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Foreword

In July 2021, the International Energy Agency (IEA) declared that a new global
energy economy was emerging — one based on clean and modern technologies
such as solar, wind, electric cars and others. This was a trend that had become
clear in our data and analysis, which covers all fuels and all technologies across
the global energy system.

Our work has continued to chart the rise of this new energy economy and its
implications for the world. Much of this has focused on what the changes mean
for energy security, economic development and international efforts to bring down
greenhouse gas emissions. But as the adoption of clean energy technologies has
surged in many countries across the globe, other factors have increasingly come
into play.

As a new energy economy takes shape, access to a range of components and
inputs for clean technologies — many of which are produced in vast factories — is
rising in importance. More and more countries are enacting bold new industrial
strategies to bolster the security of clean energy supply chains and to gain an
economic edge as demand grows. The result is that manufacturing and trade are
emerging as crucial variables that will determine how our energy system develops
and how quickly emissions from it will decline.

The deepening connections between energy, trade, manufacturing and climate
are the focus of this latest edition of Energy Technology Perspectives (ETP), the
IEA’s flagship technology publication. Building on the comprehensive assessment
of clean energy technology supply chains set out in ETP-2023, this year’s edition
offers cutting-edge analysis based on rich and detailed new data, granular surveys
of industry, and a bottom-up approach to fresh modelling. Its significance is
amplified by what has been, until now, a dearth of information in this space, and it
will provide policymakers with an in-depth, quantified basis to inform their
deliberations for years to come.

One point to emphasise: the IEA does not aim to prescribe trade policy, which is
not our Agency’s role. Instead, this report is intended to provide detailed insights
that are relevant to the conversations and considerations facing governments
around the world today, in line with our longstanding practice.

As major economies have introduced new industrial strategies to stake out their
places in the growing clean energy economy, the manufacturing of clean
technologies has boomed. This report homes in on the six major ones: solar PV,
wind, electric vehicles, batteries, electrolysers and heat pumps, whose market
size and trade value is set to soar over the next decade. It also looks at key
components of these technologies, as well as industries that provide important
building blocks for them, such as steel, aluminium and ammonia.
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The remarkable growth in clean energy technologies can offer many benefits and
opportunities, including new manufacturing industries, job creation, lower energy
bills, improved energy security, cleaner air and emissions reductions. In the case
of trade, as clean energy technologies reshape a landscape that has historically
been dominated by fossil fuels, resilience could improve. Fossil fuels tend to be
quickly consumed, which can lead to a reliance on certain exporters for recurring
supplies. Clean energy technologies operate over longer time frames. That could
result in less exposure to short-term supply disruptions and market volatility,
shielding countries from the destabilising boom-and-bust cycles seen in some
energy markets in recent decades.

However, there can also be tensions and trade-offs. We already see the intense
competition among major economies to gain advantage in the new energy
economy. As countries race to reap the maximum economic benefits, what are
the broader implications? Does it risk making clean energy transitions less cost-
effective if too many trade barriers go up? Will it result in inefficient government
subsidies? Could smaller and less developed economies be sidelined? This report
aims to explore these vital questions and highlight the most promising pathways
forward.

ETP-2024 lays out the state of play and the outlook for the key economies that are
the major manufacturers of clean energy technologies today. But it also finds, on
the basis of 60 indicators, that the door remains open for emerging and developing
economies to play to their strengths and move up the value chain in manufacturing
as the clean energy transition gathers speed. While the top fossil fuel producers
are countries with ample natural resources, many more countries could build up
strong clean energy manufacturing bases if they can ensure the right enabling
conditions.

Yet even as countries have a chance to tap the benefits of clean energy transitions
for their citizens, ETP-2024 finds a need for global perspective and cooperation in
pursuit of industrial and trade strategies that can ensure widespread prosperity
and help keep international energy and climate goals within reach. Here, the IEA
stands ready to provide support. Amid a complex environment, collaboration
remains essential.

| would like to thank the hardworking members on the ETP team who wrote this
groundbreaking report under the excellent leadership of the IEA’s Chief Energy
Technology Officer Timur Gul. The efforts to assemble the data and develop the
analysis presented here have been a major undertaking, and they represent a vital
contribution to the global energy dialogue. | hope this ETP supports the work of
decision-makers as they strive to build a more secure and sustainable energy
system for all.

Dr Fatih Birol
Executive Director
International Energy Agency
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Executive Summary

Three strategic areas of public policy — energy, industry and trade — are
increasingly interwoven. Tensions and trade-offs arise in each of these areas
as governments seek to reconcile their commitment to well-functioning markets
and cost-effective clean energy transitions, on the one hand, with the need to
establish secure, resilient clean technology supply chains, on the other. This
involves tough decisions around choosing which industries to support,
collaboration with trading partners, and how to prioritise innovation efforts. This
2024 edition of Energy Technology Perspectives (ETP) —the “world’s clean energy
technology guidebook” — is designed to support decision-making in these areas.
ETP-2024 is the first analysis of its kind to explore the future of manufacturing and
trade of clean energy technologies, with granular sectoral detail across supply
chains, built on a unique bottom-up dataset and a quantitative assessment of
countries’ industrial strategies.

Manufacturing and trade are foundational for the new
clean energy economy

The sizeable economic opportunities associated with manufacturing clean
energy technologies are a top priority for government and industry. The
global market size for six of the main clean energy technologies — solar PV, wind,
electric vehicles (EVs), batteries, electrolysers and heat pumps — has grown nearly
fourfold since 2015 to exceed USD 700 billion in 2023, which is around half the
value of all the natural gas produced globally that year. Growth has been driven
by surging clean technology deployment, particularly for EVs, solar PV and wind.
Under today’s policy settings, the market for key clean technologies is set to nearly
triple by 2035, to more than USD 2 trillion. This is close to the average value of
the global crude oil market in recent years.

International trade is essential to the proper functioning of the global
economy - including the energy system. Global goods trade — comprising vital
supplies of everything from food and clothing to smart phones and semiconductors
— amounted to around USD 24 trillion in 2023 in value terms. Fossil fuels
accounted for around 10% of this, while bulk materials and chemicals — including
steel, aluminium and ammonia — accounted for around 20%. Clean energy
technology trade today accounts for a comparatively small share relative to these
established industries, at around 1%, but it is growing fast.

PAGE | 19



At around USD 200 billion, the value of trade in clean technologies is nearly
30% of their global market value. The biggest element is trade in electric cars,
which has doubled since 2020, reaching around one-fifth of trade in all cars in
2023 in value terms. Solar PV is the second-most traded technology in value
terms. Under today’s policy settings, overall clean technology trade is on track to
reach USD 575 billion by 2035, or around 50% more than the value of global trade
in natural gas today.

Investments in manufacturing are surging in response to
rapidly growing demand for clean technologies

A major wave of manufacturing investment in clean technologies is
underway, with many new factories being built across the world. Global
investment in clean technology manufacturing rose by 50% in 2023, reaching
USD 235 billion. This is equal to nearly 10% of the growth in investment across
the entire world economy, and around 3% of global GDP growth. Four-fifths of the
clean technology manufacturing investment in 2023 went to solar PV and battery
manufacturing, with EV plants accounting for a further 15%. The amount of
manufacturing capacity being added has been comfortably outpacing current
deployment levels. Despite some recent cancellations and postponements of solar
PV and battery manufacturing projects, investment in clean technology
manufacturing facilities is set to remain close to its recent record levels, at around
USD 200 billion in 2024.

Cost competitiveness is an important driver of manufacturing investment —
but not the only one. China is currently the cheapest location for manufacturing
all the major clean energy technologies considered in this report, without taking
into account explicit financial support from governments. Compared with China, it
costs up to 40% more on average to produce solar PV modules, wind turbines and
battery technologies in the United States, up to 45% more in the European Union,
and up to 25% more in India. Cost competitiveness is a key factor explaining
China’s outsized role in clean technology manufacturing today: it accounts for
between 40% and 98% of global manufacturing capacity for the key clean
technologies and components we examine, depending on the case. Relative to
other countries, China has greater economies of scale, a larger domestic market
and highly integrated firms and facilities along the supply chain for these
technologies. An IEA survey of more than 50 major manufacturers across clean
technology and material supply chains reveals other factors, besides costs, that
influence investment decisions. These include various forms of policy support,
access to markets, skills and knowledge in the industrial base, and infrastructure.
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Trade can help countries play to their economic
strengths

Moving energy-related trade towards clean technologies is part of a broader
shift in the energy sector that has long-term implications for trade volumes.
Fossil fuels provide recurring flows of energy trade, whereas clean technology
trade results in a long-lived stocks of energy generation and transformation
equipment. For example, based on today’s policy settings, the European Union’s
net imports of fossil fuels and clean energy technologies reach around
USD 400 billion in 2035. But the bloc’s total import bill tilts towards a higher share
of clean energy technologies, from less than 10% in 2023 to 35% in 2035, at the
expense of fossil fuels. This has positive impacts on energy resilience: a single
journey by a large container ship filled with solar PV modules can provide the
means to generate electricity equivalent to the amount generated from the natural
gas onboard more than 50 large LNG tankers, or the coal onboard 100 large ships.

Industrial strategies in Europe and the United States are
set to alter the outlook for manufacturing and trade

In the European Union, the future of clean technology manufacturing will be
shaped by how successfully the targets of the Net Zero Industry Act (NZIA)
can be achieved. While the NZIA targets are readily achievable for some
technologies like the final steps of wind component and heat pump manufacturing,
the task facing the automotive industry is much larger. More than 40% of the
internal combustion engine (ICE) vehicles produced in the European Union today
are destined for export and facing competition from EV manufacturers in China, as
are domestically produced EVs for the EU market. For the EU car industry to
compete in the growing EV market, manufacturing cost reductions for electric cars
and full integration of supply chains, including batteries, will be essential. In 2023,
imports from China accounted for around 20% of EV sales in the European Union.
Under today’s policy settings, this share roughly doubles to 40% by 2035 despite
recently announced import duties that will be in effect for 5 years. If the goals of
the NZIA are achieved, a fully integrated EV and battery supply chain would help
bring the share down to 20%.

In the United States, the Inflation Reduction Act and Bipartisan Infrastructure
Law are bearing fruit. They have already mobilised USD 230 billion of investment
in clean technology manufacturing through to 2030. Based on current policy
settings — and driven by the incentives provided under these pieces of legislation
— US demand for solar PV modules and polysilicon could be met almost entirely
by domestic production by 2035, while some demand for cells and wafers would
stil be met by imports. Existing trading relationships also provide a strong
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foundation: Mexico is well placed to become a hub for EV manufacturing for the
North American market (as it is today for ICE cars), with Southeast Asia, Korea
and Japan being other potential key suppliers.

China remains the world’s manufacturing powerhouse
and India makes major strides, becoming a net exporter

China’s share of global manufacturing for all six key clean technologies in
value terms is around 70% today. China’s largest solar PV manufacturing facility
currently under construction, located in Shanxi province, could alone produce
enough modules to cover virtually all EU demand today. Despite the ongoing
implementation of industrial strategies in other countries, the value of China’s clean
technology exports is on track to exceed USD 340 billion in 2035, based on today’s
policy settings. This is roughly equivalent to the projected oil export revenue of
both Saudia Arabia and the United Arab Emirates combined in 2024. China’s fossil
fuel import bill is currently the highest of any country in the world. Under today’s
policy settings, the net import bill — accounting for fossil fuel imports and clean
technology exports — is cut by around 70% between now and 2035. If markets for
clean technologies grow more quickly than projected under today’s policy settings,
then China’s exports of clean technologies would, in value terms, entirely offset its
imports of fossil fuels, before 2035.

India pivots from being a net importer of clean technologies today to a net
exporter in 2035, if the clean energy transition accelerates. Under today’s
policy settings, India remains a net importer of clean technologies in value terms
in 2035, but with modestly growing production and exports of solar PV modules,
EVs and batteries incentivised under the Production Linked Incentive Scheme. In
contrast, if the clean energy transition proceeds more quickly in India and around
the world, the country’s net exports of clean energy technologies could grow
rapidly to reach USD 30 billion in 2035, after supplying a large portion of its own
rapidly increasing demand. This offsets around 20% of its remaining fossil fuel
import bill of around USD 170 billion, reducing India’s energy-related trade deficit
to around USD 140 billion.

The door of the new clean energy economy is still open
to emerging markets

Emerging and developing economies in Latin America, Africa and Southeast
Asia account for less than 5% of the value generated from producing clean
technologies today. A fair and just transition requires enabling more regions to
reap the economic benefits from growing supply chains for clean and modern
energy technologies. A faster clean energy transition and larger overall market for
clean energy technologies will be foundational for this. Other factors that presently
deter investment in emerging markets also need to be overcome, including political
and currency risks, a lack of skilled workers and poor infrastructure. But the
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opportunities exist: beyond the mining and processing of critical minerals,
countries in Africa, Latin America and Southeast Asia all have prospects to boost
their competitive advantages and move up the value chain. We collected
country-by-country data across over 60 indicators, assessing the business
environment, infrastructure for energy and transport (such as electricity grids, gas
pipelines and ports), resource availability and domestic market size, to identify
opportunities for each country.

Southeast Asia is already an important player in clean technology supply
chains, and several countries can take a step up the value chain. The region
could be among the cheapest places to produce polysilicon and wafers for solar
PV modules by 2035. Several countries there can build on existing manufacturing
strengths for electronic and electrical equipment, competitive labour and energy
prices, and government policies that are supportive for export-oriented industries.
If the region can fully exploit these competitive advantages, and policy action
worldwide is compatible with reaching net zero emissions globally by 2050,
Southeast Asia could produce over 8 million EVs by 2035 (up from about
40 000 today), of which almost half would be exported.

Latin America, and Brazil in particular, has favourable starting conditions for
wind turbine manufacturing, but significant investments in infrastructure
and logistics are required to capitalise on this. Today, Brazil produces over 5%
of wind turbine blades globally. If the country is able to take advantage of its
favourable enabling conditions, in a scenario compatible with net zero emissions
by 2050, exports of these components increase sixfold by 2035 compared with
current levels, assuming long-lead-time investments in port infrastructure bear
fruit. Brazil — among other Latin American countries — is also endowed with
abundant renewable energy resources, which form a good basis for exports of
near-zero emissions ammonia, iron and steel to markets where these commodities
are more costly to produce, such as Europe and Japan.

North Africa could become an EV manufacturing hub. Investment is already
underway, and if the region is able to achieve its potential in line with achieving net
zero emissions by 2050 globally, North Africa in 2035 exports almost half of the
3.7 million EVs it produces by then, mostly to the European Union. This would build
on the existing project pipeline in countries such as Morocco. Elsewhere in Africa,
countries have the potential to leverage iron ore and renewable energy resources,
for example, to move up the value chain and produce iron with electrolytic
hydrogen. Such exports to Europe and Japan could be worth more than four times
the value of the same tonnage of iron ore exports at today’s prices, if the world
pursues climate targets compatible with reaching net zero emissions by 2050, and
the barriers to investment in African countries are overcome.
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Supply chain concentration puts pressure on the busiest
maritime shipping routes

Traffic through some of the busiest maritime chokepoints increases, despite
growth in overall shipping activity slowing down. Based on today’s policy
settings, global maritime goods trade increases by 1% per year by weight over the
coming decade — significantly more slowly than over the past two decades, due to
slower growth in fossil fuel and steel demand. However, traffic through certain
chokepoints intensifies. Around 50% of all maritime trade in clean technologies
trade passes through the Strait of Malacca today. Based on today’s policy settings,
clean technology shipments through Malacca are set to rise substantially, though
their share in total maritime trade remains very small. This dependency on
maritime chokepoints poses risks to supply chain resilience, especially as the
average clean technology cargo is more than ten times the value of the average
fossil fuel cargo per tonne.

Well-designed industrial strategies will be crucial for
clean energy transitions to continue gathering pace

The tensions and trade-offs between the goals of energy and industrial
policies mean that getting trade policy measures right is essential for clean
energy transitions. In some cases, the clean energy dividends of trade would be
higher if barriers to trade were lower. Today, tariffs on renewable energy systems
and components, for example, are more than twice those applied to fossil fuels, on
average. Trade measures — including both tariffs and non-tariff measures — already
increase the cost of clean technologies. For example, a 100% tariff on solar PV
modules today would cancel out the decline in technology costs seen over the past
5 years. The knock-on impact on electricity generation costs would be more
limited, as the solar PV modules themselves make up 20-30% of the total
installation cost. But for consumer goods, such as electric cars, the impact is likely
to be more direct and risks slowing down adoption.

Well-designed industrial strategies can help companies address
competitiveness gaps or reach the innovation frontier sooner, but their
interplay with trade policy measures needs careful consideration. Industrial
policy deployed with a specific, measurable and time-bound goal can support the
achievement of energy policy and climate goals. For example, battery production
in the European Union is around 50% more expensive than in China today.
Innovative battery technologies currently under development could help reduce the
cost gap by up to 40% — at which point, the advantages of manufacturing being
located in the European Union may outweigh the remaining cost difference. To
cultivate and maintain competitiveness and innovation, industrial policies must be
closely monitored and amenable to course correction. Trade policy must be
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designed carefully if it is to support such goals — broad-based protectionism or
blanket financial support are very unlikely to make for a winning industrial strategy.

Industrial strategies must take into account the new parameters and
objectives of international trade in clean technology supply chains. To
balance efforts to reach climate goals with energy and industrial policy objectives,
trade policies will need to be designed with a view to their role in the new clean
energy economy, and what it means for industrial competitiveness today. There is
no single recipe to follow for these policies, but the analysis presented in ETP-2024
is designed to help move the debate in this area forward.
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Introduction

The International Energy Agency (IEA) Energy Technology Perspectives (ETP)
flagship series of reports has been providing critical insights into key technological
aspects of the energy sector since 2006. It was revamped in 2020 to serve as the
IEA’s guidebook for clean energy technologies, with a focus on themes that are
particularly pertinent for policy makers in view of the vital importance of clean
energy technologies and innovation in meeting the policy goals of energy security,
economic development and environmental sustainability. Efforts to achieve these
goals cut across different dimensions of industrial, energy and trade policies —
seeking positive synergies between them and managing any trade-offs will be key
to success. Based on granular sectoral data and innovative analysis, Energy
Technology Perspectives 2024 (ETP-2024) is the first report of its kind to analyse
the future of manufacturing and international trade of clean energy technologies
and related materials. It aims to provide policy makers with a quantitative
assessment of the opportunities and complexities associated with the
manufacturing and trade of such technologies and materials across the world in
order to support decision-making on these topics.

The analysis covers six key clean energy technologies — electric vehicles (EVs),
batteries, solar photovoltaics (PV), wind turbines, heat pumps and electrolysers —
which together account for around half of global clean energy investment spending
and have a combined market size of more than USD 700 billion. The analysis also
covers the manufacturing and trade of the main components of these
technologies, alongside three categories of materials — steel, aluminium and
ammonia (both for industrial and fuel-related applications) — with a focus on
near-zero emissions manufacturing processes.

The analysis of ETP-2024 takes into account the need to build secure and resilient
supply chains for the clean energy transition. It assesses the economic
opportunities that the clean, modern energy economy is generating and how
investment in the manufacturing of clean energy technologies and materials is
reshaping global trade flows. Clean energy technologies have come to the fore in
new industrial strategies that are being devised by governments around the world
to boost domestic manufacturing, create jobs and enhance resilience, while also
supporting decarbonisation efforts. Policy has a vital role to play in these areas:
each country needs to devise its own clean energy industrial strategy, reflecting
its inherent strengths and weakness, including access to low-cost mineral and
energy resources, a skilled workforce and synergies with existing industries.
Policy makers need to balance the goals of supply security and resilience,
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affordability and equity in designing effective policies and strategies to get to net
zero emissions of GHGs as quickly as possible. ETP-2024 explores various ways
of navigating trade-offs in meeting these goals.

This report greatly expands on the analysis contained in ETP-2023, which focused
on clean energy technology supply chains and their importance in the energy
transition, finding that manufacturing of key technologies was heavily
concentrated in a few major markets. ETP-2024 provides a deeper look into the
factors shaping the current status and outlook for manufacturing and trade of these
key clean energy technologies and materials, informed by a unique, richly detailed
dataset.

Chapter 1 reviews the current status of manufacturing supply chains and assesses
the drivers of investment decisions in the manufacturing industry, notably cost
competitiveness. Chapter 2 analyses the outlook for clean energy manufacturing
capacity and production, as well as inter-regional trade, using projections based
on policy scenarios, while Chapter 3 looks in detail at prospects in four main
markets: the United States, the European Union, China and India. Chapter 4
provides a detailed assessment of opportunities for emerging markets and
developing economies to move up the value chain and reap the benefits of
investment in manufacturing and material production. Chapter 5 identifies the
main shipping routes and chokepoints associated with the trade of clean energy
technologies, as well as the role of ports and ships for decarbonising international
trade. Finally, Chapter 6 discusses strategic considerations for policy makers.
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Chapter 1: The state of
manufacturing and trade

Highlights

e Global manufacturing capacity for clean energy technologies is expanding quickly.
Between 2021 and 2023 alone, production capacity increased from just over 450 GW to
1.2 TW for solar PV modules, 125 GW to 180 GW for wind, 10.5 to 22.2 million units for
EVs, 1.1 TWh to 2.5 TWh for batteries, and tripled to 25 GW for electrolysers.
Announced expansions could lead to a manufacturing capacity of 1.6 TW for solar in
2030, 260 GW for wind, 9.3 TWh for batteries and 165 GW for electrolysers.

e Chinais by far the largest producer of clean energy technologies and related materials,
including steel, aluminium and ammonia. Based on announced projects, geographic
concentration in manufacturing is expected to persist to 2030, with China, the
European Union and the United States accounting for over 80% of production capacity
for the six clean technology supply chains — solar PV, wind, electric vehicles, batteries,
electrolysers and heat pumps — considered in this report.

e Investment in manufacturing capacity for the six clean energy technology supply chains
reached USD 235 billion in 2023, up from USD 160 billion in 2022. Based on announced
projects, investments in these facilities are expected to remain around USD 200 billion
in 2024, with an average of USD 180 billion per year due to be invested through to 2030,
around 35% of which is committed.

e Trade in clean technologies is increasing rapidly. Global exports of solar PV modules
have increased more than tenfold since 2015; those of electric cars have increased
nearly twentyfold. The trade routes for bulk carriers are more congested than those for
oil tankers and container ships, and more concentrated in Asia. The clean energy
transition is changing the landscape of trade — economies rely less on fossil fuels, which
are consumed, and more on manufactured technologies, which are added to installed
capacity and operated for years at a time. This is changing the nature of supply chain
risks.

e Costis the main determinant of the level and location of investments in manufacturing.
Variable operating costs, including materials, components and energy, make up more
than three-quarters of the levelised cost of producing the technologies considered, when
factories are utilised intensively. For materials production, the share of energy is
generally much higher. Producing these commodities with near-zero emissions
technologies is currently much more expensive than with conventional technologies, but
the premium could fall significantly once they reach commercial scale.

e An IEA industry survey of more than 50 companies highlights the importance of other
factors besides cost, notably the size of the domestic market. In China, where
manufacturing capacity has expanded most rapidly in recent years, the size of the
market for clean technologies has grown from USD 25 billion in 2010 to more than
USD 400 billion in 2023 in real terms. A large existing industrial base and co-location
with suppliers and customers are also strong pull factors.
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This chapter starts with an overview of the current state of play with respect to
manufacturing of and international trade in clean energy technologies and related
materials, including investment trends in the sector. This includes analysis of
trends in demand for the six key technologies considered in this report — solar PV,
wind, electric vehicles (including batteries), electrolysers and heat pumps' —
together with the latest developments in three strategic upstream industries —
steel, aluminium and ammonia. We then assess the drivers of competitiveness in
manufacturing these technologies and materials, including regional differences in
capital and operating costs, and then conclude with an overview of the various
policies and instruments comprised by government industrial strategies.

1.1 Manufacturing

The importance of manufacturing

Manufacturing — a vital economic activity, accounting for nearly one-fifth of global
gross domestic product (GDP) — is central to the clean energy transition. The
United States, the European Union, Japan and the People’s Republic of China
(hereafter, “China”) collectively accounted for around 65% of manufacturing value
added in 2023, a share that has remained almost constant over the past two
decades. China has emerged as the world’s manufacturing powerhouse, nearly
tripling its share of global manufacturing value added between 2005 and 2023 to
one-third and increasing its output fivefold in absolute terms to over USD 6 trillion
in 2023 prices (Figure 1.1). This was driven by highly supportive government
policies and a massive increase in investment. Manufacturing in other major
economies has grown less rapidly.

Despite services accounting for around 60% of value added in the global economy
in 2023, the manufacturing sector remains significant. Manufacturing contributes
just under 20% of global value added, which is roughly equivalent to several core
service sub-sectors combined, including retail (10%), finance (7%) and
information and communications (5%). Other sub-sectors such as health and
construction (5% each), transport (4%), and fossil fuel extraction, metals mining,
and agriculture and fishing (1-2% each), account for much less value added in the
global economy than manufacturing. For this reason, this report takes a closer
look at manufacturing while excluding critical minerals and installation of clean
energy technologies from the immediate scope. Manufacturing also generates
important productivity gains and spillovers across other sectors. Within
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manufacturing, chemicals, electronics, metals, machinery and motor vehicles
combined account for 60% of global economic value added.

Figure 1.1 Global economic value added in manufacturing industry
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Source: IEA analysis based on IEA (2024a); OECD (2024a); and Oxford Economics Limited (2024a).

Manufacturing accounts for nearly one-fifth of global GDP, with China the leading producer,
followed by the United States and the European Union.

The energy transition calls for a massive deployment of clean technologies and
the transformation of the processes to manufacture them. In many cases, clean
energy technologies are still emerging, in the sense that their deployment rate is
still low relative to that of incumbent technologies, or that it is concentrated in a
few countries or regions. Manufacturing of all types of clean energy technology
needs to ramp up rapidly, sometimes from scratch, in order to meet climate goals
(see Chapter 2). Recent success stories, such as for solar PV, wind power and
electric vehicles (EVs) — demonstrate the critical role of policy in developing
manufacturing capacity and fostering demand for emerging clean energy
technologies. There is also a need to transform existing manufacturing activities
to make them compatible with net zero emissions, including near-zero emissions
materials required as inputs for making clean technologies and other products
(Box 1.1); materials production is highly energy-intensive and responsible today
for a large share of carbon dioxide (COz) emissions worldwide. For example, in
2023, CO, emissions from global production of iron and steel and aluminium
accounted for over 3 gigatonnes (Gt) of COa, or 8% of global emissions.
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Box 1.1  Near-zero emissions technologies for materials production

Among materials, this report focuses on three key commodities — steel, aluminium
and ammonia — that are particularly relevant to clean technology manufacturing and
trade. Steel and aluminium are direct inputs to the manufacturing processes for
several clean energy technologies, while ammonia could play an important role in
decarbonising global maritime trade. The production of all three materials is
currently both very energy- and emissions-intensive, together accounting for nearly
10% of global energy sector emissions in 2023.

Increased energy and materials efficiency, together with other modifications to the
operation of existing manufacturing facilities, are expected to make substantial
contributions to reducing emissions in these industries. However, getting to net zero
emissions globally also requires a fundamental shift to new manufacturing
processes for these commodities. Many of the technologies required for these
processes are at an earlier stage in their development than the other clean
technologies addressed in this report (such as solar PV and wind turbines), and
most are not commercially available on the market today (IEA, 2023a).

In this report, we refer to technologies that can produce steel from iron ore,
aluminium from bauxite, and ammonia with emissions intensities that are
compatible with the IEA’s Net Zero Emissions by 2050 Scenario (see Chapter 2) as
“near-zero emissions technologies”, and their outputs as “near-zero emissions
materials”. This terminology echoes that used in the IEA’s report, Achieving Net
Zero Heavy Industries, produced for the Group of Seven (G7) (IEA, 2022a). IEA
work on near-zero emissions definitions and measurement protocols has only
addressed steel and cement production as yet, but forthcoming analyses, including
those produced by the IEA Working Party on Industrial Decarbonisation (WPID) and
the Climate Club may well consider similar definitions for aluminium, ammonia and
other outputs of heavy industry (IEA, 2024b).

The use of the term near-zero emissions in this ETP differs from that used in the
work on definitions for the G7 in two important respects:

* The original definition is based on a set of emissions-intensity thresholds,
including various categories of indirect emissions and taking into consideration
process arrangements at the facility level. These specificities cannot be
considered precisely at the regional level in our modelling work for this report,
SO a narrower emissions boundary is used based on direct emissions only.

* The definition used in this report excludes production of steel and aluminium
based fully on scrap, thereby focusing on production technologies that are
barely deployed today and that require the most innovation and policy support
(for example, hydrogen-based direct iron reduction (H2-DRI) production,
aluminium smelters with inert anodes and carbon capture, utilisation and
storage (CCUS)-equipped steam methane reforming for ammonia production).

These modifications to the usage of “near-zero emissions” apply only to this report
and do not affect ongoing WPID and Climate Club work on definitions.
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Investment in manufacturing

Investment in the overall manufacturing sector has more than doubled in real
terms over the past two decades, reaching over USD 6 trillion in 2023. Growth has
been most spectacular in China, which has seen a sevenfold increase in
manufacturing investment since 2005, with capital spending rising on average by
11% per year, accounting for nearly two-thirds of global growth in manufacturing
investment. The share of the leading Western economies in global manufacturing
investment has dwindled over the same period, despite rising investment in
absolute terms in most cases (Japan is the only major advanced economy where
manufacturing investment has contracted in absolute terms). In the United States
and the European Union, it grew by more than 40% (around 2% per year on
average). India’s manufacturing investment grew fivefold (averaging 10% per
year), but from a much lower base, such that its share of global investment rose
from around 1.5% to 3%.

The share of investment in manufacturing in the overall economy has evolved
differently across countries. In the United States and the European Union,
manufacturing investment has been fairly constant at around 3-4% of GDP over
the past two decades, whereas in Japan it remains around 9%, even after a sharp
contraction during the global financial crisis of 2008. By contrast, China’'s
manufacturing investment as a share of GDP rocketed from around 8% in 2005 to
nearly 15% in 2023, despite a dip in 2017 (alongside investment more broadly)
that resulted from government policies to reorientate the economy towards
consumer spending. Manufacturing investment resumed its upward path in 2018,
falling back temporarily in 2020 due to the effects of the Covid-19 pandemic.

The productivity of manufacturing investment also varies considerably across the
world. In 2023, the ratio of manufacturing value added to investment ranged from
2.3 in China, 3.0 in India, and 4.0 in the European Union and the United States,
averaging 3.0 worldwide. These differences are explained largely by the structure
of the manufacturing sectors in each economy — investment in higher value-added
sectors (those that generate higher levels of value added per unit of capital
invested) tends to be more concentrated in more developed economies.
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Figure 1.2 Manufacturing sector investment by country/region, 2005-2023
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Manufacturing investment has risen most rapidly in China over the past two decades, while
the share of investment in GDP has stagnated in major advanced economies.

Investment in clean energy technology supply chains

Global investment in manufacturing in the five key clean technology supply chains
this report focuses on — solar PV, wind, EVs (including batteries), electrolysers
and heat pumps - jumped 50% to USD 235 billion in 2023, up from
USD 160 billion in 2022 (Figure 1.3). Investments were led by solar PV and
batteries, which together accounted for 80% of the total in 2023. China accounted
for nearly three-quarters of total investment in 2023, with the United States and
the European Union together accounting for around one-fifth. India, Japan, Korea
and Southeast Asia accounted for most of the rest, with virtually no investment
taking place in either Africa or Central and South America.

Overall investments in the steel, aluminium and ammonia industries increased
more slowly than in clean energy technologies in 2023, rising from around
USD 50 billion to just under USD 60 billion globally. Investment in aluminium
capacity halved, while that in ammonia facilities decreased slightly, whereas
investment in steel jumped by nearly 65%. Annual investment figures for these
industries depend on the spending associated with the scheduling of a handful of
projects and so tends to be cyclical. The majority of investment in these three
industries took place in emerging markets and developing economies (EMDEs).

PAGE | 33



Figure 1.3 Global investment in clean energy technology and materials
manufacturing, 2022-2023
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Notes: FID = final investment decision. Materials includes investment associated with global capacity additions for crude steel
and iron for steel, and alumina and primary production for aluminium. Only investments in new capacity are included.
Completed projects include all projects in operation at end-2023. FID or under construction is as of end-June 2024.

Sources: |[EA analysis based on S&P Global (2024); WindEurope (2023); BNEF (2024a); GWEC (2023); (Wood Mackenzie
(2024); InfoLink (2024); SPV Market Research (2024); BMI (2024); EV Volumes (2024); BNEF (2024b); BNEF (2024c); IEA
(2024a); Atlas EV hub (2024); IFA (2024); OECD (2024b); CRU (2024); Oxford Economics Limited (2024b); CEPII (2024) as
well as announcements by manufacturers and personal communications, gathered by the IEA.

Investments in clean technology manufacturing grew by 50% year-on-year in 2023; much
faster than investments in materials manufacturing.

Cumulative investment in near-zero emissions technologies for materials
production reached just under USD 6 billion in 2023, with iron and steel
accounting for around 90% and ammonia for the rest. A further USD 15 billion of
investment is expected to take place in projects that have either reached final
investment decision or are already under construction. The majority of this is for
ammonia facilities using low-emissions hydrogen for new energy applications like
shipping and power generation. Only around USD 300 million of capital
investment has been committed to near-zero emission aluminium production, and
this is limited to demonstration projects with capacity typically around 1% of that
of commercial-scale facilities. Commercial investment targeting emissions
reductions in the aluminium industry is mostly limited to the utilisation of greater
shares of low-emissions electricity (which reduces indirect emissions), energy
efficiency and fuel switching in alumina production.

Projecting forward investments for the project pipeline for clean technologies is
highly uncertain, as projects may well be cancelled, postponed or brought forward
according to changes in policy incentives and market conditions. Assuming the
whole project pipeline is completed and there is no change in the inflation-adjusted
cost of building manufacturing facilities, total investment in clean technology
manufacturing projects is expected to stand at roughly USD 200 billion (in 2023
dollars) in 2024 (Figure 1.4). Current projects alone point to nearly USD 180 billion
per year of investment over the period 2025-30, around 35% of which is
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committed. This includes an estimated USD 65 billion per vyear for
EV manufacturing facilities.? More projects will undoubtedly be announced for the
second half of the 2020s, but the already high levels of capacity for solar PV and
batteries (the main contributors to investment spending on manufacturing plants
today) relative to global demand suggest that some decline in the rate of
investment is likely to occur.

Figure 1.4 Global investment in clean energy manufacturing associated with
announced projects, 2022-2030
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Notes: FID = final investment decision; e = estimated. Clean technologies include solar PV, wind, electric vehicles (EVs),
batteries, electrolysers and heat pumps. Materials include investment spending associated with global capacity additions for
crude steel, iron, aluminium, alumina and ammonia production. Avg. 2025-30e = average annual investments associated with
announced projects over the period 2025-30, excluding electric vehicle (EV) factories, for which there are no project
announcements. Investment in EV manufacturing in this analysis corresponds to projected capacity additions under stated
policies (see Chapter 2 for full projections), as no project pipeline information is available for these facilities. Investment is
allocated to the year in which it takes place, rather than when new capacity is due to come online up to 2024. From 2025
onwards, investment spending is calculated on an overnight basis.

Sources: |[EA analysis based on S&P Global (2024); WindEurope (2023); BNEF (2024e); BNEF (2024a); GWEC (2023); Wood
Mackenzie (2024); InfoLink (2024); BMI (2024); EV Volumes (2024); BNEF (2024b); IFA (2024); OECD (2024b); CRU (2024);
Oxford Economics Limited (2024b); CEPII (2024); as well as announcements by manufacturers and personal communications,
gathered by the IEA.

Clean technology manufacturing investment associated with announced projects is set to
stand at roughly USD 200 billion in 2024 and USD 180 billion per year to 2030.

Investment in material production facilities for steel, aluminium and ammonia is
projected to slump to under USD 30 billion in 2024, but then rebound to an
average level of USD 45 billion per year over the rest of the decade, based on the
pipeline of announced projects. The near-term slump is in large part due to a
levelling-off of conventional capacity additions in China, which has contributed
much of the growth over the past two decades. The projected rebound is primarily
driven by the huge pipeline of announced projects for ammonia for energy

2 No public information is available on the project pipeline for EV manufacturing facilities. An estimate based on the capacity
required to meet demand under stated policies is used here; see Chapter 2 for an overview of the scenarios used in this
report.
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applications. This raises the share of near-zero emissions technology in total
ammonia investment to around 85%, up from under 15% in 2023. Of the total
investment associated with the project pipelines for materials, less than 25% can
be considered committed.

Manufacturing capacity

Clean technology manufacturing

Clean technology manufacturing has been growing fast since ETP-2023, as have
announcements for further capacity additions (IEA, 2023b). Even solar
PV manufacturing, a comparatively mature industry, has expanded rapidly over
the past 4 years. For example, at the end of 2021 — the base year for ETP-2023 —
capacity for making solar PV modules stood at just over 450 GW; it is more than
doubled to 1.2 TW by the end of 2023 — the base year for ETP-2024 (Figure 1.5).
At the end of November 2022, announcements of manufacturing capacity
expansions for solar PV modules implied an increase in capacity to just 790 GW
by 2030. In other words, global manufacturing capacity exceeded 2030
expectations by 50% in the space of only about 12 months.

In 2020, around 75 GW of PV module manufacturing capacity was added
(Figure 1.6). In 2023, this number jumped to 500 GW, well above the record levels
of solar PV installations for electricity generation that year, which stood around
425 GW. Manufacturing capacity additions of 430 GW in China alone in 2023 were
larger than the levels of global installations for electricity generation, and larger
than the global manufacturing capacity additions between 2020 and 2022.

Figure 1.5 Manufacturing capacity and additions associated with announced projects
for selected clean technologies
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Notes: ETP-23 assessed the capacity additions related to announced projects as of the end of November 2022. The cutoff
point for ETP-24 is the end of June 2024. For batteries, values for 2021 and announcements for ETP-24 may differ slightly
from ETP-23 due to the inclusion of Tier 3 (See the Annex) battery makers for comparability with ETP-24.

Source: IEA analysis based on |IEA (2023b); and IEA (2024a).

Since the last edition of ETP, manufacturing capacity and announced capacity additions for
most technologies have expanded substantially.
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Figure 1.6 Net manufacturing capacity additions for selected clean energy

technologies by country/region, 2020-2023
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Sources: IEA analysis based on S&P Global (2024); WindEurope (2023); BNEF (2024a); GWEC (2023); Wood Mackenzie
(2024); InfoLink (2024); SPV Market Research (2024); BMI (2024); EV Volumes (2024), BNEF (2024b); BNEF (2024c);
Oxford Economics Limited (2024b); CEPII (2024); as well as announcements by manufacturers and personal

communications, gathered by the IEA.

Clean technology manufacturing capacity surged in 2023, with only heat pumps and
electric vehicles seeing smaller capacity additions than in 2022.

In the case of solar PV, manufacturing capacity additions for assembling modules
have generally exceeded those of the key components — polysilicon, wafers and
cells — with the notable exception of China over the last 2 years (Figure 1.7).
However, the utilisation rates of component manufacturing facilities generally
remain low, averting bottlenecks. Average utilisation rates across PV module
manufacturing facilities worldwide remained steady in 2023, at around 55%. In
parallel, facilities for newer technologies like tunnel oxide passivated contact
(TOPCon), heterojunction (HJT) and back contact (BC) cells are gaining market
share over the older ones like passivated emitter rear cells (PERC). This has
driven down prices and led to some downscaling of expansion plans, especially in

China (Box 1.2).
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The capacity additions associated with new projects have increased less rapidly
for other clean technologies. In the case of EVs, manufacturing capacity additions
reached more than 6 million units in 2022, but fell slightly to 5.7 million in 2023.3
However, year-on-year growth in EV sales slowed from 60% in 2022 to just 30%
in 2023, which could have an impact on further manufacturing capacity additions,
as automakers adjust near-term plans based on sales expectations. An estimated
70% of the manufacturing capacity additions in 2023 were in China, 13% in the
European Union and 8% in the United States.

In the case of batteries, most of which are for electric cars, manufacturing capacity
in 2021 stood at around 1.1 TWh, increasing to more than 2.5 TWh in 2023;
announced capacity additions have similarly grown, from 8 TWh at end-November
2022 to more than 9 TWh as of end-June 2024. Total manufacturing capacity for
anodes and cathodes in 2023 stood well above that of battery cells. Cell
manufacturing capacity nonetheless remains well above global demand: in 2023,
the utilisation rate of cell production facilities was less than 25% in China, which
accounts for around 85% of global production capacity, and 35% worldwide.

For wind turbines, manufacturing capacity expanded rapidly over 2020-23, with
capacity additions more than doubling in 2023 to around 30 GW. For wind
nacelles, global manufacturing capacity stood at 125 GW at the end of 2021,
increasing to 180 GW at the end of 2023. Wind power installations during this
period also grew rapidly — 75 GW in 2022 and 115 GW in 2023 — despite rising
costs (see below). Nearly all of the manufacturing capacity additions for wind in
2020-23 were in China, though the country accounted for only around 45% of
global wind deployment for electricity generation.

PAGE | 38



Figure 1.7
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China’s lead in battery and solar PV manufacturing has increased further as a result of
enormous recent capacity additions for anodes, cathodes, polysilicon and wafers.
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Looking forward, there are many clean technology manufacturing projects
underway at present around the world to add new capacity at existing or new
facilities, including some that are already under construction or for which a final
investment decision has been made (i.e. committed), and others at preliminary
stages of development.

The project pipeline for solar PV as of end-June 2024 amounts to around 460 GW
for modules, 280 GW for cells, 490 GW for polysilicon and about 150 GW for
wafers. Wafer manufacturing capacity is expected to reach 1100 GW by
end-2024, but then gradually decrease as capacity to produce older technologies
is decommissioned and expansion plans are curtailed. While total manufacturing
capacity for polysilicon is set to continue increasing, the pace of expansion is likely
to slow down (see Box 1.2).

Were all the planned solar PV capacity additions to take place, full chain capacity
would jump from 850 GW at end-2023 (with polysilicon being the limiting
component), to around 1 TW by end-2030 (with wafers being the limiting
component). Module capacity would reach more than 1 600 GW, compared with
just around 1 150 GW at end-2023 (Figure 1.8). Nearly 85% of the capacity in the
pipeline for modules and components appears today to be committed, but that
could change. The maijority of these planned capacity additions are in China,
where the existing manufacturing facilities, together with those under construction
or committed, would be capable of producing more than 7 TW of solar PV modules
between 2024 and 2030, which is almost five times more than has been installed
globally by end-2023.

For battery cell manufacturing, the current project pipeline to 2030 of 6 700 GWh
amounts to about 260% of total installed capacity at end-2023, and more than half
of it is committed. Some projects, however, have recently been postponed or
cancelled due to higher costs or lower demand than previously expected. China
accounts for 55% of the announced committed capacity, and the United States
and the European Union for most of the rest. By contrast, virtually all of the
announced committed capacity additions for anodes is in China.

Compared to solar PV and batteries, announced manufacturing capacity for the
other clean energy technologies considered in this report is much smaller relative
to existing installed capacity. The capacity additions to 2030 associated with
current announced wind nacelle manufacturing projects amount to 80 GW by
2030, but that is still about six times more than was the case at end-November
2022, and around 35-45 GW of capacity is planned to 2030 for blades and towers.
Of these announcements, about 80-90% is considered committed. The majority of
planned capacity is in China and most of the rest in the European Union and the
United States.
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In the case of electrolysers, even if manufacturing capacity development is still in
its early stages, it far exceeds demand. In the past, demand primarily came from
brine electrolysers for the chlor-alkali industry, but demand for water electrolysers
is now growing. Global manufacturing capacity amounted to 25 GW at end-2023.
Capacity in the project pipeline is much bigger, at 140 GW by 2030, almost 90%
of it being for alkaline, proton exchange membrane and solid oxide water
electrolyser units. However, less than 20% of these capacity announcements are
committed. China accounts for the largest share of the project announcements,
followed by the European Union, the United States, and India.

For heat pumps, announced manufacturing projects would boost global capacity
by about one-third, from 140 GW at end-2023 to 185 GW in 2030, though how
much of this new capacity can be considered committed is unknown. There are
doubts about many of these projects given the recent decline in sales, policy
uncertainties and cost inflation seen across major heat pump markets. The project
pipeline is concentrated in Europe, where manufacturers announced new plans
after the surge in sales following the energy crisis triggered by the Russian
Federation (hereafter “Russia”)’s full-scale invasion of Ukraine, though this reflects
the fact that new manufacturing projects are commonly not announced publicly by
heat pump manufacturers in other regions.
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Figure 1.8 Global demand and manufacturing capacity by country/region for selected
clean energy technologies based on announced projects, 2023-2030
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Sources: |IEA analysis based on S&P Global (2024); WindEurope (2023); BNEF (2024a); GWEC (2023); Wood Mackenzie
(2024); InfoLink (2024); SPV Market Research (2024); BMI (2024); EV Volumes (2024); BNEF (2024b); BNEF (2024c);
Oxford Economics Limited (2024b); CEPII (2024); as well as announcements by manufacturers and personal
communications, gathered by the IEA.

Most planned capacity additions in clean energy technology manufacturing are in the
countries that already dominate the sector today.
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Box 1.2 Recent dynamics in solar PV and battery manufacturing

The supply chains of solar PV and batteries have grown remarkably in recent
years, yet the combination of a tightening economic outlook and shrinking profit
margins, along with uncertainties about the real-world pace of deployment, have
recently led several companies to recalibrate their ambitious expansion plans.
Committed battery manufacturing capacity to 2030 decreased by almost 10% for
battery cells between the end of 2023 (IEA, 2024a) and Q2 2024, and announced
polysilicon and wafer capacity projections declined by one-fifth at the end of
Q2 2024 compared to Q1. However, consolidation is not unusual in new sectors,
and the difficulties faced by some companies can create opportunities for others.

Several factors have contributed to this evolution. First, substantial growth in
capacity across the solar PV supply chain has outpaced growth in deployment,
helping to drive down module prices to nearly USD 0.10/W by the end of 2023,
with suppliers often selling at a loss. A considerable inventory has been built up,
suggesting that current oversupply may persist beyond 2025 (BNEF, 2024d), until
eventually being absorbed by growing demand. New technologies are also
capturing a larger share of the market, with the result that older modules are being
sold at a relative discount and losing profit. In China, regulatory changes that aim
to curb overinvestment and reduce corporate debt have led manufacturers to scale
back their plans, primarily in China but also in Southeast Asia (pv-magazine,
2024a). While losses are being experienced across the supply chain, consolidation
has been most evident in the upstream sectors. Companies that are vertically
integrated are better positioned to weather the storm, as they have greater
possibilities to balance the profit and loss-having parts of their business.

The effects of market consolidation in battery manufacturing are also entering into
view. In the first half of 2024, 350 GWh of manufacturing capacity in China
previously announced for 2025 was cancelled. This is more than the total
manufacturing capacity in the European Union and the United States in 2023. At
the same time, almost 70 GWh of new announcements have been made in China,
and the announced capacity of some plants announced for 2025 has been
expanded by over 250 GWh. Germany has the largest battery manufacturing
project pipeline in Europe, but in the first half of 2024, 20% of its announced
capacity was cancelled, and no significant additions were made during 2023 — a
year in which global capacity grew 50%.

Battery production is a large volume, low profit-margin business (Intercalation
Station, 2023), in which manufacturing optimisation, cost reduction and
technological innovation are essential to compete in the global market. This offers
a notable advantage to incumbent producers that can benefit from economies of
scale and more efficient manufacturing, while at the same time investing heavily in
R&D.
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Materials production

The rate of expansion of global capacity for producing key materials is generally
much slower than for clean technology manufacturing, as they also serve the
needs of other manufacturing sectors and construction, where materials demand
is growing less rapidly. In the case of crude steel, nearly 60 Mt per year of new
capacity was added on a net basis worldwide in 2023, boosting total capacity by
around 2.5% (Figure 1.9). Around 40% of the steelmaking capacity added in 2023,
and 50% in 2022, was associated with iron production, whereas the remainder
consisted of standalone steelmaking capacity, much of which is used to recycle
scrap steel in electric furnaces. This is reflected in the greater absolute quantities
of steelmaking capacity added over the past 4 years (105 Mt cumulatively) relative
to ironmaking capacity (70 Mt cumulatively), despite the fact that it takes around
1.1 tonnes of iron to make a tonne of steel, when not using any scrap.

Figure 1.9 Global net manufacturing capacity additions for selected materials, 2020-
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Sources: |IEA analysis based on IFA (2024); IEA (2024c); OECD (2024b); GEM (2024); and CRU (2024).

China, India and the Middle East have together accounted for more than half of global net
capacity additions for key materials and their intermediates since 2020.

Installed primary aluminium production capacity grew by just 1% in 2023, reflecting
a slowdown in China as production levels approached annual limits imposed by
the government (S&P Global, 2022). Capacity for alumina production grew by
around 5% in both 2022 and 2023.

Ammonia capacity expanded by 7 Mt, or 3%, in 2022 — equivalent to around eight
modern plants being completed — but was virtually unchanged in 2023. While the
pipeline of electrolysis projects for ammonia for energy applications is growing
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rapidly, the average size of these projects today is very small compared with plants
serving existing agricultural and industrial demand (IEA, 2024c).

The project pipelines for the production of steel, aluminium and ammonia are also
relatively limited compared with planned capacity additions for clean technology
manufacturing, with capacity set to grow only modestly (Figure 1.10).% Only a small
share of the announced materials manufacturing projects to 2030 involves
near-zero emissions technologies for iron, steel and aluminium, though there is
potential for their deployment to grow quickly once these technologies have been
demonstrated at commercial scale and there is a clear demand signal. If all the
projects using near-zero emissions technologies came to fruition, their share of
global capacity would reach less than 1% for iron and steel, less than 0.1% for
aluminium, and just 10% for ammonia — far below the levels required to get on
track with global climate goals (see Chapter 2). Achieving net zero emissions by
mid-century calls for the rapid and widespread deployment of these technologies,
both for new capacity and retrofitting of existing plants.

Figure 1.10 Global installed manufacturing capacity and announced capacity

additions for selected materials, 2023-2030
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Sources: |IEA analysis based on IFA (2024); OECD (2024b); GEM (2024); CRU (2024); and IEA (2024c).

The share of near-zero emissions technologies in planned capacity additions is highest in
the ammonia industry.
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Geographical concentration

Each of the different steps of most clean energy technology supply chains are
highly geographically concentrated, from the extraction and refining of raw
materials to the manufacturing of those technologies, their components and the
materials required as inputs (IEA, 2023b). This concentration can create supply
chain risks or vulnerabilities. The global landscape has not changed much
between 2021 and 2023, with manufacturing remaining far more concentrated
than fossil fuel supply, and China continuing to play a leading role in the world’s
clean energy technology supply chains (Figure 1.11).

Geographical concentration is expected to persist despite the growing number of
new project announcements (IEA, 2024a). If all announced capacity additions
come to fruition, the three major producing countries and regions are expected to
continue to account for around 80% or more of global capacity in all cases, with
only minor shifts in relative shares. In the case of battery manufacturing, China’s
share could fall as that of both the European Union and the United States
increases. In contrast, China’s share of wind manufacturing is set to grow. For
heat pumps, Europe’s share is set to increase its share the most.

Figure 1.11 Installed manufacturing capacity by country/region, 2023
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Manufacturing capacity for clean technologies and materials today is highly concentrated
geographically, with China the largest single producer in all cases.
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At the end of 2023, China held around 85-98% of battery manufacturing capacity,
depending on the component, 80-95% of that for solar PV, 50-65% for wind, just
under 60% for electrolysers and close to 40% for heat pumps. The
European Union and the United States generally account for the rest, with Japan
and India accounting for a significant share of capacity in a few cases. India and
other countries in the Asia Pacific region are emerging as increasingly important
manufacturers, although capacity is not always developed by domestic
companies, with Chinese firms increasing their presence in the region. Since
2021, geographic concentration of manufacturing capacity in China has even
increased in several cases, such as for battery cathodes (from 70% in 2021 to
90% in 2023), battery cells (80% to 85%), polysilicon (80% to 90%), solar PV
modules (75% to over 80%), wind blades (50% to 60%), wind nacelles (55% to
65%), and electrolysers (35% to almost 60%). Similarly, not much has changed
since 2021 with regard to the manufacturing of materials, with China remaining
the leading producer. China accounted for 30% of global output of ammonia and
fertilisers, and 50-60% of alumina, aluminium, iron, and steel in 2023.

China’s production of clean energy technologies, as for most other manufactured
goods, generally far exceeds domestic demand, with the surplus available for
export markets (see below). Around 40% of the country’s output of solar PV
modules and about one-fifth of that of battery cells was available for exports in
2023; the share was about 12% for wind nacelles and 10% for EVs. By contrast,
the European Union and the United States are reliant on imports to meet their full
demand, especially in the case of solar PV and batteries, with some exceptions,
such as wind nacelles and electrolysers (Figure 1.12). The European Union was
a net exporter of internal combustion engine (ICE) vehicles in 2023, and produced
just as many electric cars as were sold in the region. For materials, production in
China is generally in line with or slightly in excess of domestic demand. The picture
for the European Union and the United States for materials is similar to that for
clean energy technologies, with production generally falling short of demand, with
the exception of alumina in the European Union, for which production is in excess
of regional demand.
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Figure 1.12 Production of selected clean energy technologies and materials relative to
domestic demand by country/region, 2023
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Notes: Battery cells are for both electric vehicles and stationary storage. Steel includes crude steel as well as semi-finished
and finished products.

China is a net exporter of key clean energy technologies, while the European Union and the
United States rely heavily on imports to meet domestic demand.

The resilience of clean energy technology supply chains can be jeopardised by
strong reliance on a very limited number of component suppliers. For example, an
explosion at a polysilicon facility in China in 2020 put 8% of global polysilicon
production capacity out of operation (IEA, 2022b). This was the largest of four
polysilicon plant closures in 2020, the others resulting from flooding or technical
problems. While each incident occurred at a different time, together they led to an
estimated 4% decline in annual production in an already-tight polysilicon market,
contributing to the near tripling of prices between 2020 and 2021. Vertical
integration of supply chains can, in principle, enhance the resilience of supply
chains — China’s wind turbine manufacturers were more resilient to commodity
price fluctuations in 2022 in part due to vertical integration — though it may lead to
greater dependence on a small number of suppliers (IEA, 2023c).
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Box 1.3 What do we mean by EVs and electric cars?

In this report, references to electric cars or electric vehicles (EVs) follow IEA’s
standard convention. EVs include both battery electric vehicles (BEVs) and plug-in
hybrid electric vehicles (PHEVs), but exclude fuel cell electric vehicles, and
specifically refer to electric passenger light-duty vehicles, which include electric cars
and pick-up trucks. However, due to the manufacturing differences between BEVs
and PHEVs these technologies are treated separately in modelling trade flows, with
only BEVs being included in the Manufacturing and Trade (MaT) model, while
PHEVs are modelled using 2023 trade patterns and BEV MaT results (see Annex).

When discussing battery demand, production, trade and manufacturing capacities,
PHEV and BEV batteries are included. This ensures that our modelling of battery
supply chains matches total car battery demand, even though PHEV trade is not
modelled directly through MaT. Similarly, trade in other vehicle types, such as
two- and three-wheelers, buses and commercial vehicles are not modelled explicitly
in the MaT model, but the associated battery demand and corresponding production
are estimated using 2023 trade patterns. Total vehicle battery demand, together
with that for stationary storage, is used to model the production of and trade in
batteries and cathode and anode active materials.

Employment

Manufacturing of clean energy technologies is an important source of employment
(IEA, 2023d). Clean energy in total currently employs over 33 million people
worldwide, with manufacturing accounting for about one-fifth. It has provided more
jobs than fossil fuel-related industries since 2021. Non-manufacturing work
includes raw materials extraction, construction, installation, utilities, professionals,
wholesale and transport. Of the some 5.5 million people that work in the solar PV
and wind sectors worldwide, 1.3 million are involved in manufacturing
(Figure 1.13). EVs and their batteries account for more than 2 million jobs, of
which 60% are in manufacturing, while heat pumps account for almost
800 000 jobs, with one-third in manufacturing. Employment in clean technology
manufacturing is expected to increase rapidly as global clean energy transitions
advance. By comparison, nearly 6.5 million people are employed in the coal
industry, 4 million in natural gas supply and close to 8 million in oil (excluding
power generation).
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Figure 1.13 Energy employment in selected technology areas, 2022
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Notes: EV = electric vehicle. “EV and battery” excludes stationary battery storage. “Bioenergy” excludes waste and
traditional use of biomass. “Power grids” refers to transmission and distribution, and stationary battery storage. Non-
manufacturing work includes raw materials extraction, construction/installation, utilities, professional services, wholesale
and transport. Manufacturing jobs include the final product and direct components (e.g. solar PV includes wafers and cells,
while batteries includes cathodes and anodes). Non-manufacturing jobs in the EV and battery category include jobs
installing batteries in EVs, but not EV-related jobs such as mechanics or sales, which are not estimated by the IEA. Fossil
fuel supply includes upstream (raw materials extraction), midstream (manufacturing of equipment and oil refining) and
some downstream activities (wholesale, transport and professional services), but excludes fossil fuel combustion for power
generation or distribution.

Source: Adapted from IEA (2023d).

Manufacturing of clean energy technologies is a major source of employment, with around
3 million jobs globally in EVs and batteries, solar PV, wind and heat pumps.

Clean energy manufacturing jobs are typically very concentrated geographically.
In general, manufacturing sectors in EMDEs tend to be more labour-intensive per
unit produced than in advanced economies, where mechanisation, automation
and other productivity-enhancing measures have been adopted to a greater
extent. Most of these jobs are in China: 75% in EVs and battery manufacturing,
85% for solar PV, 55% for wind and 50% for heat pumps (Figure 1.14). Even in
the nuclear industry, over 40% of manufacturing jobs are now located in China.
By contrast, jobs in the oil and gas industry are concentrated in the Middle East
and the United States, with only 10% of jobs in China. Similarly, only about 25%
of the manufacturing jobs in ICE vehicles are in China, compared to more than
15% in the European Union, 12% in India and 7% in both Japan and the
United States.

The nature of energy jobs is also changing as the clean energy transition
advances, with newly created jobs in the clean energy sector requiring different
skills and qualifications. As jobs in fossil fuel supply and in manufacturing the
equipment and vehicles that use them are displaced, retraining and reskilling will
be important to ensure a fair transition. Many fossil fuel workers already possess

PAGE | 50



similar skillsets to those needed in clean energy sectors. Oil and gas workers, for
example, are already some of the most highly sought-after employees due to their
extensive skills and mobility. Much of the oil and gas workforce possesses skills
relevant to bioenergy processing, CCUS, hydrogen production, offshore wind
installations and geothermal production. Similarly, many workers engaged in
ICE manufacturing are expected to switch to making EVs, especially as a growing
number of established Original Equipment Manufacturers offer their own electric
models. However, fewer transfers are expected from ICE vehicle supply chains,
and fuel storage technology in particular, to EV battery production, since this
requires a distinct skillset and is generally carried out by different companies in
different locations.

Figure 1.14 Energy employment in selected energy technologies by region, 2022
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Note: EV = electric vehicles.
Source: Adapted from IEA (2023d).

Most manufacturing jobs for electric vehicles and batteries, renewables and heat pumps
are located in China, in contrast to those in the traditional fossil fuel sectors.

1.2 Trade

Trade volumes and values

Trade has always played a key role in the global economy and the energy sector,
with energy sector trade traditionally being synonymous with trade in fossil fuels,
though this landscape is now increasingly being shaped by trade in clean energy
technologies. Fossil fuels account for nearly 40% of international trade by mass,
but in 2023, fossil fuels accounted for only around 10% in value terms. Notably,
manufactured goods have a much higher value-to-mass ratio than fossil fuels —
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Clean energy technologies made up just 0.2% of total mass traded in 2023, but
approximately 1% of total traded value. Other manufactured goods made up just
7% of traded mass, but nearly half of traded value (Figure 1.15).

Figure 1.15 Shares of physical goods in global trade, 2023

Mass
Value
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Notes: Clean energy technology includes batteries, electric vehicles, electrolysers, heat pumps, solar PV and wind.
Aluminium includes mineral inputs, intermediates (such as alumina and scrap), ingots and semi- and finished products. Iron
and steel include mineral inputs, intermediates (such as scrap, pig iron and direct reduced iron) and semi- and finished
products. Other energy includes bioenergy, hydrogen, and nuclear fuel. Other manufactured goods include arms and
ammunitions, clothing, electronics, machinery, and pharmaceuticals, among others. Other materials and chemicals include
cement, chemicals, ethanol, metals, methanol, paper, plastics and rubber and wood. Other transport includes non-electric
vehicles including hybrids, aircrafts, ships and other transport equipment.

Source: IEA analysis based on CEPII, (2024); Oxford Economics Limited (2024b); and IEA (2024e).

Fossil fuels account for 40% of international trade by mass, but only 10% in value.

Rising energy demand, in particular, has historically led to increasing trade of fossil
fuels. Between 1973 and 2023, global exports of oil and oil products increased by
60%, reaching more than 24 billion barrels in 2023. For coal, exports increased
more than sixfold, reaching 1.2 Gt of coal equivalent (Gtce), while natural gas
exports expanded more than fifteen-fold to 1.3 trillion cubic metres (tcm). In
aggregate, fossil fuel exports in mass terms increased by 160% over 1973-23,
reaching 5.8 Gt. Today, exports make up around 20% of global coal supply, 30%
of that of natural gas and 75% of that of oil products (Figure 1.16).

PAGE | 52



Figure 1.16 Global fossil fuel exports, 1973-2023 and share of exports in total energy
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Source: IEA analysis based on |IEA (2024d); IEA (2024d); IEA (2024€); and CEPII (2024).

Oil continues to dominate international trade in fossil fuels, though gas exports have risen
fastest since the 1973 oil crisis.

Fossil fuel production today is concentrated in North America, the Middle East,
China and Russia, and countries have diverse relationships to production,
consumption and export. The United States, for example, is one of the largest
producers of oil and gas while being also the largest consumer of both. It is a net
importer of crude oil, a net exporter of oil products and hydrocarbon liquids, and
is developing liquefied natural gas (LNG) infrastructure to boost natural gas
exports. Overall, the United States ranks among the three largest gross exporters
(but not net exporters) for gas, oil and oil products. On the other hand, China tops
global coal production, while also being the largest coal consumer and coal
importer. Conversely, the Middle East exports much greater quantities of oil than
it consumes.

Clean energy transitions hold the potential to drastically reduce the reliance of
many countries on foreign sources of fossil fuels through electrification, efficiency
gains and the use of domestic renewable energy sources. This has major
implications for energy security and the economy. For example, net imports of
fossil fuels for EU member states amounted to around USD 450 billion in 2023,
equal to nearly 2% of GDP. In past decades, many countries have sought to
develop alternative technologies to reduce their reliance on foreign supplies of
fossil fuels, such as biofuels in Brazil, wind power in Denmark and unconventional
oil and gas in the United States. The development of LNG technologies was also
partly motivated by the desire to mitigate geopolitical risks by enabling more
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flexibility for trade partners and diversification of suppliers, and to address
impracticalities related to fixed-route pipelines. The development of flexible
transport modes for the supply of alternative fuels such as hydrogen, ammonia
and methanol could also avoid reliance on fixed-route pipelines in instances where
these are impractical or prone to geopolitical risks or unreliable supply-demand
relationships at either end. On the other hand, electrification increases exposure
to local power prices, which can vary across regions to a greater extent than those
of fossil fuels as a result of local electricity supply, infrastructure and market
design.

In 2023, international trade was worth a record USD 31 frillion in total, of which
around USD 24 trillion was trade in goods, and the remainder was trade in
services. In 2023, gross trade in iron and steel, alumina and aluminium, and their
mineral inputs, as well as ammonia and fertilisers accounted for USD 1.3 trillion.
For the six clean energy technology supply chains covered in this report,
international trade was worth around USD 200 billion in 2023.

Trade in clean energy technologies has expanded quickly over the last 10 years,
helping to drive the energy transition. Without trade, much of today’s deployment
of clean technologies would not be possible. Yet the rate of growth in trade varies
considerably between the clean energy technologies and associated materials
(Figure 1.17):

« Solar PV: Between 2010 and 2023, global exports of solar PV modules increased
eighteen-fold in volume terms, exceeding 10 million tonnes (Mt) in 2023. At the
same time, the rapid decline in module prices has led to the increase in monetary
terms to be smaller, roughly tripling over the same period to around USD 54 billion.

o Electric cars: Global exports of electric cars jumped nearly twenty-fold over
2015-23, reaching nearly 3 million units and USD 85 billion in 2023.

« Heat pumps: Trade in heat pumps has grown less rapidly than trade in the other
technologies, as manufacturing capacity has grown significantly in the main
demand centres to comply with local standards (Box 2.2) and building designs
(Box 2.4). Exports have grown by around 50% since 2010, reaching over
USD 10 billion in 2023, with corresponding capacities of more than 25 GW.

« Materials: Global exports in volume terms nearly doubled for the aluminium value
chain, rose by 30% for the steel value chain, and increased 10% for fertilisers over
2010-23. The traded value of these product groups, on the other hand, does not
follow a steady trend, as material commodity prices have been fluctuating over the
past decade, which is more common for products upstream in the supply chain
than for those downstream, which typically have more stable price trends.

These examples further illustrate the significantly higher value of manufactured
goods relative to materials. For the three clean technologies described above, the
value-to-mass ratio averages around USD 5 000-10 000/t, compared with around
USD 500-1 000/t for the three materials and their precursors.
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Figure 1.17 Global exports of selected clean technologies and materials, 2010-2023
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Notes: For electric cars, the index is based on units (not mass) and scaled in 2015 = 100. Aluminium includes mineral
inputs, intermediates (such as alumina and scrap), ingots, and semi- and finished products. Iron and steel include mineral
inputs, intermediates (such as scrap, pig iron and direct reduced iron) and semi- and finished products. Trade in materials
refers to total trade, not just the materials used for manufacturing clean energy technologies. The trade value of the
selected technologies reflects only the final exported unit and does not separately account for the value of the materials
and components embedded in them.

Source: IEA analysis based on EV Volumes (2024); CEPII (2024); Oxford Economics Limited (2024b); pv-magazine
(2024b); BNEF (2024a); SPV Market Research (2024); InfoLink (2024); IEA-PVPS (2024); and RTS Corporation (2024).

Exports of clean energy technologies are increasing rapidly in value and mass terms.

Global exports for several clean technologies have increased more quickly than

those of other

more established sectors of the economy

like food,

pharmaceuticals, and textiles and clothing over 2010 to 2023. For these three
sectors, trade increased by between 25% to 50% in mass terms over the period —
an increase similar to that of the three selected materials and all of their
precursors. The volume of trade in clean technologies nonetheless remains small:
in mass terms, the combined exports of the three technologies mentioned above,
electric cars, solar PV and heat pumps, were around 60% of that of textile and
clothing and just above 5% of that of food in 2023.
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Figure 1.18 Global exports of selected non-energy goods, 2010-2023
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Note: Data for 2023 preliminary.
Source: IEA analysis based on CEPII (2024); and Oxford Economics Limited (2024b).

Exports of clean technologies have increased more quickly than most other goods since
2010, including food, pharmaceuticals, and textiles and clothing.

The clean energy transition is having a profound impact on the nature of
international energy trade. There is a fundamental difference between fossil fuel
trade, in which the goods being traded are consumed and then need to be
replaced, and trade in mass-manufactured clean technologies, in which the goods
being traded are added to the global capacity to operate or produce energy over
a long period (excluding here the case of near-zero emissions materials traded
and consumed to manufacture other products). For an importing country, fossil
fuel trade creates a longer-lasting dependence on the exporter. Disruptions to
fossil fuel supply chains can trigger immediate economic difficulties. By contrast,
a country importing solar PV modules or EVs does not become dependent on a
sustained relationship with the exporting country: installed solar capacity will
continue to generate power and EVs will continue to be driven for many years. For
these technologies, trade only affects future installations and market growth rather
than the operation of the current stock. Consequently, disruptions to clean
technology supply chains can affect the pace and cost of the transition. Clean
technologies can also involve other types of dependencies, especially in the
absence of local manufacturers or service providers, such as for operations
(including component replacement, maintenance and updates of digital
management systems and cybersecurity) and end-of-life activities (including
recycling of materials).

The drivers of energy-related trade are also changing with the clean energy
transition. Exports of fossil fuels and other minerals are determined by the
availability of natural resources, whereas exports of clean technologies rely more
on other factors of production and enabling conditions, such as skills and labour,
knowledge and intellectual property, infrastructure, equipment, energy costs and
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access to capital markets. Government policy can also positively and negatively
affect the development of manufacturing capacity.

China is by far the world’s largest exporter of clean energy technologies. China’s
exports of clean technologies and materials have grown significantly over the last
decade, supported by ample manufacturing capacity, low-cost production,
demand growth outside China and favourable policies (Figure 1.19). In 2023,
China’s share of global exports of EVs (in units) was over 30%, 65% for solar PV,
and 15% for aluminium. China’s installed manufacturing capacity has increased
rapidly, with capacity potentially available for exports (i.e. once domestic demand
has been met) amounting to 650 GW for solar PV and 7 million electric cars, or
70% and 45%, respectively, of total manufacturing capacity in the country in 2023.
These trends have raised concerns about the competitiveness of domestic
manufacturers in importing countries, particularly in North America and Europe
(see below).

Figure 1.19 Export shares by mass for selected products and materials for major
exporters, 2010-2023
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Notes: ICE = internal combustion engine. Estimates, data includes small quantities of re-export. For electric vehicles, the
shares are based on units exported. Internal trade within the European Union is not included. Solar PV refers to modules.
For steel and aluminium, only exports of ingots, finished products and semi-finished products are considered.

Source: IEA analysis based on CEPII (2024); Oxford Economics Limited (2024b); BNEF (2024a); IEA-PVPS (2024); SPV
Market Research (2024); InfoLink (2024); RTS Corporation (2024); and EV Volumes (2024).

China has strengthened its position as the leading exporter of clean energy technologies
and materials over the past decade.
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Trade routes and maritime chokepoints

Maritime shipping is the primary means of transportation for international trade in
fuels, materials and manufactured goods, accounting for around 80% of goods
traded globally by mass. Overall shipping capacity has more than tripled over the
last 40 years to meet the growth in exports resulting from underlying economic
development and globalisation, with the share of trade in global GDP nearly
doubling to over 60% between 1990 and 2022 (Figure 1.20). The capacity of all
the world’s cargo vessels combined increased from around 670 million
deadweight tonnes (DWT, the gross carrying capacity) in the early 1980s to
2 300 million DWT by the end of 2023.

Figure 1.20 Global shipping capacity by type of cargo vessel, 1980-2023
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Notes: Vessel capacity refers to the maximum mass a vessel can carry. Capacity data are for year-end, reflecting merchant
cargo vessels. The share of international trade is calculated as the sum of exports of goods and services divided by GDP.

Sources: |IEA analysis based on UNCTAD (2024a); and World Bank (2024)

International shipping capacity is growing, particularly for bulk carriers and container ships
as materials and manufactured goods are increasingly globally traded.

Oil shipping has traditionally dominated international trade. In the 1980s, oil
tankers made up half of global vessel capacity. Container ships, the preferred
vessel type for transporting manufactured goods, accounted for only a fraction of
global shipping capacity until China emerged as a global manufacturing
powerhouse and countries started importing Chinese goods in large quantities in
the mid-2000s. By the end of 2023, global vessel capacity had reached around
300 million DWT for container ships (13% of the total) and 650 million DWT for oil
tankers (30%).

Bulk carriers, which are typically used to transport dry ores and materials like
aluminium, iron and steel, coal and minerals, account for an even greater share of
the growth in international shipping capacity, from 180 million DWT (25%) in 1980
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to 970 million DWT (45%) in 2023. This is because bulk materials are far heavier
than manufactured goods and are typically shipped to manufacturing centres,
where they are transformed into final products. Between 2010 and 2023, bulk
carrier capacity more than doubled, driven mainly by increased trade in minerals
other than coal, while coal trade grew only by around 40% (including non-shipping
trade). Nearly 50% of globally exported iron ore is shipped from material
production sites in Australia to manufacturing centres in China, and 7% to Japan
and Korea. Brazil, the second-largest exporter of iron ore, also predominantly
exports to China, with this trade route accounting for around 15% of global exports
of iron ore. Similarly, shipments of bauxite from West Africa to China make up over
half of global exports, and those from Australia to China account for another 20%.

Clean energy transitions are accelerating this shift. Many clean technologies are
mass-manufactured products: their production requires bulk carriers to deliver the
raw materials, while their export requires container ships. A greater number of
dedicated carriers may also be needed to ship alternative fuels such as hydrogen,
ammonia and methanol. In parallel, progressively fewer oil tankers, LNG carriers
and bulk carriers for coal will be needed as the world moves towards a
low-emissions energy system (see Chapter 5).

This transition is also changing global trade routes, as countries that are fossil fuel
exporters today are not the same as the producers of clean energy technologies.
The most important trade routes for oil tankers are very different to those for bulk
carriers and container ships, which are far more concentrated in Asia. In 2023, the
world’s most important trade routes were from and to China, accounting for nearly
45% of global shipping via dry bulk carriers, and 30% for container ships. In most
cases, shipping took place between China and other countries in the Asia Pacific
region, such as through the South China Sea. Shipping between China and the
United States and the European Union combined accounted for just 7% of global
bulk carrier trade, and 6% for container ships. To compare, the most important oil
tanker shipping routes in 2023 started in the Middle East. Exports from the Middle
East — which accounted for 40% of global oil tanker trade — supplied countries
around the world, including China (10%), the European Union, India, Japan,
Korea, and the United States (around 5% each). New trade routes are also
emerging as new manufacturing centres develop. Several new ports are being
built and existing ones expanded close to where resources are extracted or
processed, where technologies are manufactured, or where contents from large
cargo ships are transferred to smaller ones for local delivery.

As international trade increases, the risk of severe congestion and of physical
supply disruptions at chokepoints — very narrow channels along the main shipping
routes — is likely to rise. Shipping routes are subject to natural geographic and
geological constraints, and practical alternatives are not always available. The
busiest trade shipping route in the world is passing through the Strait of Malacca,
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which lies between Kuala Lumpur and Singapore. Nearly 100 000 ships pass
through the straight every year (over 250 per day), carrying around a fifth of the
world’s trade in goods and 60% of that in oil. As shipping routes become busier,
addressing risks of blockages at these chokepoints will become increasingly
important for fossil fuels, clean energy technologies, bulk materials and other
goods. These risks are discussed in more detail in Chapter 5, while the policy
implications are set out in Chapter 6.

The past few years have provided several obvious illustrations of energy supply
shocks. The Covid-19 pandemic, for example, led to a sudden slump in demand
for all forms of energy, especially oil (due to reduced mobility), as well as chronic
disruptions to supply chains generally, eventually driving up prices once demand
started to recover. In 2022, gas markets worldwide, and notably in Europe, were
upended by Russia’s invasion of Ukraine, resulting in record high gas prices and
lower demand. Extreme weather events, accidents, volcanic eruptions, regional
conflicts and policy shifts, such as sudden changes in trade rules, have also led
to disruptions in energy supplies and the supply chains of clean energy
technologies in recent years. Market manipulation such as co-ordinated
production limits or anti-competitive pricing can also affect global supply and price.

Clean energy technologies are just as exposed to supply shocks as fuels. The
Covid-19 pandemic led to shortages of critical minerals, semiconductors and other
materials and components needed to manufacture clean energy technologies. For
example, the wind industry, especially in Europe and North America, has faced
difficulties recently due to a combination of ongoing supply chain disruptions,
higher costs and long permitting timelines, leading to slower project development
(IEA, 2023c). The offshore wind sector has been particularly affected by inflation
and disruptions in the supply chain, given its dependence on energy-intensive
materials and the large size of turbines and farms (IEA, 2023c).

1.3 Competitiveness

Factors influencing costs

The cost of production is a critical factor influencing investment decisions about
whether and where to invest in any type of manufacturing activity. Production costs
vary considerably across different clean energy technologies and their associated
material inputs, as well as across countries and regions. Innovations in both
manufacturing processes and the design of clean technologies themselves can
lead to significant reductions in production cost over time. Conversely,
improvements in technology performance can justify higher production costs, or
components thereof. Trends also differ with respect to upfront costs and operating
costs. Some material inputs have experienced sharp swings in price in the last
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3 years as a result of supply chain disruptions and commodity price inflation, which
can have a strong influence on operational costs. Similarly, sharp increases in
interest rates over the past 2 years have led to significant increases in the
financing of upfront costs.

The results of an industry survey that we carried out specifically for the purposes
of this ETP confirm the importance of various types of costs to decision-making
about clean energy technologies and related materials (Box 1.4). The survey
revealed that investors in both materials production and clean energy technology
projects consider government policy incentives and trade policies as the primary
factors affecting both upfront investment and operating costs (Figure 1.21). In the
case of upfront costs, site construction, equipment and infrastructure costs are
given high importance by investors, while energy and wage costs are crucial to
operating costs. These latter cost considerations are particularly important for
materials production projects.

Figure 1.21 IEA industry survey of the importance of upfront and operational cost
considerations for decisions about investing in manufacturing projects

Upfront cost considerations Operational cost considerations
Explicit policy incentives Explicit policy incentives
Trade policy Trade policy
Initial hiring a_nd Wage costs

relocation

Cost of debt capital Energy costs
Cost of equity capital Other input costs
Infrastructure costs Other fixed costs
Construction costs Transport costs
Equipment costs Hedging currency risk
Hedging currency risk Insurance cost
Insurance costs Security cost

Low Neutral High Low Neutral High

importance importance importance importance
Material producers Clean technology manufacturers

Notes: Circles show the average score on a scale of importance for each subset of respondents, with the dashed lines
showing the inter-quartile range of respondent scores.

Sources: |IEA analysis based on survey data gathered from 50 companies (see Box 1.4).

Survey participants consistently rated explicit policy incentives as among the most
important upfront and operational cost considerations in their investment decisions.
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Box 1.4 IEA industry survey on factors influencing firms’ investment
decisions

Companies have to weigh several considerations when deciding when and where
to deploy their capital. For manufacturing firms, these considerations include both
direct cost factors, like the price of energy or labour, as well as more intangible
factors like synergies with existing industries and the current state of the innovation
ecosystem. Each firm will assess these factors differently, depending on the
jurisdiction and sub-sector they are operating in, among other things. Often there
is no clear deciding factor, and some degree of instinctive, experiential or
subjective judgement is often involved in taking an investment decision.

To gauge how firms assess these factors in deciding on an investment, we
conducted an industry survey for the purposes of this report. It was structured using
a series of scales and rankings of the relative importance of subsets of
considerations with regard to upfront costs and operational costs, including energy
and other inputs, employment, innovation and policy factors. In each instance,
participants were asked to consider an investment decision in a context with which
they were familiar and already have active operations, and then asked whether
their responses would be different for a developing country context in which they
were not currently operating (see the Annex for the specific questions posed). The
survey was not intended to be statistically representative or achieve full coverage
of individual industries, but rather to provide a snapshot of how decision makers in
the manufacturing sector consider various factors that are less amenable to direct
quantification by other means.

The survey involved 50 respondents spanning all of the clean energy technology
and materials manufacturing sectors covered in this edition of ETP. Responses
were provided by representatives and employees of firms across the world that are
actively involved in investments decisions in these sectors, typically staff in the
strategy, business development and active project teams.

The industry survey is ongoing. If readers of ETP-2024 that have not yet
participated are interested in doing so, we would encourage them to get in touch
with us using the email address etp@iea.org. No firm or individual involved is
identified during the analysis and dissemination of the survey data.

Capital costs

Capital costs for manufacturing include the total upfront costs of building factories
and installing production equipment, but exclude financing and land costs.
Together with the weighted adjusted cost of capital (WACC), a utilisation rate and
the period over which the investment is to be depreciated, they are used to
compute the annualised contribution of capital expenditure (CAPEX) to total
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production costs. If clean technology manufacturing facilities are utilised
intensively, the contribution of capital costs — via annualised CAPEX — to total
production costs is typically less than 20%. But when utilisation rates are lower,
as they are for many clean technology manufacturing segments and regions
today, the share of annualised CAPEX in total production costs rises, all else being
equal. At a utilisation rate of 35% — a level broadly representative of the global
battery cell manufacturing industry today, on average — annualised CAPEX can
contribute up to 40% of the total production costs across clean technologies, and
so can be an important determinant of investment decisions. Capital costs vary
markedly between regions, industries and companies, as well as over time. In
general, those costs are highest in North America and Europe, and lowest in China
(Figure 1.22).

Figure 1.22 Indicative capital costs for selected clean energy technologies by
country/region, 2023
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Notes: Capital costs are shown per unit of annual rated capacity. Solar PV includes polysilicon, wafer, cell and module
production facilities; batteries include cell, anode and cathode production facilities; wind includes nacelle, tower and blade
facilities. Electrolysers and heat pumps include only the final assembly step. Costs refer to greenfield, non-integrated
facilities where these attributes could be isolated in the data and constitute averages across plants of different sizes today.
Data gaps were filled using regional multipliers based on differentials in cost for constructing other facilities where more
data are available. No explicit policy incentives (e.g. investment tax credits) are applied in this assessment. See the Annex
for more details on the scope and methodologies used in this analysis. USD = USD (2023, MER).

Source: IEA analysis based on Wood Mackenzie (2024); BNEF (2024a); IEA (2024a); and Atlas EV hub (2024).

Capital costs for manufacturing facilities vary significantly across technologies and
countries, and are generally lowest in China.

Building manufacturing facilities for wind turbines, including nacelles, blades and
towers, currently costs USD 250-500/kW for onshore and USD 350-700/kW for
offshore components. These facilities require large buildings to house the large
components and heavy-duty machinery for manoeuvring them around the site.
The steadily increasing size of wind turbines and the need to tailor installations to
site-specific conditions has hindered the ability to standardise manufacturing
facilities, limiting the scope for lowering costs (as the amortisation of specialised
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equipment is spread over fewer units), although efforts by manufacturers are
underway to increase standardisation of the equipment used in the sector
(Memijia, 2023).

Facilities for solar PV manufacturing are almost as capital-intensive as wind
turbines, owing to the multiple processing steps and complex nature of the
processing equipment needed, particularly for manufacturing cells and wafers.
Total capital costs are in the range of USD 190-480/kW. Module assembly, cell
and wafer production are more amenable to economies of scale and short cycles
of innovation, given the modular nature of the technology. For electrolyser and
heat pump production facilities, capital costs are USD 60-240/kW and
USD 65-165/kW respectively.

China has the lowest capital costs for manufacturing facilities for all six of the
technologies considered here and for all manufacturing steps. Costs in the
United States and Europe are between 65% and 195% more expensive per unit
of output capacity. Costs in India are around 25-95% higher than in China, but are
still significantly lower than in the United States and Europe. These cost
differentials reflect differences in underlying labour, material and construction
costs. China also benefits from the experience gained in building its large stock of
existing facilities, as well as the economies of scale from larger facilities, industrial
clusters covering the full value chain, lower interest rates and a deflationary
environment. A facility that can be built more quickly at a larger scale and with less
uncertainty typically yields cost reductions throughout the construction and
procurement process.

Regional average capital cost figures mask some substantial variations in plant-
specific costs. In particular, there can be major differences in costs between
greenfield and brownfield projects for certain components of clean technology
supply chains (all the costs presented here are for greenfield facilities to aid
comparability). For example, greenfield facilities for making polysilicon in China —
the only region where the distinction can be made based on the data available —
cost around two-thirds more per unit of output to build than brownfield facilities.
Costs may also vary according to the size of the plant and the degree of vertical
integration. A recently announced fully vertically integrated solar PV
manufacturing facility in Shanxi, China — which, at 56 GW, will be the largest in
the world — is expected to achieve full chain costs of USD 140/kW, compared with
a national average figure of USD 185/kW (pv-magazine, 2024c). The regional
average figures are also static and aimed at capturing costs of the most recently
constructed facilities, thereby concealing any variation in costs over time. In China,
for example, capital costs for both solar PV cell and module manufacturing
capacity fell by around 35% over the period 2020-23 (on a weighted average cost
per unit basis), whereas costs for greenfield polysilicon and wafer production
facilities were broadly flat.
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In contrast to most clean technology manufacturing facilities, the main facilities
used today to make steel, aluminium and ammonia in conventional ways are
technologically mature and modifications to their production processes tend to be
incremental. For steel and aluminium, capital costs vary according to whether the
metals are produced from ore (primary) or recycled materials (secondary); today,
around 30% of metallic inputs to steel and 35% to aluminium are recycled scrap.
Plants using scrap for production can reduce or avoid the need to process iron ore
for steel or refine bauxite into alumina, and so tend to be less capital-intensive to
build (although a mixture of scrap and iron use in the same production process is
typical in the steel industry). Capital costs also vary according to the type of
primary energy input.

Variations in capital costs between regions for a given process route are estimated
to be similar to those for clean technology manufacturing. Reliable and
comparable information on the costs of material production facilities is limited,
even for established conventional production technologies, both because the
information is commercially sensitive and because of differences in the methods
of production. Steel plants are estimated to cost in the range of
USD 650-1 350/tonnes of capacity for a fully integrated conventional facility
producing steel from iron ore, and USD 480-850/tonnes for a facility producing
from scrap alone.® For aluminium, the cost is around USD 6 400-12 000/tonnes
for a conventional primary production facility and USD 300-570/tonnes for a
secondary facility. Ammonia plants cost in the range of USD 1 400-2 200/tonnes
for steam methane reforming.

The capital costs of building facilities that manufacture near-zero emissions
materials are expected to be considerably higher than those for recently built
plants using conventional technologies, at least initially (Figure 1.23).
Technologies to decarbonise these processes, in some instances via entirely new
process designs, are under development (IEA, 2023a). Costs for these facilities
are largely unknown, as few have been built at scale. Capital costs for steelmaking
using a 100% hydrogen-based DRI furnace are expected to be 40-140% higher
than for conventional natural gas-based DRI processes, once they reach
commercial scale. Yet their costs could fall in the longer term with technical
advances. A good example of this is ammonia production based on electrolysis,
where the electrolyser system accounts for around 65-80% of the capital cost of
the plant at today’s electrolyser costs of USD 1 300-2 160/kW, which include
installation costs. Halving the installed cost of the electrolyser would lead to a
30-40% reduction in the estimated cost of building the ammonia plant that houses
it.
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Figure 1.23 Indicative capital costs for selected materials production processes, 2023
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Notes: PCI BF = pulverised coal injection blast furnace; NG DRI = natural gas-based direct reduced iron furnace; w/ CCUS
= with carbon capture, utilisation and storage; H,-DRI = hydrogen-based direct reduced iron furnace; HH 1A = Hall-Heroult
process with inert anodes; ZEF = alumina refining with zero emissions fuels; NG SMR = natural gas-based steam methane
reforming process. The cost for those near-zero emissions technologies that are today under development either at
prototype, demonstration or early commercialisation stage, show estimated capital costs on commercialisation. Bars
represent the median CAPEX while error bars show estimated ranges of costs between regions, reflecting variation in
engineering, procurement and construction costs. For near-zero emissions technologies, error bars are used to illustrate
uncertainty. Hydrogen electrolyser costs are included for the H, DRI and ammonia electrolysis routes. All estimates
presented are for greenfield facilities, excluding land costs.

Near-zero emissions technologies for materials production generally involve much higher
upfront investments than their conventional technology counterparts.

The main drivers of differences in capital costs between regions and between
plants within a given region are similar for both clean technology and material
manufacturing facilities:

« The regulatory environment: Some countries have lower environmental protection
standards, such as the need for environmental assessments and safety standards
for workers, as well as less stringent zoning rules that require manufacturing plants
to be built in more remote or expensive locations. The predictability of the
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regulatory environment also influences costs, as changes without sufficient notice
can cause delays and require larger contingencies.

Explicit policy incentives (see below): Besides the direct impacts of lowering the
cost to a firm of constructing a manufacturing facility, financial support for
upstream industries in the same market can lead to lower production costs for key
materials needed to build factories in some countries. Some materials, like
cement, are not widely traded due to the high unit costs of transport, and so local
prices can vary substantially across regions.

Cost of capital (financing costs): Access to loans with lower interest rates or being
able to raise cheap equity reduces the overall cost of building a manufacturing
facility. At the project level, the cost of capital reflects the degree of risk an investor
is prepared to take in providing the capital. The cost of capital can vary
substantially, notably across countries and regions, and today generally varies by
a factor of four for clean technology manufacturing between some advanced
economies and the least developed EMDEs.

Economies of scale: For example, the solar PV plant being built at Shanxi in China
(see above) will be 15 times larger than the global average facility, with capacity
to produce more than the European Union’s annual demand for solar PV modules,
resulting in full chain capital costs around one-quarter lower than the average for
the country (pv-magazine, 2024b).

The degree of facility integration: More complex, integrated facilities for materials
and technologies can have higher capital costs per unit of capacity but they
generally lead to higher efficiencies and lower production costs. For example, a
steel plant with better heat integration may be more expensive to build, but can
lower overall production costs through higher operational efficiency and reduced
exposure to intermediate product prices fluctuations.

Brownfield versus greenfield facilities and the cost of land: Greenfield plants are
almost always more expensive to build, so if a country is already endowed with a
large capacity in a given industry, with the requisite infrastructure, permitting and
other requirements already in place, the cost per unit of adding or replacing
capacity is usually lower.

Technology and innovation: A more digitalised and refined construction industry
can deliver projects at lower cost by reducing the likelihood of mistakes, making it
more efficient to adapt and update design changes, and achieving higher levels of
mechanised processes on-site. A higher degree of automation can reduce labour
and energy costs.

Labour costs, including wages and benefits like health insurance and employer
social contributions: These costs vary substantially across regions, affecting the
relative cost of construction of manufacturing plants.
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Levelised cost of production

Levelised cost is a commonly used metric for comparing the cost of producing a
particular good in different locations using different methods. In this report, the
levelised cost of production (LCOP) is defined as the total cost of producing one
unit of output, such as 1 MW of solar modules, 1 MWh of battery cells or 1 Mt of
steel, taking into account all the upfront and ongoing costs incurred over the
lifetime of the investment. Those costs include capital expenditure (CAPEX), as
well as fixed and variable operating cost (OPEX), including inputs of energy,
materials, upstream components and labour. Upfront CAPEX is annualised over
the economic lifetime of the facilities according to the prevailing cost of capital in
each region and for each manufacturing sectors. While the metric provides a
convenient way of comparing regions and examining the different contributors to
production cost, direct comparisons between the costs of different outputs can be
misleading. For example, a tonne of steel can do a very different job to a tonne of
aluminium, and a kW of wind — once installed — can have a very different capacity
factor to a kW of solar PV.

At high utilisation rates, component and material costs are the main contributors
to the LCOP of the clean energy technologies examined in this report, typically
accounting for upwards of half the total production cost (Figure 1.24). Variable
OPEX makes up more than 80% of the LCOP for solar PV, wind, battery, heat
pump and electrolyser manufacturing. At 85% utilisation and a financing cost of
5-20% (depending on the region), our modelling shows that CAPEX makes a
modest contribution to the overall levelised cost of manufacturing clean
technologies, accounting around 10-25% of the cost of producing solar PV
modules, 5-15% for batteries, 1-10% for heat pumps, 5-15% for wind turbines and
10-35% for electrolysers.® When utilisation rates remain high, the impact of
regional variation in CAPEX on LCORP is relatively small, and regional differences
in LCOP are largely driven by differences in variable OPEX, and in particular,
energy and labour costs. Conversely, if factories are utilised less intensively,
overall costs increase, and the share of CAPEX in the total LCOP rises, and
becomes a greater contributor to regional variation in LCOP.
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Figure 1.24 Global average levelised cost of production by cost factor for selected
clean energy technologies and regional variation, 2023
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Notes: The solid black lines indicate the range across regions while columns represent the global production-weighted
average in 2023. Other component and material costs refer to the costs of upstream components used in the production of
a clean technology (e.g. compressors in heat pumps) or the costs of materials used as inputs (e.g. aluminium for solar
modules). Electrolysers refer to the stack of an alkaline system; heat pumps refer to the final assembly step (averaging the
production cost of air-to-air and air-to-water units). Battery refers to cells and to the 2023 world capacity-weighted battery
chemistry. A utilisation rate of 85% and a lifetime of 25 years is used for all equipment. See the Annex for more details on
the scope and methodologies used in this analysis. USD = USD (2023, MER). Costs shown here are exclusive of explicit
financial support (e.g. tax credits in the Inflation Reduction Act), but may include financial support embedded in individual
cost components (e.g. fossil fuel subsidies).

Sources: IEA analysis based on NREL (2017); NREL (2019); NREL (2023); Wood Mackenzie (2024); BNEF (2024a);
IEA-PVPS (2024); BNEF (2024b); IEA (2024a); IEA (20249); Argonne (2024); JETRO (2024); Dai et al. (2019); and Frith,
Lacey, & Ulissi (2023).

When factories are utilised intensively, energy, material and other variable operating costs
together account for more than 80% of the levelised cost of production for key clean energy
technologies.

The relative contribution of CAPEX and OPEX to LCOP varies markedly across
the five technologies assessed here.

o Solar PV: The wide range of LCOP between regions is largely due to the
proportionally large contribution of energy to final costs and the large variability of
energy costs. For example, industrial electricity prices in China are on average
around three times lower than in the European Union. Polysilicon production is the
most energy-intensive step, followed by wafers; together, their energy
consumption accounts for around 20% of the total module costs. The cost of
materials, including large-volume materials (like aluminium), critical minerals (like
silver) and the initial silicon used for the polysilicon production, is also a significant
factor, especially at the production steps for cells and modules.

o Wind: About 80% of the total cost of producing wind turbines, including the
nacelles, blades and towers, come from materials and upstream components. The
contribution of energy is very small as the manufacturing process mostly involves
the assembly of parts, which uses little energy. While relatively similar, the cost
shares differ slightly for each component: labour plays a larger role in blade

PAGE | 69



manufacturing than in producing nacelles or towers, whereas materials and
upstream components have a larger impact on the costs of nacelles and towers.

Batteries: The cost of manufacturing batteries includes the production of anodes
and cathodes, which are then assembled into battery cells. As with solar PV, the
overall LCOP of battery cells varies significantly across regions due to the
importance of energy inputs, which can account for up to 15% of the total cost,
when factoring in the energy consumption for anodes, cathodes and cell
production. The scale of production, the degree of supply chain integration and
materials costs also contribute to this regional variation, as the shares of different
battery chemistries vary across regions; for example, China produces more lithium
iron phosphate (LFP) batteries, which involve the use of more abundant materials
that are therefore cheaper.”

Electrolysers: As with the other technologies, the main contributors to the LCOP
of electrolysers are materials, components and energy inputs. Our estimate of the
global average LCOP relates to a large stack and is based on a high utilisation
rate of 85%, which is higher than current rates.

Heat pumps: The contribution of upstream components to the LCOP of heat
pumps is higher than for all the other clean technologies, as manufacturing heat
pumps consists mainly of the assembly of different parts (see Box 1.5).

Box 1.5 Cost competitiveness of heat pump manufacturing across

regions

Technological differences in the type of heat pumps deployed in different markets
make cost comparisons between countries difficult. The cost of components such
as compressors or heat exchangers represents the largest share of manufacturing
cost for heat pumps. Costs can vary significantly across different heat pump types
and different efficiency levels, which may require different technical specifications.
In addition, manufacturers that produce their own components and/or can benefit
from economies of scale have a strong competitive advantage. These factors
partially explain the significant cost gap between technologies and across regions.
For example, an air-to-air heat pump for a ducted system manufactured in the
United States can cost twice as much to produce per kW as an air-to-air split
system manufactured in China, with up to 70% of the difference in cost being
driven by component and material costs (Figure 1.25).
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Figure 1.25 Levelised cost of production for heat pumps and retail price in
selected countries/regions by type, 2023
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Despite these regional differences in production costs and a clear competitive
advantage for some countries, heat pumps — except small reversible air
conditioners — tend to be mostly produced locally and not traded extensively. This
is partially linked to the need to comply with local standards and regulations (see
Chapter 2). Another factor is the share of the heat pump unit cost in the total heat
pump installation cost. Although imported heat pumps may sometimes be
significantly cheaper, when installation costs and ancillary services (e.g. control
systems) are also factored in, the relative savings may be small and, therefore,
have only a limited impact on the consumer's choice of unit.

There is scope to reduce heat pump production costs, for instance via enhanced
digitalisation and automation of some production processes, or via strategic
partnerships on producing certain components. Installation costs could also be
cut, for instance by developing more modular, easier-to-install units and by
training more installers.
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Energy costs are most important for solar PV, electrolysers and batteries. The
price of electricity — the main form of energy for the clean technology
manufacturing industry — varied by a factor of ten between regions in 2023, with
Europe having the highest prices and the Middle East the lowest (in some cases,
reflecting subsidies for fossil fuels). The prices of materials also vary significantly
across regions, but generally to a lesser extent than for energy. There is some
scope for lowering the cost of materials through more material-efficient products,
such as frameless PV modules or newer chemistries in battery cells. There is a
strong incentive for manufacturers to seek ways of reducing reliance on materials
that are most vulnerable to price volatility, such as lithium for making batteries.

Figure 1.26 Sensitivity of the levelised cost of production to the costs of energy and
materials for selected clean energy technologies, 2023
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Notes: LCOP = Levelised cost of production. The variation represents the range of costs with a variation of +/- 50% of the
2023 price of each production input. Bulk materials refers to steel and aluminium. “Critical materials” refers to copper,
lithium, cobalt, neodymium, silver and other minerals. “Other” refers to other components of the levelised costs such as
CAPEX or fixed OPEX. USD = USD (2023, MER). Costs shown here are exclusive of explicit financial support (e.g. tax
credits in the Inflation Reduction Act), but may include financial support embedded in individual cost components (e.g.
fossil fuel subsidies).

Sources: |IEA analysis based on NREL (2017); NREL (2019); NREL (2023); Wood Mackenzie (2024); BNEF (2024a);
IEA-PVPS (2024); BNEF (2024b); IEA (2024a); IEA (2024g); Argonne (2024); JETRO (2024); Dai et al. (2019); and Frith,
Lacey, & Ulissi, (2023).

Variations in critical mineral prices have the biggest impact on manufacturing costs,
energy prices most affect solar PV and electrolysers, and bulk material costs wind.

The LCOP for materials varies substantially between production routes as well as
regions (Figure 1.27). Compared with clean technologies, the contribution of
CAPEX to the LCOP for the three main materials covered here are relatively

higher:
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Steel: The global average LCOP of steel production is broadly similar for the three
main conventional production routes in use today, with their regional ranges of
price variation overlapping to a considerable extent. The prices of iron ore and
scrap — which are inter-related as they are inputs for the same final product —
heavily influence overall production costs, typically accounting for 30-70% of the
total, with scrap-based production being at the upper end of the range. The blast
furnace-basic oxygen furnace (BF-BOF) technology uses coal as its primary
energy input, which varies much less in price between countries than natural gas,
the main energy input to the direct reduced iron (DRI) electric arc furnace (EAF)
route (although this technology is also used with coal in India). Near-zero
emissions technologies for steel production could, in the future, reduce their cost
premium compared to conventional routes to around 5-15%, if the main energy
inputs (electricity for the hydrogen-based DRI) and enabling infrastructure
(CO2 transport and storage in the case of the CCUS-equipped routes) are
available at low cost.

Ammonia: The variation in LCOP between production routes and between regions
is also important for ammonia, given that the steam methane reforming (SMR)
route is the dominant mode of production globally. As natural gas is both the
primary feedstock and energy input in SMRs, typically accounting for half of the
LCORP, there are wider regional price differences for natural gas-based ammonia
production than for coal-based production. Production based on coal gasification
is virtually all based in China. Among the main near-zero emissions technologies
being pursued for ammonia production, the SMR with CCUS route has the same
cost drivers as its unabated SMR counterpart, whereas the electrolysis route
entails a shift to electricity as the sole energy input. For electrolysis installations,
a process arrangement with captive variable renewable electricity leads to much
lower electricity costs, but also a potentially lower capacity factor for the plant,
resulting in a higher share of CAPEX in the LCOP, relative to grid-connected
installations.

Aluminium: There is a significant difference in LCOP between primary and
secondary conventional routes for aluminium production based on grid electricity.
However, at least half of the primary aluminium plants operating worldwide utilise
captive, low-cost sources of electricity, notably hydropower in Canada and
Europe, coal-fired plants in China and gas-fired plants in the Middle East
(International Aluminium Institute, 2024). By contrast, differences in cost for the
secondary route are mainly due to the price of scrap aluminium, which in turn is
affected by the cost of primary production. The LCOP of aluminium using near-
zero emissions technologies is highly uncertain, given the early stage of their
development, but could theoretically achieve similar production costs to
conventional primary routes once they reach commercial scale.
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Figure 1.27 Levelised cost of production for selected materials by technology
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Near-zero emissions technologies for materials production usually involve higher costs
than their conventional counterparts, even once they reach commercial scale.

Regional cost differences are generally more pronounced for materials than for
clean energy technologies, with the LCOP again being among the lowest in China
for steel and aluminium, but lower in the United States and other Southeast Asian
countries for ammonia, thanks to low natural gas prices. US production costs for

PAGE | 74



aluminium are close to those in China, again thanks to cheap energy. Regional
variations in the LCOPs, excluding any explicit financial support, result mainly from
differences in operational costs, notably energy and labour, which generally
constitute the largest share of the total costs.

Figure 1.28 Levelised cost of production for selected clean energy technologies and
materials by country/region, 2023
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Notes: For solar PV and batteries, costs relate only to the last manufacturing step, with components such as cathodes or
PV cells assumed to be imported from China. For the other clean technologies and materials, production is fully local.
LCORP for steel refers to blast furnace-basic oxygen furnace (BF-BOF) technology; ammonia refers to steam methane
reforming (SMR); aluminium refers to the Hall-Heroult process using electricity from the grid. Costs shown here are
exclusive of explicit financial support (e.g. tax credits in the Inflation Reduction Act), but may include financial support
embedded in individual cost components (e.g. fossil fuel subsidies).

Sources: |IEA analysis based on NREL (2017); NREL (2019); NREL (2023); Wood Mackenzie (2024); BNEF (2024a); IEA-
PVPS (2024); BNEF (2024b); IEA (2024a); IEA (2024g); Argonne (2024); JETRO (2024); Dai et al. (2019); and Frith,
Lacey, & Ulissi, (2023).

China has the lowest production costs for all clean energy technologies and most
materials.

In the United States and, to an even greater degree, in the European Union, the
LCOP for solar PV modules and batteries depends heavily on whether the
components are produced domestically or imported. EU production costs for solar
PV using components produced within the region are twice as high as those using
components imported from China and around a quarter higher in the case of
batteries (Figure 1.29). The cost differentials in both cases are much smaller in
the United States, largely due to lower energy costs.
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Figure 1.29 Levelised cost of production for batteries and solar PV modules by origin
of components in the United States and the European Union, 2023
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Notes: Domestic refers to the production cost using components produced entirely within the country/region; imported
refers to the production cost using components imported from China and only the last production step happening locally.
Tariffs, shipping cost, profit margins of components, and financial support are excluded. USD = USD (2023, MER).
Sources: |IEA analysis based on NREL (2017); NREL (2019); NREL (2023); Wood Mackenzie (2024); BNEF (2024a);
IEA-PVPS (2024); BNEF (2024b); IEA (2024a); IEA (2024g); Argonne (2024); JETRO (2024); Dai et al. (2019); and Frith,
Lacey, & Ulissi, (2023).

Manufacturing solar PV modules using domestically produced components costs around
twice as much as using imported components in the European Union.

Other factors influencing competitiveness

While cost competitiveness is, in most cases, the main factor driving decisions to
invest in manufacturing of clean energy technologies and associated materials, a
number of other factors can also have a major influence. This includes non-cost
factors such as good transport infrastructure, access to reliable and affordable
energy supplies, and access to both markets and suppliers. The results of the IEA
survey of manufacturers indicate that (Figure 1.30) these factors are all critical. In
this section, we focus on two of the most important factors: domestic market size,
and the existing industrial base in a country. In reality, all these factors both
influence and are influenced by broader cost drivers, so understanding their
relative importance can be difficult.
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Figure 1.30 IEA industry survey of the importance of selected considerations for
investment decisions on manufacturing
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Transport infrastructure, access to reliable and affordable energy supplies, and access to
both customers and suppliers are critical drivers of investment in supply chains.

Domestic market size

The size of the domestic market for any given product is important as local markets
are easier to access physically, leading to lower transport costs relative to supply
from another country. They are also less vulnerable to changes in trading
arrangements between countries. Feedback loops between the final customer and
producer can be shorter and more direct, enabling products to be tailored to
consumer needs. The markets for all the main clean energy technologies have
been growing strongly over the past decade, though they still remain smaller, in
absolute terms, than heavy industrial sectors like steel. The combined global
market size of key clean technologies has nonetheless surpassed that of
aluminium or ammonia (Figure 1.31).

The markets for clean energy technologies and materials are interlinked, as
increasing demand for technologies increases the demand for materials; for
example, increased wind turbine production leads to higher demand for steel,
while increased solar PV production boosts demand for aluminium. Similarly,
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demand for materials can increase demand for clean energy technologies, such
as electrolysers to produce hydrogen-based DRI steel, or for solar PV and wind to
produce the electricity needed for materials production. Nonetheless, these
technologies still account for only a small share of the total demand for materials.
For example, aluminium demand related to the production and installation of solar

PV accounts for less than 5% of global aluminium demand today.

Figure 1.31 Market size for selected clean energy technologies and associated
materials, 2010-2023

Clean technologies Materials
¥z 800 3000
i
=
o
% 600 2250
[m)
%)
D
5 400 1500
=
200 750

0 0

2010 2023 2010 2023
O Heat pumps BWind turbines O Solar PV modules

BAluminium OAmmonia @ Steel

OEVs & batteries ~ @mElectrolyser

IEA. CC BY 4.0.

Notes: EVs = electric vehicles (including batteries). Heat pumps are residential only. Wind turbines include towers, nacelles

and blades. Electrolysers refer to the stack.
Source: IEA analysis based on Bloomberg terminal data.

The markets for clean energy technologies have been growing strongly over the past
decade, though they remain smaller compared with heavy industry.

Clean technology markets saw two periods of relative stagnation over the 2010-
2013 and 2015-2017 periods, before they soared from 2020 in the wake of the
Covid-19 pandemic. The strongest growth in recent years has been in EVs and
their batteries, with most of this growth coming from China and advanced
economies. More established technologies — solar PV, wind and heat pumps —
saw a slowdown in market growth in 2023. For solar PV, this was due to
decreasing prices counteracting unprecedented capacity additions. For wind and
heat pumps, demand was dampened amidst policy uncertainty and increasing
financing costs (IEA, 2024f).
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Figure 1.32 Market size for selected clean energy technologies and associated
materials by country or region, 2010-2023
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Notes: “RoW” = rest of World. Clean energy technologies include solar PV, batteries, electric vehicles, wind turbines, heat
pumps and electrolysers; materials include steel, aluminium and ammonia.

Source: IEA analysis based on Bloomberg terminal data.

The regional distribution of the global market for clean energy technologies has shifted
markedly since 2010, with China now the biggest market, ahead of the European Union.

The regional distribution of global demand for clean energy technologies has
changed significantly over the last decade or so: Europe was the biggest market
in 2010, but has since been surpassed by China (Figure 1.32). Since the mid-
2010s, China’s capacity has been ahead of Europe’s, but growth in China and
Europe has remained close in relative terms. In 2023, total sales in China
exceeded those in Europe by roughly USD 300 billion, or 250%. Clean energy
technologies and near-zero emissions materials production only account for a
small share in their wider markets (Figure 1.33). In 2023, solar PV and wind power
accounted for just 13% of the global market for power generation equipment, and
EVs just 12% of the market for passenger cars. The share of near-zero emissions
technologies in the overall production capacity for the three bulk materials is a
mere 0.2%. This suggests there is still room for the fast-paced growth of the past
decade to continue.
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Figure 1.33 Shares of selected clean energy technologies and materials in total
market, 2023
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Clean energy technologies and near-zero emissions materials only take a small share of
their respective markets today.

Existing industrial base

The existing industrial base in a country, supported by robust infrastructure, is also
a crucial factor in deciding to invest in new manufacturing and materials production
facilities. The structure of a country’s economic and industrial base is the result of
competitive advantages, specialisations, and industrial and trade policies and
strategies accrued in the past, as well as its broader history, geography and
culture, among other factors. The existence of a strong industrial base gives
confidence to investors by reducing perceptions of risk to the financial viability of
industrial activities and the adequacy of supporting infrastructure, services and
policy. Several advanced economies have developed their industrial bases for
more than a century, whereas much of the industrial base in China and some other
emerging economies has only existed for a few decades or less.

The clean energy transition provides an opportunity for countries with a strong
existing industrial base, backed by supportive government policies, to leverage
that advantage in developing new clean technology sectors. In general, the most
advanced economies have tended to transform themselves over time to a
consumption- and services- driven economic model, while emerging economies,
often with lower labour costs, better access to mineral resources, and cheaper
energy, have been the primary drivers of industrialisation in recent decades. The
share of industry in GDP is particularly high in China, at around 30%. The
contribution of manufacturing in advanced economies is generally much lower,
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ranging from 10% to 17% in France, ltaly, the United Kingdom and the
United States. But there are major exceptions: Germany, Korea and Japan all
have high shares of manufacturing in their value added today, amounting to
20-30% of GDP. There are also signs of reindustrialisation in some countries,
notably the United States, where access to cheap natural gas has boosted
investment in energy-intensive industrial activities. If effectively implemented,
these activities could possibly slow down or reverse the long-standing decline of
the share of manufacturing in GDP in the last 20 years.

Among countries with a strong existing industrial base, the composition of
manufacturing output varies considerably, with major implications for the
attractiveness of investing in clean energy technology manufacturing. In particular,
the importance of the automobile industry is a major determinant of opportunities
for investing in the manufacturing of EVs, as well as batteries and their
components. Although much smaller in absolute terms than in China and some
other countries, the contribution of manufacturing of motor vehicles to total
economic value added is highest in percentage terms in Mexico, at around 5%, in
large part thanks to its competitive cost base and proximity to the large car markets
in the United States and Canada, with which it has free trade agreements (FTAs)
(Figure 1.34).

Figure 1.34 Sectoral composition of manufacturing value added as a share of GDP for

the top ten manufacturing countries, 2023
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Sources: IEA analysis based on Oxford Economics Limited (2024a).

The composition of manufacturing output varies among the leading industrial nations, with
implications for the attractiveness of investing in clean energy technologies.
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A strong presence in adjacent manufacturing sectors can also confer an
advantage for investing in clean technologies. The electronics industry, which
plays a major role in the supply chains of several clean technologies, is an
important contributor to China’s economy, though the sector’s share of GDP is
highest in Korea. Similarly, the chemical industry, which provides a wide range of
inputs for several clean technologies, is a key source of economic output for
China, Korea, Japan, India and Germany. In advanced economies, these
industries have usually been built up over several decades, though there are
cases of these industries shrinking away. For example, at its zenith, Imperial
Chemicals Industries was once the largest manufacturer in the United Kingdom,
but the entire chemical industry now accounts for roughly 0.5% of GDP. The
reverse is true too, as demonstrated by the rapid emergence of a range of
manufacturing industries in China. In 2023, in volume terms, China led in all
sub-sectors; European and Asian countries excluding China tended to produce
more electrical machinery; Asian countries and North America more electronics;
and all three regions were roughly on par for mechanical machinery (Figure 1.35).

While the overall size of the manufacturing sector provides an indication of a
country’s competitive strength, it does not provide an indication of the quality of its
output or the competences and skills of its workforce, as certain industries may be
insulated from competition with imports by trade policies or other factors. The role
a given sector plays in a country’s economy, volumes of exports and metrics of
revealed comparative advantage (the relative importance of a product in a
country’s exports, compared to that product’s share in world trade), or RCA, can
provide an indication of how well an industry performs in a country compared with
the rest of the world. However, such metrics are imperfect, as they include any
financial support provided to these industries, which as described below, is often
difficult to measure and isolated.
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Figure 1.35 Geographic distribution of value added in key sectors of relevance to
clean technology manufacturing, 2023
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While China leads in all sub-sectors, other regions all have sizeable industrial activity in
either electronics, machinery or structural metal.
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This can be demonstrated by contrasting two different but closely inter-related
industries — automobile manufacturing and steel production. The top five producer
countries each have very different ratios of exports to total domestic value added,
and different values of RCA (Figure 1.36). The higher the value of RCA, the more
competitive the country’s exports (UNCTAD, 2024b). China’s very large steel
industry is less export-oriented than those of India, Japan and Korea, with the vast
majority of the steel it produces being consumed domestically. Despite being the
biggest exporter of steel globally, China’s steel industry has a substantially lower
value of RCA than these countries. The fraction of steel exports in China’s total
exports is lower than the fraction of steel in total global exports, resulting in an
RCA value slightly lower than 1. This implies that steel exports feature less
prominently in China’s overall exports than the global average, and that its relative
comparative advantages lie elsewhere. In contrast, India has the highest RCA
value among the top five exporting countries in 2021, signifying that steel plays a
more important role in India’s total goods exports than it does in global exports.
This indicates that at the sectoral level, India’s steel industry is more competitive
at exporting steel than the global average.

Figure 1.36 Domestic value added and exports for the steel and automobile industries
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China’s motor vehicle manufacturing industry is two to three times larger in value added
terms than those in Germany and Japan but is relatively less export-oriented.

For example, Germany and Japan’s ICE-dominated automotive industries are
highly export-oriented. Even in 2023, when Germany’s car industry faced higher
input prices as a result of the surge in natural gas prices, the value of its exports
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was even higher in absolute terms than the domestic value added for the sub-
sector. While accounting for a smaller share of global exports, Mexico’s
automotive sector has an even higher RCA than either Japan’s or Germany’s in
2021. The automotive sector of all three countries has a much higher RCA than
those of the two leading car manufacturing countries globally — China and the
United States. These countries’ car industries primarily serve their gigantic
domestic markets, and are, in some cases, protected from competition with import
tariffs. A key difference between the latter two is that China’s automotive sector
already comprises a much higher share of EVs (35% of cars produced and nearly
40% of sales in 2023) compared with the United States (under 15% and around
10%).

1.4 Industrial strategies and policies

Government policies can have a major impact on the cost competitiveness of firms
producing clean energy technologies and materials in different countries and,
therefore, the relative attractiveness of investing in them. Part of the regional
differences in manufacturing costs described in the previous section are explained
by inherent or natural advantages, such as differences in energy costs that stem
from differences in geography. Policies, however, including production and
deployment incentives, measures to boost innovation, regulatory instruments,
carbon pricing, and trade measures, can also play a major role in determining
production costs and the attractiveness of investing in any given country (see
Figure 1.37).

Industrial strategies, comprised of industrial policies — defined as interventions
intended to improve structurally the performance of the business sector — were
particularly popular in the aftermath of the Second World War, but began to lose
their appeal in the mid-1960s as mainstream economics highlighted distortions
caused by government intervention (OECD, 2023a). Despite this shift, industrial
strategies never disappeared, though their role became less publicly emphasised.
Recent economic crises, heightened geopolitical tensions and the urgent need to
accelerate climate action have led to a revival of more explicit and interventionist
industrial strategies in both advanced economies and EMDEs.

Governments’ energy and climate policies are increasingly intertwined with
industrial strategies, and vice versa. In general, they aim to guide capital towards
locations and assets in their jurisdictions that would not otherwise receive it. While
trade policies are not always considered to be part of industrial strategies, the
latter always affect trade.
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Figure 1.37 Industrial strategy policy instruments
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Industrial strategies comprise a range of measures, including direct support to producers,

support to innovation, and regulatory and trade instruments.
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Most of the world's major economies have announced industrial strategies
focused on manufacturing clean technologies and materials. While some
strategies are still aspirational and have yet to be translated into firm policies,
others are already being implemented, including in the form of various types of
direct financial support, and in many instances with the aim of cultivating or
strengthening domestic industries to reduce reliance on imports. The Inflation
Reduction Act (IRA) in the United States, the Net-Zero Industry Act (NZIA) as part
of the EU Green Deal Industrial Plan and Japan's GX Promotion Strategy are
recent examples of different types of industrial strategies (see Table 1.1). Other
countries, including China, have long-established mechanisms for industrial policy
support for clean energy technologies, and specific targets for their outcomes.

Table 1.1 Selected industrial strategies and policy packages targeting clean energy
technologies or materials manufacturing

Jurisdiction Name Prominent features for manufacturing

Provides financial support including investment and production tax
Inflation Reduction credits and grants for clean energy technology manufacturing and
Act (IRA) industrial decarbonisation, including requirements for domestic value
additions.

United States

Sets manufacturing capacity targets for clean energy technologies
and their components, promotes resilience through supply
Net-Zero Industry  diversification, implements more efficient administrative and
Act (NZIA) permitting processes, and supports innovation through regulatory
sandboxes. It does not include direct financial support but aims to
facilitate faster access to finance.

European Union

Aims to promote a stable energy supply and decarbonise the energy
sector while maintaining economic growth, including through carbon
pricing. Sovereign Japan Climate Transition Bonds will be issued
over the next decade, to be repaid with revenues from carbon
pricing.

GX Promotion

Japan Strategy

Provides economic investment tax credits across a range of
A Made-in-Canada technologies to support. the transition to net zero, including CCUS,
Canada Plan clean technology adoption, clean hydrogen, clean technology
manufacturing and clean electricity. In addition, the 2024 budget
provides tax credits for EV supply chains.

China has a “dual circulation” strategy aimed at reducing reliance on
. 14" Five Year Plan exports fc?r ef:o.nomlc gro.w.th b.y bgostlng domestic consumpt!on,
China 2021-2025 while maintaining its participation in the global economy, particularly
through the Belt and Road Initiative. China’s 14" Five Year Plan
targets clean energy as one of the key areas for competitive funding.

Aims to transform India into a global manufacturing hub, reducing
imports and creating opportunities for export-led growth. To support
these goals, production-linked incentive (PLI) schemes have been
introduced, including for clean energy technology manufacturing.

India Make in India
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Jurisdiction

Korea

Australia

South Africa

Brazil

Malaysia

Saudi Arabia

Kazakhstan

Name

Industrial Supply
Chain 3050
Strategy

Future Made in
Australia Act

Just Energy
Transition (JET)

Nova Industria
Brasil

New Industrial
Master Plan 2030

Vision 2030

Third
Modernization of
Kazakhstan: Global
Competitiveness

Prominent features for manufacturing

Aims to reduce the import dependence on a single country to 50% by
2030 for 185 key goods, including batteries and cathode and anode
materials, vehicles, silicon wafers and urea. A range of incentives are
being considered.

Aims to boost clean energy technology manufacturing and industrial
decarbonisation, including through tax incentives and streamlined
approvals to accelerate projects in strategic critical minerals,
hydrogen and clean energy manufacturing.

Aims to achieve the country’s decarbonisation goals, while boosting
upstream manufacturing, localising clean energy value chains and
creating jobs.

Aims to promote industrialisation through various missions, including
one on energy transition. It features a prominent role for the Brazilian
Development Bank (BNDES) and the Innovation Agency (FINEP),
including mechanisms such as public procurement and local content
requirements.

Aims to bolster the manufacturing sector, targeting among other
sectors, advanced materials, EVs, renewable energy and CCUS. The
plan sets a target of 6.5% annual growth in the manufacturing sector.

Aims to diversify the economy and reduce domestic dependence on
oil, with a target to increase non-oil exports from 16% to 50% in non-
oil GDP. It includes initiatives such as the “Made in Saudi”
programme, which aims to boost the competitiveness of locally made
products.

Aims to transform Kazakhstan into one of the top 30 most developed
countries by 2050. With respect to manufacturing, this includes
promoting advanced technological integration, increasing productivity
and enhancing global competitiveness by leveraging innovation and
new technologies.

Recently introduced financial support schemes for the manufacturing of clean
energy technologies under the IRA in the United States and the PLI scheme in
India are significantly changing the relative cost of production between countries.
For example, the LCOP for solar PV modules is lowest in China, when explicit
financial support measures are excluded (see previous section). However, if
financial support such as the US 45X advanced manufacturing production credit
of USD 70/kW for manufacturing solar PV modules is included, the LCOP in the
United States would be around USD 100/kW — lower than in China or India
(Figure 1.38). The picture is similar for battery cells.
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Figure 1.38 Impact of Inflation Reduction Act financial support for production on the
manufacturing cost of solar PV modules and battery cells, 2025
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The IRA’s production tax credits for solar PV modules and battery cells make technologies
manufactured in the United States competitive with those made in China.

As capital costs represent a relatively small proportion of the LCOP of clean
energy technologies when factories are utilised intensively (see section on cost
competitiveness above), financial support for investment would have a smaller
impact on the LCOP than that for production. In practice, however, access to
financial support for investment, often topped up by regional governments, may
influence the location of production facilities, including within a country, particularly
when access to finance is a constraint. This is particularly important for smaller,
emerging companies, such as clean technology start-ups, which tend to incur
higher risk premiums than established companies for private investors.

Given that financial support for production can quickly mount up and have a
significant impact on a country's budget, measures need to be carefully designed
to avoid wasteful overspending and economic rents for firms (OECD, 2023b). In
addition, overly generous financial support can lead to short-term investment
booms, but there is a risk that production facilities close one the support is
withdrawn, if the support is not well-aligned with future domestic market needs
and export potential. In the absence of sustained demand, companies dependent
on subsidies may struggle to remain in business.
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Direct support to producers

Direct industrial policy support comprises various mechanisms such as direct
financial transfers, tax incentives, risk-sharing initiatives, demand-side support
and innovation incentives (Table 1.2). These measures can be combined to
encourage investment in production capacity or to attract investment to specific
regions within a country. Most of these measures aim to reduce consumer prices
by offsetting some of the costs faced by producers, by shifting part of these costs
to the government, but there are exceptions. In regions with high input costs, such
as energy or materials, reducing capital costs alone may not be sufficient to make
production competitive, and a broader policy framework may be needed. Demand
guarantees or restrictions on foreign competition can help to establish emerging
industries, but can actually lead to higher prices if they are maintained over
extended periods of time without clear performance criteria.

Table 1.2 Forms of direct support to producers that can be components of industrial

strategies
Aim of measure Impact Examples of policy tools
By funding or otherwise bearing some of Grants, investment tax incentives,
Reduce the capital costs, governments lower the  concessional finance (debt or equity), loan
manufacturers’ costs of production faced by producers, = guarantees, below-market rates for land or
capital costs allowing them to offer consumers lower other assets, export controls on key
prices. production inputs.
By funding or otherwise bearing some of Production tax incentives, output or
the operational costs, governments lower  performance-linked payments (including
Reduce . . .
, the costs of production faced by contracts-for-difference), public
manufacturers .
producers. Governments can also pay procurement, below-market prices for

tional t . ; . — ) .
operational costs producers based on their output, allowing energy inputs or other utilities, financial

producers to offer consumers lower prices. support to workers, labour tax incentives.

By offering financial support to consumers,
the effective price is at a lower level than

| it i ’ t . .
Reduce prices for WOH d be expected given producers .cos % Purchase grants (including rebates),
raising demand. Support can sometimes

consumers . consumer tax incentives.
be restricted to a subset of products, such

as those from domestic producers or
producers in an FTA region.

In exceptional cases, governments could
restrict competition by allowing a producer

Guarantee or a monopoly (or oligopol osition in a
. poly ( gopoly) p . Lists of regulated favoured suppliers, local
bolster end-user domestic market, for example for a time- .
L . . . content requirements.
demand limited period. In nascent industries,

governments may choose to favour
domestic suppliers through regulation.
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Aim of measure Impact Examples of policy tools

R&D, demonstration and entrepreneurship
grants, venture equity and debt, access to
public laboratories and other facilities,
support to knowledge networks, R&D tax
incentives, R&D loans, prizes, loan
guarantees to demonstration projects,
regulatory sandboxes, intellectual property
protection.

Supporting innovation in manufacturing
and product design raises the probability
of cheaper output that allows producers to
offer lower prices, or higher quality
products that raise demand.

Boost longer-term
competitiveness
through
innovation

Evaluating production costs exclusive of any financial support is difficult because
the benefit conferred on producers by the various measures can be hard to
quantify. Assessing the benefit conferred by grants, where they are declared or
revealed, is much easier than for tax incentives and discounted finance. This is
because a counterfactual or benchmark is required to evaluate what the costs
would have been without the financial support. In the case of the costs of capital,
the appropriate benchmark can differ across firms or projects, even within the
same sector or country. For example, a large firm with low levels of debt might be
able to secure a lower interest rate on a new loan than a smaller, more indebted
one, which creates a range of benchmark values. The benefits of equity finance
at lower than market rates of returns are particularly hard to quantify as
judgements about the investor appetite for companies receiving government
equity are required.

Financial statements can sometimes reveal ex-post the benefits of a given support
measure or combinations thereof. Despite the lag between the time when a
government support measure is announced or implemented and the time at which
the financial statements of a company are published, this type of analysis has the
benefit of being able to capture the actual impact for the firms that receive the
support, including that provided by federal, provincial and municipal governments.
In practice, company financial information is not always available for non-listed
firms and gathering it can be resource-intensive, so sampling may need to be
used, which can lead to doubts about the representativeness of the sample. In
addition, the interactions between different financial support measures and trade
policy measures make analysis even more complicated.

Such analysis has been undertaken by the OECD for the solar PV and wind
turbine manufacturing industries, showing that financial support is already
relatively high compared with other sectors (Figure 1.39). Worldwide, tax
concessions in the solar PV industry were estimated to have amounted on
average to more than 0.9% of revenues over the period 2005-22 — the highest
share of any major manufacturing sector besides semiconductors — government
grants for almost 0.6%, and below-market borrowing for almost 1.4% over the

PAGE | 91



period 2005-22. Total support to the wind turbine industry amounted to almost
0.6% of revenues, more than 60% of which was in the form of tax concessions.

Figure 1.39 Estimated rate of financial support provided by governments across
selected manufacturing sub-sectors, 2005-2022
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Notes: Data are expressed relative to the sales revenue of the firms covered in the study over the period 2005-22.
Source: OECD, (2024c).

Solar PV and aluminium manufacturing are estimated to be among the sub-sectors that
have received the highest rate of financial support in the past two decades.

The estimates of overall financial support to firms in the form of government
grants, below-market borrowing and tax concessions suggest that they amount to
around 0.5-3% of total corporate revenue. While these figures may sound low,
earnings after tax in manufacturing operations often represent a small share of
total revenue (low single digit percentages are not uncommon) for these low-
margin, high-volume businesses. In practice, this support can have a significant
impact on a firm’s financial performance and its ability to raise money and/or make
subsequent investments; in some cases, it could determine whether the firm
makes a profit or not. Furthermore, some of the industries examined have gigantic
revenues globally. The steel industry for example produces around 2 billion tonnes
of steel globally. Assuming an average market price of USD 730/tonne for semi-
finished products, this equates to global revenue of almost USD 1.5 ftrillion,
meaning single digit percentages could equate to tens of billions of government
support or foregone tax revenue.

While nearly all governments provide support to their manufacturing industries in
one form or another, the OECD finds that firms in China receive more support
overall than firms based in other jurisdictions covered in the analysis. Grants and
below-market borrowings make up an estimated 3% of the revenu