems integration and sector coupling

The growth of solar PV and wind capacity is adding large amounts of variable renewable energy
(VRE) to the electricity mix. Indeed, more and more countries already achieve VRE generation
shares above 20%. Under REmap, the share of wind and solar increases to 31% by 2030 and to
52% by 2050. In terms of capacity, this changes the balance of dispatchable versus non-
dispatchable capacity, with the non-dispatchable capacity rising to around half of the total. This
growth, in turn, increases the challenges of integrating the variable power into the electricity
system and will require the establishment of new business models.

The influence of VRE already becomes noticeable at shares of just 5-10%. The main technical
challenges begin when variable renewables push demand for non-renewable generation below
the minimal operating level of a country’s dispatchable fleet. When renewable power is
abundant, dispatchable power plants must produce less or switch off entirely. As a result,
balancing supply and demand is difficult, and steps must be taken to ensure system flexibility.
The options for meeting these challenges generally fall into four groups: strengthening the grid
and interconnectors, or adding flexible generation, demand-side management and storage.

There are synergies between the end-use sectors and renewable electricity generation. If these
synergies are utilised, they provide the means for demand-side management and storage,
thereby increasing the flexibility of the power system. They also provide benefits for end-use
sectors by increasing the share of renewable energy for heating, cooling and transport. For
example, the power and road transport sectors can be coupled by recharging EVs at times of
renewable power surpluses, a form of demand-side management. EVs can also provide a storage
function, feeding power from plugged-in car batteries back into the grid when more electricity is
needed in the system.

The power sector can also be coupled with heating and cooling. Heat pumps that operate on a
flexible schedule can adjust their operation to account for peaks or dips in electricity supply in
combination with cold or heat storage. For example, they can turn off temporarily when overall
system demand jumps, thus reducing peak load. Smart thermal grids (district heating and
cooling) offer even more flexibility by adding thermal storage. Surplus renewable electricity could
also be used to make liquid fuels. In one plan being considered, abandoned oil and gas platforms
in the North Sea off the coast of Europe would be refurbished into units that would convert
electricity from offshore wind farms into hydrogen and synthetic gas.
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Electricity storage is another key option for integrating higher shares of variable renewables. In
the REmap analysis, electricity storage capacity reaches more than 1 000 GW by 2030, when the
total installed solar and wind capacity will be 5000 GW. This storage capacity is split into:
600 GW from electric vehicles, 325 GW from pumped hydro, 125 GW from stationary battery
storage and 50 GW from second-hand car batteries.?” Total storage capacity grows to nearly
3 000 GW by 2050, with EVs in operation accounting for majority of this total. REmap gives a
large importance to natural gas back-up capacity as well. Total installed gas capacity for such
purposes would reach 5 000 GW by 2050.

Box 3.9 e Energy innovation trends and initiatives

Innovation will continue to be crucial to decarbonising the energy sector. While technical solutions
for the power sector already exist, continued innovation will enhance their performance, reduce
their costs and help scale up the deployment of the best available technologies.

Non-power sectors have greater innovation challenges than the power sector does. For around
one-third of all energy-related CO, emissions (primarily from the industry and transport sectors), no
economically viable renewable energy supply alternatives exist today.

For example, renewables account for only 3% of the current energy demand for the transport
sector. Promising developments in EVs may increase the share of renewables for passenger road
transport. But the share of renewables in aviation and freight will not rise unless advanced liquid
biofuels quickly become competitive with fossil fuels, which currently looks unlikely. In the industry
sector, renewable options for high-temperature heat generation, which typically accounts for a
large share of the energy demand in energy-intensive industries like iron, steel and chemicals, have
not yet commercially emerged. Alternatives, such as electricity-based iron production (electro-
winning), a process similar to that used for non-ferrous metal production, need to be further
developed.

Figure 3.16 * R&D spending on renewable energy, 2004-2015
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(USD billion/yr}

12

1

2004 2005 2006 2007 20028 2009 2010 20m 2012 2013 2014 2015

. Governmant TED Corporste RED

Source: (Frankfurt School-UNEP Centre/BNEF, 2016).

Key message ¢ There is an urgent need to increase R&D investment. R&D for renewables is not
currently growing and for end-use sectors R&D investment is miniscule.

82 Battery storage capacity from second-hand car batteries can be higher depending on their usability, which still needs to be
determined.
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Additional research and development (R&D) efforts in renewables will also further bring down the
costs of zero-carbon technologies and decrease the overall costs of decarbonisation. Unfortunately,
R&D investment in renewable energy technologies has not grown in the last seven years.
Moreover, most R&D investments for renewables continued to be in power sector technologies
(such as PV and wind) rather than in technologies for end-use sectors (such as biofuels and
biomass), where they are urgently required.

In order to enable this energy transition, therefore, G20 countries should increase their R&D
investments to find technology solutions for sectors where more innovation is required.

The magnitude of the challenge means that international collaboration is required. Innovations
must be shared, materialised and widely replicated by others. There is a big opportunity for G20
countries to engage, co-ordinate efforts and demonstrate political leadership.

To meet this need for collaboration, several international initiatives aimed at nurturing R&D in
clean energy technologies have been created. They include:

e The Mission Innovation initiative in which 22 countries and the European Union have committed
to doubling their government R&D investments for clean energy over the next five years.

e |EA’s Technology Collaboration Programmes (TCP) support R&D for the energy sector through a
collaborative platform that brings experts together to exchange experiences and co-ordinate
efforts. The 39 TCPs operating today involve about 6 000 experts from government, industry
and research organisations in more than 50 countries.

e The Clean Energy Ministerial seeks the diffusion of clean energy technologies through initiatives
focused on specific technologies, including mini-grids, smart grids, PV and wind grid integration,
and super-efficient appliances.

Other areas of important innovation for the decarbonisation of the energy sector have often been
overlooked. IRENA has several efforts aimed at identifying them including IRENA Innovation Week,
which is held every other year. The most recent event, in 2016, focused on the power sector and
highlighted the need for innovation in market design, business models, financial instruments and
infrastructure. Similarly, the Ministerial Roundtable of the 7™ session of the IRENA Assembly, which
includes ministers as well as private sector leaders, emphasised that the transformation will not
move forward without innovative policy and regulatory frameworks.

While the power sector has a long history of policy frameworks that encourage deployment of
renewables, such frameworks are lacking in most countries for end-use sectors. In addition, there
are difficult policy choices, including additional market regulations that will need to be made in
these sectors to decarbonise their energy systems. Examples include limits on sales or higher taxes
for inefficient cars, stricter energy efficiency regulations for existing buildings or requirements to
demolish and replace old buildings, or structural changes and relocation of plants in industry. The
G20 has the advantage of including developed as well as emerging economies, so it has a
comprehensive picture of the different innovation needs and complementary innovative solutions
for different constituencies.

As innovations emerge, continuing to share experiences and best practices is crucial. The G20 has a
large opportunity to use all these initiatives to accelerate the decarbonisation of the energy sector.

Renewable energy use in G20 countries: contributions by each and all

All countries have opportunities to increase their amounts of renewable energy beyond the
Reference Case. However, there are stark differences between countries and regions in their
starting points of renewable energy use, renewable resource availability, access to financing,
policy frameworks and many other factors. These differences explain why some countries can
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achieve a tripling or even a quadrupling of their renewable energy shares, while others are less
likely to achieve significant growth.

Figure 3.17 shows the implications for individual countries of the global objective of doubling the
share of renewables (to 36%) in the global energy mix by 2030 and increasing that to 60% by
2050. The starting points are the renewable energy shares in 2015. The global average renewable
energy share was 19%. While Japan, the Russian Federation, Saudi Arabia, the United Kingdom
and others are below 5%, some others, such as Brazil, India and Indonesia are above 20%.

In most countries, the Reference Case foresees modest increases in renewable energy shares
based on the countries own long-term plans. For instance, Canada and the United States have
rather conservative policy ambitions. In Mexico, the demand for all energy is growing as fast as
the uptake of renewable energy technologies, so the renewable energy share remains the same
for the entire period. In some countries, however, the renewable energy shares are forecast to
decrease between 2015 and 2030. For India and Indonesia, this is explained by reductions in
traditional bioenergy use, as more efficient cookstoves that use modern bioenergy or fuels like as
liquified petroleum gas/kerosene come into use.

For all countries, REmap identifies additional potential for renewable energy technologies. For
countries with high starting points or existing ambitious plans for growth, the additional potential
in the REmap case over the Reference Case is rather limited. Many others do not have ambitious
plans, however, REmap shows that they have significant extra potential. Canada, India, Turkey
and the United States, for instance, all have high levels of renewable resources that remain
untapped, both today and in the countries existing plans until 2030/50.

For some countries, the renewable energy potential may be greater than what was identified in
REmap. But more work is needed by policy makers and other stakeholders to identify options,
especially in countries where fossil fuels play a large role in the economy. The transition for these
countries in adopting renewables might take more time.

REmap shows that the G20 as a whole could reach a 63% renewable energy share by 2050,
equivalent to around 175 EJ final renewable energy use. This represents 70% of the total global
final renewable energy use in 2050 (235 EJ). While each country has the potential for additional
renewables beyond the Reference Case, the top-five G20 countries in terms of total renewable
energy use — Brazil, China, India, Indonesia and the United States — account for half of the total
global renewable energy use in 2050 and 70% of the G20. That means decisions in a few
countries are critical for the success of a global renewable energy acceleration. But those
countries alone will not be able to put the world on a pathway that limits global temperature
increases to 2°C.
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Figure 3.17 » Renewable energy share in TFEC in G20 countries in the Reference Case and REmap, 2015-
2050
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Key message ¢ In the Reference Case, the renewable energy share in G20 countries would range from 5-
40% by 2050. As REmap shows, achieving the 2°C target would require that shares increase to between
30-80% in all G20 countries.
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Table 3.3 ¢ Summary of Reference Case and REmap results

Reference Reference
Case REmap Case
2030 2050

2030

Renewable energy in
electricity generation

Hydropower Gw 1208 1413 1671 1391 1628
Pumped hydro Gw 155 300 325 300 325
Wind Gw 417 1312 2 665 2 331 4 801
Onshore Gw 405 1286 2 565 2 243 4 401
Offshore Gw 12 27 100 88 400
Solar PV GwW 219 1220 2921 2703 6 348
csp Gw 5 47 224 150 719
Biomass Gw 103 166 251 269 415
Geothermal GwW 12 36 126 63 283
Marine GwW 0.5 6 9 12 80
Battery storage GWh 0.5 1 096 2980 3095 10 400
Electric vehicles GWh 0.4 596 2 080 1995 8500
Two- and three-wheelers GWh 0.1 500 900 1100 1900
Renewable energy use in

transport

Electric Vehicles V“;,'H":‘I’:S 1.26 60 208 200 851
Passenger vehicles vngfillilti:cl):s 1.24 59 197 198 830
Buses & Light-duty vehicles vn;rlullhc?:s 0.02 0.64 11.0 1.5 21.9
2/3 wheelers [mition 200 500 900 1110 1940
Bioliquids billion litres 129 280 500 580 1120
Ethanol billion litres 94 195 255 320 635
Biodiesel billion litres 25 55 135 155 310
Biojet billion litres 29 111 105 175
Biomethane billion m? 0.4 1 24 3 200
Renewable energy use in

industry

Biomass heat (incl. CHP) EJ/yr 8.0 12.8 16.8 19.6 31.2
Biomass feedstocks EJ/yr 0.8 2.0 4.0 8.5 16.0
solar thermal- GWth 0.1 0.7 95 9 144
olar therma - flat plate, million m2 1.0 17.1 2 440 221 3695
Geothermal (direct heat) EJ/yr 0.02 0.04 2.90 0.54 4.41
Heat Pumps million units 0.2 2.5 34.2 5.6 79.5
Renewable energy use in

buildings

Biomass - traditional EJ/yr 28.0 12 0 4 0
Biomass - advanced EJ/yr 2.5 3.1 13.9 5.6 8.3

cooking
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Traditional cookstoves million units 568 252 0 76 0
Modern cookstoves million units 48 206 1007 400 813
Biomass heat E)/yr 4 17 16.6 18.5 14.3
Solar Thermal million m? 622 1364 5542 1962 11 695
Geothermal (direct heat) EJ/yr 0.3 0.9 2.7 1.4 3.8
Heat Pumps million units 4 23 102 47 232
Total final renewable

energy use

Total final renewable E)/yr 64 88 145 120 235
energy use

_IIR_EEEwabIe energy share in % 19 21 37 23 61

The economic case for the energy transition

Renewables offer a wide range of benefits, well beyond those related to energy security, climate
and environment. There is growing evidence that they can support economic growth and
improve human welfare. Renewables are key to achieving the United Nations’ Sustainable
Development Goal (SDG) of providing all people with affordable clean energy (Goal 7), while
reinforcing other SDGs. They facilitate access to basic services, improve human health, enhance
incomes and productivity, and promote gender equality and educational opportunity.
Renewables also create new jobs and spawn new local industries, and can contribute to
sustainable urban development (IRENA, 2017d). This section discusses the benefits of the REmap
energy transition in detail.

Mitigating climate change through renewable energy deployment would
yield macroeconomic benefits

The world is faced with an urgent need to decarbonise. At the same time, many major advanced
and developing countries are suffering from sluggish economic growth and high unemployment.
The traditional view has been that there is a trade-off between economic growth and
decarbonisation. Much of the climate change mitigation literature, notably the model
comparison exercises compiled in the IPCC’s Fifth Assessment Report, has estimated negative
economic impacts of decarbonisation (Clarke et al., 2014). However, the literature is now several
years old, and its authors admit the significant uncertainties around their estimations,
acknowledging the possibility of positive economic impacts, especially if the technologies
required for decarbonisation (e.g. renewables) improve in cost and performance (Box 3.10).

Box 3.10 e Existing literature acknowledges the possibility of positive economic impacts

Forecasting the economic impacts of global decarbonisation is a daunting task. The IPCC itself,
being the most scientifically sound reference on the topic, admits the uncertainties. The Fifth
Assessment Report forecasts negative economic impacts, but allows for positive ones, if certain
circumstances take place - circumstances either already existing, or likely to come about.

The role of technology: the past ten years have been a period of outstanding technological
advances and cost decreases for renewable energy technology, which the IPCC Fifth Assessment
Report was not able to capture. Citing IPCC: “Because technology will underpin the transition to a
low-carbon economy, the availability, cost, and performance of technologies will exert an influence
on economic costs” (Clarke et al., 2014). The Fifth Assessment Report was published in 2014, with
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most model comparisons being done between 2009 and 2014, with model runs done using data
that could be even older.

Modelling approach: most of the underlying models are based on neo-classical economics (i.e.
computable general equilibrium (CGE) techniques) which assume that markets are perfect, agents
fully rational and the economy works at full capacity. This is largely questionable, as postulated by
post-Keynesian economics. The IPCC’s Fifth Assessment Report admits the large uncertainty around
assuming perfect markets. Citing IPCC: “The aggregate economic costs reported (...) assumed (...) in
many cases an idealized implementation environment with perfectly functioning economic markets
devoid of market failures (..) The reality that assumptions of idealized implementation and
idealized implementation environment will not be met in practice means that real-world aggregate
mitigation costs could be very different from those reported here” (Clarke et al., 2014). In fact,
recent research is trying to relax some of these strict assumptions in several CGE models (e.g. by
including unemployment or explicitly representing money supply). Also interestingly, several recent
CGE-based analyses are showing positive impacts of more ambitious decarbonisation or renewable
energy deployment, such as in the case of Brazil or China (CNREC, 2016; Dai and Liu, 2016; Wills and
Grottera, 2015).

The role of the “double-dividend”: the IPCC states that climate policy does not happen in an
idealised, perfect market environment, and if there are synergies between climate and other
policies, economic impacts could be more positive. This is for instance the case of climate and fiscal
policy. A “double-dividend effect” could take place if carbon price revenues are used to reduce
distortive taxes (such as those on labour). This is very much in line with the literature on “green tax
reform”, with the findings of OECD’s G20 report in the case of “pro-growth policies” being
implemented (OECD, forthcoming), and with the environmental taxation initiatives advocated by
institutions (e.g. the OECD, the European Commission, the International Monetary Fund (IMF) or
the European Environment Agency). Citing the IPCC, “literature has also looked into the use of
carbon revenues to reduce pre-existing taxes (generally known as the “double-dividend”
literature). This literature indicates that total mitigation costs can be reduced through such
recycling of revenues. (...) Climate policies will interact with pre-existing policy structures as well as
with other market failures (...) and these interactions can either increase or decrease policy costs. A
number of authors have argued that costs could be much lower or even negative [i.e. positive
economic impacts] compared to those produced by studies assuming idealized policy and
implementation environments” (Clarke et al., 2014).

Rapid technological advancements in renewables are indeed taking place, and in many
circumstances renewables are becoming the cheapest source of energy, a trend which is likely to
continue in the future (IRENA, 2016f). Such changes can be a driver for the economic impacts of
decarbonisation to become positive.

These, among other factors, are beginning to force a rethinking of the traditional view of the
trade-off between economic growth and decarbonisation. There is growing evidence that
mitigating climate change through renewable energy could actually bring positive economic
impacts, stimulating growth and employment worldwide. Some of this evidence is for G20
members: the United States (ICF Resources LLC, 2015; Synapse Energy Economics et al., 2015),
China (CNREC, 2016; Dai and Liu, 2016), Japan (Pollitt et al., 2014), Germany (Blazejczak et al.,
2011; Lehr et al., 2012), France (Callonnec et al., 2016) or Brazil (Wills and Grottera, 2015). *

Overall, a policy intervention that reduces greenhouse gas emissions while simultaneously
boosting economic output is particularly compelling, and there is growing evidence that this
could be the case. This section explains the impact of the REmap energy transition on GDP at an
aggregate level, and then describes the changes in economic structure and the effects on

83 These positive results for Brazil and China are obtained with neo-classical CGE models.
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employment. The analysis in this section has been carried out using the global post-Keynesian
macro-econometric model E3ME.?*

Decarbonising the energy sector can yield global GDP growth

Achieving the energy transition in the G20 as outlined by REmap would increase global GDP® by
1.1% in 2030 and by 0.8% in 2050% compared to the Reference Case (Figure 3.18). The additional
economic activity generated between now and 2050%” would be an estimated USD 19 trillion,
which is similar to the total value of all the companies traded on the New York Stock Exchange,
the largest stock exchange in the world.*® In 2050 alone, the additional output would be
USD 1.6 trillion, similar to the combined GDP of Indonesia and Turkey today (IRENA, forthcoming
a).

The main driver of the global economic surge is the investment boost from the high capital
requirements of renewables and energy efficiency. Upfront investment is, for both, a larger share
of total lifetime cost than it is for fossil fuel-based technologies.

The additional investment in the REmap case, compared to the Reference Case, is about
USD 0.83 trillion per year globally (on average between now and 2050). Of that, 40% is in
renewables supply and 60% is in energy efficiency and the electrification of end uses. These
investments more than offset the reduced investment in conventional energy sectors, increasing
overall investment in the energy sector (as seen in Figure 3.9). These investments take place
mainly in the power sector and in the end-use sectors where energy efficiency measures are
implemented (e.g. residential or transport sectors), and lead to higher economic activity across
the economy (even after accounting for a partial competition for capital across the economy
(Box 3.11).%° It should be noted that there are uncertainties around the estimates of investments
required, especially in the case of energy efficiency. Given the key role that these investments
play in driving GDP growth, the current economic situation of low interest rates and low growth
present an ideal opportunity for such an intervention, as also pointed out in (OECD, forthcoming).

An additional driver increasing GDP is the growth in household expenditure. Such expenditure is
caused by a larger real disposable income due to: reduced income taxes as a result of the
increased government revenue from carbon pricing (i.e. the double-dividend effect of a green tax
reform®); and reduced expenditures on energy that can be allocated to other expense categories

84 For further details, see Annex B.

85 While the GDP measure fails to capture the broader improvements in human well-being (e.g. including social and
environmental aspects), it would still increase in the energy transition. Estimates of the welfare and broader sustainable
development implications of renewable energy deployment are the focus of current and recent IRENA work (IRENA, 2017d,
2016g, 2016h, forthcoming a)

86 Estimates of the impact of renewable deployment on the GDP for the G20 countries alone are slightly higher. As of today,
the G20 represents 86% of global GDP, and by 2050 under the Reference Case it would account for 82%.

87 Discounted at a social discount rate of 3%.
88 All monetary figures are expressed in constant 2015 prices.

89 Total market capitalisation of all listed companies (NYSE Market Data, 2017). Since the market capitalisation of a company
could be interpreted as the discounted value of all future cash flows expected by the market, it is a meaningful comparison for
a discounted cumulative additional GDP, even if the discount rates used are arguably different (private versus social).

90 The only investments that are assumed to be financed by debt are those in the power sector. Such debt is assumed to be
private and not public, a key difference from the OECD G20 report (OECD, forthcoming). As such, the decarbonisation does
not directly increase public debt.

91 The present macroeconomic analysis assumes carbon prices in line with IEA’s World Energy Outlook 2016, New Policies
Scenario and 450 Scenario respectively for the Reference and REmap cases (in terms of value, geographical and sectoral
application). The analysis also assumes that carbon pricing is revenue-neutral for the government, by reducing income tax (i.e.
“revenue recycling” through reduced income taxes). Such reform is a sort of “green tax reform”, and is widely considered by
the literature to yield positive GDP impacts, a finding also consistent with the upcoming OECD G20 report (OECD,
forthcoming).
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(electricity prices fall in many countries where renewables are more cost-competitive,?® and
prices of fossil fuels drop).

Figure 3.18 e Global GDP impacts of the REmap energy transition: additional and absolute GDP values,
2015- 2050
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Notes: The top graph illustrates the additional real global GDP in each year (USD 2015 trillion, undiscounted) and is equivalent to the
area between the two GDP lines in the bottom graph. The figure of the additional cumulated GDP sums these yearly figures,
discounted at a social discount rate of 3%. The bottom graph represents the global GDP in real terms (2015 USD) in each of the two
cases. All GDP figures are expressed in market exchange rates.

Key message ¢ Decarbonising the energy sector in line with REmap increases global GDP by around 0.8%
by 2050 compared to the Reference Case. In cumulative terms this constitutes almost USD 19 trillion in
increased economic activity between today and 2050.

Overall, this analysis suggests that it is possible to carry out a fundamental transition in the
energy sector without slowing GDP growth. In fact, the rates of GDP growth may increase.
However, important changes in the sectoral contributions to GDP can be expected.

Box 3.11 e GDP impacts in case of full capital crowding out and the double-dividend effect

The investments required in the decarbonisation case (as outlined by REmap) could displace (i.e.
“crowd out"%) capital available to other productive sectors, having a possibly depressing effect on
the economy. There is no clear evidence in the economic literature for whether this happens in
reality, with different schools of thought (mainly post-Keynesian versus neo-classical) following very
different assumptions. This analysis follows a post-Keynesian approach, which is different than the
mostly neo-classical approaches used in the existing literature on the economic impacts of climate

92 The analysis considers the cost of integration of renewables as a mark-up in the price of electricity for each country. The
mark-up increases with the share of variable renewables in the country.

93 In the economic literature, the expression “crowding out of capital” is used with two different meanings. In some cases it
means that public investment can hinder private investment. In some other cases, it means that investment (either public or
private) in a sector reduces capital availability for investment in other sectors. In this report, the second meaning is adopted.
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change mitigation, but is still grounded on solid empirical evidence (Anger and Barker, 2015; Arestis
and Sawyer, 2011).

One of the main differences between the schools of thought is that pure post-Keynesian
approaches assume no crowding out of capital. For the purpose of this analysis, the central scenario
assumes a partial crowding out. Furthermore, a sensitivity analysis is carried out under full and null
crowding out conditions (see the sensitivity analysis section below). In the full crowding out case
(the closest to a neo-classical approach, such as the one used in OECD, forthcoming), GDP impacts
are reduced, but remain positive, because the secondary driver increasing GDP (increased
expenditure) is not significantly affected.

The main reason for the increased expenditure is the double-dividend effect of recycling the
proceeds from carbon pricing to reduce income taxes. The positive economic effect of such
recycling method is in line with the: i.) literature on “green tax reform”; ii.) narrative included in the
IPCC’s Fifth Assessment Report (when it refers to the synergies between climate and other policies);
iii.) findings on “pro-growth policies” in OECD’s G20 report; and iv.) the environmental taxation
initiatives proposed by relevant international institutions such as the OECD, the European
Commission, the IMF and the European Environment Agency.

Decarbonisation will bring about a shift in the composition of the economy

The transition towards a decarbonised energy sector will bring structural changes in the
economy. Some sectors and industries will see reduced activity, while others will thrive. In a
decarbonisation case where investment in capital-intensive renewables and energy efficiency is
significantly scaled up, sectors related to capital goods and services would receive a boost, while
those related to fossil fuels would see reductions in output. This dynamic is reflected in the GDP
impacts experienced by different countries depending on the relative importance of various
sectors. Accordingly, countries relying on fossil fuels for a large share of their GDP could face
declines in economic activity. This has important strategic, policy and political economy
implications for countries and for the global decarbonisation of the energy sector (OECD,
forthcoming). Continued policy interventions, including towards economic diversification, could
help mitigate the negative economic impacts in fossil fuel exporting countries (OECD,
forthcoming). The structural effects of the REmap energy transition are represented in
Figure 3.19 in terms of changes in output per sector compared to the Reference Case.

The main negative impacts of decarbonisation would occur in the fossil fuel industry and in
utilities. As the demand for fossil fuels falls, related activities, including exploration, production,
refining and distribution, would experience slowdowns. Prices would drop as well, combining
with lower demand to reduce overall sectoral output. The coal industry would be hit the hardest,
with output falling by about 20% in 2030 and close to 30% in 2050 in comparison with the
Reference Case. The oil and gas industries would experience smaller reductions due to a lower
substitution effect (the carbon content of their products is relatively lower and their products are
harder to substitute). The production of the oil and gas sector in real terms would fall by 10% and
20% in 2030 and 2050, respectively, compared to the Reference Case.

Utilities also would experience a slowdown. Despite increased electrification in the economy (the
share of electricity in global final energy consumption goes from 24% in the Reference Case to
29% in REmap by 2050), energy efficiency measures would limit final consumption enough to
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reduce overall power generation by around 10% compared to the Reference Case. As a result,
output from the power sector falls by 4% by 2030 and 7% by 2050.**

Within the power sector, however, there are some important differences across technologies
that are not evident in the macroeconomic analysis because of methodological limitations.”
Some power technologies, such as coal power generation, will decrease their output, while
others, such as renewables, and other activities such as T&D, smart grids or demand response,
will increase. Some light is shed on these aspects in the jobs analysis in the next section, where
estimates have been made for employment by technology.”® Beyond the power sector, other
utilities would also experience reductions. Gas and water supply activities decrease by 5% (mainly
because of the reduction in gas demand).

94 While generation (in TWh) falls around 10%, sectoral output (in USD) falls around 4-7%. These figures are not directly
comparable, since there are significant price effects playing a role. For instance, generation may be falling more (in TWh
terms) in a country with cheaper electricity overall, so the effect on global output would be smaller. The difference between
generation and output changes does not relate to the different electricity prices between scenarios, as the measure of output
is in real terms, so such price effects are stripped out of the calculation.

95 The macroeconomic representation does not include a measure of output for each power generation technology, only
showing the sector as a whole. This is a consequence of the available data and the definitions used in national economic
accounts. Some academic literature has attempted to split the power sector into different technologies and a similar bottom-
up approximation based on employment factors has been used for the jobs analysis in the next section.

96 Indeed, structural impacts can be analysed from the point of view of sectoral output (measured in USD terms) but also
from the employment perspective. As such, the employment analysis by technology in the section below can be used as a
proxy for structural impacts and changes in output across power generation technologies.
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Figure 3.19 e Structural changes of the REmap energy transition, 2030 and 2050
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Notes: The vertical red line indicates the global output change (2030 and 2050 average), for comparison with output change per
sector. Output and GDP differ since the latter discounts intermediate inputs. Importantly, it should be noted that representing output
changes in percentage terms has the drawback of making the impacts in large sectors seem relatively smaller than they are in
absolute USD terms.

Key message e Fossil fuel industries see the largest reductions in sectoral output, while the highest
increases are in sectors related to capital goods, services and bioenergy.

The activities that stand to gain the most from the energy transition are those that benefit from
the capital-intensive nature of renewables and energy efficiency, and from the overall economic
improvement (as seen above through GDP increases).

The additional investments in renewables and energy efficiency more than offset the reduced
investments both in fossil fuels upstream and in conventional power plants. As a result, the
activities supplying capital goods and services increase their overall output. In particular,
activities related to construction, engineering and manufacturing of goods required for the
transition (such as renewable energy equipment or EVs) will increase their output by around 1%.
At the next level of the supply chain, activities providing goods for the construction, engineering
and manufacturing sectors would increase their economic output by around 0.5%. Examples
include basic metals and non-metallic mineral products (e.g. cement). Going further upstream in
the supply chains, activities extracting and delivering raw materials would see an increase,
although this is a relatively small sector and the changes in output would be so limited that they
do not show up in the analysis.
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Output also increases in many areas of the services sector. While some services are part of the
supply chains for renewables and energy efficiency activities (e.g. planning or transport), most of
the impacts are the result of induced economy-wide effects due to the overall GDP increase. For
example, higher household income increases demand for food, education and health services.
Distribution and retail, hospitality, ICT and business services would increase their output between
1% and 2%.

In addition, output from the agricultural sector also would increase, mainly due to the rise in
bioenergy feedstock production.

Overall, the decarbonisation of the energy sector would bring about a major economic
transformation. Sectors related to sustainable energy, including those in the supply chain for the
required investment goods and services, increase their participation in the economy. These
transformations, and the economy-wide structural changes that will take place, imply a transfer
of labour from activities related to fossil fuels to those related to renewable energy or energy
efficiency. The next section describes the likely impacts on jobs in the energy sector and across
the wider global economy.

The energy transition will increase employment across the energy sector and in the
economy as a whole

The energy transition will increase employment levels. This is a key finding, given the
fundamental role of jobs in social and economic development, which goes well beyond wage
generation (World Bank, 2012).

Global jobs in the overall energy sector

The decarbonisation of the energy sector will bring higher employment levels in energy, since the
number of new jobs created in renewables and energy efficiency more than offsets job losses in
fossil fuels (Figure 3.20). Global energy sector employment today stands at around 40 million jobs
(direct and indirect).”” Of these, IRENA estimates 9.4 million jobs to be in renewables,’® a number
that has been growing consistently in recent years (IRENA, 2016i).

In the Reference Case, global renewable energy jobs (direct and indirect) would reach 15 million
by 2030 and 17 million by 2050. In comparison, in the REmap case, the number of jobs would
increase to 24 million by 2030 and 26 million by 2050. Although employment in renewables is
higher in the REmap case, these estimates suggest a possible plateau, as increases in renewable
energy jobs are limited by a combination of energy efficiency improvements (which reduce total
energy demand) and growing labour productivity. In addition, bioenergy, one of the most labour-
intensive renewables, would reach a supply limit.*

Overall, the increased employment from renewables alone would offset job losses in the fossil
fuel sectors (which would be around 7 million in 2030 and 8 million in 2050). Furthermore, when
jobs related to the increased rates of energy efficiency are considered (9 million in 2030 and
around 5 million in 2050), the overall energy sector (including efficiency) employs significantly
more people in the REmap case (Figure 3.20).

However, many individual workers in the fossil fuel sectors may suffer if they cannot easily
transfer to renewable and energy efficiency jobs. As a result, the transition requires a consistent

97 All jobs figures include direct and indirect jobs. The 2015 values for fossil and nuclear energy employment are IRENA
estimates based on the literature.

98 Including large hydropower.
99 Total primary supply of bioenergy feedstock reaches a maximum of around 150 EJ/year in REmap.
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and comprehensive mix of policies, including retraining programmes. For instance, significant job
losses will happen in the coal sector. But some coal workers are already shifting to the
decarbonised energy sector, taking jobs as solar PV technicians, for example, or as construction
workers employed in energy efficiency retrofits (Galgdczi, 2014; Renner, 2016).

Figure 3.20 e Employment in the overall energy sector, 2015, 2030 and 2050
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Note: Due to methodological limitations, energy efficiency jobs are only computed for the REmap case based on the additional
investments needed in energy efficiency (in REmap vs Reference Case).

Key message ® New jobs in renewables and energy efficiency more than offset job losses in fossil fuel
sectors.

Renewable energy jobs by technology and country

Most of the renewable energy employment in the REmap case would be in solar (7 million jobs
by 2030 and 9 million jobs by 2050), bioenergy (7 and 8 million, respectively), hydropower (6 and
5 million, respectively) and wind (3 and 4 million, respectively).’™ The ranking of technologies
remains unchanged from that of today (Figure 3.21). Compared to current levels, global
employment increases in all renewable technologies.

100 The level of employment in energy efficiency is not reported for the reference case as no figure is available from current
data (energy efficiency is not defined as a separate sector). The results therefore only show the net additions for the REmap
case. This limitation does not affect the conclusions, which compare the REmap and reference cases.

101 Solar jobs include all electric and thermal applications. Bioenergy jobs include feedstock and power generation.
Hydropower includes large and small hydropower. It should be noted that there are significant data gaps that affect the
analysis presented here, due in part to the existing informality in some of the labour markets considered.
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Figure 3.21 e« Renewable energy employment by technology, 2015, 2030 and 2050
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Key message ® Renewable energy jobs can reach around 25 million by 2050, with solar and bioenergy
being the main employers.

The largest employment in absolute terms will be in the G20 countries (Figure 3.22). Employment
in renewables will be dominated by China, India, Brazil and the United States. Large domestic
deployment and equipment manufacturing will make China the global leader in terms of
renewable energy employment, with seven million jobs by 2030 and close to eight million by
2050. The number of renewable energy jobs in India is expected to grow significantly as the
country’s already significant ambitions are further scaled up. Meeting India’s 2022 target of
100 GW of solar is, alone, expected to create 1.1 million jobs (CEEW and NRDC, 2016), and there
could be about four million jobs in renewables in India by 2050. Brazil also ranks in the top- five
employers with close to 2.5 million by 2050, due to its bioenergy sector (consisting mainly of
feedstock harvesting and processing). In the United States, a strengthening of policies to
encourage emissions reductions could yield two million renewable energy jobs by 2050.

It is also important to note that key fossil fuel-exporting countries like the Russian Federation and
Saudi Arabia also gain substantial numbers of jobs in renewables. In Saudi Arabia, many of the
jobs are related to the construction and installation of solar energy, while in the Russian
Federation there are large numbers of jobs in bioenergy feedstock production (both for domestic
use and exports).
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Figure 3.22 e« Renewable energy jobs in the highest employing countries, 2030 and 2050
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Key message e The largest renewable energy employers are all G20 countries.

Employment impacts in the whole economy

Looking beyond the energy sector and its supply chains, economy-wide (i.e. net) employment is
higher in the REmap case than in the Reference Case, due to increased rates of overall economic
growth (GDP is higher in the REmap case by 1.1% in 2030 and by 0.8% in 2050). In addition to
direct and indirect job creation in sectors like construction and manufacturing, a significant
induced job creation takes place in sectors related to services, because of the increase in
economic activity described above. Global economy-wide employment increases by around 0.1%
by 2030 and 2050. Many of the new jobs are created in labour-intensive sectors like construction
and hospitality.

Reaping the benefits depends on implementing coherent energy and economic
policies

The analysis in this section shows that the energy transition can fuel economic growth and create
new employment opportunities. Thanks to the growing business case for renewable energy,
climate change mitigation and economic growth are no longer an “either-or” choice. This is a
significant conclusion in the current context of sluggish economic growth.

Job creation in renewables and energy efficiency, for instance, would more than offset job losses
in fossil fuel sectors. Millions of new jobs will exist in activities related to deployment and
maintenance of renewables, construction, implementation of energy efficiency measures,
manufacturing of required equipment and bioenergy supply. Many of these labour requirements
could be met with workers from fossil fuel industries, as in many cases the skills are
complementary. Active labour and retraining policies will need to underpin such shifts. This
highlights the importance of looking beyond energy policy.

Macroeconomic benefits will only be realised if countries implement a coherent mix of economic
policies to complement the energy policies underpinning decarbonisation (Figure 3.23).
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Therefore, policy makers should place renewable energy policy in the broader context of the
energy sector while also considering a range of cross-cutting policies beyond energy, such as
industrial, fiscal, trade and labour policies (IRENA, 2016h, 2013, forthcoming b; IRENA and CEM,
2014).

Figure 3.23 e A broad and coherent mix of policies
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Key message ¢ A broad and coherent mix of policies is needed to reap the positive macroeconomic
impacts of the energy transition.

Policies will remain central for decarbonisation, beginning with renewable energy
deployment

Within the realm of energy policy, renewable energy policy is a key pillar of decarbonisation.
Supportive policies can attract investments, increase deployment and drive cost reductions. Since
the early 2000s, a wide variety of measures have been used to promote deployment, starting
with national-level frameworks that are translated into specific measures such as regulatory
instruments and fiscal incentives. The measures also enable favourable conditions for sector
development related to grid access and financial mechanisms (Figure 3.24). By the end of 2015,
146 countries had implemented renewable energy support policies, which cover electricity
generation, heating and cooling, and transport. In fact, 114 countries had implemented power
policies, 66 countries transport policies, and 21 countries heating and cooling policies (REN21,
2016).

In the power sector, the appropriate policies must be tailored to country priorities and
conditions, including the maturity of the country’s power markets, the level of development of
the renewable energy sector and whether demand is rising, stable or falling. Based on these
factors, renewable energy policies should consistently provide transparent, predictable and
stable market environments, while allowing enough flexibility to adjust to market changes



© IRENA 2017 Global Energy Transition Prospects and the Role of Renewables

(IRENA, 2014b). Among a wide range of instruments, recent trends have seen the gradual
evolution of renewable power policies from tariff-based mechanisms to hybrid instruments such
as auctions, which are gaining importance as they allow renewable energy to be deployed in an
efficient, well-planned and flexible manner (IRENA, 2015).

Figure 3.24 « Overview of the types of renewable energy policies and measures adopted
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Up to now, renewable electricity support policies have concentrated primarily on deployment
measures to create markets. Falling costs and growing deployment have now brought new
challenges to making renewables an even greater component of the power sector. The
integration of growing shares of variable renewable generation, in particular, is crucial to a cost-
effective energy sector transition. In response, countries are increasingly shifting their policy
focus towards the deeper integration of renewables across the broader energy sector.

Policies also need to focus on heating and cooling for buildings and industry, and on the potential
of renewables to fuel transport. Renewables-based thermal applications, combined with
continued advances in energy efficiency, will play a critical role in the future energy system. More
focus should be placed on policies for thermal renewables, which clearly lag behind those for
power applications. Renewable heat sources are location-specific and vary in quality and
quantity. In addition, each sector has specific characteristics. As such, thermal renewable energy
policies will need to be tailored at country- and sector-specific levels. The potential synergies
between renewables and energy efficiency require more holistic approaches to energy policy
than current ones.

Renewables can contribute to the transport sector in three ways: liquid biofuels used in blends
with conventional fuels; gaseous biofuels used in flexi-fuel vehicles; and renewable electricity to
power electric and hybrid vehicles. Liquid biofuels currently represent the larger share of
renewable energy use in the transport sector. Their use has historically been driven by blending
mandates that support biofuels markets. However, investment in new production capacity has
declined in recent years, due in large part to lower oil prices. Looking forward, EVs will play a key
role in decarbonisation. They introduce high shares of renewables in transport and also facilitate
the integration of renewables in power markets. Policies will need to support investments in the
required infrastructure, and to provide economic signals that encourage charging at times that
take advantage of the profile of variable renewable generation.

Page | 173



Page | 174

Global Energy Transition Prospects and the Role of Renewables © IRENA 2017

A system-level approach to policymaking is needed to accelerate the transition

Not only must renewable energy policy shift from an exclusive focus on deployment to ensuring
deeper integration, it must also provide incentives to enhance system flexibility. For example,
there is a need for policies that advance demand-side management and storage, as well as
electric mobility and industry load shifting. The related changes in market design should be
geared towards providing adequate, reliable and affordable electricity services, while sharing
system benefits and costs in an equitable manner. Given the larger share of distributed energy
sources, the positions of established players and new stakeholders will also need to be balanced.
Efforts towards the smooth integration of renewables will also benefit from the coupling of the
power sector with heating and cooling, and transport, together with energy efficiency
improvements.

Implementing a system-level approach will rely on strong institutional capabilities, central to
supporting the energy transition. The pace of the transition will be strongly influenced by the
abilities of institutions and individuals, in the energy sector and beyond, to take decisions that
are informed, sound and consistent with long-term decarbonisation goals. For instance, energy
efficiency improvements require the right decisions to be made by a myriad of actors who face
very different, and sometimes conflicting, interests. In many countries, institutional capacities
remain weak, affecting awareness, policy design and implementation processes. Where such
capacities exist, they are commonly restricted by a lack of resources.

To strengthen and empower institutions, it is crucial to identify, assess and address existing
barriers to their operation and development. Cross-sectoral needs assessments should guide the
elaboration of national capacity-building programmes for the energy sector. Such initiatives
should focus on establishing appropriate steering processes, institutionalising inter-sectoral
coordination mechanisms, and creating or strengthening specialised renewable energy and
energy efficiency institutions. The transition to a decarbonised energy system also requires
strategies that achieve better synergies between different stakeholders in the sector. Targeted
capacity-building activities should be provided to stakeholders, including ministries in charge of
energy, renewable energy funds or facilities, regulatory authorities, and electricity production,
distribution and transmission companies.

The energy transition requires the implementation of appropriate economic policies

Reaping the full benefits of the energy transition requires aligning energy policies with a broader
set of economic policies. These include policies related to labour and training, domestic value
creation and industry development (IRENA, 2013; IRENA and CEM, 2014).

Labour and training policies will be key enablers

Jobs will be created in all segments of the value chain (construction, installation, feedstock
supply, manufacturing and operation and maintenance) and will form a global workforce with an
array of skills. Construction and installation of renewable energy plants will be the largest
segment by employment numbers followed by feedstock supply (bioenergy), manufacturing and
operations, and maintenance. As in any industry, skills required for these jobs will vary by
technology, geography and segment of the value chain. Figure 3.25 illustrates an example of
labour needs for a solar PV project (IRENA, forthcoming b).

Job creation in renewables and energy efficiency will offset jobs losses in fossil fuel sectors only if
a skilled and versatile workforce can easily transfer from fossil fuel sectors to renewable and
energy efficiency jobs. Such a transfer could help overcome the skills gap that is already being
seen in the renewable energy sector in some countries, posing a key barrier for the development
of the industry.
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Forward-looking policies have a major role to play in anticipating skills gaps and labour shortages
in a timely manner. These policies should consider two aspects. First, shortages of necessary skills
in the renewable energy sector could slow down the pace of deployment. Second, education and
training policies should facilitate the retraining of workers from other industries in renewable
energy technologies. Furthermore, energy sector strategy should take into account the evolution
of skill needs in the future in the context of rapid technology changes, in particular to build,
manage and operate smart power systems (IRENA, 2013).

Figure 3.25 e Workforce requirements for a 50 MW solar PV plant
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In addition to renewable energy technology-specific skills, training programmes should provide
skills that increase workers’” employment flexibility. In many countries, the majority of renewable
energy jobs will be in installing, operating and maintaining renewable energy production
facilities, rather than in manufacturing equipment. Therefore, workers need transferable skills
that allow them to be employed flexibly in line with the evolution of technologies and the
automation of production. Therefore, it will be crucial to align education and training policies
with the respective support policies to allow adequate planning for the long-term energy
transition.

Domestic value can be created through industrial policies

The activity increase in sectors related to needed technologies (e.g. renewables and EVs) and
other capital goods required for the transition (e.g. metals and cement) will create new markets
and trade flows. There will be opportunities for all parts of the economy to take part, including
current fossil fuel exporters, who can embrace the energy transition as a contribution to
economic diversification. Countries will have the opportunity to localise different segments of the
renewable energy value chain, depending on the state and competitiveness of local
complementary industries, as well as on the projected long-term demand for goods and services
(for which a stable enabling framework is key). Some segments, such as construction materials
and services, are more easily localised than others, such as manufacturing of advanced
components.

Countries may need active industrial policies to ensure that suitable capacity is in place, a key
strategic consideration for the energy transition. Supplier development programmes, industrial
upgrades, cluster cultivation, quality standards and specifications, and training could contribute
to enhanced industrial competitiveness and production quality. Nascent industries can be further
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supported through measures that create demand for local goods and services. However, these
measures need to be planned with a target deadline and designed in a way that ensures
technology transfer and leverages existing industrial capabilities. Policy makers should keep in
mind that these measures could increase the cost of supply and potentially deter some suppliers.

Scaling up investment towards decarbonisation

Targeted use of public funds to cover early-stage financing and to provide guarantees for some of
the investment risks associated with capital costs of renewable energy and energy efficiency can
have a significant impact on the sector’s attractiveness to private investors.

To scale up investments, limited public funds need to be used in a way that maximises the
mobilisation of private finance, including from large-scale institutional investors. This entails a
shift from traditional public financial instruments (e.g. grants and loans) towards risk mitigation
instruments such as guarantees that cover political, currency and power off-take risks. New
capital-market instruments, such as green bonds and yieldcos, are increasing available finance by
offering new groups of investors access to renewable energy investment opportunities (IRENA,
2016;j).

Human welfare benefits offset increased energy system costs

The transition in the energy system provides a unique opportunity to meet decarbonisation goals
while also fuelling economic growth, increasing incomes and creating jobs. Looking forward,
system-level, adaptable frameworks that take into account the multiple impacts of renewable
energy and energy efficiency can tip the balance in favour of low-carbon investments.

Accelerating the decarbonisation of the energy system requires continued focus on the mix of
policies covering energy, economic investment and technology frameworks that are driving the
transition. Accelerating the transition requires strategies that consider the synergies between
renewables and energy efficiency, and promotes deployment across end-use sectors.

Improved human welfare thanks to reduced pollution

IRENA analysis shows that in the case of renewables, a quadrupling of the share of modern
renewable energy from 9% to 36% between 2015 and 2030 can create benefits in terms of
reduced climate change damage and reduced health impacts from local air pollution that exceed
the cost by a factor four to fifteen. Reductions in outdoor and indoor air pollution each
contribute 40% to these benefits while 20% is related to avoided CO, emissions (IRENA, 2016c).
Indeed, the goal of reducing air pollution is currently a fundamental driver of energy policy in a
number of G20 countries.

In the context of this study, IRENA has expanded its externality analysis to cover the period until
the end of 2050. Comparing costs and reduced externalities for 2050 shows the scale of the
savings from increased share of renewables and higher shares of energy efficiency combined
with other low-carbon technologies. These technologies would also provide reductions in
externalities related to the impact of non-renewable energy use on human health and climate
change. When these reduced externalities are considered, total benefits would be between two
and six-times greater than the incremental system costs of decarbonisation, which are estimated
to be USD 1.8 trillion per year worldwide in 2050 (Figure 3.26). In absolute terms, reduced
externalities can bring benefits of up to USD 10 trillion annually by 2050. Outdoor air pollution is
a major externality, and it accounts for about two-thirds of this total. CO, reductions are also
important, but their relative importance depends on the assumed social costs of carbon (here,
between USD 50 and USD 110 per tonne CO, in 2050).
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However, there remain uncertainties in valuing externalities. While developing policies to
internalise external costs, it will also be important to enhance the understanding of these
uncertain external costs. The analysis in this report merely refers to the impact of renewable
energy technologies (pathways with more efficient non-renewable energy uses, for example,
have not been considered).

On a sector level, the effect of implementing decarbonisation varies, but in all sectors there are
incremental system costs. The largest savings from reduced externalities are found in the power
sector, mainly due to the drop in the use of coal. Transport would see the second-highest
reduction in externalities, largely because of the higher assessment of air pollution costs
stemming from the combustion of fuels in urban environments. In buildings there are some
savings from CO,-related externalities, but overall there is a slight increase in air pollution related
externalities as the share of bioenergy for heating increases as gas use decreases. In total, if
quantifying the cost and reduced externalities together, all sectors except buildings result in
moderate to significant savings when the energy system is decarbonised.

Figure 3.26 ¢ Costs and reduced externalities of decarbonisation, 2050

USD trillion/yr

Savings
(low estimate)

-6
-8
-10
Savings
(high estimate)
-12

[ Airpoliution [ CO, emissions

Key message ¢ Benefits from reduced externalities exceed the costs of decarbonisation by a factor
between two and six in 2050. Health benefits from reduced air pollution health alone exceed the costs.

The costs of decarbonisation are small compared to improved human welfare
through reduced externalities

A dramatic reduction in carbon emissions is not possible without significant additional spending.
As noted above, additional investments needs on average amount to USD 0.83 per year between
2015 and 2050.

When these investments are annualised, and any additional operation & maintenance costs of
individual low-carbon technologies are included, the portfolio of technologies identified in
REmap requires incremental system costs on top of the Reference Case that amount to
USD 1.8 trillion per year by 2050 globally. This assumes a crude oil price of USD 80 per barrel, and
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a discount rate of 10%. In the REmap analysis, CO, emissions are reduced by about 31.5 Gt per
year in 2050 compared to the Reference Case. This translates to a cost of USD 60 per tonne of
CO, emissions eliminated.

Despite significant technological learning that has reduced, and will continue to reduce,
renewable energy capital costs, some of the technologies will still be more expensive than their
non-renewable counterparts even by 2050. The incremental system costs of renewable energy
technologies are calculated to be USD 1.8 trillion per year in 2050. This includes about
USD 500 billion per year in incremental system costs related to the costs of integrating variable
renewable energy to the power system. It also includes the costs of grid integration measures
such as energy storage, flexibility from dispatchable power, national T&D grids and
interconnectors, as well as curtailment. However, as Box 3.12 explains, new technologies could
unleash new business opportunities and actually bring savings. For instance, if there were no
costs associated with integrating variable renewables to the power system, implementing the
electricity generation mix under REmap would result in savings of up to USD 300 billion per year
in 2050. This is explained by the much lower variable costs (i.e. avoided spending on fossil fuels)
of generating electricity with solar, wind and other renewables compared to non-renewable
technologies. Electrification in transport and heating/cooling also has incremental system costs,
as does CCS.

It is necessary to put these costs in the context of the total CO, emissions that would be avoided
in 2050. This is indicated with the dots in Figure 3.27 that show the average cost of abatement
for each technology. The most expensive technology is CCS for industry, where the abatement
cost is USD 120 per tonne of CO,. Energy efficiency measures, by comparison, have much lower
costs: around USD 35 per tonne of CO,. Abatement costs of electrification (excluding any
investments associated with charging infrastructure) and renewable energy are estimated at
USD 22 and USD 75 per tonne of CO,.

Figure 3.27 e Incremental system costs and the average cost of abatement by technology, 2050

Bars Dots
Incremental system Average cost of
costs in 2050 abatement in 2050
(USD billion/yr) (USD/t CO,)
2000 200
1800 180
1600 160
1400 140
1200 O 120
1000 100
800 0 80
600 60
400 9. 40
0 I o
Renewable Energy  Electrification @SS Other Total
energy efficiency

Key message ® When abatement cost is viewed in terms of cost per tonne of CO,, energy efficiency is the
most economically viable, followed by renewable energy. The bulk of the system costs lie in renewables
and end-use sector electrification technologies.
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Box 3.12 e System integration costs of variable renewable power

When assessing the cost of a power system that has integrated variable renewables, the
comparison is often made to the costs of a legacy top-down power system, characterised by few
large dispatchable thermal generators, synchronously connected to the grid and often centralised.
In this power system, vertically integrated utilities with generation, transmission, distribution and
sales are the norm.
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In contrast, variable renewables are more distributed, usually located where the resources are best.
They are typically non-synchronous (i.e. connected to the power system through powered
electronics), non-dispatchable, connected to the distribution system rather than to the transmission
system, and owned by a variety of entities. This type of power system thus has fundamentally
different characteristics. There are reductions in system inertia and in the ability to provide fault-
clearing short circuit current. The system requires a faster rate of change of frequency (RoCoF) and
an increase in reserve allocation to compensate for generation forecast errors, among other things.

Given the relative novelty of the technologies and the processes to deliver such power system
services, the changes associated with variable renewables can be considered sources of additional
or incremental cost, when compared to the extension of conventional technology to maintain
traditional operational parameters.

However, it is very likely that innovation in technology and institutional design will reduce the
additional or incremental cost of a system that can reliability operate in a new, more dynamic and
decentralised environment, by reducing both the amount of services required and the cost of
providing them.

For example, the increasing use of ICT will enable a faster market that is more responsive to the
balancing needs of a power system, with less inertia and faster rates of change. Key technologies
and upgrades in this space include improvements in grid monitoring speed and the establishment of
standard communication protocols over Power Line Communication. These advances will make it
possible to create an “internet of energy”, in which aggregators will be able to compete in providing
services to the grid through efficient use of distributed resources such as rooftop PV, distributed
and fast-responding electricity and thermal storage, EVs, demand response and other sources that
have not yet been invented.

Such developments will significantly reduce the additional costs that are typically associated with
the deployment of variable renewables. In theory, new business opportunities unleashed by new
market designs and ICT may mean that deploying VRE will no longer be seen as a cost at all.

On the institutional side, as markets move towards joint procurement of energy and services closer
and closer to real time, the forecast errors of VRE generation and the associated costs for
operational reserves decrease. As variable renewables, demand response and energy storage are
allowed to compete in providing services to the grid, the need to commit additional generation
units just to ensure that sufficient reserves are available to compensate for (reduced) forecast
errors is reduced, as such services will be provided by an optimised mix of “always committed”
sources.

The potential for — and uncertainty around — the developments above make it very difficult to
estimate a realistic 2050 figure for the incremental cost of global power systems that have
successfully integrated variable renewables. The size of that potential, however, suggests that most
estimates using the paradigm of the “old grid” are likely to be lower than predicted when compared
to real future costs. Examples around the world demonstrate that markets with large shares of
variable renewables incurred significantly less integration costs than expected, as a result of
technology cost declines and the ability of markets to exploit low cost flexibility options.
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The abatement costs of individual technologies can be ranked to show their contributions to the
31.2 Gt of CO, emissions avoided in 2050 in the REmap analysis, compared to the Reference
Case. The marginal abatement cost curve shown in Figure 3.28 ranks the abatement costs and
the relative contributions of each technology at a global level.'®?

The costs of emissions mitigation rise exponentially with the emissions reduction percentage. The
total costs are largely determined by the tail end, i.e. the last few percentages of emissions
reduction. At this moment, these costs are highly uncertain. Figure 3.28 starts with technologies
on the far left that result in savings and ends on the far right with technologies that cost more
than the fossil fuel equivalent they substitute for. Costs of technologies range from as low as
USD -200 to as high as USD 1 000 per tonne of CO,. The average cost of abatement is USD 60 per
tonne of CO, (and USD 40/t CO, excluding grid integration costs).

Technologies that bring savings are mostly energy efficiency measures. Those measures include
early replacement of condensing gas boilers for water/space heating, smart home systems,
efficient industrial motor systems, heat pumps, some insulating measures and renewable
electricity generation technologies (excluding the grid integration costs). These technologies
represent about 20% of the mix.

Other technologies cost more. When these technologies are ranked, the curve follows a flat line
until it reaches about USD 250 per tonne of CO,.

Many of the industry technologies come with additional costs, such as CCS, biomass-based
plastics and some biomass use process heating. In transport, advanced biofuels have high costs
compared to their petroleum equivalents at the crude oil prices assumed in this analysis. In
buildings, triple-glazed windows and some insulation measures for walls and doors come with
additional costs.

Technologies with much higher costs also include those related to demolishing buildings before
the end of their normal life spans and replacing them with new buildings, as indicated earlier in
the stranded asset discussion. However, such new and efficient buildings offer benefits, such as
better comfort and well-being, which have not been included in the estimates shown in
Figure 3.28. If these were to be quantified, the costs of abatement would be significantly lower.

The cost-supply curve provides important information about which technologies would require
policy support to improve their economic viability. These technologies fall under the area shaded
as “costs” in Figure 3.28 and they result in a total incremental system cost of USD 2.1 trillion per
year in 2050. To improve the economic viability of these technologies, different measures need
to be implemented. One of them is providing subsidies. Some improvements will also happen by
learning investments and some will require corrections to the market. One instrument to correct
for market distortions is a carbon price. Carbon prices are today typically used in the power
generation or the industry sectors. For instance, if one assumes a carbon price of USD 60 per
tonne of CO, in 2050, all low-carbon technologies for power generation covered in this
assessment reach cost-competitiveness. Technologies that remain more expensive are typically
located in end-use sectors.

If the same carbon price were applied for technologies identified for the industry sector, only
about half of them would be cost-competitive. Likewise in buildings and transport, many
renewable energy technologies remain costly by 2050. In transport for instance, national
emission policies and regulations are aimed at the local level (e.g. tighter emissions regulations
for internal combustion vehicles that encourage deployment of EVs) can improve the cost-
competitiveness of some costly technologies. Market instruments, such as correcting for harmful

102 Each dot on the figure refers to a low-carbon technology (e.g. biomass-based boilers to generate industrial process heat).
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effects of fossil fuels from air pollution externalities that are not priced, are also important
(similar to a carbon price). Subsidies may be necessary for some building sector technologies, as
their upfront costs to households are significant. The various required subsidies in different
sectors would add up to about USD 500 billion per year.

Figure 3.28 e Marginal abatement cost curve for low-carbon technologies beyond the Reference Case,
2050
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Notes: Each dor on the figure refers to a low-carbon technology (e.g. biomass-based biolers to generate industrial process heat).
Prices: Crude oil USD 80/bbl; coal USD 50/tonne; natural gas USD 11/MBtu. Discount rate: 10%. Grid integration costs of renewable
energy are excluded from the figure.

Key message ¢ One-fifth of the carbon emissions reductions can be achieved without any additional
costs. Average cost of abatement is USD 60/t CO, with the marginal cost to reach the 2° C target
estimated to be USD 250/t CO,. Costs rise steeply beyond 32 Gt per year in avoided emissions of CO,
compared to the Reference Case.

The marginal abatement cost-supply curve presented in Figure 3.28 represents just one possible
mix of technologies. There are many other possible models and scenarios. So it would be
beneficial to compare the technology and cost findings with the outcomes of other studies.
Alternative portfolios also can be generated based on different views of the parameters that
constitute a decarbonisation of the global energy sector.

With any given mix of technologies, such as that shown in Figure 3.28, decision makers will be
tempted to pick low cost options, from the left end of the curve, and to skip high-cost options on
the right side. But the figure gives a global perspective, and not all options are available
everywhere. To the right of the cost curve, some technology options have higher costs. This does
not, however, mean that the potential for low cost technologies has been exhausted, or that only
technologies with high costs remain for implementation. Therefore, the cost curve should not be
misinterpreted as a series of steps from left to right, in order of costs that can be chosen in
isolation; rather, there are interactions, and all of these options need to be exercised together to
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achieve this level of costs and the indicated renewable energy shares. For instance, some options
produce savings or improvements in efficiency that help reduce the costs of more expensive
options.

While this cost-supply curve is static, the energy system in general (for instance, the process of
meeting electricity or heat demand) is dynamic. For example, there are institutional barriers or
transaction costs along with technology costs. Incorporating these could change the ranking of
technologies. The position of individual technologies on the cost curve can also change,
depending on taxes, subsidies and external effects. Macroeconomic effects can change the
ranking as well. The focus on the cheapest individual options will not result in the least expensive
overall transition. Instead, a holistic approach is required. Only when all of these options are
pursued simultaneously can the energy sector be decarbonised.

Key sensitivities and robustness of the findings

This analysis outlines a path for limiting global temperature change by 2100 to 2°C with a 66%
probability of meeting the target. But there is still a one-out-of-three chance that temperatures
will rise more than 2°C even with this ambitious emissions reduction path. As a result, there is no
room for complacency. Policy makers would be well advised to aim for even more ambitious
reductions, especially given the limited success of efforts in the last three decades.

The pathway presented in this analysis is consistent with a temperature limit of 2°C (with 66%
chance) if:

e Energy-related CO, emissions follow the designated path until 2050 and then drop to
zero by 2060, and remain at zero thereafter.

e Process-related CO, emissions (that today amount to 2 Gt per year) drop and cumulative
process emissions from 2015-2100 remain below 60 Gt. This implies a very significant
effort to reduce process emissions from cement production, where no immediate
solution is available.

e Land use, land-use change and forestry (LULUCF) net emissions for the period 2015-2100
amount to zero. Today these areas are major sources of GHG emissions. These emissions
need to drop over time and turn negative in the second-half of the century. That means
massive reforestation, restoration of peat bogs and other restoration measures.

e Reduction of energy-related CO, emissions must be supplemented with a substantial
reduction of all other forms of anthropogenic GHG emissions.

e« Modern energy access puts emphasis on renewable energy solutions.

Although the LULUCF and most other non-CO, GHG of emissions are outside the scope of
traditional energy policy, they will still need be considered in the context of decarbonising the
energy sector. For example, land-use changes will be needed to increase the capacity for wind
and solar PV. Moreover, many of these measures aimed at reducing emissions, such as
reforestation, can take decades to show an effect — and they may turn out to be ineffective. If
that is true, the emissions that might have been allowed because of the expectation of future
reductions from these measures could not be reversed. As a result, there is a risk that the
ambitious energy transition outlined in this analysis will not limit climate change to 2°C, even if it
is implemented successfully.

In addition, this chapter proposes only one pathway to decarbonise the energy sector. There are
uncertainties around realising this foreseen potential, and alternative pathways should be
sought. Therefore as a last step, this study conducted a sensitivity analysis for some of the
technology and the key economic parameters (see Table 3.4).
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Incremental system costs are sensitive to energy prices, discount rates and the capital costs of
technologies. Fossil fuel prices are the most important, followed by finance costs and technology
costs. These finance parameters are more or less equally important in terms of CO, emissions: a
change of +/- 30% from the default value will result in a change of +/- 10% in avoided CO,
emissions.

If a crude oil price of USD 60 per barrel instead of USD 80 is assumed, CO, emissions would be 4
Gt per year higher in 2050. As a result, realising the 2°C target will require additional carbon
pricing. Lower prices for natural gas and coal would have comparable effects. Similarly, higher
discount rates or a slower decline than anticipated in the capital costs of clean energy
technologies would make it much harder to meet the target.

The analysis is much less sensitive when it comes to the assumptions on energy efficiency and
bioenergy. If improvements in energy intensity are lower than expected or the biomass supply is
smaller by 2050, the changes in results are negligible. The reason is that other low-carbon
technologies with similar or slightly higher costs of abatement can fill any gaps to meet the same
emissions budget.

Table 3.4 e Ranges used for sensitivity analysis of the key parameters and findings

Analysed impacts

Nominal Sensitivity Incremental system costs Avoided COz2 emissions in
velne (nominal in 2050 2050
value) (USD billion/ yr) (Gt CO2/ yr)
Default High Low Default High
See table 105-55
Fossil fuel prices* 3.1 USD/barrel 1.8 -0.3 3.8 31.2 33.5 28.3
) (80)
_ 0,
Cost of finance*  >%¢,table z] 10%’ 1.8 2.6 1.0 312 292 329
Renewable energy (IEE:J:A +/-30% 1.8 3.1 0.4 312 280 334
technology costs* 20166 ¢ ' ' : : : :
Incremental system costs Additional investments in
in 2050 2015-2050
(USD billion/ yr) (USD trillion)
Default High Low Default High
Energy intensity
improvement 2.60% 2% 1.8 - 2.0 39 41.5
rates*”
Biomass supply 150 EJ 100 EJ 1.8 . 1.8 39 39.5

potential**

Notes : *Impacts on incremental system costs in 2050 and CO, emissions reductions were estimated, assuming USD 250/t CO; as cut-
off criteria for abatement costs.

**Impacts on incremental system costs in 2050 and additional investment needs in 2015-2050 are measured, assuming the
deployment of low-carbon technology options other than the tested technology to fulfil the same carbon budget.

A sensitivity analysis has also been done in the macroeconomic analysis on the critical issue of
crowding out of capital. The investment requirements for a capital-intensive decarbonisation
based on renewables and energy efficiency could displace (i.e. “crowd out”) capital that would
normally be available to other productive sectors, having a depressing effect on the economy. If
that occurs, the overall GDP increase driven by decarbonisation could be significantly reduced or
even turned negative (IRENA, 2016h). This is the case, for instance, if the displaced investments
have a larger multiplier effect in the economy than the ones driven by decarbonisation (e.g.
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because the needed goods are produced domestically instead of imported), or if they reduce
potential GDP growth (e.g. a reduction in productive capacity like railways or factories).

To take this effect into account, our analysis assumes partial crowding out of capital in the central
case presented above, while a sensitivity analysis consisting of two additional model runs has
been done with full and null crowding out. The results are shown in Figure 3.29 and highlight the
same policy conclusion as IRENA’s analysis in 2016. The energy transition raises GDP significantly
compared to the Reference Case as long as the required investments do not fully compete with
investments elsewhere in the economy. If there is such competition, the increase in GDP is
smaller, but still positive. In other words, in the worst-case scenario, GDP impacts are small, and
if finance is available, GDP impacts are more positive.

Figure 3.29 e Global GDP impacts in different capital crowding out cases

GDP increase
in REmap vs.
Reference Case

2.5%
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Full crowding out Partial crowding out No crowding out
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W 2030 B 2050

Notes: Partial crowding out is modelled by forcing savings to be at least 50% of investment. Full crowding out imposes savings to be
equal to investment. Null crowding out does not impose any relation between savings and investment.

Key message ¢ In the worst-case scenario (full crowding out of capital), GDP impacts are small; otherwise
(if dedicated finance is available), GDP impacts are more positive.

The question of whether capital crowding out occurs in reality is a difficult one to address, and it
is not something that can easily be tested. Different schools of economic thought suggest
different outcomes and all macroeconomic modelling exercises must make assumptions about
the degree of crowding out. It is important for the reader to be aware of this issue when
interpreting results - this is an important difference between this analysis and the one carried out
in the forthcoming OECD G20 report (OECD, forthcoming).
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The modelling assumptions relate to the balance between investment and savings in the
economy.'® The difference between the schools of thought is how this balance (which is an
accounting identity) is maintained. In strict neo-classical economics, the approach is relatively
basic: if investment is to increase (at least at the global level), then there must be an increase in
savings to fund it. More savings mean lower expenditures on current consumption, and therefore
lower GDP. In contrast, post-Keynesian economics includes the banking system as an
intermediary. So when a bank advances a loan, it creates both a liability to the company getting
the loan and an asset on its own balance sheet. The balance between investments and savings is
thus maintained, but the resulting increase in money supply allows for additional investment

without forcing higher volumes of saving elsewhere in the economy.

103 In economic terminology, both terms are different, which can be confusing to a lay reader who is used to thinking in
terms of personal finance, wherein putting money in a bank account can be considered an investment, while in economic
terminology it is a saving.
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Chapter 4: Key insights for policy makers

Authors: International Energy Agency and International Renewable Energy Agency

1.

3.

4.

Transformation of the energy system in line with the “well below 2°C” objective of the Paris
Agreement is technically possible but will require significant policy reforms, aggressive carbon
pricing and additional technological innovation. Around 70% of the global energy supply mix
in 2050 would need to be low-carbon. The largest share of the emissions reduction potential
up to 2050 comes from renewables and energy efficiency, but all low-carbon technologies
(including nuclear and carbon capture and storage [CCS]) play a role.

. The energy transition will require significant additional policy interventions.

e Renewables will assume a dominant role in power generation. Skillful integration of
variable renewables at very high levels becomes a key pillar of a cost-effective energy
sector transition.

o Power market reform will be essential to ensure that the flexibility needs of rising shares
of variable renewables can be accommodated.

e Ensuring access to modern energy services for those currently deprived remains a high
priority, alongside improved air quality through deployment of clean energy
technologies.

Total investment in energy supply would not need to rise over today’s level to achieve climate
targets, while there is significant additional investment needed in end-use sectors.

e Investment needs in energy supply would not exceed the level of investment undertaken
by the energy sector today. It requires appropriate and significant policy signals to ensure
that investment in low-carbon technologies compatible with the “well below 2°C”
objective becomes the market norm.

e The additional investment needs in industry and households for more efficient
appliances, building renovations, renewables and electrification (including electric
vehicles and heat pumps) are significant. In order for energy consumers to reap the
potential benefits of lower energy expenditure offered by the use of more efficient
technologies, policy would need to ensure that the higher upfront investment needs
could be mobilised.

Fossil fuels are still needed through 2050.

e Among fossil fuel types, the use of coal would decline the most to meet climate targets.

e Natural gas would continue to play an important role in the energy transition to ensure
system flexibility in the power sector and to substitute for fuels with higher carbon
emissions for heating purposes and in transport.

e The use of oil would fall as it is replaced by less carbon-intensive sources, but its
substitution is challenging in several sectors, such as petrochemicals.

e CCS plays an important role in the power and industry sectors in the IEA analysis while
only in the industry sector in the IRENA analysis.

. A dramatic energy sector transition would require steady, long-term price signals to be

economically efficient, to allow timely adoption of low-carbon technologies and to minimise
the amount of stranded energy assets. Delayed action would increase stranded assets and
investment needs significantly.

Renewable energy and energy efficiency are essential for all countries for a successful global
low-carbon transition, but they will need to be complemented by other low-carbon
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technologies according to each country’s circumstances, including energy sector potentials,
and policy and technology priorities.

7. The energy sector transition would need to span both the power and end-use sectors.

e Electric vehicles would account for a dominant share of passenger and freight road
Page | 192 transport.
e« Renewables deployment would need to move beyond the power sector into heat supply

and transport.

o Affordable, reliable and sustainable bioenergy supply would be a priority especially in
light of limited substitution options in particular end-use sectors

8. Technology innovation lies at the core of the long-term transition to a sustainable energy
sector.

e Near-term, scaled-up research, development, demonstration and deployment
(RDD&D)spending for technological innovation would help to ensure the availability of
crucial technologies and to further bring down their costs.

¢ Not all of the needed emission reductions can be achieved with existing technology
alone. Additional low-carbon technologies that are not yet available to the market at
significant scale, such as electric trucks or battery storage, will be required to
complement existing options.

e Technology innovation must be complemented with supportive policy and regulatory
designs, new business models and affordable financing.

9. Stronger price signals from phasing out inefficient fossil fuel subsidies and carbon pricing
would help to provide a level playing field, but would need to be complemented by other
measures to meet the well below 2°C objective.

e Price signals are critical for the energy sector to ensure climate considerations are taken
into account in investment decisions.

e It is important to ensure that the energy needs of the poorest members of society are
considered and adequately taken into account.

10. The IEA and IRENA analyses presented here find that the energy sector transition could bring
about important co-benefits, such as less air pollution, lower fossil fuel bills for importing
countries and lower household energy expenditures. Both analyses also show that while
overall energy investment requirements are substantial, the incremental needs associated
with the transition to a low-carbon energy sector amount to a small share of world gross
domestic product (GDP). According to IEA, additional investment needs associated with the
transition would not exceed 0.3% of global GDP in 2050.'* According to IRENA, the additional
investment required would be 0.4% of global GDP in 2050 with net positive impacts on
employment and economic growth.

104 The Organisation for Economic Co-operation and Development (OECD) analysis of how the IEA scenarios play out in the
broader macroeconomic policy context will be presented in a forthcoming publication titled Investing in Climate, Investing in
Growth.
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Annex A: IEA Methodology

Author: International Energy Agency

World Energy Model

Since 1993, the IEA has provided medium- to long-term energy projections using the World
Energy Model (WEM). The model is a large-scale simulation model designed to replicate how
energy markets function and is the principal tool used to generate detailed sector-by-sector and
region-by-region projections for the World Energy Outlook (WEO) scenarios.'® The model
consists of three main modules: final energy consumption (covering residential, services,
agriculture, industry, transport and non-energy use); energy transformation including power
generation and heat, refinery and other transformation; and energy supply. It is updated every
year. Among the main outputs from the model are the energy flows by fuel, investment needs
and costs, carbon dioxide (CO,) and other energy-related greenhouse gas (GHG) emissions, and
end-user prices. While the general model framework covers 25 world regions, individual
countries are also modelled, depending on the specific module of the WEM: 12 in demand; 101 in
oil and gas supply; and 19 in coal supply. The current version of WEM covers energy
developments by year to 2040. For the specific purpose of this study, a high-level extension of
WEM results out to 2050 was conducted, benchmarked against outputs from the IEA Energy
Technology Perspectives (ETP) model.'® Therefore, results for the period 2040-50 do not reflect a
full modelling analysis.

The WEM is a very data-rich model covering the whole global energy system. Much of the data
on energy supply, transformation and demand, as well as energy prices are obtained from IEA
databases of energy and economic statistics.'” Substantial additional data are used to generate
projections: for example, all end-use sector modules base their projections on the existing stock
of energy infrastructure, including the number of vehicles in transport (by type), production
capacity in industry and floor space area in buildings. Such data stem from a variety of sources.'®

The model embodies a variety of modelling techniques. Technology choices, for example, are
generally conducted on a least-cost basis, while taking into account policy targets (for example,
including energy efficiency and renewables policies, and climate goals). Technology cost
evolutions are a function of cumulative technology additions, using typical learning rates from
literature. Technology cost reductions vary by scenario as different levels of policy ambition
trigger different levels of technology deployment and, hence, different levels of cost reductions.

The model operates in three steps: first, final energy demand projections are generated by fuel
and end-use sector, based on projections of sector-specific activity variables drivers (such as steel
production in industry, household size in dwellings, or passenger- and tonnes-kilometres
travelled in transport), taking into account expected changes in demand structures. Each end-use
sector is split into subsectors,'® which are generally modelled bottom-up with a detailed

105 For further details on the WEM methodology, see the “WEQO Model” section of the World Energy Outlook website:
www.worldenergyputlook.org.

106 For details about the ETP model, see www.iea.org/etp/etpmodel/.
107 See www.iea.org/statistics.
108 For further details, see the “WEO Model” section of the World Energy Outlook website: www.worldenergyoutlook.org.

109 For example, the industry module comprises the sub-sectors aluminium, iron and steel, chemical and petrochemical,
cement, pulp and paper, and other industry. The transport module covers road transport (passenger cars, various truck types,
buses and two-/three-wheelers), aviation, rail and navigation. The buildings module separately covers a number of end-uses

Page | 193



Page | 194

IEA Methodology © OECD/IEA 2017

representation of technologies that could be deployed to satisfy the energy demand. An
additional demand-side response module assesses the amount of electricity demand that could
potentially be shifted in time to facilitate higher penetration of variable renewables in power
generation.

In a second step, final energy demand is converted to primary energy demand by fuel through
transformation modules. The refinery module, for example, projects capacity development and
utilisation for 134 individual countries and 11 regions and defines refinery yields, output and
trade for the product categories of liquefied petroleum gas, naphtha, gasoline, kerosene, diesel,
heavy fuel oil and other products. The power sector module covers 25 regions and ensures that
enough electricity is generated to meet the annual volume of demand in each region and that
there is enough generating capacity in each region to meet the peak electrical demand, while
safeguarding security of supply to cover unforeseen outages. Policies as well as the regional long-
run marginal costs of 106 different power plant types determine new capacity additions in each
region. The eventual annual level of operation by power plant by region is determined by two
modules: a classical merit order module determines a least-cost power mix for each year,
differentiating annual electricity demand in four different segments (baseload, low-midload,
high-midload and peak load). For selected regions, an additional hourly model (designed as a
classical hourly dispatch model, representing every hour of the year) quantifies the challenge
arising from the integration of high shares of variable renewables and assesses the measures to
minimise curtailment, providing additional insights into the operation of power systems.

In a third step, primary energy demand by fuel is fed into the fossil fuel and biomass supply
modules, iterating with demand modules over fuel price assumptions until the level of fuel
production from supply models matches demand. The supply models broadly follow a similar
methodology across fuels. In the oil supply module, for example, production in each country or
group of countries is separately derived, according to the type of asset in which investments are
made: existing fields, new fields and non-conventional projects. Standard production profiles are
applied to derive the production trend for existing fields and for those new fields (by country and
type of field) which are brought into production over the projection period. The profitability of
each type of project is based on the capital and operating costs of different types of projects, and
the discount rate, representing the cost of capital. The net present value of the cash flows of
each type of project is derived from a standard production profile. Projects are prioritised by
their net present value and the most potentially profitable projects are developed. Constraints,
derived from historical data and industry inputs, on how fast projects can be developed and how
fast production can increase in a given country are also applied.

In order to derive insights into other aspects of possible future energy sector developments, the
WEM benefits from the coupling with other well-known models. For example, WEM has an active
link with the ENV-Linkages model of the Organisation for Economic Co-operation and
Development (OECD), which allows the assessment of the macro-economic impacts of different
energy sector developments.*® Similarly, an active link exists with the the Greenhouse Gas and
Air Pollution Interactions and Synergies (GAINS) model of the International Institute for Applied

for the residential and services sector including water heating, space heating and cooling, appliances (e.g. refrigerators and
washing machines), lighting and cooking.

110 The assessment of the possible macroeconomic implications of different energy sector pathways as projected by WEM is
not subject to this report, but will be subject to a study currently undertaken by the OECD under the German G20 presidency.
The results of the OECD analysis are not presented here. For details on ENV-Linkages, see Chateau, J., R. Dellink and E. Lanzi
(2014), “An Overview of the OECD ENV-Linkages Model: Version 3”, OECD Environment Working Papers, No. 65, OECD
Publishing, Paris, http://dx.doi.org/10.1787/5jz2qck2b2vd-en.
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Systems Analysis (I1ASA),*** which allows for the assessment of future prospects for energy-

related air pollutants and the impact on human health.
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Annex B: IRENA Methodology

Author: International Renewable Energy Agency

REmap approach

IRENA has published renewable energy roadmaps for specific countries and regions since 2014 as
part of its REmap programme.™ REmap scenarios represent worldwide renewable energy
potential assembled from the bottom-up, starting with separate country analyses done in
collaboration with country experts and then aggregating these results to arrive at a global
picture. As of early 2017, these analyses cover 70 countries, representing 90% of global energy
use.

The REmap approach is an assessment of energy system development, specifically energy supply
and demand, the accelerated potential of decarbonisation technologies, and subsequent effects
on costs, externalities, investments, CO, emissions and air pollution.

The analysis is based on a sector and technology bottom-up approach at the individual country
level utilising an internally developed REmap tool. This tool is used to analyse two scenarios:

a) The Reference Case (also called the baseline or business-as-usual), which is based on national
energy plans or similar reputable sources that forecast expected developments in energy
demand for a country.

b) The REmap Case (also called the decarbonisation case), is an accelerated renewables case
based on decarbonisation targets and the REmap technology options assessment approach.

The assessment of both the Reference Case and REmap Case is referred to as the REmap
approach, while the additional potentials for accelerating renewable energy, energy efficiency
and other decarbonisation options are generally referred to as the REmap Options.

For the purpose of this analysis, the bottom-up approach using the REmap tool for each country
is complemented with a top-down global demand assessment done at the sector and sub-sector
levels. A combination of both an iterative bottom-up country approach and top-down sector
approach allows for a better representation of country plans in energy use forecasts, in addition
to a more cohesive global set of technology development assumptions and costs relating to
decarbonisation technologies.

To do the top-down assessment, energy demand by energy carrier is grouped into three end-use
demand sectors: buildings (including residential, commercial and public), industry (including
agriculture) and transport. Two supply sectors are also analysed: power and district heat
generation. The REmap scenario has a preference for renewable energy, energy efficiency
technologies and sector-coupling solutions, such as electric vehicles, district heating and cooling,
and heat pumps, over other decarbonisation approaches such as carbon capture and storage
(CCS) and nuclear energy, though these options are also included.

The end-use analysis is carried out at a sub-sector level. Activity level growth rates were
estimated for the period between 2015 and 2050. Each end-use sector is divided into the main
energy consuming applications. To assess the potential for both energy and materials efficiency,
the analysis looks at technology options for reducing energy use for a given level of activity. The
technology potential of renewable energy is also analysed at the sub-sector level. The potential

112 For a complete overview of REmap related publications, assessments, datasheets and methodologies, see:
www.irena.org/remap.
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of the relevant low-carbon technologies for each application is estimated based on market
growth rates, resource availability and other constraints.

To assess interactions between the demand and supply sectors, specifically the power sector,
additional analysis was carried out. For European Union countries, the PLEXOS dispatch model
was used to model capacity requirements in a high renewables scenario (Collins et al. 2016;
IRENA, 2017b). For other large regions/countries, the analysis relies on studies and modelling by
other institutions (NREL, 2012; CNREC, 2015).

Based on the results of the two scenarios, additional assessments were carried out. The CO,
emissions have been estimated for both the Reference and Remap scenarios by country, sector
and fuel for 2015 and 2050. In addition, the effects on air pollution, and the subsequent benefits
for human health, are calculated using a method developed by IRENA with leading experts.™ The
REmap tool also includes a cost and investment assessment'® and an analysis concerning
stranded assets (IRENA, 2017c).

A complete overview of the REmap methodology used in this report, including assumptions
used to arrive at the decarbonisation potential, is available in a stand-alone methodology paper
(IRENA, 2017a).

The E3ME approach for macroeconomic analysis

The REmap approach does not assess larger, macroeconomic effects. For this purpose, IRENA has
conducted an additional macroeconomic modelling exercise. It is carried out by feeding the
REmap energy mixes developed for this report into a fully-fledged global macro-econometric
model that takes into account the linkages between the energy system and the world’s
economies within a single and consistent quantitative framework.

The model used, E3ME,'*> covers the complete global economy and is therefore complementary
to REmap, which focuses only on the energy sector. E3SME simulates the economy based on post-
Keynesian principles, in which behavioural parameters are estimated from historical time series
data. Interactions across sectors are based on input/output relations obtained from national
economic statistics. The model is flexible and can be tailored to different technological, sectoral
and geographical disaggregation. The version used includes 24 different electricity generation
technologies, 44 economic sectors and 59 countries/regions globally, which have been selected
to be consistent with the REmap G20 analysis.

The model has a proven track record of policy and policy-relevant projects. Those projects
include the impact assessments for energy and climate policy carried out by the European
Commission; contributions to the Intergovernmental Panel on Climate Change on the economic
impacts of climate change mitigation; participation in inter-model comparison exercises in the
context of climate change mitigation, both global and regional (e.g. in Latin America); and work
on the macroeconomic impacts of energy policy in Japan and in India. In the academic sphere,
close to 50 scientific journal and book publications have used the E3ME model.

The basic structure of the version of E3ME used is illustrated in Figure B.1. A full description of
the energy sector of each country, derived from the REmap analysis, has been fed into the model
(right-hand side of the figure). The left-hand side shows how the main components of E3ME fit
together, with arrows showing linkages. For the purposes of this analysis, the links feeding into

113 For details on the methodology, see (IRENA, 2016b).
114 For the complete cost methodology, see (IRENA, 2014).
115 Developed by Cambridge Econometrics and with a full description at: www.e3me.com.
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the energy system have been disabled (dotted grey arrows in the figure) to match and fix the
energy sector parameters (e.g. installed capacities, energy mixes) obtained from REmap.

Figure B.1 ¢ IRENA’s macroeconomic analysis methodology: REmap results feeding into the E3ME model
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In order to strengthen the analysis, IRENA engaged with a panel of seven internationally
renowned experts, independent from the modelling team. The experts were strategically
selected from diverse countries (Brazil, China, Germany, India, United Arab Emirates, United
Kingdom and United States) and from varied backgrounds, (some are experts in fundamentally
different modelling approaches, such as computable general equilibrium models [so they can
bring different perspectives]). All the experts were requested to critically assess the key
assumptions and approach of the analysis, in a review that took place in December 2016. Close to
350 comments were received. Those comments have been incorporated into the macroeconomic
analysis and will also inform future work by IRENA.

Compared to the Reference Case, the macroeconomic analysis assumes lower future
international fossil fuel prices than the REmap Case. The values used are, respectively, in line
with the New Policies Scenario and the 450 Scenario of the World Energy Outlook 2016 (IEA,
2016). Carbon prices are used and are set consistently with these scenarios (in terms of value,
and geographical and sectoral application). The analysis assumes that carbon pricing is revenue-
neutral for the government, by using the proceeds to reduce income taxes, in a sort of “green tax
reform”.

Importantly, a sensitivity analysis has been carried out for the key assumption of crowding out of
capital. This is one of the key differences between post-Keynesian and neo-classical approaches
to macroeconomic modelling, and is expected to have meaningful effects on the results. Such
expectation is grounded on an extensive expert consultation and on previous IRENA analyses
with E3ME. While the analysis assumes partial crowding out in the central case, two additional
model runs have been done with total and null crowding out. Further methodological details,
from previous IRENA work using E3ME, can be found in Renewable Energy Benefits: Measuring
the Economics (IRENA, 2016a).
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