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1. Introduction

The global energy system faces deep uncertainty in the near, medium, and long terms.
Amidst war in Europe, the urgent need to reduce greenhouse gas emissions, and many
other factors, long-term energy outlooks offer one lens through which to assess the
wide range of potential futures for global energy, emissions, and even geopolitics.

Because these projections vary widely and depend on varying underlying 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 19 scenarios across
seven energy outlooks published in 2021. 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 shows the historical datasets, outlooks, and
scenarios examined here.

Table 1. Outlooks and Scenarios Examined in This Report

Source Dataset or Outlook Scenario(s) Years
Grubler (2008 Historical — 1800-1970
IEA (2022)? Historical — 1970-2020
BNEF (2021)° New Energy Outlook 2021  Green, Gray, Red To 2050
Equinor (2021)* Energy Perspectives 2021  Reform, Rebalance, Rivalry To 2050

Announced Pledges (APS)

World Energy Outlook Stated Policies (STEPS),

IEA (2021)° 2021 Sustainable Development  To 2050
(SDS), Net Zero by 2050
(NZE)
World Energy Transitions  Planned Energy (PES),
IRENA (2021)° To 2
(2021 Outlook 1.5°C Pathway 02050
OPEC (2021) World Oil Outlook 2021 Reference To 2045
Shell (2021)8 Shell Scenarios Islands, Waves, Sky1.5 To 2100
International Ener Reference, High Economic
US EIA (2021)° ay Growth, Low Economic To 2050

Outlook 2021
utioo Growth

A brief description of our methodology is provided under Data and Methods (Section
4), with select data indicators under Statistics (Section 5). For the full methodology,
see Raimi and Newell,° and for the dataset 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 scenarios (see Table 2):

Global Energy Outlook 2022: Turning Points and Tension in the Energy Transition


http:// www.rff.org/geo. 
http:// www.rff.org/geo. 

o For “Reference” scenarios, which assume limited or no new policies, and for
scenarios that assume continued geopolitical challenges, we use a long-
dashed line: this set comprises IRENA PES, Equinor Rivalry, Shell Islands, OPEC
Reference, and US EIA Reference case.

e For “Evolving Policies” scenarios, which assume that policies and technologies
develop according to recent trends and/or the expert views of the team
producing the outlook, we use solid lines: this set comprises Equinor Reform, IEA
STEPS, and Shell Waves.' For IEA APS, which assumes governments implement all
announced energy and climate policies, we use a dot-dash format.

¢ For “Ambitious Climate” scenarios, which are built around limiting global
mean temperature rise below 2°C by 2100, we use short-dashed lines: this set
comprises BNEF Green, Gray, and Red scenarios; Equinor Rebalance; and IEA
SDS.

¢ Finally, we include an additional set of Ambitious Climate scenarios designed to
limit global mean temperature rise to 1.5°C by 2100, which we illustrate with a
dotted line: IEA NZE, IRENA 1.5C, and Shell Sky1.5.

Table 2. Legend for Different Scenario Types

Reference Evolving Policies Ambitious Climate (2°C)  Ambitious Climate (1.5°C)

= = E|A Reference

Equinor Reform = = = Equinor Rebalance  *******IEA NZE2050

== Equinor Rivalry =~ + ==+« |EA APS = = = |[EA SDS IRENA 1.5°C
IRENA PES IEA STEPS == == = BNEF Green Shell Sky1.5
e == QPEC Reference Shell Waves BNEF Gray
Shell Islands = = = BNEF Red

Figures and tables in this report sometimes refer to regional groupings of “East”

and “West”, defined as Africa, Asia-Pacific, and Middle East for “East”; and Americas,
Europe, and Eurasia for “West.” Notably, public data from outlooks published in 2021
provide less regional granularity than in many previous years, making it impossible to
assemble “East” and “West” groupings for most scenarios. This makes it challenging to
assess large-scale regional trends which had, in previous years, indicated a large-scale
shift of energy demand from “West” to “East.”

i Shell’'s scenarios are developed differently than most of the others included in this anal-
ysis and do not fall neatly into any of the categories we created to group outlooks. As
much as possible, we grouped them with scenarios that follow similar trends in energy
and climate outcomes. The Waves scenario, for example, is more consistent with other
Reference scenarios through 2050, but then shifts considerably in the second half of the
20th Century to more closely resemble Evolving Policies scenarios.
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2. Key Findings

Global energy markets are under stress. Even before Russia’s invasion of Ukraine,
Brent crude spot prices rose from an average of $42/bbl in 2020 to $71/bbl in 2021.

By early March 2022, as Russian tanks rolled across the border, Brent prices spiked to
more than $120/bbl. Energy outlooks released in 2021 could not have anticipated these
events, and only one scenario (the US EIA’s High Qil Price) assumed oil prices reaching
today’s levels at any point before 2050.

Figure 1. Brent Crude Oil Price History and Projections
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Note: Scenarios ordered from highest to lowest prices.

European natural gas markets have experienced even greater price spikes. Dutch
natural gas prices, which had already reached record levels in 2021, surged to more
than €165 per megawatt-hour (roughly $54 per MMBtu) in early March, more than 10
times higher than the 2020 average. These price increases burden energy consumers
around the world. In the near term, options for easing high prices are limited, but in the
medium to longer terms, energy security can be enhanced through reducing oil and
natural gas consumption and further diversification of suppliers.

Many options to enhance energy security also align with long-term climate goals.

For example, energy efficiency and accelerating the electrification of transportation,
heating, and other uses can reduce exposure to volatile hydrocarbon prices. Still, clean
energy technologies such as electric vehicles, wind turbines, and solar modules also
rely on global supply chains which in some cases are geographically concentrated and
inelastic, indicating that geopolitics will continue to play a role in energy markets for
the foreseeable future.
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Under all Reference and Evolving Policies scenarios, global primary energy
consumption grows considerably over the next three decades, but CO2 emissions rise
under only half of these scenarios, implying a less carbon-intensive energy mix. Under
most Ambitious Climate scenarios, dramatic improvements in energy efficiency lead
aggregate primary energy consumption to decline as emissions plummet due to a
much cleaner fuel mix.

Figure 2. Global Primary Energy Mix and Carbon Dioxide Emissions
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Note: Ordered from highest to lowest levels of fossil fuel demand. US EIA excludes nonmarketed biomass. BNEF includes
hydropower in “other.”

In 2020, coal, oil, and natural gas provided 446 QBtu, or 80 percent, of the world’s
primary energy supply. By 2050, the share of fossil fuels in the primary energy mix
declines under all scenarios other than the EIA’'s Reference Case, but their aggregate
level increases under most Reference and Evolving Policies scenarios. Under these
scenarios, the world would continue its long history of “energy additions,” where new
energy sources build atop, rather than replace, older sources, making it impossible to
achieve international climate targets, such as 1.5°C or 2°C.

Under Ambitious Climate scenarios, which are consistent with these long-term

climate goals, the aggregate level of fossil fuel demand declines, and their share of the
primary energy mix falls even faster. Nonetheless, natural gas and oil continue to play
meaningful, if reduced, roles in the global energy system under all of these scenarios,
usually paired with carbon capture, use, and storage (CCUS) technologies. Under some
scenarios, such as BNEF’s Grey and Shell's Sky1.5, fossil fuel consumption remains
quite high, paired with widespread use of CCUS. In Shell's Sky1.5, different assumptions
about carbon budgets and large-scale negative emissions from the forestry sector also
play a major role in achieving the 1.5°C target by 2100 (see Section 3.2).
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From 1990-2020, global electricity generation more than doubled. For most years
during that period, the share of fossil fuels in the power mix hovered slightly above 60
percent. By 2050, all scenarios project that global power generation will grow by more
than 50 percent (more than doubling under most Ambitious Climate scenarios) and the
share of fossil fuels will fall below 40 percent.

Figure 3. Global Electricity Mix
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Coal, which has been the world’s leading electricity source for generations, declines
in absolute terms in the power sector under all scenarios, ranging from a drop of 1
percent below 2020 levels (Shell Waves) to 100 percent (BNEF Green, BNEF Red, and
IRENA 1.5C). Under some Ambitious Climate scenarios, such as BNEF Grey, Equinor
Rebalance, and Shell Sky1.5, coal continues to play a large role, but its CO, emissions
are sharply reduced through widespread deployment of CCUS.

Natural gas consumption for electricity generation increases by 13-57 percent under
Reference and Evolving Policies scenarios (other than IEA APS, which increase just

1 percent) but falls considerably under most Ambitious Climate scenarios. The latter
decline hinges on deploying CCUS technologies, negative emissions, and other
innovations that could allow the world to reach net-zero emissions by midcentury.

Solar and wind power soar under all scenarios, reflecting their dramatic reduction in
costs over the last 10-15 years. Under most Ambitious Climate scenarios, the speed
and scale of their build-out from 2020 to 2050 is unprecedented, dwarfing the rates of
growth seen to date.
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The range of projections for global oil demand reflects the deep uncertainty over

the future of the energy system and the widening gap between climate ambition and
current policies. The difference between the highest and lowest projections in 2050 is
109 million barrels per day (mb/d), more than 10 mb/d greater than the global demand
of 97 mb/d in 2021.

Figure 4. Global Oil Demand
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Most Reference and Evolving Policies scenarios envision steady or rising oil demand
by midcentury. Under these scenarios, global demand ranges from roughly 84

mb/d (Equinor Reform) to 122 mb/d in 2050 (EIA Reference), including oil and other
hydrocarbon liquids but excluding biofuels. The IEA APS, which reflects national
pledges in international climate negotiations, sees demand of 77 mb/d in 2050, well
above the levels needed to avoid long-term temperature rise of 1.5°C or 2°C.

Ambitious Climate scenarios that are consistent with the 2°C target begin with
moderate declines in oil demand from 2021 through 2030, followed by a more rapid
decline over the next two decades. These scenarios range from a low of 15 mb/d by
2050 (BNEF Green and Red) to a high of 47 mb/d (IEA SDS).

Interestingly, scenarios consistent with the 1.5°C target show a wider range. At the

high end is Shell Sky1.5, where oil demand falls slowly, reaching 83 mb/d by 2050;
widespread deployment of CCUS technologies and negative emissions from land

use practices allow for relatively high levels of fossil fuel consumption over the next
several decades. At the low end, scenarios that rely less heavily on CCUS and negative
emissions project oil demand between 13 mb/d (IRENA 1.5C) and 22 mb/d (IEA NZE) by
2050.
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Like oil, the range of projections for future coal demand is extremely wide. By 2050, the
difference between the highest (US EIA) and lowest (BNEF Green and Red) scenarios
is 167 QBtu, considerably larger than the 154 QBtu in global coal demand in 2021.
Although coal demand declines over the projection period under all but one scenario
(US EIA), the range of outcomes highlights the large gap between current policies and
climate ambition.

Figure 5. Global Coal Demand
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Because coal typically emits the most CO, per unit of primary energy consumption
and is relatively easily substituted in the power sector—where the bulk of coal is
consumed—it declines more rapidly than other fossil fuels in Ambitious Climate
scenarios. However, a wide range of coal consumption remains in 2050 even under
the 1.5°C and 2°C scenarios. In two scenarios, BNEF Gray and Shell Sky1.5, large-scale
CCUS deployment enables coal to maintain a large role in the primary energy mix by
2050. Under other scenarios, which have more modest assumptions around CCUS
deployment, coal approaches zero by midcentury.

The Reference and Evolving Policies scenarios also have a wide range of projections.
For example, Reference scenarios from OPEC and US EIA differ by roughly 45 QBtu
in 2045, the final year of OPEC’s projection. Evolving Policies scenarios also differ
considerably, ranging from 2050 demand of 112 QBtu in IEA STEPS to 83 QBtu in
Equinor Reform. The IEA APS, which sees coal demand of 74 QBtu in 2050, highlights
the remaining gap between current and recently announced policies.

Global Energy Outlook 2022: Turning Points and Tension in the Energy Transition



As with all other fossil fuels examined in this year’s outlook, the range of projected
natural gas demand in 2050 is considerably wider than global demand in 2021. All
Ambitious Climate scenarios envision lower natural gas demand in 2050 than 2021, and
all Reference scenarios project considerably higher demand. The difference between
the lowest (BNEF Green and Red) and highest projections (IRENA PES) is 188 trillion

cubic feet (tcf), 30 percent more than 2021 global demand.

Figure 6. Global Natural Gas Demand
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Compared with coal and oil, natural gas experienced a modest drop in 2020 demand
due to the effects of the COVID-19 pandemic. Natural gas demand remains steady
through 2025 under all scenarios, but large differences emerge in the next 5-10 years.
Under Ambitious Climate scenarios, demand drops considerably by 2030, except for
BNEF Grey, Equinor Rebalance, and Shell Sky1.5; these scenarios rely heavily on large-

scale CCUS deployment.

Most Reference and Evolving Policies scenarios project considerable demand growth
for natural gas through the next several decades. However, most of them envision
slower growth than the trends observed over the last two decades. From 2000 to 2020,
global natural gas demand grew by roughly 51 tcf. Over roughly the next 20 years,

only the IRENA PES sees a similar increase above 2020 levels (52 tcf higher in 2040).
The US EIA Reference scenario projects slower growth in natural gas demand, due in
part to higher projections for future coal use, which slows the rise of natural gas in the

power sector.

Resources for the Future



Solar and wind electricity generation will likely play a central role in achieving the
world’s long-term energy and climate goals. Ambitious Climate scenarios envision
unprecedented growth for both sources. For example, the IEA NZE adds 602 GW of
solar generation capacity annually from 2030 through 2040, roughly equal to the
global cumulative capacity of 605 GW installed through 2019. Under Reference and
Evolving Policies scenarios, wind and solar still are at least 2.5 and seven times higher,
respectively, in 2050 than 2020.

Figure 7. Global Solar and Wind Electricity Generation
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Note: Solar includes photovoltaic and thermal. Wind includes onshore and offshore.

In 2021, wind produced roughly twice as much electricity as solar globally. But outlooks
differ in projections of their relative contribution. BNEF’s three scenarios envision

wind producing 78-113 percent more electricity than solar by 2050, and IRENA’s two
scenarios project wind providing 17-47 percent more. However, all other scenarios
project that solar will produce more electricity than wind by 2050.

Some of the lowest projections for wind and solar energy growth come from Equinor
Rivalry and Shell Islands. These scenarios, which envision heightened geopolitical
tensions and increased economic isolationism, highlight the notion that global supply
chains play an important role in the deployment of low-cost clean energy technologies.
In recent years, however, nations have reassessed their reliance on global supply
chains after disruptions from COVID-19, China’s increased dominance in many essential
materials and components, and the unfolding events in Ukraine. Investments in
domestic supply chains will enhance resilience to future shocks but may also raise the
cost of, and therefore potentially slow, the deployment clean energy.

Global Energy Outlook 2022: Turning Points and Tension in the Energy Transition



Bioenergy is a substantial part of the global energy mix and has primarily consisted
of nonmarketed biomass. Under some projections, however, commercial bioenergy—
in solid, liquid, and gaseous forms—grows to play a much larger role, and improved
access to modern energy services in lower-income regions reduces demand for
traditional biomass.

Figure 8. Global Bioenergy Demand
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Outlooks reflect a wide range of possibilities for bioenergy use. In some scenarios,
such as IEA SDS, IEA NZE, and IRENA 1.5C, traditional use of biomass falls to zero by
2030, reflecting UN Sustainable Development Goal 7, which aims to provide access to
modern energy services for all people globally. These scenarios also envision a rapid
scale-up of modern solid bioenergy, liquid biofuels, and biogases. By 2050, bioenergy
plays a major role in the global energy system under IEA APS, IEA SDS, IEA NZE, and
particularly the IRENA 1.5C scenario, ranging from 19 to 23 percent of the primary
energy mix. In IEA SDS, IEA NZE, IRENA 1.5C, and Shell Sky1.5, bioenergy is paired with
CCUS to produce large-scale negative emissions.

Although this technological pathway also appears in many of the scenarios modeled
for the IPCC’s 2018 report on limiting long-term temperature rise to 1.5°C, concerns
arise over competition for alternative land uses, water consumption, and other impacts
of such a dramatic expansion. For example, IRENA’s 1.5C envisions modern biomass
consumption nearly tripling from today through 2030, and biofuels (including both
gases and liquids) more than quadrupling by 2030. Of course, the unprecedented
speed and scale of wind and solar deployment envisioned in most Ambitious Climate
scenarios raises related questions about future land use.
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Population and economic growth in Africa are projected to outpace most other regions,
and energy demand growth will result. Under most scenarios, Africa’s share of global
primary energy consumption grows considerably—from 6 percent in 2020 to 8-11
percent in 2050 in scenarios other than US EIA. For US EIA Reference, which excludes
nonmarketed biomass, Africa’s share grows from 3.5 to 5.2 percent by 2050.

Figure 9. Primary Energy Demand in Africa in 2050
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energy.

Africa’s largest source of primary energy is biomass and waste, led by nonmarketed
biomass (solid fuels and waste harvested and burned locally to provide home heating
and cooking fuel). Nonmarketed biomass causes significant health impacts and
physical risks for those—often women—who harvest and burn it. In 2020, biomass
and waste accounted for 45 percent of Africa’s primary energy consumption. By 2050,
scenarios project that share to decline to 17-35 percent. In some scenarios, such

as the IEA SDS, nonmarketed biomass reaches zero and modern bioenergy grows
significantly.

Coal, which accounted for 13 percent of Africa’s primary mix in 2020, grows under five
of the eight scenarios, rising by as much as 40 percent under US EIA High Economic
Growth and falling by more than 80 percent under IEA SDS. Oil and natural gas rise
under all scenarios, ranging from 19-174 percent growth for oil and 4-145 percent
growth for natural gas. Nuclear and renewable energy resources grow rapidly under all
scenarios, but from a small base and with wide ranges across scenarios. In Ambitious
Climate scenarios, solar grows to play a major role in Africa’s energy mix.

Global Energy Outlook 2022: Turning Points and Tension in the Energy Transition
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Fueled by its extraordinary economic rise, China’s energy use more than quadrupled
from 1990 to 2020. Over the next 30 years, all scenarios envision much slower energy
demand growth for China, ranging from 39 percent under the highest (US EIA High
Economic Growth) to a decrease of 20 percent under the lowest (Equinor Rebalance).
Coal, which accounted for 60 percent of primary energy in China in 2020, declines
under most scenarios and falls dramatically under Ambitious Climate scenarios.

Figure 10. Primary Energy Demand in China in 2050
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Note: Projections ordered from highest to lowest levels of fossil fuel consumption.

China’s liquids demand, which increased dramatically from 1990 to 2020, continues to
grow quickly under Reference scenarios, moderates under Evolving Policies scenarios,
and declines under Ambitious Climate scenarios. In IEA STEPS, 2050 demand is
roughly equal to the 2020 level, and China’s announced climate pledges, represented
by the IEA APS, sees demand falling by more than half.

Natural gas, on the other hand, stays roughly flat or increases in China under all
scenarios. Demand doubles or triples under Reference scenarios, rises by 60 percent
under the IEA STEPS, and remains roughly flat under IEA APS and SDS. Equinor
Reform and Rebalance both envision relatively strong growth of natural gas, which
displaces coal in China’s power sector.

Nuclear and renewables grow dramatically in China under all scenarios. Even under
the most bearish scenarios (US EIA Reference), nuclear nearly triples over the next

30 years. Wind energy grows from 1.6 QBtu in 2020 to 3.4 QBtu in 2050 under the
lowest scenario (EIA Reference) and to 14.4 QBtu under the highest (IEA APS and
SDS). China’s solar growth is even more rapid, rising from 2.0 QBtu to between 5.7 QBtu
(Equinor Rivalry) and 236 QBtu (IEA APS) by 2050.
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3. In Focus

3.1. Global Oil Markets in Upheaval

Global oil markets have ridden a roller coaster over the last two years. In the first four
months of 2020, as the COVID-19 pandemic crushed the demand for transportation
fuels, spot prices for Brent crude, a standard international benchmark, fell from $70
per barrel (bbl) to less than $10/bbl. In the United States, benchmark West Texas
Intermediate crude briefly traded at negative prices.

Over the following 18 months, however, Brent prices marched haltingly upward, passing
$80/bbl by October 2021, and leading to higher fuel prices for consumers. In response
to these higher prices, the United States and several other nations released inventories
from their strategic petroleum reserves (SPR). Just three days later, the World Health
Organization designated the Omicron strain of COVID-19 a “variant of concern,”
renewing fears of public health and economic disruptions that sent oil prices to below
$70/bbl in late November and early December.

Since that time, however, oil markets have reflected optimism about the global
economy recovery and rising oil demand, despite the spread of Omicron. By early 2022,
prices had again climbed above $80/bbl.

But in late February 2022, after weeks of amassing troops and materiel at the border,
Russia launched a full-scale invasion of Ukraine, creating a humanitarian crisis and
ushering in a potentially prolonged period of instability in Europe. Russia is the world’s
third largest oil producer behind the United States and Saudi Arabia and is the world’s
second largest crude exporter (after Saudi Arabia). Russia exported about 5 mb/d in
crude oil and almost 3 mb/d in petroleum products in late 2021, according to the IEA.
This instability, coupled with government sanctions, private-sector boycotts against
Russia, and the exit of several IOCs from operations in Russia therefore sent global
prices shooting up. Brent crude rose above $100/bbl in February, approached $130/bbl
in early March, and as of this writing was hovering around $110-115/bbl.

On March 1, 2022, the IEA announced a coordinated release of 60 million barrels of
oil from member nations’ SPRs. But global prices continued to surge following the
announcement, reflecting concerns over the reliability of supply from Russia in the
weeks, months, and years ahead.
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Figure 11. Global Oil Prices, COVID-19, and Russia’s Invasion of Ukraine
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It is impossible to know how the current crisis will evolve and affect energy markets in
the months, years, and decades ahead. But some early developments may offer insight.
International oil companies, such as BP, Shell, and ExxonMobil, have announced that
they are withdrawing from multibillion-dollar investments in Russian oil and natural
gas projects. Major oilfield service providers such as Baker Hughes, Halliburton, and
Schlumberger also announced pauses in their operations. This will likely make it more
difficult for Russia to develop its hydrocarbon resources, potentially reducing global
supplies, which would tend to increase prices.

Russia’s invasion has reinforced the desire for many European nations to reduce their
dependence on energy supplies from Russia, a strategy that aligns with Europe’s
long-term climate goals and would tend to push prices downward. In a March 2022
analysis, IEA highlighted multiple strategies that Europe could take to reduce reliance
on Russian energy in the near term. Along with diversifying suppliers, it recommended
new standards to increase natural gas storage, accelerate electrification of buildings,
more rapidly deploy wind and solar, increase generation from existing nuclear and
bioenergy facilities, and more.? Roughly one week later, the European Commission
announced a suite of actions largely consistent with the steps articulated by IEA"

Some US policymakers have highlighted the role that US natural gas exports could play
in reducing Europe’s dependence on Russia. While US LNG export capacity expansions
are on track to make the US the world’s largest exporter by the end of 2022, it takes
years to plan and build such facilities, and physical limitations of both liquified natural
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gas (LNG) export (in the US) and import (in Europe) capacity suggest that the United
States will be limited in its ability to obviate Europe’s reliance on Russian energy
imports, especially in the near term.

Even before the Russian invasion of Ukraine, policy and market trends were leading
many analysts to the conclusion that oil price volatility would rise in the years

ahead, raising concerns for producers and consumers and highlighting the practical
challenges of deeply reducing greenhouse gas emissions. We explore these dynamics
in the remainder of this section.

3.1.1. Driving demand

Global oil demand rebounded relatively quickly after its collapse in 2020 but remains
below its 2019 levels of 99.7 mb/d. In its Qil2021 report, which assesses market trends
through 2026, IEA projects that global demand will surpass the 2019 level by 2023 and
then grow at nearly 1 mb/d per year, reaching 104.1 mb/d by 2026.

Despite considerable uncertainty, the projections highlight the central role of
developing nations in driving future demand. Non-OECD economies, led by China,
India, and southeast Asia, lead annual demand growth of about 1 mb/d, while oil
consumption in OECD nations flattens at about 46 mb/d and does not return to
prepandemic levels (Figure 12).

Figure 12. Medium-Term Oil Demand Projections
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The IEA’s analysis also points to petrochemicals as the main driver of medium-term
growth, led by the United States and China. Demand for ethane and naptha, two of the
leading feedstocks for petrochemicals production, grows much more strongly than
transportation fuels, and global gasoline demand declines moderately as electric and
energy-efficient vehicles become more prevalent. Nonetheless, demand for transport
fuel continues to grow strongly in developing nations, led again by China, India, and
developing Asia and also the expanding market share of sport utility vehicles around
the world*

3.1.2. Suppressing supply

Despite the need to reduce oil consumption to address the risks of climate change,
the demand trends noted earlier (see Figure 4) illustrate that the world is not

doing enough. If, as many projections suggest, global oil demand rebounds above
prepandemic levels, supply shortages could usher in a new period of high prices, even
setting aside recent concerns about Russian supplies.

Oil market analysts have warned for years that investment in new oil production
capacity outside of US tight oil has lagged expected demand in the medium term and
would likely result in volatile prices! Even prior to Russia’s invasion of Ukraine, this
dynamic was exacerbated by several factors, including depressed investment due to
low prices stemming from the pandemic, investor uncertainty about future oil demand
under climate policy, investor skepticism over whether the US tight oil production can
become more profitable, and pressure on lenders from civil society and advocates to
reduce investment in all fossil fuel projects.®

The combination of these factors meant that 2020 investment in global upstream

oil and gas development fell to its lowest level since 2006, less than half of the
investments made in 2014 In 2021, new discoveries of oil and gas fields reached
their lowest levels in 75 years, according to one recent analysis.” If these reductions
in supply are not met with reduced demand in the coming months and years, oil
prices could be headed even higher. Although higher oil prices could destroy some
demand, thereby reducing greenhouse gas emissions, the economic costs of reducing
oil consumption through high and volatile prices will be far higher than reducing
consumption through predictable policy on the demand side.

3.1.3. The wide-open range

Although most outlooks do not publish oil price projections, we can glean insight from
two that do: IEA and US EIA. Like projections for future fossil fuel demand, the range
in 2050 prices is very wide, from $24/bbl in the IEA NZE to $173/bbl in the US EIA high
oil price scenario, in inflation-adjusted real $2020/bbl. This range reflects the enduring
uncertainty related to global oil markets and is even larger than recent swings in oil
prices, from the 2020 lows of $10-$20/bbl to the early 2022 highs above $120/bbl
(Figure 13).
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Figure 13. Historical and Projected Brent Crude Prices (inflation-adjusted)
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In broad terms, price projections are fairly similar under central scenarios for each
outlook (IEA STEPS and US EIA Reference), reaching the high $80/bbl to low $90/bbl
range by 2050. The US EIA scenarios exploring alternative paths for future US crude
production illustrate the relatively newfound influence that tight oil producers have
had on global markets, with 2050 prices varying from $84/bbl under a high US supply
scenario to $109/bbl under a low US supply scenario. These price effects could be
muted by future OPEC supply decisions but nonetheless reflect the major influence
that US producers have come to have in the global oil market.

The IEA scenarios primarily reflect major shifts in oil demand, with dramatic reductions
in consumption under Ambitious Climate scenarios (NZE and SDS), moderate declines
under the APS, and steady demand under the STEPS. Under low-demand scenarios,
producers with the lowest costs, best access to markets, and—depending on policy—
lowest upstream emissions profiles could continue to produce profitably. Higher-cost
producers would struggle to profit under these low demand scenarios and would likely
reduce production accordingly.

However, most investment decisions that determine medium- and long-term oil supply
require many years of planning. Given this extended time horizon for investment
decisions, and the extremely uncertain nature of current—and projected future—oil
demand and prices, producers will need to make decisions that are robust to a wide
range of possible futures.

Since their inception, oil markets have been volatile and unpredictable. It seems likely
that the coming years—if not decades—uwill offer more of the same.
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3.2. Addressing Uncertainty in Future Global CO,
Emissions

The future of the energy system and CO, emissions face deep uncertainty, which leads
to uncertainty about the expected magnitude of harms due to global warming. Most
of the energy outlook scenarios belong to suites of narratives intended to address

this uncertainty. However, the relative likelihood of different outcomes is typically not
quantified. In this section, we compare the emissions trajectories in the 2021 energy
outlooks to new probabilistic emissions projections created by the RFF Social Cost of
Carbon Initiative, called the “RFF Socioeconomic Projections” (RFF-SPs).

These projections were developed using a combination of statistical modeling

and expert surveys. Rather than parsing specific policies, geopolitics, economic
development trajectories, fuel mixes, and the like, a group of experts condensed their
knowledge on these topics into estimated probabilistic ranges of future emissions (e.g.,
a 5 percent chance of global CO, emissions being below x Gt in year y). These ranges
were combined with historical emissions data.®®

Figure 14 shows the global CO, emissions predicted by the RFF-SPs alongside
scenarios from the 2021 energy outlooks. The solid light blue line represents the
median value; the shaded blue ranges represent 50 percent and 90 percent prediction
intervals (bounded by the 25th and 75th percentiles and the 5th and 95th percentiles,
respectively). In the near term, the median RFF-SP trajectory shows moderate growth,
almost matching the Shell Waves scenario in 2025. The median RFF-SP declines to
roughly the same level as IEA STEPS by 2040 and then declines more quickly.
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Figure 14. World CO, Emissions Projections
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In 2050, all Reference and Evolving Policy scenarios fall within the interquartile range
of the RFF-SPs (i.e., between the 25th and 75th percentile of outcomes). In absolute
terms, annual emissions in the Reference and Evolving Policy scenarios are within 12
Gt CO, of the RFF-SPs in all years through 2050. Equinor Rebalance, IEA SDS, and
Shell Sky1.5 fall between the 5th and 25th percentiles, leaving the five other Ambitious
Climate scenarios in the bottom 5 percent of outcomes predicted by the RFF-SPs

(this remains true regardless of whether the RFF-SPs include emissions from land-use
change and forestry, including negative emissions).

Although several scenarios fall well below the 5th percentile of the RFF-SPs, no
scenario is in the upper 25th percentile. There are at least three possible explanations
for this. First, all scenarios in 2021 energy outlooks represent current policies or
enhanced ambition toward reducing global emissions rather than the potential for
backsliding. This choice reflects the desire for energy system futures that move

away from the persistent upward trend in global CO, emissions. However, we should
recognize that a continuation of historical trends is a plausible—if undesirable—
outcome.

ii  Emissions through 2050 under Sky15 are much larger than in the other 1.5°C and 2°C
scenarios, partly because Sky1.5 estimates a larger “carbon budget” for limiting warning
in 2100 to 1.5°C. It also differs from the other 1.5°C scenarios in that it allows tempera-
tures to rise above 1.5°C in midcentury before being reduced through aggressive nega-
tive emissions technologies.
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A second reason is that 2021 outlooks, despite their wide variation in assumptions, do
not incorporate the full range of uncertainty around important emissions drivers such
as population and economic growth, geopolitics, new technologies, or discoveries of
new fossil fuel resources. The RFF-SPs do incorporate these uncertainties, which could
lead to higher or lower emissions than expected even under a given narrative about
the future. Last, this version of the RFF-SPs excludes negative emissions, but other
scenarios include them, which reduces net emissions considerably in most Ambitious
Climate scenarios.

The wide range of future outcomes across scenarios and within the RFF-SPs illustrates
that a very wide range of future emissions, and hence climate outcomes, are possible.
Net emissions in most Ambitious Climate scenarios fall well below what is suggested
by historical trends and the Reference and Evolving Policies scenarios. This highlights
the need for exceptional changes to achieve long-term climate targets, such as 1.5°C
or 2°C. As discussed in other sections of this report, those changes could include
dramatic improvements in energy efficiency, CCUS, electrification of end-use sectors,
or nuclear energy.

Finally, a substantial difference exists between historical CO, emissions from some
sources, which lead to notable differences in projection outcomes. This difference is
driven by two distinct accounting approaches that use either “top-down” (based on
total energy supply) or “bottom-up” (sector-by-sector) methods.® For example, Shell
uses a top-down approach, leading to higher historical energy sector CO, emissions
data than IEA and its bottom-up approach. Shell historical data closely match the
source used by the RFF-SPs, which likely explains the relative similarity between
these two sets of projections in the near term. As noted, the version of the RFF-

SPs presented here excludes negative emissions, setting it apart from most other
scenarios.

3.3. Will Global Energy Demand Continue to Grow?

Since the Industrial Revolution, energy demand has closely tracked population and
economic growth. However, some scenarios depict a future where this link is less
fixed, driven primarily by the need to reduce greenhouse gas emissions. As shown in
Figure 15, most outlooks show higher energy demand in 2050 than 2020. However,
global energy demand growth is not a certainty, particularly under scenarios where
government policies and/or technological breakthroughs fundamentally alter the
nature of the world’s energy system.
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Figure 15. World Primary Energy Demand
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Most scenarios project considerable growth in global energy demand, increasing by

as much as 53 percent by 2050 (Shell Waves) from 2020 levels. The middle scenario
(IEA APS) projects growth of 14 percent, and IEA STEPS projects growth of 26 percent.
Under several Ambitious Climate scenarios, global demand is 8-13 percent lower in
2050 than 2020. To place this in perspective, the prior 30-year period from 1990 to
2020 saw a 59% increase in global energy demand. Figure 16 illustrates the range of
growth observed in the different scenarios.




Figure 16. World Primary Energy Demand in 2050 Compared to 2020
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we use harmonized EIA 2020 energy demand data that exclude nonmarketed biomass.

To understand some underlying drivers of these changes, we turn to components of
the Kaya Identity, a group of factors introduced to assess the drivers of CO, emissions.
These factors include population, GDP per capita, energy use per unit GDP (i.e.,, energy
intensity), and CO, emissions per unit energy used (i.e,, carbon intensity). In a world
where global population and economic activity are both increasing, the Kaya Identity
tells us that energy intensity and/or carbon intensity must decrease for CO, emissions
to fall. Table 3 highlights some of these factors alongside aggregate changes in energy
demand and changes in demand per capita, with scenarios ordered by decreasing level
of aggregate energy demand growth.

Other important markers of change included in Table 3 are energy demand per capita,
which introduces the impact of each outlook’s population predictions, and change in
energy demand. To place these figures in perspective, the 30-year period 1990-2020
saw a 59 percent increase in energy demand, 8 percent increase in energy per capita,
39 percent decrease in energy intensity, and 4 percent decrease in carbon intensity.
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Table 3. Change in Kaya Identity Factors and Other Variables 2020-2050

. Energy per . . 2050 N.Et .C02
Scenario Energy Demand Capita Energy Intensity Carbon Intensity Emissions
(MMT)

Shell Waves +53% +22% -44% -27% 38
Shell Sky 1.5 +41% +12% -40% -59% 20
IRENA PES +37% +15% -46% -30% 33
BNEF Red +30% +5% -49% -100% 0
IEA STEPS +26% +1% -45% -21% 34
Equinor Rivalry +24% -1% -32% —24% 32
Shell Islands +20% -5% -40% -12% 36
IEA APS +14% -9% -51% -46% 21
IRENA 1.5 +12% -6% -57% -106% -21
Equinor Reform +9% -13% -46% -35% 24
IEA SDS 2% -22% -58% -76% 8
IEA NZE -8% -26% -60% -100% 0
BNEF Gray -9% -26% -64% -94% 2
BNEF Green -10% -27% -65% -100% 0
E:E;r;zgce -13% -26% ~55% ~70% 9

Scenarios that reduce emissions to zero or lower vary widely in their projections for
future energy use. Shell Sky1.5 shows the largest growth in energy demand of all
scenarios designed to limit temperatures to 1.5°C by 2100. The projection achieves that
goal through a decreasing carbon intensity brought on by the large-scale investment
and deployment of renewables, such as wind and solar, coupled with large-scale
negative emissions in the second half of the twenty-first century. As noted, Shell Sky1.5
is an “overshoot” scenario, where temperatures exceed 1.5°C prior to 2100 and then
decline in the final decades of the century due to large-scale negative emissions.

BNEF Red shows a 30 percent aggregate increase in energy demand, 5 percent
increase in energy per capita, and 49 percent decrease in energy intensity. This energy
future is fueled by a massive expansion in nuclear energy to produce “red” hydrogen
and electricity, with nuclear soaring from 5 percent of the energy mix in 2020 to 66
percent in 2050. This is the only scenario included that dramatically expands nuclear
power by 2050, allowing the phase-out of fossil fuels and a net-zero economy.

Most other Ambitious Climate scenarios envision energy efficiency playing a central
role in limiting global temperature rise. Several of these scenarios, such as the IEA SDS
and NZE, lay out a vision where global energy demand declines but access to modern
energy services is also achieved for 100 percent of the world’s population, consistent
with the UN’s Sustainable Development Goal 7.
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3.4. The Climate Ambition Gap

While rhetoric in favor of policies to mitigate climate change has grown louder in recent
years, progress toward achieving a rapid energy transition remains slow. The climate
“ambition gap” represents the difference between our current emissions trajectory and
a future consistent with limiting global warming to 1.5°C or 2°C by 2100.

This ambition gap is clearly visible throughout this report. Reference and Evolving
Policies scenarios share a broadly similar path, with total energy consumption rising
through 2050 and CO, emissions remaining near their 2020 levels (Figure 2). Ambitious
Climate scenarios, however, usually see decreases in primary energy consumption and
drastic reductions in CO, emissions. Although most Ambitious Climate scenarios are
aligned in the broad strokes of how energy demand and emissions change, they vary
along a number of dimensions.

3.4.1. Ambitious Climate scenarios

Ambitious Climate scenarios vary considerably in their levels of fossil fuel use, CCS
deployment, and—in some cases—total energy demand. In this section, we compare
these scenarios with IEA STEPS, a reasonable representation of the current path of the
energy system given current and expected policies.

Compared to the IEA STEPS in 2050, all Ambitious Climate scenarios see reductions in
fossil fuel demand, though with wide variation. In BNEF Green and Red, IRENA 1.5C, and
IEA NZE, coal demand is at least 85 percent lower than IEA STEPS, whereas in BNEF
Gray and Shell Sky1.5 coal use is roughly 15 percent lower. For liquids, 2050 demand
ranges from 49 (IEA SDS) to 86 (BNEF Green and Red) percent lower. Only under Shell
Sky1.5, which relies heavily on negative emissions in the second half of the twenty-first
century, do liquids remain similar to today’s levels.
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Figure 17. World Primary Energy Mix of Ambitious Policies Scenarios in 2050
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Demand for natural gas also varies widely across Ambitious Climate scenarios in
2050. The IEA’'s SDS and NZE scenarios are 51 percent and 55 percent below STEPS,
Equinor’s Rebalance is 61 percent lower, and all three BNEF scenarios are over 80
percent lower.

While most Ambitious Climate scenarios see lower primary energy consumption in
2050 compared to IEA STEPS, the BNEF Red and Shell Sky1.5 scenarios project higher
levels of aggregate energy use. For BNEF Red, fossil fuel demand is nearly entirely
replaced by nuclear, which grows to 17 times its 2020 levels. Nuclear plays a mixed
role in other outlooks, with demand ranging from 11 percent below (BNEF Green) to 38
percent above (Shell Sky1.5).

Renewables see the greatest difference in growth between Ambitious Climate and
Evolving Policies scenarios; although all scenarios project considerable renewables
growth (Figure 7). Among the 2°C scenarios, BNEF Red and Gray and Equinor
Rebalance differ by less than 20 percent from IEA STEPS in 2050, whereas IEA SDS
and BNEF Green are roughly double STEPS in 2050. The 1.5°C scenarios of IRENA 1.5C,
IEA NZE, and Shell Sky1.5 are roughly 2.4-, 2.5-, and 2.9-fold STEPS, respectively.

Nearly all Ambitious Climate scenarios project wind demand to be more than double
that of IEA STEPS by midcentury. The 1.5°C scenarios range from 2.8 to 3.1 times that of
IEA STEPS in 2050. Among the 2°C scenarios, IEA SDS and BNEF Gray and Red are 2-3
times the levels seen in IEA STEPS, and Equinor Rebalance is 35 percent higher. BNEF
Green is by far the most aggressive scenario for wind, which contributes dramatically
to not only electricity generation but also hydrogen production. By 2050, wind energy
is more than eight times the level of IEA STEPS.
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3.4.2. Slow policy progress leads to steeper reductions in the
future

Each year that global policies fail to align the energy system with a 1.5°C or 2°C goal
results in steeper emissions cuts required in future years. These changes can be seen
in the evolution of Ambitious Climate policies from IEA over the last several years.

As Figure 18 illustrates, IEA SDS scenarios from recent years for primary energy
demand in 2040 reflect the ever-increasing gap between ambition and progress to
date. For example, fossil fuel’s share in the 2017 SDS was 61 percent in 2040, compared
with 54 percent in the 2021 analysis, with the largest portion of this difference
stemming from lower levels of natural gas demand. Inversely, renewables’ share in
2040 was 29 percent in the 2017 SDS compared with 38 percent in the 2021 analysis.

Figure 18. World Primary Energy Demand in Ambitious IEA Scenarios in 2040

QBtu
700
—
600
= ® Other
[ e '
500 || | Wind
Solar
400 - - ® Nuclear
] Hvd
ydro
300 ]
Biomass
200 Natural Gas
® Liquids
100 @ Coal
0
1990 2020 IEA STEPS IEASDS IEASDS IEASDS IEASDS IEASDS I|EA NZE

(2021) (2021) (2020) (2019) (2018) (2017)  (2021)

Note: Wind and solar included in “Other” from 2017 through 2019.

3.4.3. The role of CCS in meeting climate goals

For most of the Ambitious Climate scenarios examined, CCS plays a major role in
reducing emissions consistent with international climate targets. While annual capture,
storage, and use of CO, stood at only 40 MMT in 2020, Ambitious Climate scenarios
see this number rising into the billions of metric tons over the next two decades. For
reference, the IEA STEPS projects CCS to grow to 228 MMT by midcentury. Of the
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Ambitious Climate scenarios, Equinor Rebalance has the lowest amount of CCS in
2050, with 2 billion metric tons (BMT); this is a 50-fold increase from 2020. All other
outlooks grow beyond 5 BMT, with IEA NZE reaching 7.6 BMT in 2050 (Figure 19).

Figure 19. Global CCS in 2021 Energy Outlooks and IPCC Scenarios
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Note: IPCC illustrative pathways (IPs) are consistent with 1.5°C, with IP2 focused on sustainability and IP3 reflecting a
continuation of societal and technological trends.

In the IEA NZE, fuels supply sees the largest use of CCS for the production of low-
carbon hydrogen, natural gas, and other fuels. The NZE also has a major role for
biomass with CCS, for both primary energy consumption and biofuels productions. By
2050, direct air capture and biofuels production result in nearly 2 BMT of CCS in the
NZE and over 1BMT in IEA SDS.

Shell Sky1.5 envisions a slower ramp-up of CCS than the NZE, relying more heavily on
negative emissions from land use change (e.g., afforestation and reforestation). Beyond
2050, Sky1.5 projects an enormous scale-up of biomass, with CCS reaching a peak of 9
BMT in 2080 and helping to reduce global temperatures to the 1.5°C temperature goal
by 2100.

The levels of CCS deployment envisioned in these scenarios are considerably lower
than some pathways modeled as part of the IPCC’s 2018 report on limiting global
temperature rise to 1.5°C.2° Nonetheless, the scale of CCS deployment in these and
other modeling efforts exemplifies the magnitude of net-zero technology deployment
that is necessitated to close the growing gap between an ambition of 1.5°C and a reality
of steadily rising greenhouse gas emissions.
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4, Data and Methods

We examined projections from the following publications:

e BNEF: New Energy Outlook 2021

e US EIA: International Energy Outlook 2021

e Equinor: Energy Perspectives 2021

e |EA: World Energy Outlook 2021

e IRENA: World Energy Transitions Outlook, 1.5°C Pathway
e OPEC: World Oil Outlook 2021

o Shell: Energy Transition Scenarios 2021

The outlooks vary because of differences in modeling techniques, historical data,
economic growth assumptions, and policy scenarios. Generally, scenarios can be
grouped into three categories: (1) Reference, which assume no major policy changes;
(2) Evolving Policies, which incorporate the modeling team’s expectations of policy
trends; and (3) alternatives, which are typically based on certain policy targets or
technology assumptions. We focus on Ambitious Climate scenarios, a major subset of
(3). Table 4 summarizes the scenarios included in this year’s analysis.




Table 4. Sources and Scenarios

Source
Grubler (2008)
IEA (2022)

BNEF (2021)

US EIA (2021

Equinor (2021)

IEA (2021)

IRENA (2021)

OPEC (2021

Shell (2021

Scenario
Historical data
Historical data

Three scenarios are consistent with a long-term temperature rise of roughly 1.75°C:

Green: Greater use of clean electricity for end uses is complemented by “green hydrogen”
produced from water via electrolyzers powered by renewables

Gray: Greater use of clean energy is complemented by higher levels of CCUS and “blue
hydrogen,” produced from natural gas with CCUS.

Red: This is similar to the Green scenario, but with greater deployment of nuclear energy in
the power sector and dedicated nuclear to produce “red hydrogen.”

Reference: This assumes that policies, technologies, and consumer preferences evolve
similarly to recent trends.

Rivalry: “The energy transition does not take off.” Geopolitical disputes and conflict continue

to grow, slowing economic growth, technology development, and efforts to reduce emissions.
Renewal: Ambitious policies push energy system toward limiting warming to “well below” 2°C
by 2100, and global inequality declines.

Reform: Market, technology, and policy trends evolve similarly to recent trends.

Stated Policies Scenario (STEPS): This includes existing and announced policies, including
climate targets, and is consistent with 2.4-2.8°C warming by 2100.

Announced Pledges Scenario: This includes announced commitments by governments,
including net-zero pledges, and is consistent with 1.9 — 2.3°C warming by 2100.

Sustainable Development Scenario: This achieves UN Sustainable Development Goals,
including universal access to energy, reduced air and water pollution, consistent with 1.4-1.7°C
warming by 2100.

Net Zero by 2050: This follows a “narrow but achievable” roadmap to net-zero emissions by
2050 and is consistent with 1.3-1.5°C warming by 2100.

1.5°C Pathway: This limits warming to 1.5°C by 2100 with electrification an energy efficiency
as key drivers, with major roles for renewable electricity, “green hydrogen,” and a suite of
sustainable bioenergy products.

Planned Energy Scenario: This is IRENA's primary reference case based primarily on current
policy plans and additional planned policies.

Reference: This incorporates policies that have been enacted and assumes some future policy
changes.

Islands: Governments adopt a “me-first” attitude, which slows economic growth and increases
geopolitical tensions. Decreased cooperation slows the energy transition and climate efforts.
Temperature rise is limited to 2.5°C by 2100.

Waves: Governments initially prioritize economic growth, and international cooperation
weakens. Progress on climate solutions is slow but accelerates in the 2040s, with temperature
rise limited to 2.3°C by 2100.

Sky1.5: Clean energy investments drive economic recovery, and international cooperation
leads to coordinated carbon taxes. Structural reforms lead to strong economic growth.
Temperature rise is limited to 1.5°C by 2100.
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4.1. Harmonization

Different scenarios and modeling assumptions 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
terajoules. 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, and
million tonnes of coal-equivalent (mtce) or short tons for coal. Table 5 presents the
reporting units for each outlook, and Table 6 provides relevant conversion factors. See
Raimi and Newell for details.®

Table 5. Units of Energy Consumption, by Outlook

IEA BNEF USEIA Equinor IRENA OPEC Shell

Primary energy units EJ PJ QBtu Btoe EJ mboed EJ
Fuel- or sector-specific

units

Liquids mbd PJ mbd mbd EJ mbd EJ
Oil mbd PJ mbd N.A. EJ mbd EJ
Biofuels mboed PJ mbd N.A. EJ mbd EJ
Natural gas bcm PJ tcf bcm EJ mboed EJ
Coal mtce PJ mst btoe EJ mboed EJ
Electricity TWh TWh TWh TWh TWh N.A. EJ

Notes: Units are per year unless otherwise noted. “N.A.” indicates that fuel-specific data are not available for a given
source.

Table 6. Conversion Factors for Key Energy Units

Primary energy Multiply by Natural gas Multiply by Coal Multiply by
mtce to short
mtoe to QBtu 0.0397 bem to befd 0.0968 ton 1102
mboed to QBtu 1.976 bcm to tef 0.0353 mtce to mtoe 0.7
EJ to QBtu 0.948

Notes: There is no agreed-upon factor for boe. IEA reports that typical factors are 7.15-7.40 boe per toe, and OPEC
uses a conversion factor of 7.33 boe per 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.
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A second key difference is that outlooks’ 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) versus physical units (e.g., mbd or bcm). These
assumptions vary by up to 10 percent among outlooks. 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. Doing so can yield an 8-11 percent difference in
global primary energy consumption, with even larger differences for certain regions
that rely heavily on nonmarketed biomass. US EIA does not include it, unlike all other
organizations examined in this report.

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 liquids 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 to include flared natural gas in energy consumption data.

To address those challenges and allow for a more accurate comparison across
outlooks, Newell and ller” apply a harmonization process. We update and use it here.
For details, see Raimi and Newell®
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5. Statistics

Table 7. Units of Energy Consumption, by Outlook

GDP/ Energy/ Energy/ Net CO,/

Population Energy GDP Net CO, Capita GDP Capita Energy
$ in PPP terms Millions gBtu $T, 2020 BMT ?e,?gc?n/ 183?/2 1’?32?33:1“/ MMT/qBtu
1990 5,279 350 53 22 100 6.6 66.3 64.0
2020 7749 556 138 34 179 40 718 614
2050
IEA STEPS 9,687 701 319 34 329 22 724 484
IEA APS 9,687 635 319 21 329 20 65.5 326
IEA SDS 9,687 544 319 8 329 17 56.2 15.0
IEA NZE 9,687 512 319 0] 329 16 529 0
OPEC (2045) 9,479 696 285 34 301 24 734 494
Shell Islands 9,735 667 277 36 285 24 68.6 54.2
Shell Sky1.5 9,735 785 328 20 336 24 80.6 256
Shell Waves 9,735 854 377 38 387 23 877 44 4
US EIA 9,655 695 320 43 332 22 720 616

$ in MER terms

2020 7749 556 91 34 17 61 71.8 614

2050
BNEF Gray 9601 508 231 2 241 22 529 32
BNEF Green 9,601 500 231 0 241 22 520 0]
BNEF Red 9,601 721 231 0 241 31 751 0]
Equinor Rebalance 9120 486 176 9 19.2 28 533 18.3
Equinor Reform 9,730 606 184 24 189 33 623 400
Equinor Rivalry 9,730 692 167 32 171 42 72 459
IRENA PES 9,300 765 234 33 252 33 822 427
IRENA 15 9,300 624 238 @mn 256 26 671 @3

Notes: Historical data from IEA. Net CO, emissions include positive (gross) and negative emissions from sources
such as direct air capture and bioenergy with CCS. CO, emissions data include fossil fuel combustion and industrial
process emissions, except for BNEF, Equinor, Shell, and OPEC. Shell CO, emissions data are considerably higher
than IEA due to differences in accounting protocols (see Section 3.2). OPEC GDP levels are not publicly available. To
calculate OPEC GDP in 2045, we use OPEC'’s published estimate of 3.1 percent average annual global GDP growth
from 2020 to 2045, based on 2020 GDP (at PPP) of $132.999 trillion.
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Table 8. World Primary Energy Consumption

Natural

qBtu Total Coal Liquids gas Nuclear Hydro Other renewables
1960 151 56 42 17 0 3 34
1990 350 88 131 66 21 7 38
E%ngaiz)c Lnon-marketed - gqq 148 166 132 28 15 68
2050 (incl. non-marketed
biomass)
BNEF Gray 508 9% 38 134 28 NA 214
BNEF Green 500 3 27 19 27 NA 424
BNEF Red 721 3 27 19 476 NA 197
Eq. Rebalance 486 27 82 101 52 25 199
Eq. Reform 637 83 152 183 40 21 158
Eq. Rivalry 660 12 200 157 36 20 135
IEA STEPS 701 12 199 166 38 23 162
IEA APS 635 74 154 126 46 23 21
IEA SDS 544 33 102 81 49 27 252
IEA NZE 512 16 54 58 57 29 298
IRENA PES 765 131 229 192 43 22 146
IRENA 1.5 624 7 77 75 37 35 394
OPEC (2045) 696 121 201 169 43 21 140
Shell Islands 667 137 202 152 20 18 138
Shell Sky15 785 95 169 109 76 18 318
Shell Waves 854 138 218 160 58 27 252
L?jn(::::)c" non-marketed 53 88 131 66 21 7 19
Effn?agd' non-marketed - gag 148 166 132 28 15 50
2050 (excl. non-marketed
biomass)
US EIA 695 169 230 172 32 19 73

Notes: “Liquids” generally includes crude oil, other hydrocarbon liquids, and biofuels. BNEF and Equinor group
biofuels with biomass and waste, which are captured in the “Other renewables” column here. BNEF also groups hydro
with other renewables.
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Table 9. Liquids Consumption, by Region

1960

1990

2020

2050
BNEF Gray
BNEF Green
BNEF Red
Eq Rebalance
Eq Reform
Eq Rivalry
IEA STEPS
IEA APS
IEA SDS
IEA NZE
IRENA PES
IRENA 15
OPEC (2045)
Shell Islands
Shell Sky15
Shell Waves
US EIA

World

MB/d
23
7
90

21
15
15
46
84
10
109
83
55
29
125
42
108
m
92
19
126

Avg. annual growth

MB/d CAAGR
16 39%
06 0.8%

2020-2050
-23 ~47%
-25 -5.8%
-25 -5.8%
-15 -2.2%

-0.2 -0.2%
0.7 0.7%
06 0.6%

-0.2 -0.2%
-12 -16%
-20 -3.7%
12 11%
-16 -2.5%
0.6 0.6%
0.7 0.7%
01 01%
10 0.9%
12 11%

West

MB/d

50
40

33
19
27

57

Avg. annual growth

MB/d CAAGR
-03 -0.8%
2020-2050
-0.2 -0.6%
-07 -2.4%
-04 -1.3%
06 1.2%

East

MB/d

21
42

56
48
14

69

Avg. annual growth

MB/d CAAGR
0.7 2.3%
2020-2050
0.5 1.0%
0.2 0.4%
-10 -3.7%
09 17%

Notes: “Liquids” generally includes crude oil, other hydrocarbon liquids, and biofuels. BNEF and Equinor projections exclude biofuels, which they group with
biomass and waste. 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 per mbd, or 0.54585 mbd per QBtu.
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Table 10. Natural Gas Consumption, by Region

1960

1990

2020

2050
BNEF Gray
BNEF Green
BNEF Red
Eq Rebalance
Eq Reform
Eq Rivalry
IEA STEPS
IEA APS
IEA SDS
IEA NZE
IRENA PES
IRENA 1.5
OPEC (2045)
Shell Islands
Shell Sky1.5
Shell Waves
US EIA

World

TCF
15
61
141

124
17
17
93

169

145
181

136
87
53

178
69

156

140
101

148

186

Avg. annual growth

TCF CAAGR
15 47%
4.2 76%

2020-2050

-06 -04%
=41 -6.8%
=41 -6.8%
-16 -14%
09 0.6%
01 01%
13 0.8%

-0.2 -01%
-18 -16%

-29 -3.2%
12 0.8%

2.4 -2.3%
0.5 0.3%
0.0 0.0%
=14 -11%
0.2 0.2%
15 0.9%

West

TCF

52
87

88
54
34

105

Avg. annual growth

TCF CAAGR
11 17%
2020-2050
0.0 0.0%
-11 -16%
-18 -31%
0.6 0.6%

Note: Where volumetric data are not available, we assume a conversion factor of 0.923 TCF per QBtu.
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East

TCF

56

93
83
53

81

Avg. annual growth

TCF CAAGR
16 6.4%
2020-2050
12 17%
09 1.3%
=01 -0.2%
0.8 1.2%
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Table 11. Coal Consumption, by Region

World Avg. annual growth
QBtu QBtu CAACR
1960 56 — —
1990 88 11 1.5%
2020 148 20 1.7%
2050 2020-2050
BNEF Gray 94 -18 -15%
BNEF Green 3 -4.8 -12.6%
BNEF Red 3 -4.8 -126%
Eq Rebalance 27 -4.0 -55%
Eq Reform 83 -2.2 -19%
Eq Rivalry 12 -12 -0.9%
IEA STEPS 12 -12 -0.9%
IEA APS 74 24 -2.3%
IEA SDS 33 -38 -4.9%
IEA NZE 16 44 -71%
IRENA PES 131 -06 -0.4%
IRENA 1.5 7 =47 -9.8%
OPEC (2045) 121 -0.9 -0.7%
Shell Islands 137 -04 -0.3%
Shell Sky15 95 -18 -15%
Shell Waves 138 -0.3 -0.2%
US EIA 169 0.7 0.5%
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West

QBtu

52
26

13
1l

Avg. annual growth

QBtu

-09

0.0

2020-2050

CAAGR

-2.3%

-2.3%
-2.9%
-6.1%

01%

East

QBtu

36
122

99
63
29

122

Avg. annual growth

QBtu CAAGR
29 4%
2020-2050
-08 -0.7%
-19 -2.2%
=31 ~47%
0.0 0.0%
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Table 12. Nuclear Consumption, by Region

World Avg. annual growth
QBtu QBtu CAAGR
1960 0] — —
1990 21 07 —
2020 28 02 0.9%
2050 2020-2050
BNEF Gray 28 0.0 0.0%
BNEF Green 27 0.0 -01%
BNEF Red 476 149 9.9%
Eq Rebalance 52 0.8 21%
Eq Reform 40 0.4 1.2%
Eq Rivalry 36 0.3 0.8%
IEA STEPS 38 04 11%
IEA APS 46 06 1.7%
IEA SDS 49 0.7 19%
IEA NZE 57 1.0 24%
IRENA PES 43 05 15%
IRENA 1.5 37 03 09%
OPEC (2045) 43 05 15%
Shell Islands 20 -0.3 -11%
Shell Sky15 76 16 34%
Shell Waves 58 1.0 25%
US EIA 32 01 0.4%
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West

QBtu

0
18
21

18
21
23

15

Avg. annual growth

QBtu

0.6
01

2020-2050

CAAGR

0.5%

-06%
01%
0.3%

-11%

East

QBtu

21
25
26

17

QBtu

01
01

05
06
0.6

0.3

Avg. annual growth

CAAGR

29%
2020-2050

3.7%
4.3%
4.5%

30%
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Table 13. Global Electricity Generation by Source

TWh

1990

2020

2050

BNEF Gray
BNEF Green
BNEF Red
Eq. Rebalance
Eqg. Reform
Eq. Rivalry
IEA STEPS
IEA APS

IEA SDS

IEA NZE
IRENA PES
IRENA 1.5
Shell Islands
Shell Sky1.5
Shell Waves
USEIA

Coal

4,403
9,468

623
0
0
2,031
6,018
7,369
6,293
4,160
1,088
663
7,892
0
8,715
2,721
9,403
8115

Natural
gas

1,752
6,257

8,896

0

0
5985
8,811
8,750
8,432
6,307
2,755

922

9,817
4,151
7,360
6,553
7,086
7306

Hydro

2142
4,347

NA
NA
NA
7,282
6,290
5,997
6,739
6,852
7921
8,461
10,364
6,594
5,400
4,699
7946
5548

Nuclear

2,013
2,692

2,661
2,637
19128
4,892
3,745
3456
37M

4,449
474
5497
4,198
3561
1,952
7,228
5484
3025

Other renewables

172
3,246

50,005
59,648
42,893
30,115
20,344
15,429
21143
3207
40,515
53,872
16,598
64,392
16,490
58,851
36,126
17929

oil

1,242
716

23
129
252
308
291
19

405

46
136
4
30

Total

1,864
26,762

62,185
62,285
62,021
50,329
45,338
41,252
46,703
54,716
57,950
7164
49,274
78,698
39,963
80,188
66,049
41953

Notes: historical data from IEA. OPEC does not publish electricity data. BNEF groups hydropower with other

renewables.
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Table 14. Global Renewable Electricity Generation by Source

TWh Hydro bi:;?/av::ite Wind Solar Geothermal Other Total
1990 2142 131 39 01 36 0] 2,313
2020 4,347 709 1,596 846 9% 1 7593
2050

BNEF Gray nd 316 24574 13,808 nd 5,698 44,395
BNEF Green nd 334 28,372 15,047 nd 5,688 49,441
BNEF Red nd 105 25,560 12,003 nd 5,225 42,893
Eq. Rebalance 7282 2,105 11,768 14,272 nd 1,969 37,398
Eq. Rebalance 6,290 1,438 8,342 9,438 nd 1126 26,635
Eq. Rivalry 5,997 1,318 6,504 6,865 nd 742 21,427
IEA STEPS 6,739 1,852 8,805 9,969 423 95 46,703
IEA APS 6,852 2,375 14,384 14,367 449 115 54,716
IEA SDS 7921 3199 17577 18,810 801 129 57,950
IEA NZE 8,461 3279 24,785 24,855 821 132 62,333
IRENA PES 6,594 1,774 10,550 7160 680 m 26,869
IRENA 1.5 10,364 4564 26,535 22,716 1420 2,718 68,316
Shell Islands 5,400 1,703 4547 9,934 296 7 21,886
Shell Sky1.5 4,699 5,049 22,780 30,056 772 2 63,358
Shell Waves 7946 697 15,71 18,771 934 0 44,059
USEIA 5,548 690 6,834 10,152 254 0] 23,477

Notes: “Other” includes hydropower and geothermal for BNEF and geothermal for Equinor.
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Table 15. Net Carbon Dioxide Emissions, by Region

World Avg. annual growth West Avg. annual growth East Avg. annual growth
MMT MMT CAAGR MMT MMT CAAGR MMT MMT CAAGR
1990 224 — — 139 — — 6.0 — —
2020 34.2 0.4 1.4% 100 -01 -11% 232 06 46%
2050 2020-2050 2020-2050 2020-2050
BNEF Gray 16 -11 -9.7% — — — — — —
BNEF Green 0 -11 -100% — — — — — —
BNEF Red 0 =11 -100% — — — — — —
Eq Rebalance 89 -0.8 4% — — — — — —
Eq Reform 24.3 -0.3 -11% — — — — — —
Eq Rivalry 318 -01 0% — — — — — —
IEA STEPS 339 0.0 0.0% 75 -01 -1.0% 245 0.0 0.2%
IEA APS 20.7 -04 -17% 26 -02 -4.4% 16.7 -02 -11%
IEA SDS 82 -09 ~4.7% 11 -03 -70% 6.2 -06 -4.3%
IEA NZE 0.0 =11 -100% — — — — — —
IRENA PES 326 -01 -0.2% — — — — — —
IRENA 1.5 =21 -12 -100% — — — — — —
OPEC (2045) 34.4 0.0 0.0% — — — — — —
Shell Islands 379 01 0.3% — — — — — —
Shell Sky1.5 36.2 01 0.2% — — — — — —
Shell Waves 201 -05 -17% — — — — — —
US EIA 428 0.3 0.8% 151 0.2 14% 277 0.2 0.6%

Notes: Historical data from IEA. Net CO, emissions include positive (gross) and negative emissions from sources such as direct air capture and bioenergy with
CCS. CO2 emissions data include fossil fuel combustion and industrial process emissions, except for BNEF, Equinor, Shell, and OPEC. Shell CO2 emissions data are
considerably higher than IEA due to differences in accounting protocols (see Section 3.2). OPEC GDP levels are not publicly available. To calculate OPEC GDP in
2045, we use OPEC’s published estimate of 3.1 percent average annual global GDP growth from 2020 to 2045, based on 2020 GDP (at PPP) of $132.999 trillion.
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