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Foreword

The publication of the first Net Zero Roadmap by the International Energy Agency (IEA) in
May 2021 was a landmark moment for the energy and climate world, setting out what would
need to happen in the global energy sector in the years and decades ahead to limit global
warming to 1.5 °C. The interest in the report was huge. The world finally had an authoritative
benchmark for what a clear pathway to net zero energy sector CO, emissions by 2050 would
look like — something against which the proliferation of net zero pledges could be compared.

The significance of the report was reflected by the massive number of readers it attracted
online. It quickly became our most viewed and downloaded publication ever, a sign of the
strong demand for clear and unbiased analysis, translating the temperature goals of the Paris
Agreement into practical milestones for the global energy sector. Our Roadmap became a
reference point for governments, companies, investors and civil society, helping inform
discussions and decision-making on pursuing secure, inclusive and affordable transitions to
clean energy.

Much has happened since its launch two and half years ago: first, the strong and carbon-
intensive economic recovery from the Covid crisis; then, the global energy crisis triggered by
Russia’s invasion of Ukraine. The negative consequences of these major events include the
rise of global energy-related carbon dioxide emissions to a new record in 2022 and increased
investment in new fossil fuel projects.

However, we have also seen some extremely positive developments, most notably the rapid
progress of key clean energy technologies, such as solar PV and electric vehicles, backed by
significant policy efforts to advance them further. Recognising the importance of these
industries of the future for energy security and economic competitiveness, countries around
the world are seeking to boost their clean technology manufacturing capacities, driving a
resurgence in industrial policy. Innovation is also accelerating, strengthening the pipeline of
technologies that will be needed to complete the world’s journey to net zero.

At the same time, the case for climate action is stronger than ever. July 2023 was the hottest
month on record — and 2023 as a whole appears likely to become the hottest year. Severe
wildfires, droughts, floods and storms further underlined that the climate crisis is with us and
that the costs are mounting. Politically, this year is an important test for the Paris Agreement,
with the first Global Stocktake at the COP28 Climate Conference providing a comprehensive
assessment of where things stand five years on. To succeed, it needs to set a course for all
countries to step up to meet the challenge.

With this in mind, the IEA is therefore providing a 2023 update to our Net Zero Roadmap,
drawing on the latest data and analysis to map out what the global energy sector would need
to do, especially in the crucial period between now and 2030, to play its part in keeping the
1.5 °C goal in reach. The findings are clear: while the global pathway to net zero by 2050 we
mapped out previously has narrowed, it is still achievable. It is too soon to give up on 1.5 °C.
And | would like to underscore that net zero by 2050 globally doesn’t mean net zero by 2050
for every country. In our pathway, advanced economies reach net zero sooner to allow
emerging and developing economies more time.
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Among the wealth of insights contained in this report, | would like to highlight one message
in particular: in an era of international tensions, governments need to separate climate from
geopolitics. Meeting the shared goal of preventing global warming from going beyond critical
thresholds requires stronger cooperation not fragmentation. Climate change is indifferent to
geopolitical rivalries and national boundaries — in its causes and its effects. What matters is
emissions, regardless of which country produces them, calling for leadership on collaborative
efforts to tackle them. As this Roadmap makes clear, we have the proven technologies and
policies to reduce those emissions quickly enough this decade to keep 1.5 °C in reach. All
countries need to work together to make that happen or we all lose in the end.

| hope the insights this report offers will inform international discussions going into COP28
and beyond. For the rigorous and incisive analysis it contains, I'd like to thank my colleagues
who led the work, Laura Cozzi and Timur Gil, and their excellent teams.

Dr Fatih Birol
Executive Director
International Energy Agency
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Executive Summary

In 2021, the IEA published its landmark report, Net Zero by 2050: A Roadmap for the Global
Energy Sector. Since then, the energy sector has seen major shifts. Based on the latest data
on technologies, markets and policies, this report presents an updated version of the Net Zero
Emissions by 2050 (NZE) Scenario; a pathway, but not the only one, for the energy sector to
achieve net zero CO, emissions by 2050 and play its part, as the largest source of greenhouse
gas emissions, in achieving the 1.5 °C goal.

The path to 1.5 °C has narrowed, but clean energy growth is keeping it open

The case for transforming the global energy system in line with the 1.5 °C goal has never
been stronger. August 2023 was the hottest on record by a large margin, and the hottest
month ever after July 2023. The impacts of climate change are increasingly frequent and
severe, and scientific warnings about the dangers of the current pathway have become
stronger than ever.

Global carbon dioxide (CO;) emissions from the energy sector reached a new record high
of 37 billion tonnes (Gt) in 2022, 1% above their pre-pandemic level, but are set to peak
this decade. The speed of the roll-out of key clean energy technologies means that the IEA
now projects that demand for coal, oil and natural gas will all peak this decade even without
any new climate policies. This is encouraging, but not nearly enough for the 1.5 °C goal.

Positive developments over the past two years include solar PV installations and electric
car sales tracking in line with the milestones set out for them in our 2021 Net Zero by 2050
report. In response to the pandemic and the global energy crisis triggered by Russia’s
invasion of Ukraine, governments around the world announced a raft of measures designed
to promote the uptake of a range of clean energy technologies. Industry is ramping up quickly
to supply many of them. If fully implemented, currently announced manufacturing capacity
expansions for solar PV and batteries would be sufficient to meet demand by 2030 in this
update of the NZE Scenario.

We have the tools needed to go much faster

Ramping up renewables, improving energy efficiency, cutting methane emissions and
increasing electrification with technologies available today deliver more than 80% of the
emissions reductions needed by 2030. The key actions required to bend the emissions curve
sharply downwards by 2030 are well understood, most often cost effective and are taking
place at an accelerating rate. The scaling up of clean energy is the main factor behind a
decline of fossil fuel demand of over 25% this decade in the NZE Scenario. But well-designed
policies, such as the early retirement or repurposing of coal-fired power plants, are key to
facilitate declines in fossil fuel demand and create additional room for clean energy to
expand. In the NZE Scenario, strong growth in clean energy and other policy measures
together lead to energy sector CO, emissions falling by 35% by 2030 compared to 2022.
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Renewables and efficiency are key to drive fossil fuel demand down

Tripling global installed renewables capacity to 11 000 gigawatts by 2030 provides the
largest emissions reductions to 2030 in the NZE Scenario. Renewable electricity sources, in
particular solar PV and wind, are widely available, well understood, and often rapidly
deployable and cost effective. Current policy settings already put advanced economies and
China on track to achieve 85% of their contribution to this global goal, but stronger policies
and international support are required in other emerging market and developing economies.
For all countries, speeding up permitting, extending and modernising electricity grids,
addressing supply chain bottlenecks, and securely integrating variable renewables are
critical.

Doubling the annual rate of energy intensity improvement by 2030 in the NZE Scenario
saves the energy equivalent of all oil consumption in road transport today, reduces
emissions, boosts energy security and improves affordability. Although the mix of priorities
will differ by country, at the global level energy intensity improvements stem from three
equally important actions: improving the technical efficiency of equipment such as electric
motors and air conditioners; switching to more efficient fuels, in particular electricity, and
clean cooking solutions in low-income countries; and using energy and materials more
efficiently.

These two actions reduce fossil fuel demand, enabling continued adherence to a key
milestone of our 2021 report: an immediate end to new approvals of unabated coal plants.

Accelerating electrification and cutting methane are also essential

Booming technologies like electric vehicles and heat pumps drive electrification across the
energy system, providing nearly one-fifth of the emissions reductions to 2030 in the NZE
Scenario. Recent growth puts electric car sales on track to account for two-thirds of new car
sales by 2030 — a critical milestone in the NZE Scenario. Announced production targets from
car makers underscore that this high share is achievable. Heat pump sales increased by 11%
globally in 2022, and many markets, notably in the European Union, are already tracking
ahead of the roughly 20% annual growth rate needed to 2030 in the NZE Scenario. China
remains the world’s largest market for heat pumps.

Cutting methane emissions from the energy sector by 75% by 2030 is one of the least cost
opportunities to limit global warming in the near term. Strong reductions in both energy
sector CO, and methane emissions are essential to meeting the 1.5 °C goal. Without efforts
to reduce methane emissions from fossil fuel supply, global energy sector CO, emissions
would need to reach net zero by around 2045, with important implications for equitable
pathways. Reducing methane emissions from oil and natural gas operations by 75% costs
around USD 75 billion in cumulative spending to 2030, equivalent to just 2% of the net
income received by the oil and gas industry in 2022. Much of this would be accompanied by
net cost savings through the sale of captured methane.
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Innovation is already delivering new tools and lowering their cost

In the 2021 NZE Scenario, technologies not available on the market at the time delivered
nearly half of the emissions reductions needed in 2050 to reach net zero; that number has
fallen to around 35% in this update. Progress has been rapid: for example, the first
commercialisation of sodium-ion batteries was announced for 2023, and commercial-scale
demonstrations of solid oxide hydrogen electrolysers are now underway.

But we still need to do much more, notably on infrastructure

Today much of the momentum is in small, modular clean energy technologies like solar PV
and batteries, but these alone are not sufficient to deliver net zero emissions. It will also
require: large new, smarter and repurposed infrastructure networks; large quantities of low-
emissions fuels; technologies to capture CO, from smokestacks and the atmosphere; more
nuclear power; and large land areas for renewables.

Electricity transmission and distribution grids need to expand by around 2 million
kilometres each year to 2030 to meet the needs of the NZE Scenario. Building grids today
can take more than a decade, with permitting a particularly time-consuming bottleneck. The
same is true for other kinds of energy infrastructure. Policy makers, industry and civil society
need to work together to nurture a “build big” mentality and to expedite decision making,
while preserving public engagement and respecting environmental safeguards.

Carbon capture, utilisation and storage (CCUS), hydrogen and hydrogen-based fuels, and
sustainable bioenergy are critical to achieve net zero emissions; rapid progress is needed
by 2030. The history of CCUS has largely been one of underperformance. Although the recent
surge of announced projects for CCUS and hydrogen is encouraging, the majority have yet to
reach final investment decision and need further policy support to boost demand and
facilitate new enabling infrastructure.

Increasing clean energy investment in developing countries is vital

The world is set to invest a record USD 1.8 trillion in clean energy in 2023: this needs to
climb to around USD 4.5 trillion a year by the early 2030s to be in line with our pathway.
Clean energy investment is paid back over time through lower fuel bills. By 2050, energy
sector investment and fuel bills are lower than today as a share of global GDP. The sharpest
jump in clean energy investment is needed in emerging market and developing economies
other than China, where it surges sevenfold by the early 2030s in the NZE Scenario. This will
require stronger domestic policies together with enhanced and more effective international
support. Annual concessional funding for clean energy in emerging market and developing
economies will need to reach around USD 80-100 billion by the early 2030s.
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As clean energy expands and fossil fuel demand declines in the NZE Scenario,
there is no need for investment in new coal, oil and natural gas

Stringent and effective policies in the NZE Scenario spur clean energy deployment and cut
fossil fuel demand by more than 25% by 2030 and 80% in 2050. Coal demand falls from
around 5 800 million tonnes of coal equivalent (Mtce) in 2022 to 3 250 Mtce by 2030 and
around 500 Mtce by 2050. Oil declines from around 100 million barrels per day (mb/d) to
77 mb/d by 2030 and 24 mb/d by 2050. Natural gas demand drops from 4 150 billion cubic
metres (bcm) in 2022 to 3 400 becm in 2030 and 900 bcm in 2050.

No new long-lead time upstream oil and gas projects are needed in the NZE Scenario,
neither are new coal mines, mine extensions or new unabated coal plants. Nonetheless,
continued investment is required in existing oil and gas assets and already approved projects.
Sequencing the decline of fossil fuel supply investment and the increase in clean energy
investment is vital if damaging price spikes or supply gluts are to be avoided.

The drop in fossil fuel demand and supply reduces traditional risks to energy security, but
they do not disappear — especially in a complex and low trust geopolitical environment. In
the NZE Scenario, higher cost producers are squeezed out of a declining market and supply
starts to concentrate in large resource-holders whose economies are most vulnerable to the
process of change. But attempts by governments to prioritise domestic production must
recognise the risk of locking in emissions that could push the world over the 1.5 °C threshold;
and that, if the world is successful in bringing down fossil demand quickly enough to reach
net zero emissions by 2050, new projects would face major commercial risks.

The net zero emissions transition must be secure and affordable

Particular attention needs to be paid to bridging the looming supply and demand gap for
critical minerals. Announced mining projects for minerals such as nickel and lithium fall short
of booming demand in the NZE Scenario in 2030. New projects, innovative extraction
techniques, more recycling and material-efficient design can help to bridge this gap.

Extraordinary advances in clean energy technology supply chains have kept the door to net
zero emissions open, but have been accompanied by a high degree of geographical
concentration. The mining and refining of critical minerals are similarly highly concentrated.
This presents an increased risk of disruption, such as from geopolitical tensions, extreme
weather events or a simple industrial accident. While more diverse and resilient supply
chains are highly desirable, the pace at which clean energy must be scaled up will be even
harder to achieve without open supply chains.

As electricity becomes the “new oil” of the global energy system in the NZE Scenario,
secure electricity supplies become even more important. The hugely increased need for
electricity system flexibility requires massive growth of battery energy storage and demand
response; expanded, modernised and cybersecure transmission and distribution grids, and
more dispatchable low-emissions capacity, including fossil fuel capacity with CCUS,
hydropower, biomass, nuclear, and hydrogen and ammonia-based plants.
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By 2030 in the NZE Scenario, total household energy expenditure in emerging market and
developing economies decreases by 12% from today’s level, and even more in advanced
economies. The decrease reflects large energy and cost savings from energy efficiency and
electrification. However, policy makers need to support households, particularly low-income
ones, to meet the often higher upfront costs of clean energy technologies.

There is no low international co-operation route to limit warming to 1.5 °C
and no slow route either

By 2035, emissions need to decline by 80% in advanced economies and 60% in emerging
market and developing economies compared to the 2022 level. Current Nationally
Determined Contributions are not in line with countries’ own net zero emissions pledges,
and those pledges are not sufficient to put the world on a pathway to net zero emissions by
2050. COP28 and the first Global Stocktake under the Paris Agreement provide a key
opportunity to enhance ambition and implementation.

As part of an equitable pathway to the global goal of net zero emissions by 2050, almost
all countries need to bring forward their targeted net zero dates. In the NZE Scenario,
advanced economies take the lead and reach net zero emissions by around 2045 in
aggregate; China achieves net zero emissions around 2050; and other emerging market and
developing economies do so only well after 2050. The NZE Scenario is a global but
differentiated pathway: each country will follow its own route based on its resources and
circumstances. However, all must act much more strongly than they are today. The net zero
pathway achieves full access to modern forms of energy for all by 2030 through annual
investment of nearly USD 45 billion per year — just over 1% of energy sector investment.

Our Delayed Action Case shows that failure to increase ambition to 2030 would create
additional climate risks and make achieving the 1.5 °C goal dependant on the massive
deployment of carbon removal technologies which are expensive and unproven at scale.
Nearly 5 Gt CO, would have to be removed from the atmosphere every year during the
second half of this century. If carbon removal technologies fail to deliver at such scale,
returning the temperature to 1.5 °C would not be possible. Removing carbon from the
atmosphere is costly and uncertain. We must do everything possible to stop putting it there
in the first place.

The fierce urgency of now

The energy sector is changing faster than many people think, but much more needs to be
done and time is short. Momentum is coming not just from the push to meet climate targets
but also from the increasingly strong economic case for clean energy, energy security
imperatives, and the jobs and industrial opportunities that accompany the new energy
economy. Yet, momentum must be accelerated to be in line with the 1.5 °C goal and to
ensure that the process of change works for everyone. Above all, this needs to be a unified
effort in which governments put tensions aside and find ways to work together on what is
the defining challenge of our time. All of us, and in particular future generations, will
remember with gratitude those who act upon the urgency of now.
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Chapter 1

Progress in the clean energy transition
Bending the curve

SUMMARY

e The IEA’s landmark report Net Zero by 2050: A Roadmap for the Global Energy Sector
was published in 2021. It translates the goal of limiting global warming to 1.5 degrees
Celsius (°C) into a concrete roadmap for the global energy sector. In the two years
since then, the energy sector has undergone major shifts.

e Energy sector CO, emissions remain worryingly high, reaching a new record of
37 gigatonnes (Gt) in 2022. Instead of starting to fall as envisaged in the 2021 report,
demand for fossil fuels has increased — spurred by the energy crisis of 2022 after
Russia’s invasion of Ukraine — and so have investments in supply. Progress on energy
access has stalled while millions of people still lack access to electricity and clean
cooking, notably in sub-Saharan Africa.

® On a brighter note, clean energy technology adoption surged at an unprecedented
pace over the last two years. Solar PV capacity additions increased by nearly 50%, and
currently track ahead of the trajectory envisaged in the 2021 version of our Net Zero
Emissions by 2050 Scenario (NZE Scenario). Electric car sales expanded 240% and
stationary battery installations by 200% since 2020. We now estimate that global
manufacturing capacities for solar PV and electric vehicle batteries would be sufficient
to meet projected demand in 2030 in the updated NZE Scenario, if announced
projects proceed. This progress reflects cost reductions for key clean energy
technologies — solar PV, wind, heat pumps and batteries — which fell by close to 80%
on a deployment weighted average basis between 2010 and 2022.

e Driven by policies, expanding markets, and falling costs, clean energy technologies are
shifting the outlook for emissions even under current policies. In the Stated Policies
Scenario, emissions are now projected to be 7.5 Gt lower in 2030 than in our 2015
Pre-Paris Baseline Scenario, of which policy driven expansions of solar PV and wind
account for 5 Gt and electric vehicles for nearly 1 Gt. This shift in the outlook means
that the projected warming of 2.4 °C in 2100 under current policy settings, through
still worryingly high, is now 1 °C lower than before the Paris Agreement in 2015.

e Nearly 90% of countries have updated their first Nationally Determined Contribution
(NDC) under the Paris Agreement. If countries deliver in line with their revised NDCs,
emissions in 2030 will be around 5 Gt lower than under the first round of NDCs. But
more needs to be done to be on course by 2030 to deliver announced longer-term
net zero pledges or our NZE Scenario. Both advanced economies and emerging
market and developing economies need to strengthen ambition. Fair and effective
international co-operation is urgently needed to unlock clean energy investment in
emerging market and developing economies other than in China.
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1.1 The context

Net Zero by 2050: A Roadmap for the Global Energy Sector was published in 2021 (IEA,
2021a). It translates the goal of limiting global warming to 1.5 °C into a concrete roadmap
for the global energy sector. It describes a pathway, not the definitive pathway, to the goal
of net zero emissions by 2050. It takes into account countries’ varying circumstances and
challenges.

An update of that roadmap is the focus of this report. It is based on recent developments in
technologies, markets, policies and investment, and identifies what governments and other
stakeholders need to do to keep alive the goal of net zero emissions by 2050. The importance
of that goal has been underlined by a number of recent climate-related disasters, with 2023
seeing the hottest July and hottest August ever recorded.

Figure 1.1 > Global energy sector CO2 emissions, 2000-2022
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Global energy sector emissions have not fallen in the last two years,
as envisaged in our 2021 roadmap, but instead have risen to record levels

The energy sector has undergone major shifts in the two years since the release of our 2021
report. Energy sector emissions have remained stubbornly high, reaching a new record of
37 gigatonnes (Gt) of carbon dioxide (CO,) in 2022, 1% above the 2019 level (Figure 1.1).1
Even with the very strong economic rebound in advanced economies since the Covid-19
pandemic, their emissions in 2022 were around 4% below the pre-pandemic level. By
contrast, in emerging market and developing economies emissions were around 4.5%
(roughly 1 Gt) above the 2019 level. This rise was largely driven by the People's Republic of

1 Unless otherwise specified, energy sector emissions in this report refer to CO, emissions from fossil fuel
combustion, industrial processes, and fugitive and flaring CO> from fossil fuel extraction.
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China (hereinafter China), where emissions increased 7% between 2019 and 2022, relative
to a 2% increase in other emerging market and developing economies.

Since the publication of the original Net Zero by 2050 report, concerns about energy security
have become more acute, in large part due to the invasion of Ukraine by the Russian
Federation (hereinafter Russia) in 2022, which precipitated an unprecedented global energy
crisis. Prices for energy commodities surged to five- to ten-times their historical levels in
some instances, adding to the inflationary pressures that had been building in the wake of
the Covid-19 pandemic. The crisis spurred an increase in clean energy deployment and
investment, but also in investment in fossil fuel supply. Concerns about energy security will
remain an important consideration in the development of policy frameworks that shape
investment decisions.

Increasing geopolitical fractures have also stoked energy security concerns about the
pronounced concentration in a small number of countries of both mining and processing of
critical minerals and clean energy technology manufacturing. In response, several countries
introduced measures that aim to promote the development of domestic supply chains. Such
measures should help to scale up the supply of clean energy technologies but could also put
at risk the benefits of global supply chains. More broadly, increased geopolitical
fragmentation highlights the need for fair and effective international co-operation to achieve
the clean energy transition.

Although fossil fuel demand has not yet started to fall, deployment and investment in some
clean energy technology supply chains has risen very rapidly since the 2021 Net Zero by 2050
report. This is partly thanks to stronger policy support in post-Covid-19 economic recovery
packages and partly due to policy responses to the global energy crisis. Recent rates of
growth for solar photovoltaics (PV) adoption and electric vehicles (EVs) sales have been
particularly impressive. If all announced projects are realised, manufacturing capacity for
solar PV will exceed the level required in 2030 in our 2021 Net Zero Emissions by 2050 (NZE)
Scenario, and capacity for EV batteries will come very close to requirements. Progress in
technologies such as wind power and carbon capture, utilisation and storage (CCUS) has
been less rapid. Overall, recent progress on clean energy technologies has been encouraging,
although much more remains to be done to get the world on track with the roadmap in the
NZE Scenario.

This report is being published in an important year for global climate change diplomacy. The
sixth assessment cycle of the Intergovernmental Panel on Climate Change (IPCC) recently set
out with greater clarity than ever before both the dangers of exceeding the 1.5 °C limit and
the availability and cost effectiveness of a range of emissions reduction options. Alongside
the IPCC scientific stocktaking, a political review of the progress towards internationally
agreed climate goals concludes this year in the form of the first Global Stocktake under the
Paris Agreement (see Spotlight).
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SPOTLIGHT

First global stocktake under the Paris Agreement

The Global Stocktake (GST) is a process under the Paris Agreement designed to provide
a regular assessment of collective progress towards the long-term goals of the
Agreement in order to inform subsequent updates of Nationally Determined
Contributions and enhance international co-operation on climate action. The first
stocktake (GST1) started at 26th Conference of the Parties (COP) in 2021 and is expected
to conclude at COP28 in 2023. Countries and other stakeholders have submitted more
than 170 000 pages of input to the GST1. The 1.5 °C goal is a central priority of country
submissions, as is the enhancement of climate finance (Figure 1.2).

Figure 1.2 > Key aspects of energy transition mentioned in
Global Stocktake submissions by region
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Just transitions, renewables and action on fossil fuels are priority topics in the
first global stocktake, alongside climate finance and the 1.5 °C goal

Note: C & S America = Central and South America; Europe = the geographical region, not the European
Union.
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The energy sector is a central component of the GST1 country submissions: 96% of the
181 countries included in our analysis indicate that mitigation action in the energy sector
is a priority. Around 65% of countries, representing around 60% of global CO, emissions,
indicate that just transitions, renewables and action on fossil fuels are priority topics for
the energy sector. Other areas such as atmospheric removals are not yet perceived as
priority for the GST1 by all countries.

At COP28, the GST1 will move to the final, political phase. How the outcomes of the GST1
process influence the ambition of the next round of NDCs, expected in 2025 ahead of
COP30, will be the acid test of its success.

This report presents an updated NZE Scenario that takes account of an in-depth, sector-by-
sector assessment of developments since 2021. It enhances the detail of what is needed to
make the NZE Scenario a reality by region and technology. The analysis is presented in four
chapters.

m  Chapter 1 provides an overview of key developments in the energy sector in recent
years. It takes stock of progress in the energy transition and development of clean
energy technologies.

®  Chapter 2 presents an updated NZE Scenario. It sets out some of the key differences
with the 2021 version and provides high level “dashboards” to show how each sector
and technology needs to contribute.

m  Chapter 3 assesses in more depth how key sectors and technologies can make the
progress assumed in the updated NZE Scenario and looks at the implications of not
reaching the ambitious milestones set out for 2030.

m  Chapter 4 focusses on the critical importance of energy security, equity and enhanced
global co-operation for the pathway set out in the NZE Scenario.

1.2 Bending the emissions curve

Considerable progress has been made in deploying clean energy technologies and lowering
their cost, which is altering the emissions outlook for the energy sector. IEA projections for
global CO, emissions from the energy sector in the Stated Policies Scenario (STEPS) have been
progressively revised downward compared with our Pre-Paris Baseline Scenario (IEA, 2021b).
The Pre-Paris Baseline Scenario considered government policies in place in 2015 when the
Paris Agreement on climate change was negotiated. On the basis of these policies, it
projected a rise in average global temperature of 3.5 °C by 2100. In the latest version of the
STEPS, the equivalent figure is 2.4 °C. This reflects progress made in the transition to a lower
emissions energy system since 2015, although it still falls far short of what is needed to meet
the temperature goals of the Paris Agreement.
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Box 1.1 = |EA scenarios

This report is based on an updated and revised Net Zero Emissions by 2050 Scenario
(NZE Scenario), which sets out a pathway for the global energy sector to achieve net zero
CO; emissions by 2050. (Chapter 2 provides a description of the design of the NZE
Scenario.)

Three other scenarios are employed as benchmarks against which the NZE Scenario is
compared:

B The Stated Policies Scenario (STEPS) projects energy demand and supply and their
implications for emissions taking account of established and planned policies and
regulations. It incorporates the most recent available data and projections on
technology costs, manufacturing capacity and the industrial strategies of countries
and companies operating in the energy sector.

®  The Announced Pledges Scenario (APS) assumes that all climate commitments made
by governments around the world, including all those set out in NDCs and long-term
net zero emissions pledges, are met in full and on time.

B The Pre-Paris Baseline Scenario was produced in 2015. It is based on the policies
that were in place at the time; it does not incorporate additional policy intentions
and targets since then. It corresponds to the Current Policies Scenario set out in the
2015 edition of the World Energy Outlook.

Detailed projections and analysis of the updated STEPS and APS will be included in the
World Energy Outlook 2023, to be released in October.

World

Global energy sector emissions were 37 gigatonnes (Gt) in 2022 — a record high and a 5%
increase from 2015. Nonetheless, progress since the 2015 Paris Agreement means that the
outlook in the STEPS sees emissions peak by the middle of this decade and fall to around
35 Gt by 2030, which is well below the level of around 43 Gt projected in the Pre-Paris
Baseline Scenario (Figure 1.3). To put this in perspective, this 7.5 Gt difference is equal to the
current combined energy sector emissions of the United States and European Union.

Three technologies contribute the bulk of the emissions reductions in the STEPS relative to
the Pre-Paris Baseline Scenario: solar PV, wind and EVs.? Solar PV is projected to reduce
emissions by around 3 Gt in 2030, roughly equivalent to the emissions from all the world’s
cars on the road today. Wind power reduces emissions by around 2 Gt in 2030 and EVs by
around 1 Gt.3 The latter reflects replacement of internal combustion engine (ICE) vehicles by

2 STEPS refers to the 2023 version of the scenario in this report unless otherwise specified.

3 The decomposition analysis in this section is based on direct emissions, with indirect emissions allocated to
the electricity sector.
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EVs which are increasingly powered by lower emissions electricity generation sources.
Together numerous other smaller changes across all sectors reduce emissions by a further
1.5Gt.

Figure 1.3 > Global energy sector CO2 emissions in the Pre-Paris Baseline
Scenario and STEPS, 2015-2030
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Solar PV, wind power and EVs reduce emissions by é Gt in 2030
in the STEPS relative to the Pre-Paris Baseline Scenario

Note: Other includes all other levers with downward or upward effects on the emissions difference between
the Pre-Paris Baseline Scenario and the 2023 STEPS projections, as detailed in Figures 1.5-1.8.

In the Pre-Paris Baseline Scenario, only modest deployment of clean energy technologies was
projected to 2030, based on the policies in place in 2015 (Figure 1.4). Wind power and solar
PV were projected to account for less than 10% of global electricity generation in 2030, nearly
four times lower than in the STEPS. EVs are projected to continue recent spectacular growth,
accounting for more than one-third of car sales in 2030 in the STEPS compared with a small
fraction in the Pre-Paris Baseline Scenario.

A significant strengthening of government policies in major economies is at the heart of this
improvement. For example, successive five-years plans in China have progressively raised
ambitions for solar PV and driven down global costs. Offshore wind deployment in Europe
kick-started a global industry. EV targets, and fuel-economy and CO, emissions standards in
the European Union and China—and more recently in the United States —have driven a major
transformation in the industrial strategies of car and truck manufacturers. Similarly, electric
two/three-wheelers and buses have seen significant uptake in India and other emerging
market and developing economies thanks to policy support, increasing economic
competitiveness and limited infrastructure needs. The United States, through the Inflation
Reduction Act (IRA) adopted in 2022, has provided unprecedented funding to support
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deployment and reduce costs for a range of low-emissions technologies, notably CCUS and
hydrogen. Progress across all sectors in other regions has also helped bend the global
emissions curve. The following sections focus on key developments in selected economies
which together account for over 60% of energy-related emissions today.

Figure 1.4 > Wind power and solar PV in electricity generation, and electric
cars in car sales, Pre-Paris Baseline Scenario and STEPS, 2030
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Notes: Wind and solar PV refer to the share of total electricity generation. Electric cars refer to the share of
passenger light-duty vehicle sales.

United States

In the United States, CO, emissions in 2030 are 1.7 Gt lower in the outlook in the current
STEPS than in the Pre-Paris Baseline Scenario, with solar PV and wind together accounting
for around 0.8 Gt of the reduction (Figure 1.5). A larger switch from coal to natural gas for
electricity generation accounts for around an additional 340 million tonnes (Mt) of CO,
emissions reductions by 2030. The increased renewables projections reflect federal
government subsidies, post Covid-19 recovery spending, carbon-free electricity targets in an
increasing number of states, and large-scale support provided for a range of clean energy
technologies by the IRA. Among others, the IRA includes substantial funding for energy
efficiency measures in the buildings sector, manufacturing of low-emissions technologies
and CCUS projects.

In the transport sector, the projected share of electric cars in total car sales in 2030 increases
from less than 10% in the Pre-Paris Baseline Scenario to 50% in the STEPS. This upward
revision reflects public charging infrastructure funding under the Infrastructure Investment
and Jobs Act, new eligibility requirements for EV tax credits under the IRA, more stringent
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national fuel-economy standards, and more aggressive electrification strategies of car and
truck manufacturers. Increased deployment of EVs accounts for 200 Mt of additional CO,
emission reductions by 2030. However, these reductions are partially offset by an increase
in the market share of sports utility vehicles (SUVs), which are less fuel efficient than standard
passenger cars.

Figure 1.5 > Energy sector CO2 emissions in the United States in the Pre-Paris
Baseline Scenario and STEPS, 2030
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the 2023 STEPS are due to accelerated deployment of renewables in the power sector

Notes: Other electricity includes nuclear, hydropower, emissions intensity of heat generation and electricity
sector efficiency. Other transport includes changes in the fuel economy of ICE vehicles and the deployment of
biofuels. Buildings and industry refer to direct emissions in these sectors.

European Union and United Kingdom

In the European Union and United Kingdom, CO, emissions projections in the STEPS are
around 0.9 Gt lower than in the 2015 Pre-Paris Baseline Scenario (Figure 1.6). Two-thirds of
the difference in 2030 are due to increased shares of wind and solar PV in electricity
generation, driven by a range of new incentives and targets. A number of coal phase-out
targets introduced in major European countries such as Germany, Italy and the United
Kingdom between 2018 and 2020 also contribute to lower projected emissions in the
electricity sector in the STEPS.

The buildings sector makes a big contribution to lower emissions, with CO, emissions 150 Mt
lower in the STEPS than in the pre-Paris Baseline Scenario in 2030 thanks in part to the
revised EU Energy Performance of Buildings Directive as well as new and expanded incentives
for energy efficiency retrofits. An accelerated deployment of heat pumps under the
REPowerEU Plan and a range of fossil fuel boiler bans also contribute to a smaller share of
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fossil fuels in heating demand in buildings, which is nearly 10 percentage points lower in 2030
in the STEPS than in the Pre-Paris Baseline Scenario.

The transport sector contributes through accelerated deployment of EVs, which reduce
emissions by more than 100 Mt in 2030 compared with the 2015 projections. From a small
fraction of annual cars sales by 2030 in the Pre-Paris Baseline Scenario, the projected share
of electric cars increases to nearly two-in-three new cars in the STEPS, driven by new CO,
standards, forthcoming bans on new ICE vehicles, EV incentives and investment in charging
infrastructure. As in the United States, however, slower improvements in road transport fuel
economy due to increasing SUV sales partially offset this gain.

In industry, strengthening of the European Union Emissions Trading Scheme is projected to
lead to larger savings from energy-intensive industries in 2030 than previously projected,
though much of this is outweighed by higher projections for industrial activity.

Figure 1.6 > Energy sector CO2 emissions in the European Union and the
United Kingdom in the Pre-Paris Baseline Scenario and STEPS, 2030

S 35 5030 Electricity

O

& Pre-Paris m Solar PV
baseline Wind

3.0 0—“ II B More coal-to-gas switching

Electricity demand
B Other electricity

Transport
2.5
N Road EVs

Road activity

B Other transport

2.0 Other sectors
Buildings
M Industry

15 Other

Two-thirds of the emissions reductions in 2030 between the Pre-Paris Baseline Scenario
and the STEPS in Europe are due to accelerated deployment of wind and solar PV

Notes: Other electricity includes nuclear, hydropower, emissions intensity of heat generation and electricity
sector efficiency. Other transport incudes the fuel economy of ICE vehicles and the deployment of biofuels.
Buildings and industry refer to direct emissions in these sectors.

China

CO; emissions in China are projected to be around 1.2 Gt lower in 2030 in the STEPS than in
the Pre-Paris Baseline Scenario (Figure 1.7). Solar PV and wind are the main drivers. In the
Pre-Paris Baseline Scenario, wind and solar PV account for slightly less than 10% of total
electricity generation in 2030; in the STEPS they account for more than one-third. This change
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reflects more ambitious renewables deployment goals in successive five-year plans and an
increase from 20% to 25% in the updated NDC in the planned share of non-fossil fuel sources
in primary energy by 2030.

Figure 1.7 = Energy sector CO2 emissions in China in the Pre-Paris
Baseline Scenario and STEPS, 2030
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Baseline Scenario, though rising coal demand partially offsets reductions from renewables

Notes: Other electricity includes nuclear, hydropower, emissions intensity of heat generation and electricity
sector efficiency. Other transport incudes the fuel economy of ICE vehicles and the deployment of biofuels.
Buildings and industry refer to direct emissions in these sectors.

EVs are projected to reduce CO, emissions by around 250 Mt by 2030 in China in the STEPS
relative to the Pre-Paris Baseline Scenario. Electric cars account for a tiny share of total car
sales by 2030 in the Pre-Paris Baseline Scenario, but for two-thirds of all new car sales in the
STEPS. In 2016, the government set a planning target for New Energy Vehicles (largely EVs)
to reach 12% of total vehicle sales in 2020. In 2020, it set a new target of 20% of new vehicle
sales in 2025 supported by large purchase subsidies and tax exemptions. These measures,
together with continued policy support to promote EV manufacturing and high levels of EV
sales in recent years, have led to successive upwards revisions in the STEPS projections of
the EV share in total vehicle sales in 2030.

China’s drive to increase electrification in the transport, buildings and industry sectors,
together with strong demand growth in the manufacturing and residential sectors, has led
to rapidly rising electricity demand. Between 2015 and 2022, China’s electricity generation
increased at more than 6% per year, faster than the rate of GDP growth. The massive
expansion of China’s low-emissions electricity generation during this period was not
sufficient to meet demand, leading to an increase in coal-fired power generation. As a result,
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China’s share in global coal-fired power generation increased by 10 percentage points during
these years. This growth in coal-fired electricity generation moderates the emissions
reductions in the STEPS relative to the Pre-Paris Baseline Scenario by 2030. In the longer
term, however, China’s early electrification of energy consumption will also bring lower CO,
emissions in end-use sectors as power generation continues to decarbonise.

India

Projected CO, emissions in India in 2030 are 1.3 Gt lower in the STEPS than the Pre-Paris
Baseline Scenario (Figure 1.8). The share of solar PV in power generation increases eightfold,
saving nearly 400 Mt of emissions in 2030 in STEPS. In the Pre-Paris Baseline Scenario, wind
and solar PV account for less than 10% of total generation in 2030; in the STEPS, this rises to
around 25%. A key reason is the adoption in 2021 of a 500 gigawatt (GW) target for non-
fossil fuel capacity by 2030. Compared with solar PV, wind power has made less progress,
with projections for capacity deployment by 2030 in the STEPS only slightly larger than
expected in Pre-Paris Baseline Scenario. This reflects a lack of progress in resolving land
acquisition and tariff setting issues related to wind power developments.

Figure 1.8 = Energy sector CO2 emissions in India in the Pre-Paris
Baseline Scenario and STEPS, 2030
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Changes in macroeconomic assumptions account for part of the difference in emissions
between the Pre-Paris Baseline Scenario and the STEPS. India’s GDP took a significant hit in
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the Covid-19 pandemic, and the subsequent growth projected in the STEPS is not sufficient
to recover lost ground. Therefore, GDP in 2030 is slightly lower in the STEPS than in the
Pre-Paris Baseline Scenario. As a result, industrial production and electricity demand are also
somewhat lower, as are projected emissions in both the industry and electricity sectors.

1.3 Nationally Determined Contributions and
Net Zero Emissions Pledges

Despite the progress in recent years, national commitments to reduce emissions collectively
fall short of what is required by 2030 to bring global emissions down to a level in line with
achieving net zero emissions by 2050. In addition, the various commitments are not yet
underpinned by sufficiently strong and comprehensive policies to give confidence that they
will be successfully delivered. Both advanced economies and emerging market and
developing economies need to strengthen their implementation of pledges and to raise their
level of ambition, including through the submission of stronger NDCs at the international
level (see Chapter 4).

1.3.1 Nationally Determined Contributions

The Paris Agreement requires all countries to submit Nationally Determined Contributions
(NDCs) that set out their climate targets. As of July 2023, 168 NDCs had been submitted,
covering 195 Parties to the United Nations Framework Convention on Climate Change
(UNFCCC).* Successive Conferences of the Parties (COPs) have encouraged countries to
update their first NDCs to increase their ambition. So far, nearly 90% of NDCs have been
updated since the first submission.

The revisions have led to a significant reduction in targeted emissions in 2030 totalling
around 5 Gt, if all targets conditional on international support are reached (Figure 1.9).°
According to IEA analysis, advanced economies were projected to emit slightly less than
10 Gt of CO, emissions from fuel combustion in 2030 under the first round of NDCs; revised
NDCs have lowered this by around 2.1 Gt, or around 20%. Full implementation of NDCs in
advanced economies would still see emissions of around 5.5 tonnes per capita in 2030, about
1 tonne per capita more than the current world average, but about 2 tonnes less than in
China today. In emerging market and developing economies, the picture is somewhat
different. In aggregate, revised NDCs in emerging market and developing economies lowered
emissions compared to their first NDCs by 2.8 Gt, mostly driven by revisions unconditional
on financial support.

4 194 countries and one region, the European Union, whose member states submit a joint NDC.

5 The analysis in this section refers to emissions from fuel combustion and excludes industrial process
emissions and international bunkers. It considers that conditional mitigation pledges put forward by some
developing economies in their NDCs are fully achieved.
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Figure 1.9 > CO: emissions from fuel combustion implied by NDCs and
in IEA scenarios by region, 2030
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Revised NDCs boost the reduction in targeted emissions by around 5 Gt CO: in 2030,
this is far short of what is needed to be on track for net zero emissions by 2050

However, IEA analysis suggests that planned energy policies in emerging market and
developing economies are already more ambitious in the aggregate than their NDCs indicate,
particularly in the case of conditional NDCs. Their emissions in the STEPS in 2030 are
accordingly lower, by 1 Gt, than under their revised unconditional NDCs. The picture is
reversed in advanced economies, where emissions in 2030 are nearly 0.7 Gt higher in the
STEPS than in revised NDCs, implying that the policies currently in place are inadequate to
meet stated NDCs, let alone longer-term net zero emissions pledges.

1.3.2 Net zero emissions pledges

As of September 2023, net zero emissions pledges® cover more than 85% of global energy-
related emissions and nearly 90% of global GDP. To date, 94 countries and the European
Union have pledged to meet a net zero emissions target. Some countries have also
communicated their net zero emissions pledges to the UNFCCC in the form of long-term
low-emissions strategies. These strategies do not have the same legal force under the Paris
Agreement as NDCs, but they are important as they provide a signal of country ambitions to
contribute to the collective goal of net zero emissions.

Increasing numbers of countries have adopted a net zero emissions target in national law.
Collectively, they currently account for about one-fifth of global energy sector emissions. The

6 Net zero emissions pledges and targets here include climate neutrality (all greenhouse gases) and carbon
neutrality (CO: only) objectives. As of August 2023, out of the 88 net zero emissions pledges formulated by
countries, 83% have a target comprising all greenhouse gases and 17% a target on only CO; emissions.
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advanced economies in Asia Pacific and Europe are the leaders in this regard: 100% of
energy-related emissions are covered by a net zero emissions target in national law in
advanced economies in the Asia Pacific region and about 80% in Europe, including through
the EU Climate Law (Figure 1.10).”

Figure 1.10 = Energy-related CO2 emissions covered by a government
net zero emissions pledge by type and by region
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The bulk of emissions are covered by some form of net zero emissions pledge
in all regions except the Middle East and North Africa

Note: Asia Pacific - AE includes Australia, Korea, Japan and New Zealand; MENA includes the Middle East and
North Africa country groups.

The majority of emissions in emerging market and developing economies in Central and
South America, Eurasia, North America and sub-Saharan Africa are covered by net zero
emissions pledges, but mostly in a non-legally binding policy document or in an oral pledge.
In the Middle East and North Africa (MENA), 11 countries out of 17 have yet to adopt a net
zero emissions target: if Egypt, Iran and Algeria adopted such a target, they would collectively
cover almost 90% of CO, energy-related emissions in the MENA region.

The overwhelming majority of net zero emissions pledges cover all sectors of an economy,
and all cover the energy sector. However, as many countries include the land use, land-use
change and forestry sector in their projections, and account for this as an emissions sink, the
pace of emissions reduction in the energy sector is usually slower than in the IEA scenarios.
Setting more transparent net zero emissions targets, for instance by specifying the absolute
level of emission reductions foreseen by the goal year and, separately, the level of emission
removals, would help bring more clarity and trust to the process.

7 This 80% coverage refers to the geographical region of Europe, not just the European Union.
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Countries have varying starting points and levels of responsibility and capabilities.
Consequently, they have adopted various timeframes for their net zero emissions pledges.
In general, advanced economies have put forward net zero emissions pledges with the
earliest target years. About 30% of current global energy-related CO, emissions are covered
by net zero emissions pledges by 2050 or sooner, but the share is close to 95% in those
countries in the highest decile of global income distribution, e.g. Finland (climate neutral by
2035), Iceland and Austria (climate neutral by 2040), and Germany and Sweden (climate

neutral by 2045) (Figure 1.11).

Figure 1.11 = Energy sector CO2 emissions covered by net zero emissions
targets by net zero year and per capita income group

100% g ganan---- et - . ----- T s gy 100000 &
a
5]
75% ... ... D ... L ... ... R .. 75000 8
o
(%]
>
50% - R BN BEE B R B BN e e .. 50000
25% ... R BN BN BN R BN BN W e .. 25000
i aca l
1 2 3 4 5 6 7 8 9 10
Global income decile
H< 2050 2050 >2050 ™ No target GDP per capita (right axis)
IEA. CC BY 4.0.

Ambition of net zero emissions target dates tends to correlate with development levels;
almost all countries would need to bring the date forward to align with the NZE Scenario

Note: GDP = gross domestic product; PPP = purchasing power parity.

The picture is more mixed in other deciles. Some countries in the top 30-40% of the global
income distribution have net zero emissions targets after 2050 or no target at all, such as
Kuwait and Qatar (no target), and Bahrain and Saudi Arabia (climate neutral by 2060). Some
countries moved their target year forward. For instance, in 2021 Germany advanced its
climate neutrality goal from 2050 to 2045 and Brazil from 2060 to 2050. In its updated NDC,
China pledged to peak its emissions before 2030 and to target carbon neutrality by 2060 at

the latest.
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1.4 Clean energy technologies

Development and deployment of clean energy technologies have progressed significantly
since the adoption of the Paris Agreement in 2015, boosted recently by stimulus spending
related to the Covid-19 pandemic, the response from governments and investors to the
global energy crisis, and growing commercial and geopolitical competition for markets and
supply chains.

1.4.1 Deployment

Mass manufactured technologies are leading the way

The deployment of many clean energy technologies has accelerated markedly since 2015
(Figure 1.12) (IEA, 2023a). Mass manufactured technologies have seen the fastest growth,
benefiting from standardisation and short lead times. For example, between 2015 and 2022:

B Solar PV capacity additions increased by more than 400%, with almost 1 terawatt (TW)
of capacity added, nearly equivalent to the total installed electricity capacity in the
European Union.

B Electric car sales increased by nearly 2 000%, with over 25 million sold over the period,
equivalent to more than all the cars on the road in Canada.

B Residential heat pump sales increased by 225%, with approximately 600 GW sold,
approximately equivalent to the entire residential heating capacity in Russia.

®m  Stationary battery storage capacity additions increased by 2 500%, with nearly 45 GW
installed, approximately equivalent to the total installed electricity capacity in
Argentina.

The acceleration in clean technology deployment has been particularly strong in the last two
years. Around one-third of all PV solar deployment to date took place in 2021 and 2022, and
the figures are even higher for some other clean energy technologies: about 60% for both
electric car sales and for the installation of stationary batteries. Actual installations for solar
PV in 2022 and estimated installations for 2023 track ahead of the level projected in the IEA
Net Zero by 2050 report in 2021 (IEA, 2021a). Emerging technologies such as electrolysers
for hydrogen production are also moving forward, with total global installed electrolyser
capacity more than doubling in the last two years, reaching nearly 700 megawatts (MW) in
2022. Manufacturing capacity for clean energy technologies is scaling up quickly, suggesting
that deployment will continue to increase strongly in the coming years.

Important and impressive as this progress is, there is much more to be done. The slow pace
of the turnover of the stock of most types of energy-related equipment means that there is
a considerable lag between a technology becoming dominant in new deployments and that
technology becoming dominant in the overall operating stock, underlining the urgent need
for continued action to further boost deployment in the near term to be on track to reach
net zero emissions by 2050 (see Chapter 3).
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Figure 1.12 = Global installations of selected clean energy technologies,
2010-2022
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Deployment of a number of key clean technologies has
accelerated significantly since the Paris Agreement in 2015

Moreover, deployment has been uneven across regions, with the strongest progress in
regions with supportive policy environments, and strong financial and technical capabilities.
From 2015 to 2022, advanced economies and China together accounted for over 95% of
global electric car and heat pumps sales and nearly 85% of combined wind and solar capacity
additions (Figure 1.13). Nevertheless, some technologies have expanded strongly in some
other countries. For instance, India has seen particularly rapid progress in solar PV
deployment.

The rapid growth in clean energy technologies has occurred in parallel with a trend towards
declining deployment of new fossil fuel-based equipment in several areas. Fossil fuel-based
electricity capacity additions peaked in 2012 and declined to less than half their peak level
by 2022, while sales of ICE vehicles peaked in 2017 with a 25% decline from this peak by
2022. As a result, clean energy technologies have expanded in both absolute terms and
market share.
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Figure 1.13 = Share of the global deployment of selected clean energy
technologies in advanced economies and China, 2010 and 2022
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Deployment of clean energy technologies remains highly
concentrated in China and advanced economies

Notes: Solar PV and wind indicate capacity additions. Electric cars and heat pumps indicate sales.

Box 1.2 = Comparative pace of the clean energy transition

Comparing current events to what happened in the past is not without pitfalls, as no
historical analogy is a perfect fit. Nonetheless, looking at how technologies went from
niche to mass deployment in the past is a useful way to contextualise the changes
underway for clean energy technologies.

Some technologies experienced remarkably rapid growth in the past (Figure 1.14). For
instance, US aircraft production rose by an annual average of 75% between 1939 and
1944, driven by a seismic shift to a wartime economy. The Ford Model T achieved an
annual average production growth rate of 34% in the 1910s, thanks to innovation in mass
production and the assembly line. These transitions were truly transformational,
kick-starting the commercial aviation industry and the advent of affordable cars.

EV batteries and solar PV have also experienced rapid deployment growth by historical
standards. Average annual deployment growth of EV batteries between 2010 and 2020
was 70%, with solar PV at 24%. Although this level of deployment growth is slightly less
than achieved in the case of US aircraft production between 1939 and 1944, the annual
average cost reduction for both EV batteries (19%) and solar PV modules (18%), powered
by high levels of standardisation in manufacturing, outstrip the average cost declines
seen in both US aircraft production from 1942-1945 and the Ford Model T in the 1910s.
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There have been even faster examples of technology transitions, though arguably less
comparable. For example, computer memory prices reduced each year by an average of
about 35% between both 1980-1990 and 1990-2000 (McCallum, 2023).

Figure 1.14 = Deployment growth and cost reduction of clean energy
technologies, 2010-2020 relative to selected historical
technology transitions
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Batteries and solar PV have progressed at rates comparable
to some of the most rapid historic technology transitions

Note: The datasets for US Aircraft production in WWII runs from 1939 to 1944 for average annual
deployment growth and from 1942 to 1945 for average annual cost reduction.

Sources: Lafond, Greenwald and Farmer (2022); Zeitlin (1995); Abernathy and Wayne (1974); Grubler
Nakicenovic and Victor, (1999).

Other technologies such as wind so far have followed a somewhat slower average
deployment trajectory, comparable to past transitions such as the introduction of gas
turbines in the 1970s, while still exhibiting annual growth rates of 10-20%.

Although progress on some clean technologies compares favourably to historic
transformational examples, the example of US WWII aircraft production in particular
suggests that even faster deployment could be achieved through more research and
development (R&D) funding and more concerted government action.
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Plans for large-scale technology projects are starting to increase rapidly

Large-scale technologies, such as CCUS, liquid biofuel or hydrogen-based steel production,
have seen slower deployment over the last decade than smaller mass manufactured and
modular technologies. For example, less new CO, capture capacity was added between 2015
and 2022 than between 2010 and 2015. Large-scale technologies usually need to be tailored
to site-specific conditions and, due to their large unit sizes, offer fewer opportunities for
learning-by-doing advances than smaller and more modular technologies. This tends to mean
slower cost improvements. Some large-scale technologies are not yet available on the
market, which also hinders immediate commercial deployment.

Figure 1.15 = Global CO: capture project pipeline, 2010-2023
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There has been strong growth in the project pipeline for CO; capture in recent years,
implying that installed capacity is set to rise significantly

Notes: Includes all facilities with a capacity larger than 0.1 Mt CO; per year. Q2 = second quarter. Under
construction = a final investment decision has been announced and construction is ongoing or imminent.
Advanced development = project is at front-end engineering and design stage and/or engineers have been
contracted and/or engineering, procurement, and construction have been announced.

In recent years, however, the number of announced projects for large-scale technologies has
increased significantly. For example, the number of CCUS projects in the pipeline nearly
tripled in 2021 and have nearly doubled again since then (Figure 1.15), driven by stronger
policy support, particularly in the United States (IEA, 2023b). If all projects in the pipeline
were realised, CO, capture capacity would expand more than eight-fold, rising from about
45 Mt today to reach nearly 400 Mt per year in 2030, and CO, storage capacity would
increase to comparable levels (see Chapter 3). However, so far only about 5% of announced
projects have reached the final investment decision stage. Rapid acceleration of the
deployment of large-scale, site-specific technologies will require additional policy support,
including through measures to encourage investment in key enabling infrastructure such as
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CO; storage facilities, to facilitate the demonstration and commercialisation of emerging
technologies, and to create larger and more international markets for low-emissions
products.

Box 1.3 = Clean Technology Deployment Index

It can be hard to grasp the nature and extent of the changes taking place in the global
energy system and benchmark them against what needs to happen to meet the goals of
the Paris Agreement. The difficulty is increased by the size and complexity of the system
and by the slow rate of turnover of the huge stocks of often long-lived energy-related
infrastructure and equipment.

In order to provide a succinct and high-level summary of the rate of change, this report
has created a Clean Technology Deployment Index (CTDI). The CTDI has been developed
by:

B Gathering data on the historical annual deployment of clean energy technologies
and providing an estimate of expected deployment in 2023.

B Indexing the historical annual values for each technology to the annual average
deployment of that technology in the NZE Scenario in the period 2028-2032.

B Weighting each technology according to its share in global emissions reductions in
the NZE Scenario in 2030 (see Chapter 2, section 2.1.3).

This methodology means that the CTDI gives an aggregate measure of how far current
clean energy deployment levels are from the level required in 2030 in the NZE Scenario.
An index value of 100 would mean that clean energy deployment captured in the index
collectively reaches the level required in 2030. The estimated index value for 2023 of just
over 30 implies that current levels of deployment of clean energy technologies are about
one-third of the level required in 2030 in the NZE Scenario (Figure 1.16).

Between 2010 and 2023, deployment of clean energy technologies as measured by the
CTDI rose at an average annual rate of around 13%, leading the index value to increase
by 5-times over the period. There has been a clear acceleration in recent years, with clean
energy technology deployment more than doubling between 2019 and the 2023
estimate, achieving an average annual growth rate of over 20%. This compares to an
average annual growth rate of just under 20% needed from 2023 to 2030 to align with
the NZE pathway.

The CTDI needs to be interpreted with a degree of caution. One reason is that the
composition of clean energy technology deployment matters as much as the rate. Surging
ahead on one technology and falling behind on another might lead to a short-term boost
in the CTDI score without putting the energy system as a whole on a pathway to net zero
emissions by mid-century. In addition, the NZE Scenario is one pathway to net zero
emissions by 2050, and benchmarking current clean technology deployment against the
needs of alternative pathways would yield somewhat different results. Nonetheless, the
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CTDI has value in showing the acceleration in deployment seen in recent years, as well as
in giving an indication of the levels of deployment needed over the course of this decade
to be on track to reach net zero emissions by mid-century.

Figure 1.16 > Clean Technology Deployment Index
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Deployment of clean technologies has increased significantly since 2010

Notes: CCUS = carbon capture, utilisation and storage. 2023e = estimated values for 2023 based on the
latest available data by technology and project pipeline data.

1.4.2 Supply chains

Clean energy technology supply chains have been scaling up rapidly in recent years. Progress
has been particularly fast in the manufacturing segment, where countries are competing to
secure a place in the new global energy economy. For example, the nascent manufacturing
sectors of solar PV in the early 2000s and of batteries in the 2010s have become vast
industries (IEA, 2023c). The speed of expansion has exceeded what was expected just a few
years ago, which has boosted hopes of getting the energy transition as a whole on track for
net zero emissions by 2050 (see Chapter 2).

Manufacturing capacity for some critical technologies is expanding rapidly

Clean technology manufacturing capacity posted strong year-on-year growth rates in 2022
for batteries (+72%), solar PV (+39%), electrolysers (+26%) and heat pumps (+13%). This
momentum shows no sign of slowing in the near term given the pipeline of announced
manufacturing projects continuing to expand rapidly (Figure 1.17). In the first quarter of
2023 alone, new announcements of solar PV manufacturing projects would increase
projected output by around 60% in 2030; the projected increase for batteries would be
around 25% and for electrolysers around 30% (IEA, 2023d).
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Figure 1.17 = Announced manufacturing project throughput and
deployment of key technologies in the NZE Scenario, 2030
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If all announced projects proceed, solar PV manufacturing would exceed and batteries
manvufacturing would get very close to the 2030 levels required in the NZE Scenario

Notes: 2022 production values reflect actual utilisation rates. A utilisation rate of 85% is used for both existing
and announced manufacturing capacity in 2030. Increased utilisation indicates that utilisation of existing
manufacturing capacity increases from current rates, which can be relatively low in some cases, to 85%.
Committed refers to projects that either have reached a final investment decision or are under construction.
Announced projects indicate announcements through first-quarter 2023. Note that data is available for
announced electrolyser manufacturing projects as of second-quarter 2023 in the Global Hydrogen Review
2023 (IEA, 2023e).

If allannounced solar PV module manufacturing projects are realised, their combined output,
together with that from the increased utilisation of existing manufacturing capacity would
exceed the deployment needs of the updated NZE Scenario in 2030 by around 30%. EV and
grid storage battery needs for 2030 would also be almost fully met under the same
considerations. Caution is needed however as many announced projects have not yet
reached a final investment decision or started construction. Only around 25% of the
announced projects for solar PV manufacturing capacity worldwide can be considered
committed. The equivalent figure for batteries is around 30% and about 5% for electrolysers.

Growth in manufacturing capacity for key wind turbine components — nacelles, towers and
blades —was much slower at around 2% in 2022. Some wind manufacturers are struggling to
boost output due to supply chain disruptions and higher costs resulting from the effects of
the Covid-19 pandemic and Russia’s invasion of Ukraine. This follows a period of falling costs
and rapid expansion in the wind industry prior to 2020. Additional policy support would help
the wind power sector to overcome these challenges and play the critical role envisaged for
it in the NZE Scenario.
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While the clean technology manufacturing base is expanding rapidly, it remains highly
concentrated geographically; the majority of current and announced manufacturing projects
are in China. Yet, recent policy changes are beginning to expand project pipelines elsewhere.
There have been notable increases in the project pipeline for battery production facilities in
the United States, driven in large part by the incentives provided by the IRA. Meanwhile the
Production Linked Incentive (PLI) programme in India is providing a boost to domestic
manufacturing, including through the provision of nearly USD 2.4 billion under the second
phase of the High Efficiency Solar PV Modules PLI that began in October 2022 and
USD 2.5 billion under the Advanced Chemistry Cell Battery Storage PLI announced in late
2021. Among key measures in the European Union, the Net Zero Industry Act (NZIA),
announced in March 2023, proposes measures to strengthen clean technology
manufacturing in the European Union.

In addition, other countries are providing support to promote clean technology
manufacturing. Recent initiatives include USD 1.8 billion in subsidies for battery
manufacturing in Japan’s Green Transformation (GX) initiative; a refundable tax credit for
30% of investment cost in new manufacturing equipment for key clean technologies in
Canada’s 2023 Budget; USD 5 billion in loans and guarantees from the Export-Import Bank of
Korea and state-owned Korea Trade Insurance to advance domestic battery manufacturing:
and in Australia, USD 2 billion for domestic clean technology manufacturing via the National
Reconstruction Fund. More diverse and resilient supply chains will help strengthen security.

Clean technology markets are booming

The combined global market for five key clean energy technologies — solar PV, wind,
batteries, electrolysers and heat pumps — surged to just under USD 300 billion dollars in
2022, a nearly 20% increase over the previous year. This was fuelled by rapid growth in
capacity and sales, though it also reflects unit cost increases for some technologies in 2022
resulting from supply chain disruptions and energy and commodity price inflation. Sales were
concentrated in major markets, notably China, North America and the European Union. EV
batteries and stationary storage applications contributed 65% of the market growth in 2022,
mainly due to the huge global increase in electric car sales from almost 7 million in 2021 (9%
of global car sales) to over 10 million in 2022 (14% of global car sales).

The market size of these five technologies has almost tripled since 2010, a period during
which their unit costs declined on a combined deployment weighted average basis by around
80% (Figure 1.18). Absent these cost declines, an extra USD 1 trillion in spending would have
been needed in 2022 to achieve the level of deployment in that same year.
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Figure 1.18 = Global market size of selected clean energy technologies,
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The global market for five key clean technologies - solar PV, wind, batteries,
electrolysers and heat pumps - has almost tripled over the past decade

Progress in expanding supply chain capacity has been uneven

Large quantities of critical minerals are required for clean energy technologies and their
supporting infrastructure, ranging from wind turbines and EV batteries to CO; pipelines and
power grids. Since clean energy technologies already account for high shares of total demand
of these minerals (between about 15-55% for lithium, cobalt, nickel and copper today),
continuing growth in the deployment of these technologies hinges on rapid expansions in
secure and sustainable critical mineral supply chains.

Critical minerals extraction and processing capacity has increased significantly over the last
decade in response to rising clean energy and other demands. Between 2010 and 2022,
lithium mining output rose by a factor of five, and nickel and cobalt by a factor of two. Growth
has been particularly strong in recent years, with lithium mining output expanding by about
80% between 2020 and 2022, and output of nickel increasing by about 35% and cobalt by
about 40% over the same period (IEA, 2023f). Despite this growth in supply, markets have
been tight as a result of rapid demand growth, especially for batteries. Lithium prices have
shown the largest volatility, with international price markers increasing more than five-fold
between the first half of 2020 and 2022.

Investors are responding to these price spikes. The pipeline of announced projects for the
extraction and processing of key critical minerals points to continued expansion in supply this
decade. For example, announced projects to expand lithium extraction capacity increased by
14% for lithium between the end of 2022 and the second quarter of 2023. Anticipated supply
based on announced extraction projects would meet approximately 90% of demand levels in
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2030 in the updated NZE Scenario for copper, 80% for nickel, 65% for lithium, and 85% for
cobalt (Figure 1.19).8 (Chapter 4 explores critical minerals supply and demand in more detail

in the context of the needs of the NZE Scenario).

Figure 1.19 = Production from existing and announced exiraction projects
for key critical minerals relative to NZE Scenario requirements
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