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Coal, oil, and natural gas consumption reach their highest 
points before 2030 but remain high through 2050 in many 
scenarios. Achieving international climate targets will 
require all three fossil fuels to decline much more quickly, 
resembling a peak, not a plateau.

Although they are controversial for a variety of reasons, 
carbon dioxide removal (CDR) technologies are deployed 
rapidly and at scale in every scenario that limits global 
warming to 1.5°C or 2°C by 2100. This suggests the need 
for the development of robust monitoring, reporting, and 
verification standards, along with additional measures to 
prevent CDR from creating major new environmental or 
social challenges.

Projected demand for energy-related metals and minerals 
grows rapidly, particularly under Ambitious Climate 
scenarios, rising by orders of magnitude for some critical 
minerals. Such growth raises new questions over supply 
costs, geopolitics, local environmental impacts, and more. 

At COP28 in the UAE, 22 nations pledged to triple nuclear 
energy capacity by 2050. Achieving this goal at the global 
level would require a return to growth rates not seen since 
the 1980s. Since 2010, global nuclear energy production 
has declined by nearly 5 percent, due primarily to plant 
closures in Europe, Japan, and the United States.

Projected energy demand in China has been revised 
downward substantially in recent years, reflecting a 
declining population and major economic headwinds. 
Coupled with new policies concerning air quality and 
climate change, these trends are contributing to lower 
projected coal use and carbon dioxide emissions in the 
decades ahead.

Highlights
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1.  Introduction
The future of the global energy system is deeply uncertain, and the choices that 
are made in the coming years will have enormous consequences for the future of 
the climate and, indeed, human civilization. To understand how our energy system 
is changing, each year a variety of organizations produce long-term projections 
that imagine a wide range of futures based on divergent visions about policies, 
technologies, prices, and geopolitics. 

Because these projections vary widely and depend heavily on their varied assumptions 
and methodologies, they are difficult to compare on an apples-to-apples basis. In this 
report, we apply a detailed harmonization process to compare 16 scenarios across 
eight energy outlooks published in 2023, as well as two historical data sources. Taken 
together, these scenarios offer a broad scope of potential changes to the energy 
system as envisioned by some of its most knowledgeable organizations. Table 1 lists 
the historical datasets, outlooks, and scenarios examined here, and additional detail is 
provided in Section 4.

Table 1.  Datasets, Outlooks, and Scenarios Examined in This Report

Source Dataset or outlook Scenario(s) Years

Grubler (2008)1 Historical — 1800–1970

IEA (2022)2 Historical — 1970–2021

bp (2023)3 Energy Outlook 2023 New Momentum, Accelerated Transition, Net Zero To 2050

EIA (2023)4 International Energy Outlook 2023 Reference To 2050

Enerdata (2023)5 EnerFuture 2023 EnerBase, EnerBlue, EnerGreen To 2050

Equinor (2023)6 2023 Energy Perspectives Walls, Bridges To 2050

ExxonMobil (2023)7 2023 Global Outlook Reference To 2050

IEA (2023)8 World Energy Outlook 2023
Stated Policies (STEPS), Announced Pledges 
(APS), Net Zero Emissions by 2050 (NZE)

To 2050

OPEC (2023)9 World Oil Outlook 2023 Reference To 2045

Shell (2023)10 Energy Security Scenarios Archipelagos, Sky 2050 To 2100
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A brief description of our methodology is provided in Section 4, with select indicators in 
Section 5. For the full methodology and interactive graphing tools, visit www.rff.org/geo. 

Throughout the figures included in this report, we use a consistent labeling system that 
distinguishes among the different types of scenarios (see Table 2):

• For Reference scenarios, which assume limited or no new policies, we use 
long-dashed lines; this set comprises Reference scenarios from the US Energy 
Information Administration (EIA), Enerdata’s EnerBase, ExxonMobil, and OPEC. 

• For Evolving Policies scenarios, which assume that policies and technologies 
develop according to recent trends or the expert views of the team producing the 
outlook, we use solid lines; this set comprises bp New Momentum and IEA STEPS. 
Although they do not follow the same sets of assumptions, we also include Equinor 
Walls and Shell Archipelagos because their CO

2
 emissions trajectories are similar 

to those in other Evolving Policies scenarios. In addition, we include Enerdata’s 
EnerBlue and IEA’s APS, which assume governments implement their nationally 
determined contributions (NDCs) under the Paris Agreement; for these, we use 
dot-dash lines.

• Ambitious Climate scenarios are not designed around policies but instead are 
structured to achieve specific climate targets. For those that limit global mean 
temperature rise to below 2°C by 2100 (bp’s Accelerated Transition and Enerdata’s 
EnerGreen), we use short-dashed lines. For scenarios designed to limit global 
mean temperature rise to 1.5°C by 2100 or net-zero emissions by 2050 (bp Net 
Zero, Equinor Bridges, IEA NZE, and Shell’s Sky 2050), we use dotted lines.

Figures and tables in this report sometimes refer to regional groupings of East and West. 
Table 3 defines those regional groupings.

Table 2.  Legend for Different Scenario Types

Reference Evolving policies Ambitious climate

               EIA                bp New Momentum                bp Accel. Transition (2°C)

               Enerdata Enerbase                IEA Steps                Enerdata EnerGreen (2°C)

               ExxonMobil                Equinor Walls                bp Net Zero (1.5°C)

               OPEC                Shell Archipelagos                Equinor Bridges (1.5°C)

               Enerdata EnerBlue                IEA NZE (1.5°C)

               IEA APS                Shell Sky 2050 (1.5°C)

Table 3.  Regional Definitions for “East” and “West”

“East” Africa, Asia-Pacific, Middle East

“West” Americas, Europe, Eurasia

http://www.rff.org/geo
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2.  Key Findings
At the 28th Conference of the Parties (COP28) to the United Nations Framework 
Convention on Climate Change held in Dubai, world leaders agreed to “transitioning 
away from fossil fuels in the energy system.”11 Some advocates, governments, and 
civil society figures have critiqued this agreement and argued instead for the total 
phaseout of fossil fuels to achieve long-term climate goals. However, all scenarios 
examined here, including those consistent with limiting warming to 1.5°C by 2100, show 
substantial global fossil fuel consumption through at least 2050, suggesting that a 
phaseout is not a prerequisite to achieving international climate goals.

As we have noted in previous Global Energy Outlooks,12 world primary energy demand 
has experienced a series of energy additions, not energy transitions, with newer 
technologies such as nuclear, wind, and solar building on top of incumbent sources 
such as biomass, coal, oil, and natural gas. To achieve international climate goals and 
limit warming to 1.5°C or 2°C by 2100, a true energy transition is needed. But does 
achieving such goals require phasing out fossil fuels entirely? 

The scenarios we analyze in this report suggest that the answer is no. Like most 
scenarios published in recent years by the Intergovernmental Panel on Climate Change 
(IPCC),13, 14 fossil fuel use declines but remains substantial through midcentury and 
beyond, even under scenarios that limit warming to 1.5°C. Several Ambitious Climate 
scenarios show global fossil fuel use of roughly 100 quadrillion British thermal units 
(QBtu) in 2050, slightly higher than total US primary energy demand. The wide range 
of projected fossil fuel demand also highlights the deep uncertainty of the future of the 
world energy system, with 2050 scenarios spanning 487 QBtu, roughly equivalent to 
global consumption of fossil fuels in 2022.  

Figure 1.  Global Fossil Fuel Demand Peaks and Declines Rapidly 
in Ambitious Climate Scenarios

Note: Includes primary energy demand for coal, oil, and natural gas. Historical data from Shell.
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If fossil fuels are not phased out of the energy system, limiting warming to international 
climate targets implies a substantial scale-up of carbon removal technologies, including 
direct air capture (DAC), bioenergy with carbon capture and storage (CCS), and nature-
based solutions, all of which will require robust monitoring, reporting, and verification. 
Although these technologies are controversial for a variety of reasons, their application at 
scale is an essential tool in reaching net-zero emissions in every Ambitious Climate scenario 
examined here.

In 2022, roughly 42 million metric tons of CO
2
 were captured by CCUS infrastructure around 

the world. Although this accounts for just 0.1 percent of annual global CO
2
 emissions, it also 

represents a near tripling of CCUS since 2010, a compound average annual growth rate 
(CAAGR) of 8.7 percent. Under Evolving Policies scenarios, comparable CAAGRs emerge 
through 2050, ranging from 8.2 percent (IEA STEPS) to 12.5 percent (bp New Momentum). 
Under Ambitious Climate scenarios, however, CCUS deployment increases by more than 
two orders of magnitude by 2050, growing by 14- to 16-fold, or a CAAGR of 19 to 20 percent. 

Are these growth rates achievable? Technically speaking, the answer is yes. CCUS 
infrastructure and underground storage reservoirs are more than adequate to handle these 
volumes of CO

2
.15 However, the future costs of deploying these technologies, including to 

relatively novel sectors such as electric power generation (most CCUS today is used in the 
industrial sector),16 are not well understood.

In addition, CCUS technologies are controversial and may be unwelcome in some regions, 
in large part because they may not reduce, and in some cases may exacerbate, emissions 
of other air pollutants from point sources.17 They also do not reduce water pollution or other 
consequences of fossil fuel extraction, transportation, refining, and combustion.

Figure 2.  World Carbon Capture, Use, and Storage Rises Sharply in 
Ambitious Climate Scenarios

Note: Historical data from IEA. All scenarios except those from Equinor exclude nature-based 
solutions such as afforestation and reforestation.
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As the global economy becomes more energy efficient, world primary energy demand 
grows slowly or declines under almost all scenarios examined here. This trend is seen 
most clearly in Ambitious Climate scenarios, where aggregate energy demand declines 
by as much as 33 percent (Equinor Bridges). Falling energy demand occurs primarily in 
high-income countries, with continued growth in energy consumption in many low-income 
nations. Some scenarios, such as the IEA’s NZE, highlight how expanding access to modern 
energy services in low-income regions can be consistent with declining global energy 
demand and achieving long-term sustainability goals.

Coal demand declines relative to 2022 in every scenario examined here, ranging from 2 
percent (EIA) to 93 percent (Equinor Bridges) lower by 2050. Similarly, oil demand is lower 
at the end of the projection period for all but four scenarios, where it grows slowly. Liquids 
demand, which incorporates biofuels, increases by 2050 in six scenarios (EIA, EnerBase, 
ExxonMobil, IEA STEPS, OPEC, and Shell Archipelagos). Projections for natural gas demand 
are more mixed, with roughly half showing growth and half showing reductions. Under all 
Ambitious Climate scenarios, global gas demand falls considerably, ranging from a drop of 
59 percent (bp Net Zero) to 78 percent (EnerGreen and IEA NZE) relative to 2022 levels.

Wind and solar grow faster than any other sources in percentage terms under all scenarios, 
but with a wide range. For example, EIA projects global wind energy to roughly triple over 
the projection period, the most bearish scenario. Evolving Policies scenarios such as IEA 
STEPS show wind growing 5-fold, while solar grows more than 10-fold. Under Ambitious 
Climate scenarios, solar and wind together rise from 2 percent of the energy mix in 2022 to 
roughly one-third or more by 2050. 

Figure 3.  World Primary Energy Demand Grows Modestly or Declines 
Under Most Scenarios

Note: Projections are ordered from highest to lowest demand for fossil fuels. Historical data from IEA. 
“Liquids” includes oil only for Enerdata scenarios. “Biomass” excludes biofuels, which are included in 
“Liquids.” OPEC projections are for 2045. “Other” includes wind and solar for Equinor and OPEC.
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Over the last 40 years, the carbon intensity of the world’s primary energy mix has 
remained roughly flat, declining modestly from 2010 through today. In the decades 
ahead, carbon intensity is projected to continue this modest decline under Reference 
and most Evolving Policies scenarios. Achieving ambitious climate goals, however, will 
require an unprecedented reduction in the carbon intensity of energy.

From 2010 through 2021, global carbon intensity of primary energy fell by a CAAGR 
of 0.4 percent. This decline accelerates under all scenarios, ranging from a low of 
0.6 percent on average annually (EIA) to a high of 12.8 percent or more on average 
annually from 2022 to 2050 (Equinor Bridges and IEA NZE). 

Is there recent precedent for such rapid reductions in carbon intensity at a national or 
regional scale? Unfortunately, the answer is no. The United States, South Korea, and 
the UK respectively reduced their carbon intensities by an average of 1.1, 1.2, and 1.3 
percent annually from 2010 through 2022. And in Sweden, carbon intensity declined by 
1.9 percent on average during this period. 

Other affluent nations experienced less progress, particularly due to the closure of 
nuclear power facilities. For example, Germany’s carbon intensity declined by only 
0.2 percent on average per year from 2010 through 2022, while Japan’s increased by 
0.9 percent annually on average. These figures highlight the scale of the challenge 
facing global policymakers and point to the importance of retaining low-carbon energy 
sources where they can continue operating safely. 

Figure 4.  Ambitious Climate Scenarios Envision Unprecedented 
Improvement in Carbon Intensity

Note: Historical data from Shell. Net CO
2
 emissions (i.e., inclusive of negative emissions) per unit 

of primary energy demand are shown here.
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World leaders at COP28 agreed to “tripling renewable energy capacity globally” to 
11,000 gigawatts (GW) by 2030.11,18 Achieving this goal would require unprecedented 
growth across multiple technologies, particularly wind and solar. Three Ambitious 
Climate scenarios (IEA NZE, EnerGreen, and Shell Sky 2050) achieve the 2030 goal, 
but these scenarios are not based on existing or announced policies, highlighting the 
need for enhanced policy ambition if nations are to achieve their COP28 renewable 
energy goals. 

In 2010, renewable electricity was dominated by hydropower, which accounted 
for more than 75 percent of installed capacity worldwide. Over the next 10 years, 
renewable capacity more than doubled, growing by 125 percent, overwhelmingly led 
by wind and solar photovoltaic (PV), which accounted for more than 75 percent of 
capacity additions, followed by hydro at 18 percent. 

From 2020 to 2022, solar led a further acceleration of renewables growth, which 
increased at an annual rate of more than 10 percent, or 320 GW per year. To reach 
11,000 GW of renewable capacity by 2030, annual capacity additions would need to 
average roughly 800 GW per year from 2022. For perspective, in 2022, global wind 
capacity was 832 GW and solar was 892 GW, highlighting the unprecedented rate of 
growth needed to achieve the renewable energy goal agreed upon at COP28.

Figure 5.  Renewable Electricity Capacity Triples by 2030 Under 
Three Scenarios

Note: Historical data from EIA. “Renewables” includes hydro, biomass, wind, solar, geothermal, 
and tidal energy. Projections are taken directly from EIA and IEA. Projections for other 
organizations are estimated based on renewable electricity generation projections from each 
organization, converted to capacity assuming capacity factors imputed from the IEA APS.
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At COP28, 22 nations committed to tripling their nuclear energy capacity by 2050. Achieving 
this goal would require a fundamental change in the trajectory of nuclear energy for 
developed nations, as 12 of the 22 experienced declining nuclear energy production from 2012 
through 2022, while 5 currently produce no nuclear power.19 In recent years, nuclear energy 
growth has been led by China and India. Although neither of these countries was part of the 
announcement at COP28, they were the top two nations for nuclear power plant construction 
as of December 2023.20 Globally, nuclear capacity is projected to grow modestly under most 
scenarios, and 2022 levels triple by 2050 in just two scenarios, both from Enerdata.

Projections for the growth of nuclear capacity span roughly 800 GW, nearly twice the 
installed capacity in 2022. Even across scenarios with similar CO

2
 emissions trajectories, 

projections vary widely. For example, Ambitious Climate scenarios show capacity growing by 
as little as 21 percent (Equinor Bridges) to tripling (EnerGreen) by 2050. Several Ambitious 
Climate scenarios, including those from IEA and Equinor, show rapid nuclear growth through 
2040, followed by slower growth or declines in the following 10 years. 

Similarly wide ranges emerge in Evolving Policies and Reference scenarios. This uncertainty 
over nuclear reflects a variety of factors. Unlike wind, solar, and battery storage, which will be 
key to achieving Ambitious Climate targets and whose costs have fallen consistently over the 
last few decades, the costs and timelines for nuclear projects in the developed world have 
often missed their targets—sometimes by wide margins. 

To even approach the goal of tripling nuclear capacity, more than half of the 22 nations that 
committed to doing so will need to reverse current trends and rapidly deploy new nuclear 
power. From 2022 to 2050, a global tripling would require CAAGR of 4 percent. From 1980 
to 1990, the world added nuclear at a CAAGR of 9.4 percent, falling to a CAAGR of just 0.8 
percent the following decade. From 2010 to 2022, nuclear energy capacity grew by just 0.3 
percent annually.

Figure 6.  World Nuclear Power Capacity Triples by 2050 Under Just 
Two Scenarios

Note: Historical data from Shell. Capacity data are taken from original in EIA, IEA, and Shell and 
estimated based on nuclear electricity generation from bp, Enerdata, Equinor, and ExxonMobil, 
assuming plants operated at the average global capacity factor in 2020–22.
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Global electricity demand is projected to grow substantially under all scenarios. At the 
same time, the share of electricity generated by fossil fuels declines across scenarios, 
from 58 percent in 2022 to 42 percent or lower by 2050. Renewables, especially 
wind and solar, account for roughly half or more of global power generation by 2050, 
exceeding 80 percent of the mix under Ambitious Climate scenarios.

This growth enables electricity to become a larger provider of energy services 
across the economy, particularly in the buildings and transportation sectors. In 2019, 
electricity accounted for roughly 20 percent of final energy consumption. By 2050, this 
share increases substantially under most scenarios. For example, bp and IEA’s Evolving 
Policies scenarios see electricity growing to roughly 30 percent of final consumption 
by 2050 and exceeding 50 percent under each organization’s Net Zero scenario. 

However, there is wide variation, suggesting that the decarbonization of the global 
power grid is not inevitable. Coal declines under all scenarios, but this decline ranges 
from 1 percent (EnerBase) to 96 percent (bp NZ) relative to 2022. Natural gas demand 
in the power sector grows or remains roughly flat across most Evolving Policies and 
Reference scenarios but falls by half or more under all Ambitious Climate scenarios. 

Wind and solar grow rapidly under all scenarios. In 2010, these two sources accounted 
for just 2 percent of global electricity generation. By 2050, they account for more than 
half of the power mix under 10 of the 14 scenarios examined here, including Evolving 
Policies scenarios such as IEA STEPS. 

Figure 7.  World Electricity Demand Grows Rapidly, Led by Wind 
and Solar

Note: 2050 scenarios ordered from highest to lowest total levels of fossil fuel generation.
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Global natural gas demand has grown by two-thirds since 2000, driven primarily by 
the United States, Asia, and the Middle East. Unlike coal and oil, which peak under 
most scenarios examined here, natural gas demand increases under roughly half of 
the scenarios. This divergence highlights the complex role that natural gas plays in 
the global energy system and highlights its potential to both mitigate and exacerbate 
greenhouse gas emissions from the energy system.

The future of global natural gas demand is highly uncertain and, like the future of most 
fuels and energy technologies, is highly dependent on public policies. Under Reference 
scenarios, global gas demand growth is robust, increasing by roughly 30 percent under 
ExxonMobil and EIA. In these scenarios, demand growth is led by the Asia-Pacific 
region, followed by the Middle East. However, demand declines in developed economies 
such as Europe and the United States under all scenarios other than EIA’s Reference. 

Under Evolving Policies scenarios, considerable variation emerges across regions, in 
many cases highlighting the gaps between existing policies and the levels needed to 
achieve emissions reductions under NDCs. For example, gas demand in Asia-Pacific and 
Latin America grows by 24 and 14 percent respectively under IEA STEPS but falls by 40 
and 36 percent under IEA’s APS. Similar gaps emerge for all other regional groupings 
shown in Figure 8. 

Under most Ambitious Climate scenarios, gas demand declines across all regions by 
2050 except Africa, where lack of access to affordable modern energy sources affects 
hundreds of millions of people. Under Net Zero scenarios from bp and Shell, natural gas 
demand falls by roughly 70 percent in North America and Europe-Eurasia and by at 
least one-third in Asia-Pacific, Latin America, and the Middle East.

Figure 8.  Projections for World Natural Gas Demand Vary Widely 
Across Scenarios

Note: Historical data from bp (2000) and IEA (2010, 2022). All scenarios except ExxonMobil 
exclude flared natural gas.
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From 2000 through 2010, China’s economy expanded extraordinarily, powered 
primarily by coal. Ten years ago, central projections from the EIA and IEA envisioned 
that expansion continuing, plateauing in the 2020s (for the IEA) or 2030s (for EIA). 
The projections in the 2023 outlooks, however, show considerable decline in projected 
Chinese coal demand due to a declining population, stagnating economy, and increasing 
availability of cleaner and cheaper alternatives.

In the first two decades of the 21st century, China’s demand for coal more than 
tripled, making it the world’s largest energy consumer and emitter of CO

2
. In recent 

years, however, China has reduced its reliance on coal in the residential sector and 
implemented new policies to constrain emissions growth and boost alternatives such as 
hydro, nuclear, wind, and solar. 

Looking forward, all scenarios examined in this year’s Global Energy Outlook project that 
coal will decline substantially in China. This decline is driven in part by policy, including 
China’s cap-and-trade program and robust government support of hydro, nuclear, wind, 
and solar. But it is also due to a slowing economy and a population that is projected to 
begin declining, falling from 1.4 billion today to 1.3 billion by 2030 under the UN’s median 
variant projection.21 The International Monetary Fund (IMF) projected that China’s 
economy will continue growing in 2024, but considerably more slowly than in most 
recent years, in large part due deep weakness in its real estate sector.22

The EIA’s 2023 projection for Chinese coal demand is 35 percent lower in 2040 than 10 
years prior. By 2050, the IEA projects that demand will fall by more than half relative to 
2022, reaching 43 QBtu, a level last seen in the early 2000s. Although these projected 
declines will help reduce CO

2
 emissions, they are well above the levels needed to achieve 

international climate targets. We explore these topics in more depth in Section 3.1.

Figure 9.  China’s Projected Coal Demand Has Declined 
Dramatically Over the Last 10 Years

Note: IEA 2013 shows the New Policies scenario, which used assumptions similar to those in IEA’s 
more recent STEPS series. EIA shows the Reference scenario for both 2013 and 2023. Historical 
data from the 2023 Statistical Review of World Energy.19
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The physical inputs that power buildings, transportation, and industry are shifting. For 
most of human history, primary energy has been provided by a mix of solid, liquid, 
and gaseous fuels. But in a future where energy technologies such as wind, solar, and 
battery storage play a larger role in providing energy services, critical minerals will 
become central to powering the global economy. Demand for some of these minerals, 
which today are used in modest quantities, is projected to grow by orders of magnitude 
in the decades ahead, raising new questions about supply costs, geopolitics, and 
environmental impacts.

Throughout the fossil fuel era, fears of resource scarcity—particularly for oil—
have worried analysts and policymakers alike. Although fossil fuels have exhibited 
considerable price volatility, concerns over physical scarcity have repeatedly been 
mollified by technological innovation, enhanced efficiency, and the discovery of 
new supplies. It is unclear whether, and to what extent, critical minerals will follow a 
similar path (although some major market players have voiced concerns about supply 
shortfalls by 2030).23 

As we discuss in detail in Section 3.3, most of the outlooks analyzed here acknowledge 
the importance of critical minerals and uncertainties over their future, but few provide 
detailed demand projections, and none provide an in-depth analysis of supply and cost. 
These omissions highlight the relatively recent emergence of critical minerals as a top 
priority for policymakers and the energy industry and demonstrate the need for new 
data collection, analysis, and modeling of this topic to better inform decisionmakers in 
the decades ahead. This includes not only information about supply and demand but 
also careful considerations of the environmental, social, and geopolitical consequences 
of increased reliance on certain minerals.

Figure 10.  Demand for Some Critical Minerals Grows by Orders of 
Magnitude (2022=1, log scale)

Note: Projections from IEA.
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3.  In Focus

3.1.  China’s Evolving Energy Future against a 
Foreboding Economic Outlook
China has seen immense economic growth over the past few decades. Since 2010, the 
country has accounted for roughly 33 percent of the global growth in GDP and almost 
60 percent of the growth in primary energy demand.8 However, because this growth 
has been powered primarily by coal, China accounted for over 80  percent of the global 
increase in CO

2
 emissions since 2010.8

In recent years, China’s leaders have sought to manage the unabated development 
of energy-intensive and high-emissions projects, mainly because of concerns over 
air quality and climate change. In 2020, China’s NDC committed to “aim to have 
CO

2
 emissions peak before 2030 and achieve carbon neutrality before 2060.”24 

Following this pledge, China issued a national implementation plan for all ministries 
and provincial governments that outlines 43 tasks for sectors including energy and 
industry.25 

In the energy sector, China has committed to boosting energy efficiency, renewables, 
and nuclear while pursuing a reduction in fossil fuel consumption. For industry, the 
Ministry of Industry and Information Technology has outlined a roadmap to control 
emissions in steel, petrochemicals, metals, and concrete—the most emissions-intensive 
industries—in the 14th Five-Year Plan (FYP).25, 26 Additionally, the plan outlined the use 
of cleaner energy sources in these industries, such as hydrogen and biofuels. FYPs 
provide strong indications of future directions, as historically, China has exceeded its 
climate objectives under the plans.27 Recent analysis suggests that the 14th FYP will 
put China on track to meet its goal of peaking emissions by 2030, although additional 
policies will be needed to meet carbon neutrality targets for 2060.28

Macroeconomic factors, particularly an aging population and an unfolding property 
crisis, will have major implications for the future of energy and emissions in China. 
Although total population began declining in 2022, the working-age population (ages 
15–59) peaked in 2011, slowing GDP growth relative to recent history.21 The working-
age population is expected to decline 30 percent from its peak by 2050 (Figure 11). 
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Compounding these demographic trends is a financial crisis that is deeply affecting 
property developers. For the past few decades, the real estate market grew rapidly, 
viewed as a safe investment and the “main store of wealth for many Chinese families.”29 
In 2020, the government, concerned about a potential housing bubble, instituted 
rules to curb excessive borrowing by developers. With reduced access to capital, 
China Evergrande, the second-largest property developer in the country, defaulted 
on payments in 2021; this cascaded into reduced confidence in the sector and a 
prolonged decline in new home sales. Since Evergrande’s default, over 50 property 
firms have defaulted on debt,29 further reducing investor confidence and deterring new 
investment. 

Although the effects on demand for energy and building materials have been limited 
to date, the crisis may result in lower demand in the long term.8 At the same time, this 
crisis is indicative of a broader economic transition in the country as policymakers 
reportedly work to steer the economy away from real estate, which accounts for a 
quarter of China’s economy,29 and toward manufacturing sectors such as electric 
vehicles and semiconductors.30 The growth of these high-tech sectors, as well as 
continued rapid electrification, may continue to drive demand for energy—particularly 
electricity—even in the face of the property crisis. 

Figure 12 compares the IEA’s  and EIA’s 2023 projections for the consumption of coal, 
oil, natural gas, and renewable energy with those from 2019 and 2013. 

Although China remains by far the world’s largest consumer of coal, 2023 outlooks 
project a coal peak followed by a decline, whereas 2013 and 2019 projections 
envisioned peaks (in some cases, much higher peaks) followed by extended plateaus. 
This is driven primarily by a shift away from coal in the power sector and improved 
efficiencies in industrial processes such as iron- and steelmaking. 

Figure 11.  Projected Gross Domestic Product and Working-Age 
Population in China

Source: Population projections from UN World Population Prospects 2022 (median variant).21

Note: GDP data in purchasing power parities (PPP) terms.
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In the power sector, IEA projects that while total coal-fired capacity will grow to 
2030, capacity factors will decline substantially.8 IEA assumes that coal will gradually 
transition to providing grid flexibility, rather than delivering base load power, as new 
sources such as wind and solar come online.  In the industrial sector, both outlooks 
project that iron and steel production will gradually reduce coal use as scrap metal 
becomes more available for secondary production, which is typically less energy 
intensive and can use electric arc furnaces (rather than coal-fired blast furnaces) for 
process heating. 

China’s oil and gas demand has grown steadily over the past few decades. However, 
key policy initiatives have contributed to downward revisions of projections in the 2023 
IEA scenario. The 14th FYP lays out key goals that will reduce natural gas demand in 
the buildings sector, such as retrofitting 350 million square meters of existing buildings 
through improvements such as building envelope insulation and electrification, along 
with greater energy efficiency in new construction. Additionally, an increased share of 
renewable generation on the grid, as well as a target to add 50 GW of renewable energy 
capacity  through building-integrated and building-added PV, will dampen demand 
for natural gas.8, 31 In the transportation sector, the New Energy Vehicle Industrial 
Development Plan targets a 20 percent share of new vehicle shares comprised of for 
“new energy vehicles” (battery electric vehicles, plug-in hybrid electric vehicles, and 
fuel cell vehicles) by 2025, which will reduce demand for petroleum products.32

Figure 12.  Primary Energy Consumption in China

Note: EIA projections do not include nonmarketed biomass and are excluded from the 
“Renewables” figure.
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The upward revision for renewables demand in IEA’s 2023 scenario has been driven by 
solar PV and wind. While the 14th FYP outlines a goal of 1,200 GW of installed solar and 
wind capacity by 2030, China more than doubles that goal by 2030 in the IEA STEPS 
scenario.8 In fact, some project that China may reach its stated goal by 2025, driven by 
subsidies and an array of other policies.33

Figure 13 shows the overall shift in projected 2030 primary energy demand from IEA 
and EIA scenarios from 2013 and 2023. Renewables have increased substantially, and 
fossil fuel demand (particularly coal) has declined, resulting in a peak in CO

2
 emissions 

by 2030. However, the majority of primary energy demand in the country is still served 
by fossil fuels. In both the EIA’s and IEA’s 2023 scenarios, roughly 80 percent of primary 
energy demand is served by fossil fuels in 2030, highlighting the gap between the 
policies implemented by the 14th FYP to peak CO

2
 emissions by 2030 and the longer-

term goal of net zero by 2060. 

Figure 14 further illustrates the differences in projected energy demand between 
China’s current policies, its announced NDC, and net-zero scenarios. Across all 
scenarios, coal demand is expected to decline by 2050, falling by 25 percent (EIA 
Reference) to 93 percent (Equinor Bridges and bp Net Zero) relative to 2022. 
Oil demand is also expected to decline in most scenarios, except EnerBase, EIA 
Reference, and OPEC. Projected natural gas demand varies more widely, growing in 
most Reference and Evolving Policies scenarios, but declining with Ambitious Climate 
scenarios. Renewables, led by wind and solar, grow substantially under all scenarios 
but most rapidly under the Ambitious Climate scenarios, where they exceed fossil fuels 
by 2050.

Figure 13.  China’s Primary Energy Demand Projections from 2013 
to 2023 

Note: IEA scenarios in this figure are the 2013 New Policy Scenario (NPS) and the 2023 STEPS.
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3.2.  Emerging Technologies for Achieving Net Zero
In recent years, public and private sector actors have increasingly pledged to reach net-
zero carbon emissions by midcentury. But there is considerable uncertainty and debate 
over the role of fossil fuels in the net-zero energy transition. For example, a heated 
debate took place at COP28 over whether nations should plan to phase out or simply 
phase down fossil fuels, as well as whether to include the pivotal qualifier “unabated,” 
which would leave room for continued use of fossil fuels paired with CCUS.34

In this section, we examine three technologies that could, perhaps controversially, play 
a role in continuing the use of fossil fuels in the energy system: hydrogen, CCUS, and 
direct air capture (DAC). 

3.2.1.  Hydrogen

Depending on how it is produced, rapid growth in global hydrogen demand could extend 
the life of fossil fuels considerably. The oil and gas industry is experienced in producing 
hydrogen through steam methane reforming—the primary means of global production—
and handling it in pipelines and industrial processes. Today little hydrogen is consumed 
directly to provide energy services; rather, it is generally used as a feedstock in the 
production of ammonia, which is used to make fertilizer, and, to a lesser extent, as part 
of the process of refining crude oil. But new low- or zero-carbon hydrogen is increasingly 
seen as an option to decarbonize otherwise hard-to-abate industries that have 
historically relied on fossil fuels for energy (e.g., long-distance shipping and aviation) and 
high-temperature heat (e.g., cement manufacturing and steelmaking). 

Figure 14.  Primary Energy Demand in China
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In the United States, the Inflation Reduction Act includes a tax credit of up to $3 per 
kilogram for “clean” hydrogen. Largely as a result of the generosity of the credit, the 
definition of clean hydrogen has been subject to much debate and lobbying.35 There 
is also some overlap with CCUS, as “blue” hydrogen, produced using natural gas with 
CCUS, can earn a CCUS tax credit of $85 per ton of CO

2
 (although the law forbids 

blue hydrogen to “double dip”—that is, to claim both the CCUS and hydrogen tax 
credits). While controversy and debate swirls around these tax credits, they appear to 
be spurring substantial investment: more than $1 billion of hydrogen investment in the 
United States in 2023.36

In 2022, world hydrogen use for non-energy-related purposes amounted to about 95 
million tons per annum (mtpa), or 11 QBtu worth of energy equivalent.8, 37 Under some 
scenarios, by 2050, hydrogen used in the energy sector could rival today’s global 
95 mtpa total (Figure 15). However, this would still account for a fairly small share of 
global final energy consumption. For example, IEA’s APS reaches 91 mtpa (10 QBtu of 
energy equivalent) of hydrogen energy demand by 2050, representing just 2.5 percent 
of global final energy consumption. The most rapid growth occurs in Shell’s Sky 2050 
scenario, where hydrogen provides 7 percent of global final energy consumption by 
2050. In developed nations such as the United States, growth may be more rapid. By 
2050, hydrogen accounts for more than 10 percent of US final energy demand under 
the APS (US-specific data for Shell Sky 2050 and IEA NZE are not available).    

Figure 15.  Global Hydrogen Consumption for Energy

Note: Equinor projections include only hydrogen used in transportation, so those projections 
represent lower bounds.
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3.2.2.  Carbon Capture, Use, and Storage (CCUS) and Direct Air 
Capture (DAC)

As discussed in Section 2, CCUS is projected to grow considerably in many scenarios 
(see Figure 2), with some Ambitious Climate scenarios showing growth of two orders 
of magnitude, rising from 42 MMT CO

2
 in 2022 to 4,000–7,000 MMT CO

2
 by 2050 (for 

context, global energy-related CO
2
 emissions in 2022 were roughly 37,000 MMT).

DAC is a particular form of CCUS. Instead of capturing CO
2
 from a concentrated stream 

of waste gases, as most CCUS applications do, DAC would capture CO
2
 from ambient 

air, sequestering it underground or in some product or application. Because of this, DAC 
facilities would provide a form of carbon removal (assuming their large energy needs 
are met by nonemitting energy sources) and help offset emissions from elsewhere in the 
economy. As of 2023, 27 DAC facilities were in operation, with more than 100 additional 
facilities in the development process.38

In the United States, DAC developers are eligible to receive a tax credit of $180 per 
metric ton of CO

2
 captured and permanently stored and $130 per metric ton of CO

2
 

used in enhanced oil recovery (EOR). This second application of DAC is particularly 
controversial because the oil extracted using the captured CO

2
 would create emissions 

that could reduce or eliminate the climate benefits of permanent CO
2
 sequestration. On 

the other hand, it is at least technically possible for the volumes of CO
2
 stored using 

EOR to meet or exceed the emissions embodied in the oil produced; in other words, EOR 
could theoretically be used to produce “carbon neutral” or even “carbon negative” oil.39

Figure 16 shows projections for global DAC growing from effectively zero today to 
as high as 600–700 MMT CO

2
 annually by 2050–55 in Ambitious Climate scenarios, 

representing about 1.5 to 2 percent of today’s global emissions. This remains only about 
one-tenth of the projected deployment of CCUS in the same scenarios by the same 
modeling teams (6,000–7,000 MMT CO

2
; see Figure 2). While this suggests a more 

modest role for DAC than for other forms of CCUS, at least one scenario is more bullish 
in the decades ahead: Shell’s Sky 2050 scenario does not include large-scale DAC until 
2045, but it eventually reaches over 5,000 MMT CO

2
 annually in 2100, which is about 

half of total CCUS projected for that year.
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3.2.3.  Back to the Future (of the Past)

Finally, we compare projections for all three technologies—CCUS, DAC, and 
hydrogen—in this year’s outlooks with those from 2022. Where comparable data are 
available (Equinor and IEA), projections suggest that a combination of policy incentives 
and technological advances are generally driving projections for these technologies 
higher. 

Both organizations generally increased their CCUS projections. Under IEA APS, CCUS 
deployment in 2050 was 15 percent higher in 2050 relative to 2022’s projection (STEPS 
and NZE were roughly unchanged), and Equinor raised its 2050 projection by 4 and 33 
percent under Bridges and Walls, respectively. Projections for DAC in 2050 increased 
by roughly 30 and 60 percent under IEA’s STEPS and NZE scenarios, respectively, 
while remaining roughly unchanged under IEA APS and both Equinor scenarios. For 
hydrogen, IEA increased its 2050 projections by 3 percent under STEPS and 15 percent 
under APS (however,  it was not included in the 2022 IEA NZE scenario, which prevents 
a comparison with this year’s projection), whereas Equinor saw a 3 percent decrease in 
Bridges and 26 percent growth in Walls.

Taken together, these projections suggest increasing confidence that CCUS, DAC, and 
hydrogen will play a meaningful role in managing greenhouse gas emissions in the 
future. However, much uncertainty remains over the durability of policy, technological 
innovation, and private sector appetite for these emerging technologies. In addition, 
public opposition to the deployment of these technologies, particularly if they are seen 
as providing license to continue the extraction and use of fossil fuels, could create 
additional headwinds.

Figure 16.  Global Direct Air Capture
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3.3.  A New Era of Mining
Building a clean energy future requires new material inputs into an economy that has 
been powered primarily by solid, liquid, and gaseous fuels for more than a century. 
Although not all outlooks project future demand for minerals, a growing number of 
organizations are recognizing the importance of, and uncertainty surrounding, these 
materials. Three of the 2023 outlooks (bp, IEA, and Shell) provide projections on 
future demand for cobalt, copper, lithium, and nickel, which are used for a variety of 
applications in clean energy and other sectors. 

All the projections included in these outlooks focus exclusively on demand for, rather 
than supply of, these minerals, and the methodologies for producing them are generally 
opaque.40 In future years, a more robust accounting of underlying assumptions 
regarding future demand and supply would enable deeper analysis. For example, 
the construction of demand curves across technologies and over time requires 
organizations to make crucial assumptions about future efficiency improvements, 
technological innovation, potential substitutes, and more. In addition, the outlooks do 
not provide detailed projections of, and in some cases do not model, how future supply 
will arise and at what cost.  (For example, the IEA states in its 2023 outlook, “We do not 
yet model full long-term supply-demand balances for critical minerals.”)8 Indeed, recent 
years have seen substantial volatility in prices for several critical minerals, and much 
uncertainty remains about future demand and supply balance.

Throughout the fossil fuel era, fears of resource scarcity—particularly for oil—
have worried analysts and policymakers alike. Although fossil fuels have exhibited 
considerable price volatility, concerns over physical scarcity have repeatedly been 
alleviated by technological innovation, enhanced efficiency, and the discovery of 
new supplies. It is unclear whether, and to what extent, critical minerals will follow 
a similar path (although some major market players have voiced concerns about 
supply shortfalls by 2030).23 Nonetheless, we have no reason to doubt that innovation, 
efficiency improvements, and the discovery of new resources will expand the resource 
base in the years ahead. And unlike fossil fuels, clean energy minerals have the 
potential to be recycled, which could further ease concerns over resource scarcity. 

The IEA seeks to address some of the uncertainties around supply and demand 
through additional scenario analysis. For example, it models several cases including 
with constrained nickel supply, a more rapid deployment of solid-state batteries, and 
smaller battery sizes, and other  scenarios. This type of scenario analysis can help 
lay the groundwork for more detailed future work, including a more robust picture of 
supply chains and cost curves. 

Regardless of issues related to resource constraints, a growing trade of clean energy 
materials will raise important new questions. For example, how will local environments 
and human health be affected by increased mining activities? How might such 
activities affect local communities and economies? And how will new trade flows and 
concentration of supplies affect geopolitics? Scholars and policy practitioners have 
begun to probe these questions,41–44 but much future work will be needed to assess the 
scale of impacts and design new policies to address challenges as they arise.
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In Sections 3.3.1–3.3.5, we examine the history of and projections for four materials 
that are likely to be foundational to a clean energy transition—cobalt, copper, lithium, 
and nickel—as well as several lesser-known minerals for which demand is projected to 
grow by orders of magnitude in the years ahead.

3.3.1.  Cobalt

Cobalt’s most prominent use globally is in batteries for electric vehicles. In 2022, 
roughly 68 percent of the cobalt supply was produced in the Democratic Republic 
of Congo,45 and concerns over human health, child labor, and environmental impacts 
related to this production have been widely publicized.46–48 Nearly 75 percent of 
cobalt processing occurs in China,49 raising further concerns about supply chain 
diversification as demand for the material grows in the years ahead. 

Figure 17 shows the projections for global cobalt demand. Among the six scenarios 
that project future cobalt demand, the most conservative (IEA STEPS) shows global 
demand more than doubling by 2050. Under the IEA’s APS and STEPS scenarios, global 
demand roughly triples. Under both of Shell’s scenarios, demand growth outpaces all of 
IEA’s projections, more than tripling by 2050 under Archipelagos and growing by more 
than nine-fold under Sky 2050. 

The wide range in projected demand raises significant questions about the 
assumptions for the deployment of electric vehicles and for other technologies that 
use cobalt. These include the availability of materials that can substitute for cobalt 
in future technologies, the potential for efficiency improvements, and the viability of 
recycling. Indeed, the United States, the European Union, and others have begun to 
develop strategies to enhance each of these efforts, in an effort to reduce exposure to 
concentrated markets and potentially unstable supply chains.50, 51

Figure 17.  World Cobalt Demand Projections

Note: Historical data from Shell.
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3.3.2.  Copper

Copper is a fundamental enabler of all aspects of the electricity sector. Its production 
and refining are more diversified than most other minerals discussed in this section, 
with major producers including Chile, Peru, Congo, China, the United States, and 
Russia,52 although more than 40 percent of all processing occurs in China.49

Figure 18 shows the projections for global copper demand. From 1980 to 2022, demand 
grew at an average rate of 8 percent per year. Under projections from IEA, the average 
annual growth rate from 2022 to 2050 slows to between 5 and 6 percent across 
scenarios. Shell and bp, however, project considerably more rapid demand growth, 
increasing by a minimum of 8 percent per year (Shell Archipelagos) and as rapidly as 
14 percent per year through 2040 (bp Net Zero). 

Figure 18.  World Copper Demand Projections

Note: Historical data from Shell. bp projections available only for 2040.
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3.3.3.  Lithium

Like cobalt, global lithium demand rises from a very small base in the years ahead, 
particularly under Ambitious Climate scenarios, to support the deployment of batteries 
in electric vehicles and other applications. Current production is centered in Australia 
and Chile, although continued exploration has led to recent announcements of major 
new deposits, including in the United States.53 

Figure 19 shows the projections for global lithium demand. From 2000 to 2022, demand 
grew on average by 31 percent annually. Looking to 2050, the annual growth rate slows 
to 19 percent under IEA STEPS but rises by 27 to 40 percent per year across other 
scenarios from IEA and bp. The fastest growth rate (91 percent annually) comes from 
Shell’s Sky, where demand grows to nearly 3 billion metric tons per year by 2050. 

Like other minerals discussed in this section, material substitution could substantially 
slow future demand for lithium. Although a wide variety of alternative battery 
chemistries have been under development for years, it is unclear whether, to what 
extent, and over what time frame they will grow to compete with the still-evolving 
lithium-ion chemistries.54

Figure 19.  World Lithium Demand Projections 

Note: Historical data from Shell. bp projections available only for 2040.
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3.3.4.  Nickel

As with copper, the global market for nickel is well developed, with roughly 3.3 
billion metric tons produced in 2022. Indonesia is by far the world’s largest supplier, 
contributing almost half the total in 2022, with other major producers including the 
Philippines, Russia, New Caledonia, and Australia.55 Indonesia is also the world’s largest 
nickel processor, at 43 percent of the global total, followed by China at 17 percent.49

Figure 20 shows the projections for global nickel demand. From 2000 to 2022, demand 
grew by 9 percent per year on average. Similar to projections for world copper demand, 
the bp and Shell projections are for robust growth rates, ranging from 10 to 20 percent 
annual growth to 2040 (for bp) and to 2050 (for Shell). Projections from the IEA are 
more muted, with growth rates through 2050 of 6 percent in STEPS and 8 percent 
in APS and NZE. Although data limitations prevent us from carrying out a thorough 
analysis, it appears that the IEA projections assume greater improvements in efficiency, 
materials substitution, and recycling than those from bp or Shell.

Figure 20.  World Nickel Demand Projections

Note: Historical data from Shell. bp projections available only for 2040.
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3.3.5.  Other Minerals

Although the four minerals discussed in the previous subsections are some of the 
most significant in terms of scale, their rate of clean energy–related demand growth 
is dwarfed by that of other clean energy minerals (Figure 21). While demand for 
lithium grows by roughly one order of magnitude under most of the bp, IEA, and 
Shell scenarios, demand for gallium—which is used in semiconductors and other 
electronics—rises by nearly three orders of magnitude by 2040 under IEA’s scenarios. 
Demand for vanadium, which today is used in specialized steelmaking and other 
industrial applications, grows fastest in all these scenarios, rising by nearly five orders 
of magnitude by 2040.

Unlike copper and nickel, which have been mined at scale for generations, many 
clean energy minerals are starting from a very small base, which helps explain their 
extraordinary rates of growth. For example, the USGS reports that global production of 
gallium in 2022 was roughly 550 metric tons,56 less than 2 percent of which were used 
in clean energy.49 Similarly, global vanadium production in 2022 was 100,000 metric 
tons,57 roughly 0.1 percent of which was used in clean energy.49 By 2050, clean energy–
driven demand for gallium reaches 3,300 metric tons under the IEA’s STEPS, six times 
today’s global production across all sectors. For vanadium, clean energy demand rises 
to 233,000 metric tons, more than doubling today’s global production. 

Increasing the supply of a given commodity two-, four-, or even six-fold over the course 
of 25 years would hardly be unprecedented, especially when beginning from a small 
base. Nonetheless, the clean energy transition clearly presents new challenges for 
identifying, sustainably producing, and reliably distributing large new flows of materials 
across the global economy.

Figure 21.  Projected Energy Sector Demand Growth for Select 
Minerals, 2022 = 1 (log scale)

Note: Solid lines indicate IEA STEPS, dot-dash indicates APS, and dotted indicates NZE.
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4.  Data and Methods
In this paper, we examined projections energy outlooks from a wide range of sources 
representing a diverse set of views on the future of energy (see Table 1).

These outlooks vary across a variety of dimensions, including differences in modeling 
techniques, historical data, economic growth assumptions, and policy scenarios. 
Generally, scenarios can be grouped into three categories: (1) Reference, which 
assumes no major policy changes; (2) Evolving Policies, which incorporates the 
modeling team’s expectations of policy trends; and (3) scenarios that do not fall into 
one of the other two categories and are typically based on policy targets or technology 
assumptions. We focus on Ambitious Climate scenarios, a major subset of category 3. 
Table 4 summarizes the sources and scenarios included in our analysis.
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Table 4.  Sources and Scenarios

Source Scenarios

Grubler (2008)1 Historical data.

IEA (2022)2 Historical data.

bp (2023)3

New Momentum: Reflects current policies and places weight on achieving recently announced 
ambitions for emissions reductions.

Accelerated: Emissions fall 75% below 2019 levels by 2050, consistent with IPCC scenarios limiting 
warming to 2°C by 2100.

Net Zero: Emissions fall 95% below 2019 levels by 2050, consistent with IPCC scenarios limiting 
warming to 1.5°C by 2100.

EIA (2023)4 Reference: Reflects current policies, select economic and technological developments, and “current 
energy trends and relationships.”

Enerdata (2023)5

EnerBase: Fossil fuels remain dominant as countries limit or delay actions to reduce emissions. 
Consistent with global temperature rise of more than 3°C by 2100.

EnerBlue: Fossil fuel use declines moderately as countries enact their NDCs. Consistent with global 
temperature rise of 2.0°C to 2.5°C by 2100.

EnerGreen: Countries enact ambitious climate policies consistent with 2015 Paris Agreement goals. 
Consistent with global temperature rise below 2°C by 2100.

Equinor (2023)6

Walls: Begins with current policies and assumes that future climate and energy policies slowly become 
more ambitious.

Bridges: Designed around limiting warming to 1.5°C by 2100.

ExxonMobil (2023)7 Reference: Begins with current market, technology, and policy trends. Unclear to what extent 
additional energy and climate policies are included.

IEA (2023)8

Stated Policies Scenario (STEPS): Focuses on what governments “are actually doing,” including 
existing policies and those under development. Roughly consistent with 2.5°C warming by 2100.

Announced Pledges Scenario (APS): Includes announced climate commitments by governments and 
nongovernmental entities, including net-zero pledges, regardless of implementation status. Roughly 
consistent with 1.7°C–1.8°C warming by 2100.

Net Zero Emissions by 2050 (NZE): Follows an updated roadmap to net-zero emissions by 2050, 
consistent with 1.5°C warming by 2100. Also achieves UN Sustainable Development Goals, such as 
universal energy access by 2030. 

OPEC (2023)9 Reference: Incorporates policies that have been enacted. Assumes some future policy changes, but 
details are not specified.

Shell (2023)10

Archipelagos: Policymakers focus on energy security, become more nationalistic, and reduce 
international cooperation on numerous issues, including climate.

Sky 2050: Designed to reach net-zero emissions by 2050 and limit warming by 1.5°C by 2100.
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4.1.  Harmonization
Variations in underlying assumptions about the future of policies, technologies, 
and markets produce useful variation among outlooks, allowing analysts to view 
a wide range of potential energy futures. However, outlooks also have important 
methodological differences, which can complicate direct comparisons and reduce the 
ability to draw insights. 

One major difference is the choice of reporting units. For primary energy, outlooks 
use different energy units, such as QBtu, million tonnes of oil equivalent (mtoe), 
or exajoules (EJ). In this report, we standardize all units to QBtu. For fuel-specific 
data, outlooks also vary, using million barrels per day (mbd) or million barrels of oil 
equivalent per day (mboed) for liquid fuels, billion cubic meters (bcm) or trillion cubic 
feet (tcf) for natural gas, million tonnes of coal-equivalent (mtce) or million short tons 
(mst) for coal, and Terawatt hours (TWh) or Gigawatt hours (GWh) for electricity 
generation. Table 5 presents the reporting units for each outlook, and Table 6 provides 
relevant conversion factors. 

Table 5.  Units of Energy Consumption, by Outlook

bp EIA Enerdata Equinor Exxon Mobil IEA OPEC Shell

Primary energy units EJ  QBtu mtoe mtoe QBtu EJ mboed EJ

Fuel- or sector-specific units

Liquids mbd mbd N/A N/A QBtu mbd mbd EJ

Oil mbd mbd mtoe mbd QBtu mbd mbd EJ

Biofuels mbd mbd N.A. mtoe QBtu mboed mbd EJ

Natural gas bcm tcf mtoe bcm QBtu bcm mboed EJ

Coal EJ mst mtoe mtoe QBtu mtce mboed EJ

Electricity TWh TWh GWh TWh QBtu TWh N/A N/A

Note: Units are per year unless the unit abbreviation indicates otherwise. N/A indicates that fuel-specific data are not available 
for a given source.
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A second key difference among outlooks is that assumptions about the energy content 
in a given physical unit of fuel result in different conversion factors between data 
presented in energy units (e.g., QBtu) and those presented in physical units (e.g., mbd 
or bcm). Among the outlooks we examine, these assumptions vary by up to 10 percent. 
Although conversion unit variations may appear small, they are amplified when applied 
across the massive scale of global energy systems, particularly over long time horizons. 

A third major difference results from varying decisions about including nonmarketed 
biomass, such as locally gathered wood and dung, in historical data and projections 
for primary energy consumption. In previous years, bp and the EIA had not included 
these sources in their projections. However, bp’s Energy Outlook 2023 does include 
nonmarketed biomass, allowing for enhanced comparability. (The EIA publishes its 
International Energy Outlook every two years and did not publish one in 2023.) 

Yet another difference relates to comparing the energy content of fossil and 
nonfossil fuels. The primary energy content of oil, natural gas, and coal is relatively 
well understood and similar across outlooks. However, a substantial portion of that 
embodied energy is wasted as heat during combustion. Because nonfossil fuels, such 
as hydroelectricity, wind, and solar, do not generate substantial amounts of waste heat, 
identifying a comparable metric for primary energy is difficult, and outlooks take a 
variety of approaches. 

Other differences in outlooks include (1) different categorizations for liquid fuels and 
renewable energy, (2) different regional groupings for aggregated data and projections, 
(3) using net versus gross calorific values when reporting energy content of fossil fuels, 
(4) using net versus gross generation when reporting electricity data, and (5) whether 
and how flared natural gas is included in energy consumption data. 

To address those challenges and allow for a more accurate comparison across 
outlooks, Newell and Iler apply a harmonization process.58 We update and use it here. 
For details, see Raimi and Newell.59

Table 6.  Conversion Factors for Key Energy Units

Primary energy Multiply by Natural gas Multiply by Coal Multiply by

mtoe to QBtu 0.0397 bcm to tcf 0.0353 mtce to short ton 1.102

mboed to QBtu 1.976 mtce to mtoe 0.7

EJ to QBtu 0.948

Note: There is no agreed-upon factor for boe. IEA reports that typical factors range from 7.15 to 7.40 boe/toe, and OPEC uses a 
conversion factor of 7.33 boe/toe. We derive 1.976 QBtu/mboed by multiplying 49.8 mtoe/mboed (= 1 toe / 7.33 boe * 365 days 
per year) by 0.03968 QBtu/mtoe.



5.  Statistics

Table 7.  Global Key Indicators

Population Energy GDP Net CO
2

GDP/capita Energy/GDP Energy/capita Net CO
2
/energy

$ in PPP terms Millions QBtu $T, 2022 BMT $1,000/ person 1,000 Btu/$ 1,000 Btu/ person MMT/QBtu

   2010  6,967  512  114  31  16.4  4.5  73.4  59.9 

   2022  7,950  597  164  34  20.6  3.6  75.1  57.0 

   2050

      bp New Momentum  9,735  595  323  25  33.2  1.8  61.2  42.3 

      bp Accelerated  9,735  465  323  7  33.2  1.4  47.7  15.8 

      bp Net Zero  9,735  417  323  1  33.2  1.3  42.8  2.8 

      EIA  9,603  678  334  41  34.8  2.0  70.6  60.4 

      EnerBase  9,596  834  412  37  43.0  2.0  86.9  44.9 

      EnerBlue  9,596  644  412  15  43.0  1.6  67.1  23.2 

      EnerGreen  9,596  520  412  6  43.0  1.3  54.1  11.6 

      IEA STEPS  9,681  685  339  27  35.0  2.0  70.8  39.1 

      IEA APS  9,681  589  339  11  35.0  1.7  60.9  18.6 

      IEA NZE  9,681  512  339  1  35.0  1.5  52.9  1.3 

      OPEC (2045)  9,468  710  318  34  33.6  2.2  75.0  48.2 

      Shell Archipelagos  9,709  696  347  28  35.7  2.0  71.7  40.1 

      Shell Sky 2050  9,709  608  347  5  35.7  1.8  62.7  7.8 

$ in MER terms

   2022  7,950  597  108  34  13.5  5.5  75.1  57.0 

   2050

      EIA  9,603  678  198  41  20.6  3.4  70.6  60.4 

      Equinor Bridges  9,700  403  192  (1)  19.7  2.1  41.5  (2.4)

      Equinor Walls  9,700  588  192  21  19.7  3.1  60.6  36.0 

      ExxonMobil  9,700  660  218  26  22.5  3.0  68.0  38.8 

Note: Historical data from IEA. Net CO
2
 emissions include positive (gross) and negative emissions from sources such as direct air capture and bioenergy with CCS. CO

2
 emissions 

data include fossil fuel combustion and exclude industrial process emissions. Note that EIA excludes non-marketed biomass from its projections while others include it.
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Table 8.  World Primary Energy Consumption

QBtu Total Coal Liquids Natural gas Nuclear Hydropower Other renewables

1990 350 88 131 66 21 7 37

2010 512 145 166 109 29 12 51

2022 597 161 181 137 28 15 75

2050

   bp New Momentum 595 91 139 158 35 19 154

   bp Accelerated 465 22 83 83 48 24 203

   bp Net Zero 417 16 47 57 58 26 214

   EIA Reference 678 158 220 179 35 19 67

   EnerBase 834 132 202 237 62 21 180

   EnerBlue 644 39 131 98 89 20 267

   EnerGreen 520 21 66 31 88 19 295

   Equinor Bridges 403 11 48 39 39 17 248

   Equinor Walls 588 67 153 140 41 20 166

   ExxonMobil 660 91 201 174 43 19 130

   IEA STEPS 685 96 185 137 45 22 201

   IEA APS 589 43 110 80 56 25 276

   IEA NZE 512 14 50 30 64 28 327

   OPEC (2045) 710 107 216 172 47 21 147

   Shell Archipelagos 696 110 183 118 25 26 234

   Shell Sky 2050 608 42 100 63 44 18 343

Note: “Liquids” includes only oil for Enerdata, as biofuels-specific data were not available.  
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Table 9.  Liquids Consumption, by Region

QBtu World Average annual growth West Average annual growth East Average annual growth

MB/d MB/d CAAGR MB/d MB/d CAAGR MB/d MB/d CAAGR

1990 72 nd nd

2010 91 1.0 1.2% 44 35

2022 99 0.7 0.7% 44 0.0 -0.1% 45 0.8 2.0%

2050 2022-2050 2022-2050 2022-2050

   bp New Momentum 76 -0.8 -0.9% 30 -0.5 -1.4% 46 0.0 0.1%

   bp Accelerated 46 -1.9 -2.7% 17 -1.0 -3.3% 28 -0.6 -1.6%

   bp Net Zero 26 -2.6 -4.7% 10 -1.2 -5.3% 16 -1.0 -3.6%

   EIA Reference 121 0.8 0.7% 52 0.3 0.6% 69 0.9 1.6%

   EnerBase 111 0.4 0.4% — — — — — —

   EnerBlue 72 -1.0 -1.1% — — — — — —

   EnerGreen 36 -2.2 -3.5% — — — — — —

   Equinor Bridges 26 -2.6 -4.6% — — — — — —

   Equinor Walls 84 -0.5 -0.6% — — — — — —

   ExxonMobil 110 0.4 0.4% 40 -0.2 -0.4% 70 0.9 1.6%

   IEA STEPS 101 0.1 0.1% 32 -0.4 -1.1% 53 0.3 0.6%

   IEA APS 60 -1.4 -1.8% 15 -1.0 -3.8% 33 -0.4 -1.1%

   IEA NZE 27 -2.6 -4.5% — — — — — —

   OPEC (2045) 118 0.7 0.6% 46 0.1 0.1% 69 0.9 1.5%

   Shell Archipelagos 100 0.0 0.0% 37 -0.2 -0.6% 58 0.5 0.9%

   Shell Sky 2050 55 -1.6 -2.1% 21 -0.8 -2.7% 31 -0.5 -1.2%

Note: “Liquids” includes only oil for Enerdata, as biofuels data were not available. Regional totals may not sum because of different treatment of international aviation and bunker 
fuels and, for IEA, exclusion of biofuels in regional data. Where volumetric data are not published, we assume a conversion factor of 1.832 QBtu/mbd, or 0.54585 mbd/QBtu.



Table 10.  Natural Gas Consumption, by Region

QBtu World Average annual growth West Average annual growth East Average annual growth

TCF TCF CAAGR TCF TCF CAAGR TCF TCF CAAGR

1990 61 nd nd

2010 101 2.0 2.5% 68 33

2022 126 2.1 1.9% 76 0.6 0.9% 50 1.5 3.7%

2050 2022-2050 2022-2050 2022-2050

   bp New Momentum 145 0.7 0.5% 66 -0.4 -0.5% 79 1.0 1.7%

   bp Accelerated 76 -1.8 -1.8% 33 -1.5 -2.9% 44 -0.2 -0.5%

   bp Net Zero 52 -2.6 -3.1% 23 -1.9 -4.1% 29 -0.8 -2.0%

   EIA Reference 165 1.4 1.0% 86 0.4 0.5% 80 1.1 1.7%

   EnerBase 218 3.3 2.0% — — — — — —

   EnerBlue 90 -1.3 -1.2% — — — — — —

   EnerGreen 28 -3.5 -5.2% — — — — — —

   Equinor Bridges 36 -3.2 -4.3% — — — — — —

   Equinor Walls 130 0.1 0.1% — — — — — —

   ExxonMobil 161 1.2 0.9% 71 -0.2 -0.2% 90 1.4 2.1%

   IEA Steps 126 0.0 0.0% 58 -0.7 -1.0% 68 0.6 1.1%

   IEA APS 74 -1.9 -1.9% 32 -1.6 -3.0% 41 -0.3 -0.7%

   IEA NZE 28 -3.5 -5.2% — — — — — —

   OPEC (2045) 159 1.2 0.8% — — — — — —

   Shell Archipelagos 109 -0.6 -0.5% 51 -0.9 -1.4% 57 0.2 0.5%

   Shell Sky 2050 58 -2.4 -2.8% 25 -1.8 -3.9% 31 -0.7 -1.7%

Note: Where volumetric data are not available, we assume a conversion factor of 0.923 TCF/QBtu.
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Table 11.  Coal Consumption, by Region

QBtu World Average annual growth West Average annual growth East Average annual growth

QBtu QBtu CAAGR QBtu QBtu CAAGR QBtu QBtu CAAGR

1990 88 nd nd

2010 145 2.8 2.5% 43 102

2022 161 1.4 0.9% 28 -1.2 -3.4% 133 2.6 2.2%

2050 2022-2050 2022-2050 2022-2050

   bp New Momentum 91 -2.5 -2.0% 9 -0.7 -4.0% 82 -1.8 -1.7%

   bp Accelerated 22 -5.0 -6.8% 2 -1.0 -9.4% 20 -4.0 -6.5%

   bp Net Zero 16 -5.2 -8.0% 1 -1.0 -10.6% 14 -4.2 -7.6%

   EIA Reference 158 -0.1 -0.1% 22 -0.2 -0.9% 135 0.1 0.1%

   EnerBase 132 -1.1 -0.7% — — — — — —

   EnerBlue 39 -4.4 -4.9% — — — — — —

   EnerGreen 21 -5.0 -7.1% — — — — — —

   Equinor Bridges 11 -5.4 -9.2% — — — — — —

   Equinor Walls 67 -3.4 -3.1% — — — — — —

   ExxonMobil 91 -2.5 -2.0% 6 -0.8 -5.2% 85 -1.7 -1.6%

   IEA Steps 96 -2.3 -1.8% 11 -0.6 -3.3% 85 -1.7 -1.6%

   IEA APS 43 -4.2 -4.7% 6 -0.8 -5.6% 37 -3.4 -4.5%

   IEA NZE 14 -5.3 -8.4% — — — — — —

   OPEC (2045) 107 -1.9 -1.4% — — — — — —

   Shell Archipelagos 110 -1.8 -1.4% 12 -0.6 -3.2% 98 -1.2 -1.1%

   Shell Sky 2050 42 -4.3 -4.7% 4 -0.9 -6.5% 37 -3.4 -4.4%



Table 12.  Nuclear Consumption, by Region

World Average annual growth West Average annual growth East Average annual growth

QBtu QBtu CAAGR QBtu QBtu CAAGR QBtu QBtu CAAGR

1990 21 nd nd

2010 29 0.4 1.5% 18 6

2022 28 -0.1 -0.2% 21 0.3 1.4% 8 0.2 2.3%

2050 2022-2050 2022-2050 2022-2050

   bp New Momentum 35 0.2 0.8% 13 -0.3 -1.7% 22 0.5 3.6%

   bp Accelerated 48 0.7 2.0% 17 -0.1 -0.7% 31 0.8 4.9%

   bp Net Zero 58 1.1 2.6% 21 0.0 0.0% 36 1.0 5.5%

   EIA Reference 35 0.2 0.8% 18 -0.1 -0.6% 16 0.3 2.5%

   EnerBase 62 1.2 2.9% — — — — — —

   EnerBlue 89 2.2 4.3% — — — — — —

   EnerGreen 88 2.2 4.2% — — — — — —

   Equinor Bridges 39 0.4 1.2% — — — — — —

   Equinor Walls 41 0.5 1.4% — — — — — —

   ExxonMobil 43 0.6 1.6% 19 -0.1 -0.3% 24 0.6 4.0%

   IEA Steps 45 0.6 1.8% 22 0.0 0.1% 23 0.5 3.8%

   IEA APS 56 1.0 2.5% 26 0.2 0.8% 28 0.7 4.6%

   IEA NZE 64 1.3 3.0% — — — — — —

   OPEC (2045) 47 0.7 1.9% — — — — — —

   Shell Archipelagos 25 -0.1 -0.3% 13 -0.3 -1.6% 12 0.1 1.4%

   Shell Sky 2050 44 0.6 1.6% 24 0.1 0.5% 19 0.4 3.2%
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Table 13.  Global Electricity Generation, by Source

TWh Coal Natural gas Hydropower Nuclear Other renewables Oil Total

1990 4,403 1,752 2,142 2,013 172 1,242 11,864

2010 8,669 4,847 3,456 2,756 842 963 21,533

2022 10,428 6,500 4,378 2,682 4337 709 29,033

2050

   bp New Momentum 6,683 9,256 6,000 3,550 24,300 227 50,015

   bp Accelerated 507 3,381 7,574 4,950 40,577 1 56,990

   bp Net Zero 453 2,533 8,063 5,873 44,486 1 61,410

   EIA Reference 9,660 8,307 5,611 3,313 15,561 56 42,509

   EnerBase 10,368 15,593 6,270 6,276 26,420 511 65,439

   EnerBlue 2,354 7,429 5,881 9,163 45,045 379 70,251

   EnerGreen 1,276 3,445 5,571 8,927 51,642 177 71,038

   Equinor Bridges 751 1,239 5,002 3,655 39,220 23 49,889

   Equinor Walls 4,550 7,673 5,965 3,935 25,311 365 47,799

   IEA STEPS 4,978 6,210 6,351 4,353 31,818 274 53,985

   IEA APS 2,244 3,319 7,432 5,301 48,319 144 66,760

   IEA NZE 644 511 8,225 6,015 61,444 1 76,838

   Shell Archipelagos 4,939 3,389 7,486 2,253 44,326 167 62,560

   Shell Sky 2050 2,246 2,290 5,272 3,151 58,251 47 71,257

Note: Historical data from IEA. OPEC does not publish electricity data. Equinor excludes electricity generation used in electrolysis to produce hydrogen. ExxonMobil does not 
provide sufficient detail to calculate electricity generation in TWh.
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Table 14.  Global Renewable Electricity Generation, by Source

TWh Hydropower Biomass/waste Wind Solar Geothermal Other Total

1990 2,142 131 4 0 36 0 2,313

2010 3,456 309 342 34 68 89 4,298

2022 4,378 687 2,125 1,307 101 117 8,715

2050

   bp New Momentum 6,000 1,054 11,349 11,678 166 52 30,300

   bp Accelerated 7,574 1,568 21,122 17,209 404 273 48,151

   bp Net Zero 8,063 1,244 23,376 18,427 497 943 52,550

   EIA Reference 5,611 nd 5,834 8,564 255 908 21,173

   EnerBase 6,270 997 8,126 16,973 nd 325 32,690

   EnerBlue 5,881 896 24,094 19,809 nd 246 50,925

   EnerGreen 5,571 735 24,744 25,992 nd 172 57,213

   Equinor Bridges 5,002 1,096 18,242 16,180 nd 3,702 44,222

   Equinor Walls 5,965 1,805 11,448 11,343 nd 715 31,275

   IEA STEPS 6,351 1,746 11,801 17,542 439 289 38,168

   IEA APS 7,432 3,005 18,432 25,398 677 808 55,752

   IEA NZE 8,225 3,056 23,442 32,724 862 1,361 69,669

   Shell Archipelagos 7,486 1,137 20,687 21,744 256 501 51,812

   Shell Sky 2050 5,272 1,562 22,275 33,637 351 427 63,523

Note: OPEC does not present electricity generation data. Equinor and Enerdata include geothermal in “Other.” ExxonMobil does not provide sufficient detail to calculate electricity 
generation in TWh. Biomass/waste also includes biogas.
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Table 15.  Net Carbon Dioxide Emissions, by Region

World Average annual growth West Average annual growth East Average annual growth

MMT MMT CAAGR MMT MMT CAAGR MMT MMT CAAGR

1990 22 14 6

2022 36 0.4 1.5% 13 0.0 -0.1% 22 0.5 4.2%

2050 2022-2050 2022-2050 2022-2050

   bp New Momentum 25 -0.4 -1.2% — — — — — —

   bp Accelerated 7 -1.0 -5.5% — — — — — —

   bp Net Zero 1 -1.2 -11.4% — — — — — —

   EIA Reference 41 0.2 0.5% 27 0.5 2.6% 13 -0.3 -1.8%

   EnerBase 37 0.1 0.2% — — — — — —

   EnerBlue 15 -0.7 -3.1% — — — — — —

   EnerGreen 6 -1.1 -6.2% — — — — — —

   Equinor Bridges -1 -1.3 NA — — — — — —

   Equinor Walls 21 -0.5 -1.8% — — — — — —

   ExxonMobil 26 -0.4 -1.2% 18 0.2 1.1% 8 -0.5 -3.8%

   IEA STEPS 27 -0.3 -1.0% — — — — — —

   IEA APS 11 -0.9 -4.1% — — — — — —

   IEA NZE 1 -1.3 -13.3% — — — — — —

   OPEC (2045) 34 -0.1 -0.2% — — — — — —

   Shell Archipelagos 28 -0.3 -0.9% — — — — — —

   Shell Sky 2050 5 -1.1 -6.9% — — — — — —

Note: Historical data from IEA. Net CO
2
 emissions include positive (gross) and negative emissions from sources such as direct air capture and bioenergy with CCS. CO

2
 emissions 

data include fossil fuel combustion and exclude industrial process emissions. bp and IEA regional data are excluded because they include methane emissions (bp), flaring (bp), 
and industrial process emissions (bp and IEA). Equinor Bridges emissions are negative in 2050, so it is not possible to calculate a compound average annual growth rate.
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