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THE MIT JOINT PROGRAM ON THE
SCIENCE & POLICY OF GLOBAL CHANGE

is working to advance a sustainable, prosperous world through

: . scientific analysis of the complex interactions among co-evolving
GLOBAL CHANGE global systems.

I

MISSION

Advancing a sustainable, prosperous world through scientific analysis of the complex interactions among
co-evolving global systems.

The pace and complexity of global environmental change is unprecedented. Nations, regions, cities and the public
and private sectors are facing increasing pressures to confront critical challenges in future food, water, energy,
climate and other areas. Our integrated team of natural and social scientists produces comprehensive global and
regional change projections under different environmental, economic and policy scenarios. These projections
enable decision-makers in the public and private sectors to better assess impacts, and the associated costs and
benefits of potential courses of action.

VISION

We envision a world in which community, government and industry leaders have the insight they need
to make environmentally and economically sound choices.

Toward that end, we provide a scientific foundation for strategic investment, policymaking and other decisions
that advance sustainable development.

IMPACT
The MIT Joint Program:

« Combines scientific research with risk and policy analyses to project the impacts of—and evaluate
possible responses to—the many interwoven challenges of global socioeconomic, technological and
environmental change.

- Communicates research findings through our website, publications, workshops and presentations around
the world, as well as frequent interactions with decision-makers, media outlets, government and
nongovernmental organizations, schools and communities.

- Cultivates and educates the next generation of interdisciplinary researchers with the skills to tackle
ongoing and emerging complex global challenges.




2021 Outlook: Charting the Earth’s Future
Energy - Managed Resources - Climate - Policy Prospects

The 2021 Global Change Outlook continues a process, started in 2012 by the MIT Joint Program, of providing a periodic
update on the direction the planet is heading in terms of economic growth and its implications for resource use and the
environment. To obtain an integrated look at food, water, energy and climate, as well as the oceans, atmosphere and land
that comprise the Earth system, we use the MIT Integrated Global System Modeling (IGSM) framework. Consisting primarily
of the Economic Projection and Policy Analysis (EPPA) model and the MIT Earth System Model (MESM), the IGSMis a linked
set of computer models developed by the MIT Joint Program to analyze interactions among human and Earth systems. As in
our previous (2018) edition, this year’s Outlook reports on projected effects of population and economic growth, technology
improvements, climate policy and other factors on energy and land use, emissions and climate, and water and agriculture. An
important first step toward achieving stabilization of global average temperatures at reasonable cost is the Paris Agreement,
in which nearly 200 countries committed to a wide range of initial climate actions aimed at achieving that goal. For this year’s
Outlook, we have invited guest contributors to offer perspectives on the impact of the Covid-19 pandemic on economic
growth, climate mitigation and public health, as well as the need for a systems approach to climate change and human health
and well-being. Recognizing the inadequacy of the short-term commitments to keep global warming below the long-term
targets of 2°C or even 1.5°C, we explore emissions pathways consistent with these goals.
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About the 2021 Qutlook

The 2021 Global Change Outlook presents
the MIT Joint Program’s latest projections
for the future of the Earth’s energy, man-
aged resources (including water, agriculture
and land), and climate, as well as pros-
pects for achieving the Paris Agreement’s
short-term targets (as defined by Nationally
Determined Contributions, or NDCs) and
long-term goals of keeping the increase in
the average global temperature below 2°C
oreven 1.5°C.

Impacts of the Covid-19

Pandemic

In 2020, Covid-19 captured the world's at-
tention. Throughout the year, the pandemic
impacted billions of lives. The massive impact
of the virus on lives and economies presents
important parallels to the risks and threats we
face from human-induced changes to climate.
For both challenges, the well-being and sur-
vival of our growing and interconnected
society hinge on our willingness to confront
threats that have global consequences. Key to
protecting lives and making our communities
more resilient to such threats is an emphasis
on proactive, science-based decision-making
at all levels of society.

For Covid-19, the scientific process has elu-
cidated the importance and benefits of
non-therapeutic measures (e.g. masks, social
distancing) to slow transmission and reduce
mortality rates from the virus. Yet crucial to
reducing the threats, avoiding the risks and
averting the dangers, is the societal respon-
sibility to act upon scientific evidence in a
timely manner. We have seen encouraging
and effective actions with tangible results
during the pandemic in several nations and
states. Similarly, timely science-based actions
are needed to address climate change. How-
ever, for climate-related risks, we face a more
challenging situation since many of our ac-
tions and preparations must be made far in
advance, and the benefits are slow to evolve
and materialize.

The pandemic has not only served as a
teachable moment for how we confront
the climate crisis and its impacts on human
health, but also for how we manage our
economies. Covid-19 has coincidentally
given the world an unintended head start
on climate action. Since its emergence in
late 2019, Covid-19 has substantially re-
duced economic activities and greenhouse
gas emissions resulting from them. While
perhaps temporary, a declining trend for
emissions is a good sign for reaching our cli-

mate goals. However, the negative impacts
of the pandemic on economic growth and
emergency measures to stimulate national
economies provide a complex picture for
achieving future decarbonization goals. In
slow-growth economies, fewer resources
are available for governments to support
clean energy alternatives and for private
companies to invest in new technologies.
In high-growth economies, rising energy
demand and prices provide substantial in-
centives for energy-efficient innovations.

Regardless of the pace of economic devel-
opment, governments need to intervene
to promote a climate sustainability agenda,
but resources available for such interven-
tions are highly affected by the Covid-19
crisis. The pandemic has also exacerbated
negative trends related to protectionism,
populism and nationalism. For a climate
problem that requires a global solution,
these negative tendencies make efforts to
establish global decarbonization pathways
even more challenging.

In the 2021 Outlook, we include an assess-
ment of Covid-19 impacts on economic
growth, energy and emissions. The Covid-19
pandemic is projected to have a short-term
direct impact on greenhouse gas (GHG)
emissions. The longer-term effect will be
most pronounced if it acts as a catalyst for
accelerating the energy transition. Ulti-
mately, government policies and industrial
technological leadership will be needed for
aggressive GHG mitigation.

Policy Scenarios and
Risk-Based Analyses

As with previous Outlooks, our intent is
to represent as best we can the existing
energy and environmental policies and
commitments along with potential fu-
ture pathways. This year’s report is based
on a new version of our central economic
model, the Economic Projection and Policy
Analysis (EPPA) model, as well as revisions
to our MIT Earth System Model (MIESM). We
use our Integrated Global System Modeling
(IGSM) framework—which incorporates
both models—to create large ensembles
of model runs. This allows us to provide a
full distribution of possible outcomes for a
selected emissions scenario, given our un-
certainty in climate response.

In the 2021 Outlook, we focus on four dif-
ferent scenarios. The first, which we call Paris
Forever, assumes that all Paris Agreement
NDCs (as of March 2021) are implemented

Key Terms:
CCS Carbon Capture and Storage
CO2ze COz-equivalent
EPPA MIT Economic Projection &
Policy Analysis (model)
GHG Greenhouse Gases

IGSM Integrated Global System
Modeling (framework)

IPCC Interngovernmental Panel on

Climate Change
MESM MIT Earth System Model

NDC Nationally Determined

Contribution
UNFCCC United Nations Framework

Convention on Climate Change

WRS Water Resource System (model)

Units of Measurement:

°C Degrees Celsius TWh Terawatt hours

EJ Exajoules ppm Parts per

Gt Gigatonnes million

through the year 2030, and maintained in
perpetuity after that. While our Paris For-
ever scenario represents an unprecedented
global commitment to limit greenhouse gas
emissions, it neither stabilizes climate nor
limits climate change.

We therefore consider two additional
scenarios that extend from the Paris Agree-
ment’s NDCs and align with its long-term
goals. Referred to as Paris 2°C and Paris 1.5°C,
these scenarios aim to limit and stabilize
human-induced global climate warming
to 2°C and 1.5°C, respectively, by the end
of this century. The Paris 1.5°C scenario en-
visions global cooperation that leads to an
almost 50% reduction in global greenhouse
gas emissions from 2025 to 2030, a highly
aspirational projection. We also consider
a scenario that’'s more aggressive in the
short-term (up to 2025) but less aggressive
in the longer term (2030-2050), which we
call Accelerated Actions. This scenario is also
consistent with the 1.5°C stabilization goal
depending on the emissions evolution in
the second half of the century.

Online tables for 2020-2050 for our main
three scenarios (Paris Forever, Paris 2°C, and
Accelerated Actions) are available for each of
the individual regions of our EPPA model
(see Box 1 for regional classification details).
Please note that all units of measurement are
based on the metric system, and all economic
values are reported in 2015 US dollars. Our vi-
sualization tool explores these scenarios and
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expands climate outcomes to 2100 for the
Paris Forever, Paris 2°C, and Paris 1.5°C scenarios.

The IGSM framework provides a unique ca-
pacity to project policy actions in tandem
with the Earth system’s response across
its natural systems and managed re-
sources. Additionally, complexities within
both human/socioeconomic systems and
the Earth’s response mechanisms lead to
a variety of plausible futures under any
proposed scenario. Through our IGSM
ensemble-simulation approach, we can de-
scribe the range as well as the likelihoods of
many plausible trajectories (see Box 5).

While global-scale results provide impor-
tant insights on the effectiveness of policy
instruments (typically) driven by a global
target, it is the more temporally and spa-
tially granular aspects of these outcomes
that directly associate with climate-related
physical risks. To elicit that granularity, we
have developed a “hybrid” downscaling
method that incorporates the most recent
climate-model information of emerging
regional patterns of change that are associ-
ated with the human-forced global warming
response. With these more spatially detailed
ensemble projections, we can provide more
comprehensive synopses of climate-related
physical risks. Together with transition risk
assessments that can be done based on
our scenarios, our tools offer a consistent
framework that incorporates physical and
socioeconomic components of climate risks
in order to inform decision-making.

Box 1.

Regional Classification Details
The IGSM modeling system and its eco-
nomic component used to generate the
projections in this Outlook divides the
global economy into 18 regions (see
Figure 1). These regions do not align
exactly with the G20, the 20 largest
economies of the world. For instance,
South Africa, Argentina, Saudi Arabia
and Turkey are G20 countries, but are
also part of various regions that include
countries not among the G20. Con-
versely, Norway, Switzerland, Iceland
and Liechtenstein are not G20 members,
but are combined with G20 members of
the European Union, including France,
Germany, Italy and the United Kingdom,
as a single region.

A full list of the countries included in
each IGSM region is provided in the Ap-
pendix and supplementary projection
tables for 2020-2050 for the Paris For-
ever, Paris 2°C and Accelerated Actions
scenarios are available online at: http://
globalchange.mit.edu/Outlook2021.

For the reporting in this Outlook, the re-
gions are further aggregated into three
broad groups: Developed, Other G20
and Rest of the World. We also created
a web-based visualization to explore
the main energy-economic and climate
results, which is available at: http://
globalchange.mit.edu/Outlook2021/
Dashboard.

Figure 1. EPPA regions
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Table 1.1GSM Regional Classification

Regional
Group Abbr.

USA
CAN
EUR
JPN

Developed

ANZ

Region

United States
Canada
Europe*
Japan
Australia,

New Zealand
and Oceania

CHN

IND

BRA

Other G20 RUS
MEX

KOR

IDZ

China
India
Brazil
Russia
Mexico
Korea

Indonesia

AFR
ASI

LAM

Rest of the
World MES

ROE

REA

Africa

East Asia

Other Latin
America

Middle East

Other Europe
and
Central Asia

Other East Asia

* The European Union (EU-27) plus UK,
Norway, Switzerland, Iceland & Liechtenstein
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Key Findings

Here we summarize the key findings of
this report based on our modeled projec-
tions under three increasingly ambitious
greenhouse gas (GHG) emission-reduction
scenarios: Paris Forever, Paris 2°C and Acceler-
ated Actions. In broad terms, these scenarios
correspond to maintaining existing climate
policies in perpetuity, and capping global
warming at 2°C and 1.5°C, respectively, by
2100. More precise scenario definitions are
presented in Table 2. Most of our projec-
tions cover the 2020-2050 period, but some
extend to 2100 and 2150. Finally, the find-
ings shown below are largely at the global
level; regional detail is provided in sections
corresponding to each category and can
be further explored through our Outlook
online tables and visualization tool.

Energy

Population and economic growth are pro-
jected to lead to continued increases in
energy needs and further electrification.
Successful achievement of the Paris Agree-
ment pledges will begin a shift away from
fossil fuels, but additional actions are re-
quired to accelerate decarbonization.

Global Primary Energy

+ Global primary energy use in the Paris For-
ever scenario grows to about 770 exajoules
(EJ) by 2050, up by 31% from about 590 EJ
in 2020. The share of fossil fuels drops from
the current 80% to 70% in 2050. All energy
types except coal grow from 2020 to 2050,
led by non-biomass renewable energy
(wind and solar) with more than a 5.6-fold
increase. Natural gas consumption in-
creases by about 50%, hydropower grows
by 28% and oil use by 14%. Both nuclear
and bioenergy increase by about 3%, while
global coal consumption decreases by 7%.
Coal’s share of primary energy declines
from about 26% in 2020 to 18% in 2050.

« In the Paris 2°C scenario, global energy
use peaks in 2040 at about 660 EJ and
then declines to about 635 EJ by 2050.
Wind and solar energy grow almost 9
times by 2050 relative to 2020, and natural
gas use expands by 25%. Hydropower,
bioenergy and nuclear power have similar
growth rates as in the Paris Forever sce-
nario. In contrast, oil use declines by 40%
and coal use by 55% from 2020 to 2050.
Coal'’s share of global primary energy is
reduced to 10% in 2050.

« The Paris Agreement pledges made by
countries for the year 2030 do not sub-
stantially decrease the share of fossil fuels

in global primary energy use. From about
80% in 2019, it declines to 74% in 2030.
After 2030 it continues to decline, but
even by 2050, a majority of global energy
comes from fossil fuels in both Paris For-
ever and Paris 2°C scenarios. From 2020
to 2050, Covid-19 impacts on energy use
and renewable energy deployment are
relatively modest (2-4% reduction in en-
ergy use each year and virtually the same
pathway for renewables relative to the
non-Covid trajectory).

Energy-Intensity Improvements

« Our projections show energy-intensity
improvements from 2020 to 2050 in all
economies. Global energy intensity in the
Paris Forever scenario is projected to im-
prove at an average annual rate of 2.3%
between 2020 and 2050. In the Paris 2°C
scenario, we project a 2.9% per year im-
provement during the same periods.

Private Vehicles and

Transportation

« From about 10 million electric vehicles
(EVs) in 2020, EV stock in the Paris Forever
scenario reaches 100 million EVs in 2030,
almost 300 million in 2040 and nearly 650
million in 2050. With the light-duty ve-
hicle (LDV) stock increasing overall from
1.1 billion in 2020 to about 1.7 billion in
2050, the EV share of the LDV fleet reaches
38% in 2050. EV growth is even faster in
the Paris 2°C scenario, with a projected
825 million EVs on the road by 2050, com-
prising 50% of the LDV fleet.

« In the Accelerated Actions scenario, the EV
stock reaches more than 200 million vehi-
clesin 2030, 600 million in 2040, and more
than one billion in 2050. Assuming this ac-
celerated deployment of EVs, two-thirds
of all global LDVs by 2050 are electric. Our
modeling implies that in achieving a 67%
electrification of the global LDV stock,
global EV sales would exceed 30 million in
2030, 60 million in 2040, and 100 million
in 2050.

» The leaders in EV deployment in all sce-
narios are China, Europe and USA.

Electricity Production

« Covid-19 decreases global electricity
use. In comparison to a world without
Covid, our modeling shows about a 4%
Covid-induced reduction in electricity
production in 2020-2030 and 3% reduc-
tion in 2035-2050.

« In the Paris Forever scenario, global elec-
tricity production (and use) grows by

67% from 2020 to 2050. In comparison to
primary energy growth of 31% over the
same period, electricity grows twice as
fast, resulting in a continuing electrifica-
tion of the global economy. Generation
from variable renewables exhibit the
fastest growth, with a 6-fold increase be-
tween 2020 and 2050.
+ In the Paris 2°C scenario, global electricity
production grows even faster, rising by
69% between 2020 and 2050. Policies
after 2030 lead to a larger growth in vari-
able renewables, which increase 9.7 times
from 2020 to 2050.
Electricity generation from renewable
sources becomes a dominant source of
power by 2050 in all scenarios. However,
intermittency issues are not fully resolved
in any region within that time frame,
leading to a relatively large share of nat-
ural gas in generation.

Energy Prices

« In the Paris Forever scenario, the oil price
increases by 15% from 2020 to 2050,
reaching $67/barrel. In the Paris 2°C sce-
nario, this upward trend is reversed by a
decrease in oil demand after 2030. The oil
price rises to $64/barrel by 2030 and then
declines to $45/barrel in 2050. Natural
gas prices vary by region—rising with in-
creased demand for replacing coal-based
power generation, falling when renew-
ables expand significantly. Coal prices
also vary by region: prices decline in most
regions due to reductions in demand for
coal, with China a notable exception.

« The average global electricity price in-
creases from 2020 to 2050 by 16% in the
Paris Forever scenario and by 26% in the
Paris 2°C scenario. Price increases are mostly
driven by policy requirements to include
more low-carbon generation options.

Emissions and Climate

It is widely recognized that the near-term
Paris pledges are inadequate by themselves
to stabilize climate. On the assumption
that Paris pledges are met and retained in
the post-2030 period without further emis-
sions-reduction efforts, future emissions
growth will come from the Other G20 and
developing countries, accelerating changes
in global and regional temperatures.

Emissions

+ Covid-19 impacts on global GHG emis-
sions persist but diminish over time—a
2% reduction by 2025 and about 1% in
2030-2040 below what they would be in a
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non-Covid world. After that, the difference
imposed by the pandemic is less than 1%.

Global GHG emissions in the Paris Forever
scenario initially decrease from about 48
gigatonnes of CO-equivalent (Gt COze) in
2020 to about 47.5 Gt COze in 2030, and
then gradually increase to about 51 Gt
CO2e in 2050 due to growth in countries
with less stringent emissions targets. In
the Paris 2°C scenario, GHG emissions
follow the same path as in Paris Forever
until 2030, and then more aggressive poli-
cies reduce them to 34 Gt COze by 2050.
In the Accelerated Actions scenario, global
GHG emissions decline to 20 Gt CO2e by
2050. Collectively, the world reduces its
GHG emissions by almost 60% in 2050 rel-
ative to 2020 in that case.

Extending our projections to 2150, global
GHG emissions in the Paris Forever sce-
nario continue their gradual increase after
2050 due to global population and GDP
growth. Global emissions in the Paris 2°C
scenario decline to about 10 Gt COze by
2100 and then remain at that level. Two
scenarios that stabilize global average
surface temperature at 1.5°C relative
to pre-industrial levels show emissions
starting to decrease in the 2020s. Global
GHG emissions in these scenarios de-
cline to about 8 Gt COze by 2100 and then
remain at that level. We also tested a sce-
nario where net GHG emissions are set to
zero after 2070.

Climate

Carbon dioxide (CO3) concentrations in
the Paris Forever scenario continue to rise

trations. In addition, by mid-22"d century,
more than half of the IGSM ensemble runs
(i.e., at least 50% probability) show CO>
concentration at double their current level.
Also by that time, we project with 100%
likelihood that CO2e concentrations will
rise to at least double the current level.

In terms of radiative forcing of climate, our
Paris Forever scenario aligns with the Inter-
governmental Panel on Climate Change
(IPCC) Representative Concentration
Pathway (RCP) 6.0 scenario, in that a radia-
tive forcing of 6.0 W/m? is attained at 2100.
However, in the Paris Forever scenario there
are no indications of climate-forcing stabili-
zation (as in the RCP6.0 scenario). However,
we find no likelihood of exceeding a radia-
tive forcing of greater than 8.5 W/m?2 (RCP
8.5) by mid-22nd century.

By 2065, more than half of the IGSM ensem-
ble’s Paris Forever projections exceed 2°C
global climate warming, a fraction that rises
to more than 75% by 2071 and more than
95% by 2085. By 2100, 95% of the IGSM pro-
jections indicate a global climate warming
of at least 2.25°C, and the central tendency
(i.e., median) of the projected warming is
2.8°C. All of the ensemble’s warming pro-
jections exceed 1.5°C warming after 2055.
By mid-22"d century, the IGSM projections
show that the world experiences at least
a 3.3°C warming (in 95% of the IGSM en-
semble runs) and most likely a warming of
4.1°C (median result).

The MIT Earth System Model’s (MESM's)
global hydrologic sensitivity ranges from
1.7-3.3% per °C. In the Paris Forever en-
semble, the MESM’s projected increase in
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be delivered from the atmosphere each
year, which exceeds the current estimate
of global annual human water consump-
tion (4,600 km3). By 2100, the total change
in precipitation will most likely rise to 0.11
mm/day (or 21,200 km3/yr)—nearly triple
that of the mid-century change.

In both the Paris 2°C and Paris 1.5°C sce-
narios, global temperature will continue
to rise through the next two decades.
By mid-century, the Paris 1.5°C scenario’s
global temperature will stabilize, while
the Paris 2°C global temperature will
continue to rise through the 2070s. The
Paris 2°C scenario also indicates that even
among all the plausible outcomes cap-
tured by the IGSM ensemble, there is no
likelihood of even the “coolest” trajecto-
ries to remain below 1.5°C at the end of
the century. On the other hand, the Paris
1.5°C ensemble scenario can virtually as-
sure the world of remaining below 2°C of
global-averaged warming.

The Paris 2°C and Paris 1.5°C scenarios
not only stabilize global precipitation
increase (by 2060 in Paris 1.5°C, and by
2100 in Paris 2°C), but substantially re-
duce the magnitude and potential range
of increases. Paris 2°C cuts the increases
in half and Paris 1.5°C reduces them to
almost a third of the Paris Forever global
precipitation changes. The hydrologic
sensitivity of total precipitation from
heavy and extreme precipitation events
can be 5-10 times that of global mean
precipitation. Thus, any global increase
in precipitation conveys amplified risk
of flooding worldwide. Therefore, these
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Managed Resources

Water and agriculture are key sectors that
will be shaped not only by increasing de-
mands from population and economic
growth but also by the changing global en-
vironment. Climate change is likely to add
to water stress and reduce agricultural pro-
ductivity, but adaptation and agricultural
development offer opportunities to over-
come these challenges.

Water

« Under the Paris Forever scenario by
mid-century, approximately 5.8 billion
people worldwide will be exposed to
shortfalls in water supply (societal stress)
across the major river basins where they
reside. In addition, 3.6 billion people will
be living within basins exposed to environ-
mental water stress, and 3.2 billion people
will be exposed to both societal and envi-
ronmental water-stressed conditions.

« With a global population projected to
reach 9.7 billion by 2050, the Paris For-
ever scenario indicates that more than
half of the world’s population will expe-
rience pressures to its water supply, and
that 3 of every 10 people will live in ba-
sins experiencing compounding societal
and environmental pressures on water
resources.

« Population projections under combined
water stress in all scenarios reveal that the
most aggressive climate target (i.e., the
1.5°C scenario) can reduce approximately 60
million of the additional 680 million people
projected to be living in water-stressed ba-
sins in 2050 compared to today. Over half
of the combined water-stress trend is the
direct result of population increases across
major river basins that are water-stressed
under present-day climate conditions.

+ While we observe a modest “co-benefit” of
climate action to reducing the global extent
of water stress, our results highlight that the
majority of the expected increases in pop-
ulation under heightened water stress by
mid-century cannot be avoided or reduced
by climate mitigation efforts alone.

Agriculture

« Under the Paris Forever scenario, overall
food production increases by 90% from
2020 to 2050, crop production by 70%
and livestock production by 81%. Live-
stock production grows faster than crop
production due to higher shares of pro-
tein-rich food in diets when income rises.
Food production grows faster than live-
stock and crop production.

» Under the Paris Forever scenario, techno-
logical change and changing agricultural
management practices result in greater

yields, which prevent high increases in
prices. By 2050 food prices are only 2%
higher than in 2020. Crop prices rise a bit
more (7%), while livestock prices rise by
42% and forest products by 33%.

+ Under the Paris 2°C scenario, the value of
crop output is 1.5% lower than in the Paris
Forever scenario, while livestock output
reduces by 1.9% and food output by 2.3%.
Changes in prices are also quite modest,
but a bit more discernable than changes
in output. Prices of livestock products ini-
tially increase, declining later by 4% by
2050 compared to the Paris Forever sce-
nario, while prices of food products and
crop products decrease by 5.4% and 2.8%
respectively.

Land-Use Change

+ Global land-use projections from 2020 to
2050 are quite stable. Natural forest areas
decrease by 1% and natural grasslands by
3%. These are converted mostly to crop-
land areas, which increase by 7%, while
pasture lands increase by only 0.14%.

+ Acreage dedicated to biomass for energy
increases by 38%, but as it occupies only
2.9% of the total cropland area in 2020, it
remains relatively small in 2050 (3.7% of
the total cropland area). By 2100, cropland
areais only 2.3% larger than in 2020, while
pasture land is 0.44% larger. Natural for-
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ests and natural grasslands decrease by
2% and 4% by 2100, respectively. Biomass
area increases by 126% compared to the
2020 area to cope with the growth of bio-
energy output, but the total biomass area
covers only 6% of total cropland.

« Land-use changes in the Paris 2°C scenario
are similar to those in the Paris Forever sce-
nario by 2050, but quite different by 2100.
By that time, the area dedicated to bioen-
ergy output reaches 17% of total cropland
area, while it is only 6% in the Paris For-
ever scenario. Cropland area increases by
22%, while pastureland decreases by 31%
to give room for cropland and bioenergy
expansion.

Meeting Short-Term Paris
Commitments

Key countries and regions are progressing in
fulfilling their Paris pledges. Many countries
have declared more ambitious GHG emis-
sions mitigation goals, while financing to
assist the least developed countries in sus-
tainable development is not forthcoming at
the levels needed.
 Inits 2020 Emissions Gap Report, the UN
Environmental Program (UNEP) evaluated
the emissions control packages of the G20
nations, grading each for adequacy. Thir-

Box 2.
New in the 2021 Outlook

Policy scenarios

In addition to Paris Forever, our main
scenario from the previous Outlooks, we ex-
plore two scenarios of increased mitigation
ambition, Paris 2°C and Accelerated Actions.
For all three scenarios, we provide Excel
files with main economic, energy, emission
and land-use results for all 18 regions of our
Economic Projection and Policy Analysis
(EPPA) model.

Extended horizon for climate modeling
We extend the modeling and report climate
results up to 2150.

Updated modeling framework

We use a recently updated version of our In-
tegrated Global System Modeling (IGSM)
framework, which includes a new version of
the Economic Projection and Policy Anal-
ysis (EPPA) model and revisions to the MIT
Earth System Model (MESM). Key model
changes include updates to the base-year eco-
nomic dataset, projections of gross domestic
product (GDP) and population growth, tech-
nology costs, and the Earth-system response
to changing emissions and concentrations.
In addition, our MESM downscaling pro-

teen of the 20 were projected to meet their
NDCs with currently implemented policies,
which collectively account for around 60%
of 2020 GHG emissions. Five, including the
U.S., were judged to need additional mea-
sures, and insufficient information was
available to evaluate the remaining two.

« Our estimate of economic growth to
2030 and beyond, compared to the
pre-pandemic projection show that
Covid-19's GDP impact will, for many na-
tions, lower the economic cost of the
measures required to fulfill their NDCs.
Taken all together, microeconomic effects
of Covid-19 appear to further ease the
burden of meeting existing Paris pledges.

+ Harder to judge is the effect of the cur-
rent economic downturn and associated
political disruption on the priority na-
tions will give to the climate threat and
their Paris pledges. Also unknown is what
will happen to next steps in implemen-
tation of the Paris Agreement. On the
other hand, there are encouraging signs
of commitment by several of the largest
greenhouse gas emitters.

» Accounting for the pandemic’s effect
on economic growth and assuming all
nations meet their NDCs under these
conditions, the result is stabilization of

cedure incorporates the latest information
from the Coupled Model Intercomparison
Project Phase 6 (CMIP6).

Impacts of Covid-19

We incorporate estimates of Covid-19 im-
pacts into our projections of economy,
energy, emissions and climate.

Web-based tool for visualization of
Outlook results

We have created a web-based tool http://glo-
balchange.mit.edu/Outlook2021/Dashboard
for visualization of the major economy, en-
ergy and emissions results for all 18 regions
of the EPPA model for three scenarios: Paris
Forever, Paris 2°C and Accelerated Actions.
We also provide global climate results for
these scenarios.

Greenhouse Gamble Wheels

We add a short description of the Green-
house Gamble Wheels, our tool for
communicating uncertainty related to tem-
perature implications of policy scenarios.
Additional information about the wheels
can be found at: https://globalchange.mit.
edu/research/research-tools/risk-analysis/
greenhouse-gamble.

global GHG emissions through 2030. With
the prospect that Covid-19’s effects may
lower the effort required to meet existing
pledges, and the announced increase in
ambition by several large emitters, it is
likely that the world’s collective efforts
will not only achieve this level of emis-
sions control by 2030, but exceed it.

Long-Term Climate
Stabilization Goals

The Paris Agreement established more pre-
cise long-term temperature targets than
previous climate pacts by specifying the
need to keep “aggregate emissions path-
ways consistent with holding the increase
in global average temperature well below
2°C above preindustrial levels” and further
adding the goal of “pursuing efforts to limit
the temperature increase to 1.5°C."” We find
that those targets remain achievable, but in
general require much deeper near-term re-
ductions than those embodied in the NDCs
agreed upon in Paris.

Box 2 summarizes the major updates and
changes in the 2021 Outlook. The remaining
report describes the details behind these
broad conclusions.
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Drivers of Global Change

In this section we describe the major drivers
of global change represented in our In-
tegrated Global System Modeling (IGSM)
framework. These include population and
economic growth, and energy and land-use
policy scenarios, all of which influence our
projections of energy, managed resources
and climate in the coming decades.

Population and Economic
Growth

Two key drivers of global change are pop-
ulation and economic growth. We adopt
a central estimate of population growth
based on the latest projections from the
United Nations Population Division (UN,
2019). According to this estimate, the global
population grows from 7.8 billion people in
2020 to 9.7 billion in 2050, and to 10.9 billion
in 2100 (Figure 2).

Population dynamics differ by regional
grouping. In the Developed region, popu-
lation remains relatively stable at about 1.1
billion throughout the century. In the Other
G20 region, population grows from 3.6 bil-
lion in 2020 to 3.9 billion in 2050 and then
declines to 3.3 billion by 2100. In contrast,
population in the Rest of the World continues
to increase from 3.1 billion in 2020 to 4.7 bil-
lion in 2050, and to 6.5 billion in 2100. Africa
is the major contributor to this growth, with
an especially high population increase be-
tween 2020 and 2050, from 1.3 billion to 2.5
billion, and a slower growth rate thereafter.
The share of the Rest of the World region in
global population rises from 40% in 2020 to
50% in 2050, and to 60% in 2100.

For near-term economic growth projec-
tions (up to 2030, including impacts from
Covid-19), we rely on our recent analysis
(Reilly et al., 2021); for medium-term projec-
tions (up to 2050), we use OECD (2020) and
IEA (2020) forecasts. For GDP growth rates
after 2050, we assume constant productivity
growth profiles based on the corresponding
region-specific rates in mid-century. Ac-
cording to these projections, the average
annual growth rate in world GDP is 2.5%
in 2020-2050, slowing to 2.2% per year for
the period 2050-2100. Growth is slower
in the Developed region, rising at 1.8%
throughout the century. The Other G20 re-
gion grows at 3% per year in 2020-2050 and
at 2.1% in 2050-2100. The Rest of the World
grows at 3.5% in 2020-2050 and at 2.9%
thereafter.

In contrast to population, most of the
global economic value in 2020 was in the

Developed region, a trend that persists
throughout the century (Figure 3). Despite
the higher economic growth in non-Devel-
oped regions, their shares of global GDP
catch up with the Developed region only
by the end of the century. The share of GDP
of the Rest of the World region in global
GDP slowly rises from 15% in 2020 to 20%
in 2050, and to 30% in 2100. This result il-
lustrates the remaining inequality among
world regions in per capita income.

Our projections show that Covid-19 will
have a lasting impact on global GDP
(Figure 4). We estimate that global an-
nual average GDP growth between 2015
and 2020 would have been 2.9% in a world
without Covid, but that value was reduced
to 1.2% due to the negative shock of Covid-
19. The negative impact on GDP in 2020 is
8%, which is the sum of a 5% loss compared
to the 2019 level and about 3% of expected
global growth in 2020 that did not occur.
The post-2020 world GDP grows, but at a
slower pace than the pre-Covid rate. For
the years 2025-2050, we project that global
GDP will remain about 3-4% below what it
would be in a world without Covid.

These trends in population and GDP in-
crease pressure on natural resources,
including energy, water and land. This
pressure is offset in part by technological
change that increases yields and reduces en-
ergy use per unit of production activity, and
other broad-scale efficiency improvements.

Policy Scenarios

Also playing a key role in driving global
change are energy and land-use policies,
which could significantly modify the effects
of population and economic growth. We in-
corporate existing policies and measures in
our projections, focusing on the emissions
targets and policies identified in coun-
tries’ Nationally Determined Contributions
(NDCs) submitted under the Paris Agree-
ment as of March 2021 (In April 2021, several
countries announced new targets for 2030
with increased emissions-reduction efforts,
but those announcements have not yet
been submitted as official NDCs). Consider-
able interpretation is required to represent
in our modeling system the approximate ef-
fect of policies and measures on emissions
levels. (Box 3).

Figure 2. World population

Figure 3. World GDP
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In this Outlook, we focus on the following
three scenarios:

« Paris Forever, which assumes implemen-
tation of commitments under the Paris
Agreement by 2030 (as described in Box 3)
and continuation of those policies there-
after, with no additional policy action;

* Paris 2°C, which assumes policy action be-

yond current Paris commitments to ensure

that the increase in Earth’s average sur-
face temperature (relative to pre-industrial
levels) does not exceed 2°C. We assume
mitigation is achieved through global

economy-wide carbon pricing after 2030.

Accelerated Actions, in which countries im-

pose more aggressive emissions targets.

We include new targets, announced by

the USA, Canada and Japan in April 2021,

and additional emissions reductions by

other countries that represent an illus-
trative pathway of significantly increased
mitigation.

The Paris Forever scenario evaluates the

pledges that countries have made in their

NDCs specified for 2030, commitments

we assume will be maintained after 2030.

While it is desirable to start aggressive

GHG mitigation as soon as possible, we be-

lieve that the 2030 NDC pledges represent

participating countries’ current level of am-
bition in the context of the Paris Agreement.

Therefore, in the Paris 2°C scenario, we as-

sume these pledges are implemented up

to 2030. However, in this scenario we also
assume that an agreement is reached to
implement a globally coordinated climate
policy aimed at deep emission reductions
after 2030 consistent with the stabilization
of the global average atmospheric tempera-
ture at 2°C above pre-industrial levels with a
probability of 50%.

In addition, we explore an Accelerated Actions
scenario in which countries impose much
more aggressive emission targets. This sce-
nario includes the new goals for 2030 that
were announced in April (USA reduces by 50-
52% relative to 2005 emission levels, Canada
reduces by 40-45% relative to 2005, Japan re-
duces by 46% relative to 2013) and targets for
other countries that are stricter than those
submitted in their current NDCs. As a result,
we assume that global GHG emissions in
2030 are lower by almost 20% in comparison
to the global implications of the current (as
of March 2021) NDC pledges for 2030. In this
scenario, nations continue on the accelerated
path after 2030 and countries in the Devel-
oped regional grouping reduce their 2050
GHG emissions by 80% relative to their 2005
levels. Most of the countries in the Other G20
reduce their 2050 GHG emissions by 50%
with respect to 2005 levels (except for India

Figure 4. Impact of Covid-19 on the World GDP

Table 2. Outlook Scenarios

Scenario Description

Paris Forever

Current (as of March 2021) Paris Nationally Determined Contribution (NDC)

targets are met by all countries by 2030 and retained thereafter

Paris Nationally Determined Contribution (NDC) targets are met by all
countries by 2030, after which there is an emissions cap based on a global

Paris 2°C

emissions trajectory designed to ensure that the 2100 global surface mean

temperature does not exceed 2°C above pre-industrial levels with a 50%

probability

More near-term actions are taken relative to Paris 2°C (including those
planned changes to NDCs announced in April 2021), and global emissions

Accelerated
Actions

are consistent with ensuring that the 2100 global surface mean temperature
does not exceed 1.5°C above pre-industrial levels with a 50% probability.

Note: Climate results are shown for a slightly different 1.5°C scenario (Paris
1.5°C) that uses a global emissions price.

and Indonesia (30%) and Russia (40%)). In the
Rest of the World, Africa and the Rest of East
Asia end up in 2050 at their 2015 GHG levels,
while other countries reduce their GHGs in
2050 by 50% relative to 2015 levels. While
several countries have ambitious mid-cen-
tury goals, many of the targets considered
here do not represent actual policies in place
or in planning. We explore them simply to il-
lustrate the potential impacts of accelerated
mitigation actions.

To evaluate the temperature implications
of the Accelerated Actions scenario, we ex-
tended the scenario beyond 2050 in two
ways. In the first variant, emissions decline

until they reach almost zero by 2070 and stay
at that level thereafter. In the second variant,
the post-2050 world moves to an emission
trajectory consistent with the stabilization
of the global average atmospheric tempera-
ture at 1.5°C. For climate implications, we also
consider a Paris 1.5°C scenario that achieves
the long-term goal of the Paris Agreement
of limiting the temperature to 1.5°C above
pre-industrial levels with a probability of 50%
(as described in Morris et al., 2021).

Our Outlook scenarios are summarized in
Table 2.

More Information
Contact Sergey Paltsev (paltsev@mit.edu)
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Box 3.

NDCs under the Paris Agreement & Implementation of Policies in Our Projections

Our 2020-2030 emissions projections in the Paris Forever and Paris 2°C
scenarios are based on Paris Agreement Nationally Determined Con-
tributions (NDCs) submitted (as of March 2021) to the UN Framework
Convention on Climate Change (UNFCCC), and summarized in Table 3.
We assess these NDCs, implementing them at the country/region level of
our EPPA model. Many countries describe emissions reduction targets rel-
ative to an absolute (ABS) level of emissions defined by an historical level
such as 2005. Europe and Russia continue to use 1990 as the base year.

Other countries, such as China and India, describe targets based on emis-
sions intensity (INT). For countries with NDCs included within larger
EPPA regions, we assess how their targets would affect emissions for the
region as a whole relative (REL) to business-as-usual (BAU), and summa-
rize the combined effects in the final column of the table as a percentage
reduction of COze from the identified base for each country/region, or in
terms of energy intensity reductions for regions that have chosen emis-
sions intensity as a goal (see Jacoby et al (2017) for details).

The U.S. returned to the Paris Agreement in 2021, and in April 2021 the U.S.
administration announced a specific target for 2030 of reducing emissions
by 50-52% relative to the 2005 level. This announcement has not yet been
submitted as a formal NDC. In the Paris Forever and Paris 2°C scenarios,
for USA we impose a 36% GHG emissions reduction in 2030 relative to 2005
levels. We test an alternative target for USA of a 52% GHG emissions re-
duction in 2030 relative to 2005 levels in the Accelerated Actions scenario.
Similarly, for Canada and Japan we impose newly announced goals (40%
reduction relative to 2005 for Canada, and 46% reduction relative to 2013 for
Japan) in the Accelerated Actions scenario. In this scenario, we also impose
a stricter target for the EU, where in 2030 it reaches a 55% reduction relative
to 1990 levels, instead of 45% assumed in the other scenarios that reflect a
potential use of offsets. Other countries’ increases in the assumed mitigation
actions in the Accelerated Actions scenario are not based on the formal NDC
announcement, but are considered for illustrative purposes.

The electric power sector is the largest single source of greenhouse gas
emissions in most individual countries, and globally as well. Many
policy and control measures are applied to this industry, but the most

significant in terms of emissions reduction and cost are those aimed at
driving out coal and promoting renewables.

Coal-Fired Generation. Many nations are imposing policies that in-
clude shutting down existing coal-fired generation. Following Jacoby
et al (2017), for USA, CAN, EUR JPN and MEX, we assume that no new
units will be added after 2015, and that existing capacity will be retired at
age 60. The resulting reduction in 2025 to 2030 is shown in Table 4. The
results indicate the advanced age of the coal fleet, particularly in USA and
EUR. China pledges to cap coal use “around” 2030. No policies directed
at coal use in electric generation are assumed in IND and MES.

Renewable Energy Policies. Many countries are promoting solar and
wind generation through renewable energy mandates and various forms
of subsidy, and often state these measures in their NDCs. Renewable
sources of generation receiving policy attention include hydroelectric
sources, biofuels and tidal and wave power, but the main focus is on
solar and wind. We apply renewable targets based on IEA (2020).

Transport. Policies in the light-duty vehicle sector and commercial
transport are generally applied in the form of efficiency standards for new
vehicle sales as described in Jacoby et al (2017) and Reilly et al (2021).

Table 4. Policies directly applied to coal-fired electricity.
Additional policies may reduce coal use further.

Capacity Reduction

Region Other Features

in 2030 (% of 2015)

USA 40

CAN 25

EUR 35

JPN 10

CHN NA Cap 2035 & 2040 at 2030 level
IND NA No coal constraint

MEX 30

MES NA No coal constraint

Table 3. NDCs and Assumed Performance in 2030 in Paris Forever and Paris 2°C Scenarios

NDC CO2ze
2005 Mt or

t/$1000

i Other Features
Reduction

Type/Base

Expected
COze
reduction’

USA ABS 2005 26-28% by 2025 6600 Alternative 2030 target (announced Apr 2021) tested in Accelerated Actions 36% in 2030
EUR ABS 1990 55% by 2030 (E;7929%;0r EU-28 EeUsz(elg iilj’i;r}glf:;l:;jgtii:nd other European countries. Alt. 2030 target (55% without offsets) 45%
CAN ABS 2005 30% by 2030 820 r::i:ldyifzci::/ee;tf:;e::t\,{ov:;th 18% reduction in industrial. Alt. 2030 target (announced April 2021) 25%
PN ABSZOTS  20%by2030  1o20(a0re) ASAIT e 0.2k s v e TS gy
ANZ ABS 2005 26-28% by 2030 596 20%2
BRA ABS 2005 37% by 2025 2.19 45% of primary energy renewable by 2030; LUCF down 41% 2005-2012 35%
CHN CO2INT 2005 60-65% by 2030 2.55 CO2 peak by 2030, Non-fossil 20% of primary energy 55%
KOR BAU 37% by 2030 NA 25%
IND INT 2005 30-36% by 2030 2.29 2.5-3.0b tons CO2 from forests. 40% non-fossil electric. Assumes un-specified financial assistance. 30%
IDZ BAU 29% by 2030 NA Role of LUCF (63% of current emissions) unclear. Industrial emissions increase. 30%
MEX BAU 25% by 2030 NA 22% of CO2, 51% of BC, Intensity reduction of 40% 2013-2030. 25%
RUS ABS 1990 25-30% by 2030 3530 Reduction subject to “maximum accounting” from forests. 32%
ASI BAU NA Malaysia 45% INT, Philippines 70% BAU, Thailand 20% BAU, Singapore ABS 36% 10%
AFR BAU NA Nigeria 45% BAU, South Africa 20-80% increase (ABS), limited information on other regions. 5%
MES BAU NA Saudi & Kuwait actions only, Iran 15% BAU, UAE non-GHG actions 10%
LAM BAU NA Argentina 15% BAU, Chile 35% INT, Peru 20% BAU, Colombia 20% BAU 10%
REA BAU NA 'I?Aaylg;;da(-:rsg :‘z:pilArl:‘,i:‘ik;z:?;n;eduction after unspecified peak, Sri Lanka 7% BAU, 10%
ROE BAU NA Azerbaijan 13% BAU, Kazakhstan 15% 1990, Turkey 21% BAU, Ukraine 40% BAU 10%

Percentage applies to the particular target in column 2.

2 Expectation discounted by political reversals in AUS.
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Perspective: Economic and Policy
Impacts of Covid-19

, Professor of
Management and Economics Emeritus, MIT
Sloan School of Management

The short-run consequences of Covid-19
have dominated world news since March
2020. We have seen overcrowded hospi-
tals and relentlessly mounting death tolls.
Many people are enduring long-term un-
employment, and many more are quietly
suffering high levels of stress, anxiety and
depression. Familiar businesses fail daily,
and millions face eviction and homeless-
ness. Wealthy households are saving money
by reducing spending on such things as
travel and restaurant meals, while poor
households continue to spend every nickel
they can earn. And earning those nickels
often involves exposure to the virus. There
have been sharp reductions in commercial
and industrial energy use during the pan-
demic, along with very modest reductions
by households as more adults work from
home and more children attend school
from home. Overall, carbon dioxide emis-
sions from wealthy countries have fallen
substantially during the pandemic.

This largely bleak picture won't change sig-
nificantly until the pandemic is behind us.
The U.S. still has high levels of infection in
some regions, and restrictions on economic
activity may be re-imposed where neces-
sary to save lives. The longer the pandemic
lasts, the more serious will be the long-term
damage to the economy from business fail-
ures, foreclosures, compromised education,
long-term unemployment, and supply chain
disruptions. Full recovery will take a long time
once the pandemic ends. Replacing failed
businesses and destroyed supply chains will
be hard enough, but it may never be possible
to fully repair the damage to individuals and
families.

Post-pandemic energy use and emissions

In the post-pandemic recovery, energy use
will surely rebound in the absence of major
policy changes, and carbon dioxide emis-
sions will increase. Demand patterns appear
likely to change in predictable directions
but not in easily predictable magnitudes.
For instance, many people will have worked
from home for a substantial period of time,
and some will have spent much of the pan-
demic away from urban areas. It seems
unlikely that all will return to the old regime
of daily commutes from suburban homes to
crowded offices in city centers. The demand
for commercial office space seems likely to
decline, but by how much is unknowable.

More broadly, some behaviors and atti-
tudes shaped by the pandemic will endure,
at least in part, but some will not. It is dif-
ficult now to imagine returning to crowded
public transportation, for instance. To the
extent that this attitude persists, the im-
portance of public transportation relative
to autos may decline. We've gotten used to
Zoom meetings, and business travel seems
unlikely to return to previous levels. Travel
for tourism will be difficult until the pan-
demic has passed everywhere, and wealthy
households may become habituated to
doing less of it. Alternatively, there may be
an eruption of pent-up demand for leisure
travel when it again becomes safe.

Overall, my guess is that in the absence of
major emissions-reducing policy changes,
energy use and CO; emissions per dollar of
GDP will decline slightly as a consequence
of the pandemic. (Luckily, it will be very
hard to measure that impact with any preci-
sion, so my guess is unlikely to be decisively
proven wrong!)

Climate policy implications

| think the pandemic is more likely to have
postponed major emissions-reducing
policy changes than to have encouraged
them. After a period of widespread eco-
nomic hardship, it is hard to imagine great
enthusiasm for economic sacrifices to slow
climate change—or for any other purpose.
At least for the next several years, many gov-
ernments may succumb to the temptation
to treat the short-run emissions reductions
caused by the pandemic as justifying de-
laying further emissions-reducing actions.

Major emissions-reducing policy changes
seem especially unlikely in the U.S. While
the Democrats captured the White House
last November and retained a slim majority
in the House of Representatives, the Repub-
licans have enough votes in the Senate to
block any major legislative initiative from the
Biden White House. Moreover, history sug-
gests that the Democrats will lose seats in the
House and Senate in 2022 and perhaps lose
majorities in both. While the Biden White
House will almost certainly restore some-
thing like the Obama administration’s Clean
Power Plan by rule-making and will make a
large number of smaller changes in policies

and procedures by Executive Order, serious
climate legislation appears very unlikely to
pass for at least the next four years. The only
possibility would seem to be a version of the
Administration’s recent climate-oriented in-
frastructure Bill, simmed down so it can be
passed by a simple majority in the Senate.
This would not be a Green New Deal.

The story at the state level may be different.
In the absence of federal action, many states
have taken the lead in decarbonizing elec-
tricity. Only 12 of the 50 states lack some sort
of commitment to renewable or clean (renew-
able plus nuclear) electricity. A recent UCLA
study found that around a third of U.S. citi-
zens live in jurisdictions that are committed
to 100% clean or renewable electricity by
around 2050. Even in the absence of further
policy changes, aggressive decarbonization
of electricity generation will be required by
those commitments for decades to come.

These ambitious state programs rely on sub-
sidies, not taxes or regulations. Sellers of
electricity to its ultimate consumers are re-
quired to buy clean/renewable electricity, and
they pay a premium to secure those supplies.
Those subsidies are paid for by raising retail
rates, which rarely vary much over time. While
decarbonization is a laudable goal, even if
this approach succeeded in fully decarbon-
izing electricity generation, it would only cut
around 30% of U.S. greenhouse gas emissions.

More important, these programs, as
designed, generally work against decar-
bonizing the whole economy. Studies of
economy-wide decarbonization conclude
that the efficient path involves decarbonizing
electricity generation and using clean elec-
tricity to replace fossil fuels in other sectors.
In decarbonized electric power systems that
rely heavily on wind and solar generation,
the marginal cost of electricity will vary more
than it does today, and it will be very low
much of the time. If that variation is reflected
in retail rates, consumers will have incen-
tives to use electricity heavily when it is very
cheap, and that will facilitate economy-wide
electrification. The road the activist states
are on, in contrast, involves raising the retail
price of electricity at all times. Raising retail
rates at all times will inhibit economy-wide
electrification and thus work against econ-
omy-wide decarbonization.
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Energy
Primary Energy Use

Context

Energy consumption is vital for human well-
being and ubiquitous in our daily lives. We
depend on it for everything from meal prepa-
ration to climate control to transportation to
powering our digital devices. Consequently,
energy-related emissions are by far the largest
contributor to human-caused greenhouse
gases (GHGs) in the Earth’s atmosphere. Al-
most three-quarters of global GHGs come
from energy consumption because the world
still heavily relies on fossil fuels: in 2019, about
80% of global primary (i.e., pre-processed)
energy consumption was based on coal, oil
and natural gas. As the population grows
and energy demand rises, improving energy
efficiency and transitioning to lower-carbon

energy sources (e.g., wind, solar, biomass,
hydro and nuclear) will be needed to ensure
sustainable economic growth.

Key Findings

Our models show that Covid-19 will have a
small but notable impact on global energy
use over the next three decades (Figure 5).
We estimate that global energy use in 2020
was 4% lower due to the pandemic, and
project that it will remain about 2-3% below
what it would be in a world without Covid
in the years 2025 to 2050. Several regions
have introduced recovery packages that
include provisions for low-carbon energy
investments, but they are not included in
our projections. If those packages prove
effective, they might further accelerate de-
ployment of low-carbon energy sources,
particularly in the EU and USA.

We project that global primary energy use
in the Paris Forever scenario will grow to
about 770 exajoules (EJ) by 2050, up by 31%
from about 590 EJ in 2020 (Figure 6). In this
estimate we include commercial fuels and
traditional biomass use. The share of fossil
fuels (coal, oil, gas) drops from the current
80% to 70% in 2050. In absolute values, all
energy types except coal are growing from
2020 to 2050. Variable renewable energy
(wind and solar) leads this growth with more
than a 5.6-fold increase. Natural gas con-
sumption is about 50% larger, hydropower
grows by 28% and oil use by 14%. Both nu-
clear and bioenergy increase by about 3%,
while global coal consumption decreases by
7%. Coal'’s share of primary energy declines
from about 26% in 2020 to 18% in 2050.

Figure 5. Global Energy Use (exajoules) in the Paris Forever scenario: with Covid-19 (blue bars) and without Covid-19 (dashed line)

Figure 6. Global Energy Use (exajoules) in the Paris Forever (left), Paris 2°C (center), and Accelerated Actions (right) scenarios.
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Global energy use in the Paris 2°C scenario
follows a different trajectory. While, by de-
sign, the results up to 2030 are the same as
in the Paris Forever scenario, policies and
measures in the 2°C scenario are accelerated
after 2030. Global energy use peaks in 2040
at about 660 EJ and then declines to about
635 EJ by 2050. Price- and policy-driven en-
ergy efficiency measures play a substantial
role in reducing annual consumption. In this
scenario, wind and solar energy grow almost
9 times by 2050 relative to 2020, and natural
gas use expands by 25%. Hydropower, bioen-
ergy and nuclear power have similar growth
rates as in the Paris Forever scenario. In con-
trast, oil use declines by 40% and coal use by
55% from 2020 to 2050. Coal’s share of global
primary energy is reduced to 10% in 2050.
The Accelerated Actions scenario squeezes
out fossil fuels further.

Primary energy use has different trajecto-
ries in the Developed, Other G20, and Rest
of the World regions. In the Paris Forever sce-
nario (Figure 7), energy consumption stays
roughly constant in the Developed region,
while in the Other G20 and Rest of the World
it grows by about 40% from 2020 to 2050.
Coal and oil use decline in the Developed
region, while in the Other G20, coal use re-
mains about the same and oil use slightly
increases. Whereas in the Paris Forever Sce-
nario, coal and oil use still increase in the
Rest of the World, our Paris 2°C scenario pro-
jection (Figure 8) shows a decline in coal
and oil use in all regions after 2030.

Implications

The Paris Agreement pledges made by
countries for the year 2030 do not sub-
stantially decrease the share of fossil fuels
in global primary energy use. From about

80% in 2019, it declines to 74% in 2030. After
2030 it continues to decline, but even by
2050, the majority of global energy comes
from fossil fuels in both Paris Forever and
Paris 2°C scenarios. Increased ambition for
2030 targets and acceleration of decarbon-
ization post-2030 will be required to achieve
larger reductions in fossil fuel use. From
2020 to 2050, Covid-19 impacts on energy
use and renewable energy deployment are
relatively modest (2-4% reduction in en-
ergy use each year and virtually the same
pathway for renewables relative to the non-
Covid trajectory). Thus, additional policy
actions will be needed to speed up the en-
ergy transition towards low-carbon sources.

More Information

Contact Sergey Paltsev (paltsev@mit.edu).

Figure 7. Energy Use (exajoules) in the Paris Forever scenario by major group: Developed (left), Other G20 (center), Rest of the World (right)

Figure 8. Energy Use (exajoules) in the Paris 2°C scenario by major group: Developed (left), Other G20 (center), Rest of the World (right)
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Regional Energy Intensity
Improvements

Context

A measure of the energy efficiency of an
economy, energy intensity is defined as
the number of units (e.g., exajoules) of en-
ergy per unit (e.g., dollars, in the case of
the U.S.) of gross domestic product (GDP).
Through improvements in energy intensity,
an economy can produce the same amount
of economic output with less energy,
thereby reducing its GHG emissions, energy
imports and cost of living, among other
things. Comparing absolute energy-inten-
sity levels among countries is challenging
due to varying climatic conditions, sectoral
output compositions, and reliance on ex-
ports and imports. Moreover, GDP may be
calculated using different methods such as
at market exchange rates (as in this Outlook)
or by purchasing-power parity. Individual
country intensities may also be affected
by the balance between domestic produc-
tion and import of energy-intensive goods.
At the country or region level, the rate of
energy-intensity improvement indicates
technological progress, price-driven en-
ergy-efficiency improvements, shifts from
energy-intensive industrial activities (e.g., to
services), and other energy-related trends
and policies.

Key Findings

Our projections show energy-intensity
improvements from 2020 to 2050 in all
economies. In the Paris Forever scenario
(Figure 9), Canada is the most rapidly im-
proving country in the Developed regional
grouping; its energy intensity improves at
an annual average rate of 3.3%. USA and
Australia/New Zealand (ANZ) improve at
3.2%, while the rates in Europe and Japan
are 2.4% and 2.8%, respectively. In the Other
G20 group, Indonesia and India lead the way
with the rates 3.6% and 3.5%, respectively.
Brazil and Korea improve at 3%, and China
and Mexico at 2.8%. Russia is projected
to have the slowest rate of improvement
(1.8%) throughout the three-decade period.
For the Rest of the World, Africa and Other
East Asia improve faster than other regions,
at 3.9%. The regions of Other Latin America,
East Asia and the Middle East improve at
2.8-3%. The improvements in Other Eurasia
are the slowest in this Rest of the World re-
gional group at 2.2%. Overall, global energy
intensity in the Paris Forever scenario is pro-
jected to improve at an average annual rate
of 2.3% between 2020 and 2050.

In the Paris 2°C scenario, the general ten-
dencies are similar, but more aggressive
climate policies lead to faster energy-inten-
sity improvements. Globally, we project a
2.9% improvement from 2020 to 2050 in this

scenario. Climate policies especially accel-
erate improvements in Africa, Australia/New
Zealand (ANZ) and Korea (Figure 10), where
the rates increase to 4.4-4.8%. The factors
driving this acceleration include structural
change, technological change, rising energy
prices, and the rate of economic growth.
Faster growth means higher investments,
hence a greater portion of the capital stock
incorporates newer, more energy-efficient
technology. For Africa, the acceleration in
energy-intensity improvement is also af-
fected by forces related to the early stages
of economic development.

Implications

Reducing energy intensity helps to provide
the energy needs of a growing population
seeking a higher quality of life. Achieving
the same level of global economic output
without energy- efficiency improvements
would require more energy production.
With no efficiency gains, the world in 2050
would need to produce 60% more energy
in the Paris Forever scenario and 80% more
energy in the Paris 2°C scenario. Acceler-
ating investments in energy efficiency will
be critical to avoid depletion of natural re-
sources and transition to more sustainable
and environmentally-friendly development.

More Information

Contact Sergey Paltsev at paltsev@mit.edu.

Figure 9. Energy Intensity (EJ/trillion US 2015%) in the Paris Forever scenario by major group:
Developed (left), Other G20 (center), Rest of the World (right)

Figure 10. Energy Intensity (EJ/trillion US 2015$) in the Paris 2°C scenario by major group: Developed (left), Other G20 (center), Rest of the World (right)
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Electrification of Light-
Duty Vehicles

Context

Electric vehicles (EVs) offer a solution for
decarbonizing the transportation sector.
Household private light-duty (i.e., cars and
light trucks) vehicles (LDVs) are well-suited
for electrification because of their smaller
size and battery requirements compared to
commercial vehicles that transport heavier
loads. As the electricity sector turns increas-
ingly to clean energy sources, EVs will help
to reduce both GHG emissions and air pollu-
tion. Several car manufacturers and local and
regional governments have declared ambi-
tious targets for EV deployment in the next
10-15 years, but achieving LDV decarbon-
ization on a large scale will be a formidable
challenge.

In the MIT Mobility of the Future study
(MIT, 2019), we helped quantify the size of
the current global LDV fleet (1.1 billion ve-
hicles) and future scenarios for its growth.
Currently, the EV fleet (battery-electric and
plug-in-hybrid vehicles) is rather small,
with about 10 million vehicles at the end of
2020—1less than 1% of the total LDV fleet.
Last year EV sales set a new record with
about 3 million vehicles sold globally (see
Box 4 for an assessment of the pandemic’s
impact on EV sales). With annual global LDV
sales of about 100 million vehicles, sub-
stantial expansion of EVs will be needed to
achieve decarbonization goals.

Box 4
Impact of Covid-19 on EV Sales
By Lucy Young, MIT student

Key Findings

We estimate a rapid increase in the
global EV stock over the next three
decades. From about 10 million EVs
in 2020, the EV stock in the Paris For-
ever scenario reaches 100 million
EVs in 2030, almost 300 million in
2040 and nearly 650 million in 2050
(Figure 11, top). With the LDV stock
increasing overall from 1.1 billion
in 2020 to about 1.7 billion in 2050,
the EV share of the LDV fleet reaches
38% in 2050. EV growth is even faster
in the Paris 2°C scenario, with a pro-
jected 825 million EVs on the road by
2050 (Figure 11, middle), with 50% of
the LDV fleet electric. To achieve this
level of EV fleet penetration, 80% of
all cars sold globally in 2050 must be
electric. For additional details about
these scenarios, see MIT (2019).

We also explore a scenario (Accelerated
Actions) with more aggressive global
mitigation actions including acceler-
ated support for EVs. In this scenario,
EV stock reaches more than 200 mil-
lion vehicles in 2030, 600 million in
2040, and more than one billion in
2050 (Figure 11, bottom). Assuming
this accelerated deployment of EVs,
two-thirds of all global LDVs by 2050
are electric. Our modeling implies that
to achieve a 67% electrification of the
global LDV stock, global EV sales would
exceed 30 million in 2030, 60 million in
2040, and 100 million in 2050. While
we have not evaluated the amount

Figure 11. EV contribution to the global LDV stock
(millions of vehicles) in the Paris Forever (top), Paris 2°C
(middle) and Accelerated Actions (bottom) scenarios

chases led to a 263% increase in annual sales. What governments can
learn from this experience is that stimulus packages can be effective
tools to promote climate-change mitigation goals.

The Covid-19 pandemic and subsequent government policies substan-
tially impacted global electric vehicle (EV) deployment in 2020. In the
first half of 2020, global EV sales were down by 15% relative to their
corresponding 2019 levels due to lockdowns and shutdowns of EV man-
ufacturing facilities in several countries. However, in the second half of
2020, EV sales recovered and started to surpass the corresponding 2019
monthly sales as governments with low-carbon goals devoted parts of
their stimulus funds to support the EV industry. The greatest support
for EVs came from European countries, notably Germany and France,
which increased EV subsidies by up to 100%. Though less generous
than in Europe, China also demonstrated support for EVs by extending
existing EV subsidies. In contrast, the U.S. in 2020 provided little ad-
ditional support to EVs.

Globally, December 2020 set an all-time monthly record of close to
600,000 electric vehicles sold. Overall, it is estimated that in 2020 about
3 million EVs sold, which is 40% more than in 2019 despite the pan-
demic. This year-on-year growth from 2019 to 2020 is significantly
greater than the 2018-2019 total, which was only about 10%. Coun-
tries that took a more aggressive approach to increasing incentives for
purchasing EVs experienced greater growth in EV sales. For example,
Germany’s decision to double existing subsidies for individual EV pur-

Figure 12. Global monthly sales of electric (battery and
plug-in hybrid) vehicles. Data source: ev-sales.blogpost.com
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and availability of materials needed for battery
production to support these levels of car man-
ufacturing, it is clear that new supply chains
and technologies will be critical for sustained
growth in EV deployment.

Our projections of EV deployment by major
regional groupings (Figure 13) show that
growth will be led by the Developed (driven
by Europe and USA) and Other G20 (driven
by China and India) regions. We estimate
that in 2030 the Developed region has the
most EVs (about 60 million vehicles in Paris
Forever and Paris 2°C scenarios, and about
120 million vehicles in the Accelerated Ac-
tions scenario), but by 2050 the EV markets
in the Developed and Other G20 regions are
roughly the same size (260-270 million ve-
hicles in the Paris Forever, 330-350 million
in the Paris 2°C and 425-465 million in the
Accelerated Actions scenario) because other

Figure 13. EV deployment by major regional
group: Paris Forever (top), Paris 2°C (middle)

countries in the Other G20 region (Mexico,
Brazil, Russia, Korea, Indonesia) are also
projected to substantially accelerate their
electrification efforts by mid-century.

Theleadersin EV deployment in all scenarios
are China, Europe and USA (Figure 14). In
the Paris Forever scenario, we estimate that
China’s electric fleet grows from 4.5 million
in 2020 to about 25 million in 2030, and to
about 130 million in 2050. In the Accelerated
Actions scenario, China’s EV stock reaches
50 million in 2030 and 250 million in 2050.
Europe has comparable growth by 2030
(from the current 2.4 million EVs in 2020),
but then grows slower than China. Europe'’s
EV fleet in 2050 is about 100 million in the
Paris Forever scenario and about 200 million
in the Accelerated Actions scenario. The EV
deployment trajectory in the USA is similar
to Europe’s. India’s LDV fleet is
projected to be smaller than in
China, Europe or the USA, but
its EV growth is also remarkable,
reaching about 50-60 million of
electric vehicles by 2050.

and Accelerated Actions (bottom) scenarios

Implications

Electrification of light-duty vehicles is
growing rapidly in all scenarios. By mid-cen-
tury, EVs occupy a large share of fleets in all
world regions with major market growth in
China, Europe and the USA. Meanwhile, the
need for mobility expands substantially.
While electrification of LDVs can contribute
significantly to mitigating GHG emissions
in the transportation sector, it offers only
a partial solution. A comprehensive solu-
tion will require not just one technology
but an integrated system approach that in-
cludes more efficient internal-combustion
vehicles, a long-term switch to low- and
net-zero carbon fuels for transport, and in-
creased efficiency of the transport system
through digitalization, smart pricing and
multi-modal integration. Additional emis-
sions reductions could come from more
consumers shifting from private transpor-
tation to low-emitting public transport,
shared mobility, biking and walking.

More Information
Contact Sergey Paltsev at paltsev@mit.edu.

Figure 14. EV deployment in Europe, USA and China in
the Paris Forever and Accelerated Actions scenarios
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Electricity Production

Context

Decarbonizing electricity generation is usu-
ally regarded as one of the first steps toward
an economy with net-zero GHG emissions.
Declining costs of wind and solar power
make this step economically feasible. With
clean electricity generation and accelerated
electrification of transport, buildings and
industry, substantial decarbonization of the
economy can be achieved. To date, growth
in electricity demand has been met by in-
stalling both fossil and non-fossil sources.
But in the coming decades, successful res-
olution of intermittency issues for variable
renewables (wind and solar) will likely create
a path for rapid decarbonization efforts. In
addition, increased reliance on domestic
wind and solar resources will lessen con-
cerns about energy security by reducing
or eliminating the need for importing fossil
fuels.

Key Findings

We project that the impact of Covid-19 on
electricity will be similar to its impact on
primary energy use. Covid-19 slows down
global electricity use. In comparison to a
world without Covid, our modeling shows
about a 4% Covid-induced reduction in
electricity production in 2020-2030 and 3%
reduction in 2035-2050.

In the Paris Forever scenario (Figure 15,
top), global electricity production (and use)
grows by 67% from 2020 to 2050. In compar-
ison to primary energy growth of 31% over
the same period, electricity grows twice as
fast, resulting in a continuing electrification
of the global economy. Generation from
variable renewables exhibits the fastest
growth, with a 6-fold increase between
2020 and 2050. Biomass-based electricity
production rises by about 70% and hydro-
electricity by about 40%. The combined
share of these renewables in electricity pro-
duction increases from about 30% in 2020
to about 50% in 2050. Growth in nuclear
generation is about 10%. Oil-fired genera-
tion is small in 2020 and decreases further
over time. We project substantial switching
from coal to natural gas generation, with
coal decreasing by almost 40% and natural
gas increasing by 105% between 2020 and
2050.

In the Paris 2°C scenario (Figure 15, middle),
global electricity production grows even
faster, rising by 69% between 2020 and
2050. Policies after 2030 lead to a larger
growth in variable renewables, which in-
crease 9.7 times from 2020 to 2050. The

switch away from coal accelerates after
2030, with coal decreasing by 81% be-
tween 2020 and 2050. Natural gas increases
by 47% during that time. We have also
tested a scenario (Accelerated Actions) with
more aggressive global mitigation actions
(Figure 15, bottom), in which the share
of renewables in total electricity produc-
tion in 2050 reaches 78%. In this scenario,
coal- and oil-based generation are virtually
eliminated by mid-century. Natural gas gen-
eration declines by 32% from 2020 to 2050,
while variable renewables grow 13-fold over
that period of time. This scenario shows the
importance of enhancing decarbonization
efforts.

Electricity production for major regional
groupings in the Paris Forever scenario
is shown in Figure 16. In the Developed
group, over the 2020-2050 period, coal gen-
eration quickly declines and renewables
grow, while natural gas generation mostly
stays flat. In the Other G20 group, the coal
decline is smaller while growth in renew-
ables is more aggressive. In the Rest of the
World, renewables also grow, but natural
gas remains the main option. In the Paris
2°C scenario (Figure 17), the general trends
are similar. The main difference is a faster
decline in coal and rise in renewable gen-
eration in all regions. In this scenario, most
of the growth in renewables occurs in the
Other G20 group, primarily due to the fast
growth of renewables in China and India.

Implications

Electricity generation from renewables be-
comes a dominant source of power by 2050 in
all scenarios that we consider. Most of the re-
maining coal generation is in India and China,
where recently built coal plants are still oper-
ating in 2020-2050. But coal-based electricity
declines even in those countries as renew-
ables expand to fulfill the growing power
generation demand. In our main scenarios,
intermittency issues are not fully resolved in
any region in the next two to three decades,
leading to a relatively large share of natural
gas in generation. We also project that nat-
ural gas expands the most in regions with
less aggressive mitigation policies (Africa,
the Middle East, Other East Asia). To ensure
a transition to low-carbon power genera-
tion in less economically developed regions,
rich countries will need to provide sufficient
technology transfer and financial support to
incentivize further decarbonization.

More Information

Contact Sergey Paltsev at paltsev@mit.edu.

Figure 15. Global electricity production
(terawatt-hours, TWh) in the Paris
Forever (top), Paris 2°C (middle) and
Accelerated Actions (bottom) scenarios
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Figure 16. Electricity production (terawatt-hours, TWh) in the Paris Forever scenario by major
group: Developed (left), Other G20 (center), Rest of the World (right)

Figure 17. Electricity production (terawatt-hours, TWh) in the Paris 2°C scenario by major
group: Developed (left), Other G20 (center), Rest of the World (right)
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Energy Prices

Context

Energy prices are highly variable from year
to year and subject to periodic large swings,
sometimes sharply dropping within months
and then increasing back to earlier levels.
The Covid-19 pandemic reduced demand for
economic activities, resulting in a decrease
in energy prices, but recovered energy con-
sumption is now pushing prices back up.

The EPPA model used for this Outlook
focuses on long-term trends affected by un-
derlying changes in supply and demand. We
therefore project average prices for a five-
year period. We do not model processes
that give rise to short-term commodity price
dynamics, which include swings in expecta-
tions, depletion or accumulation of stocks,
short-term disruptions to supply, and polit-
ical factors. The model determines relative
price indices for all commodities explicitly
represented. These price indices are then
converted to price levels based on the cor-
responding historic prices in the base year.

Key Findings

Our modeling projects a slow increase in the
crude oil price in the Paris Forever scenario
(Table 5). The average oil price in 2020 was
about $40/barrel, but the average prices
in 2018 and 2019 ranged from $65 to $70/
barrel. We project a recovery of oil prices
in 2021-2022, so that the five-year average
around 2020 is $59/barrel. In the Paris For-
ever scenario, the oil price increases by 15%
from 2020 to 2050, reaching $67/barrel. This
increase is driven by resource depletion:
as more oil is used over time, further de-
velopment of potentially more expensive
resources is needed. In the Paris 2°C scenario,

Table 5. Fossil fuel prices in different scenarios

this upward trend is reversed by a decrease
in oil demand after 2030. The oil price rises
to $64/barrel by 2030 and then declines to
$45/barrel in 2050. In this scenario, global
oil consumption drops from about 200 EJ in
2030 to about 115 EJ in 2050. While prices
that oil producers receive for their products
are decreasing, consumer prices are affected
by taxes, standards and other policies. The
equivalent carbon price in the Paris 2°C sce-
nario rises from about $50/tCO; in 2035 to
about $145/tCO; in 2050, which in turn in-
creases the price of oil faced by consumers.

Natural gas prices vary by region. In the USA,
we project a rather stable price of around $3/
MBtu in both scenarios. Increased demand for
natural gas to replace coal-based power gen-
eration results in a slight upward trend in U.S.
natural gas prices. In Europe, natural gas prices
grow from $6.68/MBtu in 2020 to $7.20/MBtu
in 2050 in the Paris Forever scenario, but they
decrease to $6.59/MBtu in 2050 in the Paris
2°C scenario due to substantial expansion of
renewables and the virtual elimination of nat-
ural gas from power generation. China also
expands renewables, but still relies heavily on
natural gas in many sectors of its economy. Its
natural gas prices rise from $8/MBtu in 2020 to
$8.33/MBtu in the Paris Forever scenario and to
$8.66/MBtu in the Paris 2°C scenario.

Coal prices also vary by region, and we
project declining prices in most regions
due to reductions in demand for coal. China
is a notable exception. In the Paris Forever
scenario, coal use in China is somewhat re-
duced, but it is still sizeable and broadly
used in many sectors, creating the need for
new mining activities. In the USA, coal prices
fall from $50/tonne of steam coal in 2020 to
$42/tonne in 2050 in the Paris Forever sce-
nario and $35/tonne in 2050 in the Paris 2°C

scenario. In Europe, the corresponding price
changes are from $58/tonne in 2020 to $51/
tonne and $43/tonne, respectively, in 2050.

Electricity prices are growing in both scenarios.
While the changes differ by region, the average
global electricity price increases from 2020 to
2050 by 16% in the Paris Forever scenario and
by 26% in the Paris 2°C scenario. Price increases
are mostly driven by policy requirements to
include more low-carbon generation options.
Also, in many developed countries, this re-
quirement is coupled with overcapacity of old
generation plants that are now producing at
prices that would not recover the full cost of
replacing these plants given current environ-
mental policies. As long as this old capacity
remains available, it can fill in for intermittent
renewables. However, as it depreciates, higher
prices are needed to encourage new capacity.

Implications

Climate policy reduces the appeal of fossil
fuels. While natural gas may see some in-
creases in demand due to its lower carbon
content relative to coal and oil, its use (un-
less coupled with carbon capture and
storage technology) will likely decrease
under more aggressive emissions mitigation
policies. Under the Paris Forever scenario,
demand for fossil fuels remains substantial,
and corresponding global energy prices in-
crease. In the Paris 2°C scenario, however,
demand reductions more than offset cost
increases due to resource depletion. As a
result, both global coal and oil demand and
prices are lower in 2050 in comparison to
their levels in 2020, sending a notable signal
to fossil fuel developers about the risks of
stranded assets and reduced or lost profits.

More Information

Contact Sergey Paltsev at paltsev@mit.edu.

Region Scenario 2020 2025 2030 2035 2040 2045 2050
Crude oil World ParisForever 59 63 64 65 66 66 67
($/barrel) World Paris 2C 59 63 64 62 60 53 45
T ParisForever 2.95 3.04 3.06 3.04 3.01 2.98 2.97
Paris 2C 2.95 3.04 3.06 3.09 3.08 3.04 3.06
Natural gas e ParisForever 6.68 6.91 6.96 7.00 7.07 7.14 7.20
($/Mbtu) Hrope Paris 2C 6.68 6.91 6.96 6.90 6.83 6.68 6.59
China ParisForever 8.00 8.32 8.62 8.54 8.51 8.43 8.33
Paris 2C 8.00 8.32 8.62 8.54 9.08 9.19 8.86
e ParisForever 50 45 41 41 42 42 42
Paris 2C 50 45 41 37 36 35 35
Coal ParisForever 58 55 53 52 51 51 51
Europe .
($/tonne) Paris 2C 58 55 53 50 48 47 43
China ParisForever 87 89 92 91 89 91 93
Paris 2C 87 89 92 84 79 74 71
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Managed Resources
Water

Context

The availability of water is fundamental to
the health and long-term viability of the bil-
lions of people who share this planet. While
the Earth’s weather and climate systems drive
the continual replenishment of fresh water to
our rivers and aquifers, we routinely rely on
managed water systems to sustain human
lives and livelihoods. Climate change, popu-
lation growth and increased socio-economic
activity all have direct effects on the pres-
sure placed on these systems. Influenced by
these three factors, water shortages will have
profound impacts on human health, political
instability and environmental sustainability
in the coming decades. We must therefore
use state-of-the-art analytic tools to identify
emerging and compounding risks to water-
stress threats across the world’s major river
basins, whether driven by natural or human
causes, and determine suitable adaptive
measures to reduce those risks at scale.

Key Findings

We have assessed emerging risks to global
water resources by applying our Water Re-
source Systems (WRS) modeling platform to
results produced by our Outlook scenarios.
The WRS tracks the ability of water supplies
to meet the demands placed by the agri-
culture, energy, industrial and municipal
sectors within the Earth’s major river basins.
We have combined two important metrics
of water stress: 1) an “environmental” index
that indicates when the use of water (mea-
sured as total withdrawal from a body of
water) has exceeded one-third of its natural
replenishment (river flow and groundwater
recharge); and 2) a “societal” index that in-
dicates when 15% (or higher) of the basin’s
annual water demands cannot be met,
even through optimal allocation of its water
supply. For each of our Outlook scenarios,
we have tracked these two metrics at every
WRS basin (282 globally) and have assessed
the total population concurrently affected
by both of these water stress measures.

Under the Paris Forever scenario (Figure 18),
we find that by mid-century, approximately
5.8 billion people worldwide will be ex-
posed to shortfalls in water supply (societal
stress) across the major river basins where
they reside. In addition, 3.6 billion people
will be living within basins exposed to en-
vironmental water stress. We also find that
3.2 billion people will be exposed to both
societal and environmental water-stressed

conditions. With a global population pro-
jected to reach 9.7 billion by 2050, the Paris
Forever scenario indicates that more than
half of the world’s population will experi-
ence pressures to its water supply, and that
3 of every 10 people will live in water basins
where compounding societal and environ-
mental pressures on water resources will be
experienced.

To what extent could aggressive climate
actions alleviate these conditions and on
what scale must we consider adaptive
measures? Across the Outlook scenarios,
projections of the population under com-
bined water stress (Figure 19) reveal that
the most aggressive climate target (i.e., the
1.5°C scenario) can reduce approximately 60

million of the additional 680 million people
projected to be living in water-stressed ba-
sins in 2050 compared to today. We further
find that over half of the combined water-
stress trend is the direct result of population
increases across major river basins that are
water-stressed under present-day climate
conditions.

Implications

While we observe a modest “co-benefit” of
climate action to reducing the global extent
of water stress, our results highlight that the
majority of the expected increases in pop-
ulation under heightened water stress by
mid-century cannot be avoided or reduced
by climate mitigation efforts alone. World-

Figure 18. Global population exposed to individual and compounding societal
and environmental threats of water stress under the Paris Forever scenario

Figure 19. Change in global population that will be exposed to compounding societal and
environmental threats of water stress relative to the current exposed population level




wide increases in population, economic
growth and associated water demands are
largely a challenge of sustainability—one
that can only be alleviated through wide-
spread transformations of water systems’
storage capacity, conveyance and water-use
efficiencies. Since all of these transforma-
tions cannot be achieved simultaneously,
any concerted, global effort toward water
sustainability must be prioritized so that

decision-makers confront those basins that
face unprecedented and/or the most sa-
lient threat in the coming decades. To that
end, we have constructed a global map
(Figure 20) that depicts an overall “threat
score” of water risk across the world’s major
river basins represented by the WRS pro-
jections. High-priority basins or regions
include: the Arabian Peninsula, Brahma-
putra, Danube, Huang He, Indus, Ganges,
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Murray-Darling, Niger, Nile, Rio Grande,
Southern Mediterranean, Volta and the
Zambezi.

More Information

Contact C. Adam Schlosser (casch@mit.edu),
Xiang Gao (xgao302@mit.edu) and Ken Strz-
epek (strzepek@mit.edu).

Figure 20. Global map of an aggregate water-stress threat indicator that shows whether three conditions are met in both
societal and environmental water stress indices: 1) a positive trend through the 2021-2059 period; 2) water-stress conditions
occur for more than half of the period between 2021-2059; and 3) the index does not indicate stressed conditions across 2010-
2019 but they emerge by 2050-2059. A value of 6 indicates that all these conditions are met for both societal and environmental
water stress (highest threat). Areas not shaded indicate none of the conditions are met for either of the stress indices.
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Agriculture

Context

The agriculture sector significantly impacts
our society and environment, which, at
the same time, impact the sector itself. For
example, natural resources such as land
and water are used intensively as inputs
in agricultural activities, which, in turn,
substantially affect those resources. More-
over, population and economic growth,
changing diets, and crop and livestock pro-
ductivity are major drivers of food supply
and demand. These drivers shape future
trends of agricultural and food production,
and their impacts on greenhouse gas (GHG)
emissions and land-use change.

Key Findings

We project that in the Paris Forever scenario
overall, food production will increase by 90%
from 2020 to 2050, crop production by 70%
and livestock production by 81% (Figure 21).
Population growth leads to some increase
in food and agricultural demand, but eco-
nomic growth and higher income are the
major drivers: while world population grows
by only 25%, global GDP will be 109% higher
by 2050. Livestock production grows faster
than crop production due to higher shares of
protein-rich food in diets when income rises.
However, as meat consumption rises, addi-
tional crops are cultivated for livestock feed.
Food production grows faster than livestock
and crop production since the value of food
includes higher shares of costs with other
non-agricultural inputs and value-added
components (payments to capital and labor).

Trends in agriculture and food sectors vary
among regions of the world and reflect
important emerging structural changes
(Figure 21). The Developed countries face
lower increases in the value of food and
agricultural production, as population and
economic growth, and therefore growth in
demand, are lower than in other regions.
Food and agricultural output grow faster in
the Rest of the World region as population
and income rises faster, and the value of
crop production still plays a relevant role in
final demand. The Other G20 region consists
of countries that are less wealthy than those
in the Developed region, but whose in-
come is higher than in the Rest of the World
region. The Other G20 has a larger popula-
tion than other regions by 2050, and its GDP
will exceed that of the Rest of the World, re-
sulting in the highest values of food output
by 2050.

Greater agricultural yields will prevent high
increases in prices (Figure 22). By 2050, food

Figure 21. Food, crop and livestock production in the Paris Forever scenario for the World (first),
Developed region (second), Other G20 region (third), and Rest of the World region (fourth)
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prices are only 2% higher than in 2020. Crop
prices rise a bit more (by 7%), while livestock
prices rise by 42% and forest products by
33%. The stability in food prices is due to the
rising importance of the value-added com-
ponent in food production, while livestock
prices are impacted by higher demand for
meat as income rises. Land use for grazing
is also an important input in livestock pro-
duction, and its costs contribute to higher
livestock prices. Finally, forest products are
more impacted by land prices, since land is
a larger input share for forest production.

Global projections for food and agriculture
production and prices until 2050 under
the Paris 2°C scenario are quite similar to
those under the Paris Forever scenario
(Figure 23). The value of crop output is
1.5% lower in the Paris 2°C scenario, while
livestock output reduces by 1.9% and food

output by 2.3%. Changes in prices are also
quite modest, but a bit more discernable
than changes in output, since food and
agricultural prices are inelastic (quantities
respond less to changes than prices). Prices
of livestock products initially increase under
the Paris 2°C scenario, declining later by 4%
by 2050 compared to the Paris Forever sce-
nario, while prices of food products and
crop products decrease by 5.4% and 2.8%,
respectively. These changes result from
smaller growth in GDP under the Paris 2°C
scenario by 2050. They also reflect the fact
that demand for livestock and food are
more elastic to prices than crops, and live-
stock is more intensive in GHG emissions.

Implications

Agriculture and food production will keep
growing until mid-century, mostly due to

income growth in the Other G20 and Rest
of the World regions. This will increase pres-
sure for land-use change, water use, and
use of energy-intensive inputs, which will
also lead to higher GHG emissions. The Paris
2°C scenario has low impacts on agriculture
and food production trends by mid-century
since its effects on economic growth are
mild by that time. Livestock production is
slightly more impacted than crops, since it is
more intensive in GHG emissions. Although
economic growth tends to shift demand to-
ward more protein-rich food sources, higher
carbon costs associated with livestock
production drives demand downward, de-
creasing its prices, and such impacts are
transmitted to the food sector.

More Information
Contact Angelo Gurgel (gurgel@mit.edu).

Figure 22. Global price indices for crop product, livestock product, forest product and food product in the Paris Forever scenario

Figure 23. Changes in output and prices of crop, livestock and food in the Paris 2°C scenario relative to the Paris Forever scenario
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Land-Use Change

Context

Larger agricultural and food production re-
quires more natural resources such as land
and water. However, continued yield im-
provements could serve to limit expansion
of agricultural areas.

Key Findings

Global land-use projections from 2020 to
2050 are quite stable under the Paris Forever
scenario (Figure 24). Natural forest areas
decrease by 1% and natural grasslands by
3% over that period. These are converted
mostly to cropland areas, which increase
by 7%, while pasture lands increase by
only 0.14%. These changes are much lower
than increases in agricultural and food pro-
duction due to a continuous increase in

yields driven by technological change and
changing agricultural management prac-
tices. In the case of pasture areas, there is
a gradual intensification process leading to
higher productivity in livestock production,
with an increasing use of capital, inputs and
management reducing the area needed for
each unit of output. Acreage dedicated to
biomass for energy increases by 38%, but as
it occupies only 2.9% of the total cropland
area in 2020, it remains relatively small in
2050 (3.7% of the total cropland area).

By 2100, population growth slows down
and income elasticities of food demand
(changes in food demand due to changes
in income) decline with rising income. As
a consequence, cropland area is only 2.3%
larger than in 2020, while pastureland is
0.44% larger. Natural forests and natural
grasslands decrease by 2% and 4% by 2100,
respectively. Biomass area increases by

126% compared to the 2020 area to cope
with the growth of bioenergy output, but
the total biomass area covers only 6% of
total cropland.

Cropland areas in the Developed region are
3% larger in 2050, but decrease by 1% in
2100, while pasture area does not change
by 2050, but increases by 2% by 2100. These
results reflect gains in yields, an absence
of population growth in developed coun-
tries, and higher global demand for protein
sources, some of which is met by exports
from the Developed region. The natural
grass area decreases by 1% by 2050 and
2100, due to conversion to pasture areas,
while natural forests increase by 2%.

Cropland in the Other G20 region increases
by 2% in 2050, but decreases by 3% by 2100.
Livestock intensification leads to decreasing
pasture areas by 1% in 2050 and by 2% in

Figure 24. Land use in the Paris Forever scenario at the global level (far left), in the Developed region (center
left), in the Other G20 region (center right), and in the Rest of the World region (far right)




2100, providing a runway for the expansion
of cropland and bioenergy. Natural grass
areas decrease by 3% in 2050 and by 5% in
2100, while natural forest areas decrease by
0.4% and 0.5%, respectively. Land for bioen-
ergy covers 4% of the total cropland area by
2050 and 10% by 2100.

The Rest of the World region faces larger
land-use changes than other regions due to
larger increases in population and income.
The cropland area increases by 14% by 2050
and by 10% by 2100. Pasture area grows by
1% by 2050 and 2100. The expansion of ag-
ricultural areas leads to more conversion
of natural ecosystems. Natural grasslands
decrease by 4% by 2050 and 6% by 2100,
while natural forests reduce by 5% and 8%,
respectively. Land for bioenergy produc-
tion undergoes major increases (222% by
2050 and 719% by 2100), however, as land
dedicated to bioenergy in 2020 is so small,

bioenergy reaches only 0.6% of total crop-
land area by 2050 and 1.5% by 2100.

Land-use changes in the Paris 2°C scenario
are similar to those in the Paris Forever sce-
nario by 2050, but quite different by 2100
(Figure 25). By 2100, the area dedicated to
bioenergy output in the Paris 2°C scenario
reaches 17% of total cropland area, while
it is only 6% in the Paris Forever scenario.
Cropland area also increases by 22%, while
pastureland decreases by 31% to give room
for cropland and bioenergy expansion. As
livestock production is more GHG emis-
sions-intensive than crop production, the
strong effort to reduce emissions at the end
of the century in the Paris 2°C scenario in-
duces greater livestock intensification, with
larger use of crops as feedstock and lower
animal production cycles, since emissions
per unit of output are lower in more effi-
cient production systems.
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Implications

Productivity and yield gains contribute
to modest expansion of agricultural areas
throughout the century. The increased use of
land for crops and bioenergy in the Paris 2°C
scenario induces more deforestation than in
the Paris Forever scenario by 2100, primarily
in the Other G20 region, although in both
scenarios, total natural forest loss remains
low (2.2%), as does loss of natural grassland
areas. Crop-yield gains and intensification in
livestock production under GHG emissions
constraints are key to containing unintended
consequences from large biomass produc-
tion, such as larger conversions of natural
ecosystems and associated emissions.

More Information

Contact Angelo Gurgel (gurgel@mit.edu).

Figure 25. Land use in the Paris 2°C scenario at the global level (far left), in the Developed region (center
left), in the Other G20 region (center right), and in the Rest of the World region (far right)
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Climate

GHG Emissions by Gas/
Source and Region

Context

Anthropogenic greenhouse gas (GHG) emis-
sions result from a wide range of industrial,
agricultural and consumption activities.
Combustion of fossil fuels is by far the largest
source of carbon dioxide (CO2) emissions
and the largest source of anthropogenic
GHG emissions. Methane (CH4) is the second
largest, but it has many sources, including
those related to fossil energy production
and distribution, agricultural activities and
waste management. The largest anthropo-
genic sources of methane are livestock and
rice production. Nitrous oxide (N20O) arising
from both fuel combustion and agricultural
soils, but primarily nitrogen fertilizer, is the
third largest source of anthropogenic GHG
emissions. Industrial sources of CO, mainly
from cement production, fluorocarbons
(PFCs, HFCs, SFe) and CO> related to land-use
change, are smaller anthropogenic sources
of GHG emissions. Anthropogenic emis-

Figure 26. Global annual GHG emissions in the Paris Forever
scenario by gas (top) and regional group (bottom)

sions contribute indirectly to the formation
of ozone and aerosols in the atmosphere,
phenomena that we account for in our pro-
jections of future climate change.

Key Findings

Our projections show that societal re-
sponses to Covid-19 reduced global fossil
CO; emissions by 4% in 2020. Relative im-
pacts on total GHG emissions are smaller,
with about a 3% reduction, because other
GHG emissions decline slightly less in per-
centage terms than those from fossil CO,.
We project that Covid-19 impacts on global
GHG emissions persist but diminish over
time—a 2% reduction by 2025 and about 1%
in 2030-2040 below what they would be in a
non-Covid world. After that, the difference
imposed by the pandemic is less than 1%.

We project that global GHG emissions in the
Paris Forever scenario initially decrease from
about 48 gigatonnes of CO;-equivalent (Gt
CO2e) in 2020 to about 47.5 Gt COze in 2030,
and then gradually increase to about 51 Gt
CO2e in 2050 (Figure 26) due to growth in
countries with less stringent emissions tar-

gets. While GHG emissions in the Developed
regional grouping are lower by 23% in 2050
relative to 2020, this reduction is counter-
balanced by an increase in GHG emissions
in the Other G20 and the Rest of the World,
where emissions during that period grow by
8% and 35%, respectively.

In the Paris 2°C scenario, GHG emissions follow
the same path as in Paris Forever until 2030,
and then more aggressive policies reduce
emissions to 34 Gt COze by 2050 (Figure 27).
In this scenario, emissions in the Developed
region decrease by 47% from 2020 to 2050,
with corresponding reductions in the Other
G20 and Rest of the World of 24% and 17%.

In the Accelerated Actions scenario
(Figure 28), global GHG emissions are pro-
jected to decline to 20 Gt CO.e by 2050.
Globally, the world reduces its GHG emissions
by almost 60% in 2050 relative to 2020. In this
period, emissions in the Developed regional
grouping, Other G20 region and the Rest of
the World decline by 77%, 60% and 33%,
respectively. Ambitious changes in current
policy approaches will be needed to achieve
emissions reductions of this magnitude.

Figure 27. Global annual GHG emissions in the Paris2°C
scenario by gas (top) and regional group (bottom)




We also extend our projections to 2150
(Figure 29) based on the scenario de-
scriptions provided in Table 2. Global GHG
emissions in the Paris Forever scenario con-
tinue their gradual increase after 2050 due
to global population and GDP growth.
Global emissions in the Paris 2°C scenario
decline to about 10 Gt COze by 2100 and
then remain at that level. Two scenarios
that stabilize global average surface tem-
perature at 1.5°C relative to pre-industrial
levels differ by the initial emissions reduc-
tion trajectory. In one scenario (Paris 1.5C),
emissions decrease sharply after 2025; in
the other scenario (Accelerated Actions 1.5C),
they decrease more gradually starting in
2020. We also test the case where emissions
decrease gradually starting in 2020, drop-
ping to almost zero by 2070 and staying
at that level thereafter (Accelerated Actions
(NZE2070)). These scenarios of aggressive
actions illustrate the required increases in
global policy ambitions to meet the long-
term goals of the Paris Agreement.

Implications

The Paris Agreement pledges made by
countries for the year 2030 do not substan-
tially decrease global GHG emissions, which

start to grow again after 2030. Overall,
projected emissions in the Paris Forever sce-
nario show trends similar to our previous
Outlooks with some decrease (in 2100,
emissions total 64 Gt COze vs. 69 Gt COze
in the 2018 Outlook) due to updated pro-
jections for GDP and population growth
in the 215t century. Covid-19 is projected to
have a short-term direct impact on green-
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house gas emissions. The longer-term effect
will be most pronounced if the pandemic
acts as a catalyst for accelerated emissions
reduction. Ultimately, robust government
policies will be needed for aggressive GHG
emissions mitigation.

More Information
Contact Sergey Paltsev at paltsevamit.edu.

Figure 29. Global annual GHG emissions up to 2150

Figure 28. Global annual GHG emissions in the Accelerated
Actions scenario by gas (top) and regional group (bottom)
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Implications of Recent
Emissions Trends and
Future Projections

Context

Anthropogenic emissions boost atmo-
spheric concentrations of radiatively-active
trace gases that interfere with the Earth’s
energy balance. The strength of this inter-
ference is defined as radiative forcing, or
the net increase of energy (or heating) con-
tained within the global climate system.
To evaluate the potential effectiveness of
emissions-reduction commitments in the
Paris Agreement or other climate policy in-
struments, we use the IGSM to model such
actions and the Earth system’s response in
terms of trace-gas concentrations, radiative
forcing and global climate trends. However,
complexities within both human/socioeco-
nomic systems and the Earth’s geophysical,
chemical and thermodynamical response
mechanisms lead to a variety of plausible
futures under any proposed scenario.
Through our IGSM ensemble-simulation ap-
proach, we can describe the range as well
as the likelihoods of possible Earth-system
responses, and in doing so, the effective-
ness of a global policy and actions toward
achieving a desired climate target.

Key Findings

We project that carbon dioxide (CO;) con-
centrations in the Paris Forever scenario

will continue to rise throughout (and after)
the 215t century (Figure 30). These trends
are amplified—particularly toward the end
of the 215t century and thereafter—when
considering the emissions of all radiatively-
active trace gases (including CO;) and
converting their concentrations into an
equivalent CO; content (CO2e).

In the coming decades, an important cli-
matic threshold is crossed by the beginning
of the 2040s: the entirety of the IGSM en-
semble projection rises above 450 ppm of
global CO> concentrations. In addition, by
the middle of the next century, more than
half of the IGSM ensemble runs (i.e., at least
50% probability) show CO; concentrations
at twice the most recent observed levels
(Figure 31). From a COze perspective, this
doubling time is not only shortened but en-
hanced. By the mid-22n4 century, we project
with 100% likelihood that COze concentra-
tions will rise to at least double the current
level. There is a greater than 50% likelihood
of this doubling to occur by 2120 (i.e., 30
years prior to the COz-only doubling).

The trends and likelihoods in the radiative
forcing of climate show similar increases
to the COze trends (Figure 32). As a point
of comparison, our Paris Forever scenario
aligns with the Intergovernmental Panel
on Climate Change (IPCC) Representative
Concentration Pathway (RCP) 6.0 scenario,
in that a radiative forcing of 6.0 W/m?2 is at-
tained at the end of the century. However, in
the Paris Forever scenario there are no indi-

cations of climate-forcing stabilization (as in
the RCP6.0 scenario), and in particular, there
are indications of a skewed distribution
of the radiative forcing by the end of the
century and into the 2100s. This skewness
indicates a higher likelihood of the radiative
forcing to be toward the upper bound of
our 90% probability range (shaded region
of Figure 31). Despite this trend, we find no
likelihood of exceeding a radiative forcing
greater than 8.5 W/m2 by mid-22"4 century.
Therefore, the IPCC's RCP8.5 outcome (8.5
W/m? radiative forcing) is seen as an ex-
treme, if not improbable, pathway under
our Paris Forever projections.

Nevertheless, the increases in human-
caused radiative forcing under the Paris
Forever scenario lead to salient and un-
impeded trends in the global climate
response (Figure 33). Consequently, impor-
tant climate thresholds are crossed in the
coming decades, and given our probabi-
listic approach, we can provide a risk-based
perspective. One of the most recognized
climate targets is to remain below a global
climate warming of 2°C (from pre-industrial
conditions). We find that by 2065, more
than half of the IGSM ensemble projections
for Paris Forever exceed 2°C global climate
warming, a fraction that rises to more than
75% by 2071 and more than 95% by 2085.
By 2100, 95% of the IGSM projections indi-
cate a global climate warming of at least
2.25°C, and the central tendency (i.e., me-
dian) of the projected warming is 2.8°C.
With respect to the Paris Agreement’s most

Figure 30. Global atmospheric
concentrations of carbon dioxide (left)
and equivalent carbon dioxide (right),
based on the Paris Forever ensemble
scenario. The solid line represents the
median result of the IGSM ensemble, the
dashed lines denote the interquartile
(25th to 75t percentile) range, and

the shaded region depicts the 5th

to 95t percentile range of values.
Units are in parts per million (ppm).

Figure 31. Concentrations (ppm) and corresponding
radiative forcing (W/m?2) of CO; and equivalent CO>
(CO2e) following the approach described in Huang
etal. (2009). The non-CO2 gas concentrations are
measured in the AGAGE network (Prinn et al., 2018)
and the CO; concentrations are from the NOAA
Monitoring Division (NOAA, 2018). The COe values
are provided for both the IPCC and Kyoto catalogs of
GHGs. For each of the observed timeseries (blue lines),
the smoothed trend (red lines) is also provided.
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aggressive climate target of not exceeding
1.5°C warming, the Paris Forever ensemble
scenario is very unlikely to meet this target
much beyond mid-century—with all of the
ensemble’s warming projections exceeding
1.5°C warming after 2055. By the mid-
22" century, the IGSM projections show
that the world experiences at least 3.3°C
of warming (in 95% of the IGSM ensemble
runs) and most likely a warming of 4.1°C
(median result).

Globally speaking, a warming climate en-
hances the energetics of the atmosphere,
thereby accelerating the global hydrologic
cycle (i.e., increasing global evaporation and
precipitation). Thus the scientific commu-
nity uses the term “hydrologic sensitivity”
to characterize the (relative) precipitation
response to human-forced global warming.
From the IGSM’s large ensemble of pro-
jected global precipitation rates (bottom
panel, Figure 33) and corresponding tem-
perature, we find the MIT Earth System
Model’s (MESM’s) global hydrologic sen-
sitivity ranges from 1.7-3.3% per °C. This
range is slightly larger than that from the
most recent estimates across (a smaller en-
semble of) climate models from the IPCC
Coupled Model Intercomparison Project
(CMIP), found to be 2.1-3.3% per °C.

Given this range in hydrologic sensitivity,
the MESM'’s projected increase in global
precipitation between present day to
mid-century is most likely (i.e., median re-
sult) to be 0.04 mm/day. To put that number
in more practical terms, that amounts to
approximately an additional 7,400 km?3 (or
nearly 2 quadrillion gallons) of water that
will be delivered from the atmosphere each
year, which exceeds the current estimate of
global annual human water consumption
(4,600 km3). But, as discussed in a previous
section, this does not alleviate water stress
and shortages faced by much of the world’s
population. This does, however, raise the
risk of extreme precipitation events as well
as the frequency and severity of flooding.
By the end of the century, the total change
in precipitation relative to present day will
likely rise to at least 0.11 mm/day (or 21,200
km3/yr—nearly triple that of the mid-cen-
tury change).

Implications

The projected global climate responses
under the Paris Forever scenario indi-
cate with near certainty that the world
will surpass critical trace-gas concentra-
tion thresholds and climate targets in
the coming decades. While this scenario
provides no mechanism to stabilize human-
forced climate change through the mid-22nd

Figure 32 Total radiative forcing (units of W/m?) that result from the EPPA
emissions of radiatively-active gases, based on the Paris Forever ensemble scenario.
Values are calculated relative to 1861-1880. the solid line represents the median
result of the IGSM ensemble, the dashed lines denote the interquartile range,
and the shaded region depicts the 5t to 95th percentile range of values.

Figure 33. Annual changes in global mean surface-air temperature (top panel, in units of
°C) and precipitation rate (bottom panel, in units of mm/day), based on the Paris Forever
ensemble scenario. Changes are calculated from the 1861-1880 mean. In each panel of results,
the solid line represents the median result of the IGSM ensemble, the dashed lines denote the
interquartile range, and the shaded region depicts the 5t to 95t percentile range of values.

century, it does avert the most extreme IPCC
projection (RCP8.5) of human-forced cli-
mate change. While Paris Forever represents
an unprecedented international commit-
ment to combat climate change, more
action is needed. We identify the climate
benefits and risk abatement from more ag-

gressive mitigation actions in the sections
that follow.

More Information

Contact Adam Schlosser (casch@mit.edu),
Andrei Sokolov (sokolov@mit.edu) and
Sergey Paltsev (paltsev@mit.edu).
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Beyond “Co-Benefits”: A New
Framework for Assessing
Sustainability

, Associate Professor, MIT
Institute for Data, Systems and Society
and MIT Department of Earth, Atmospheric
and Planetary Sciences

Addressing climate change is vitally impor-
tant to protect human health, but scientific
and policy dialogue on climate mitigation
focuses largely on meeting temperature tar-
gets. Would the design and implementation
of climate policy be different if it explicitly
prioritized people’s health and well-being?

The Covid-19 pandemic, which impacted
billions of lives across the globe in 2020,
underscores the primacy of health as a
major constituent of human well-being. It
is no surprise that individuals—especially
in the midst of a pandemic—place a high
value on the health of themselves and their
loved ones, and that people vulnerable to
the impacts of disease prioritize preventive
measures and support the development
and widespread use of life-saving vaccines.
The Covid-19 experience also shows that
the economic well-being of communities
and nations relies on a healthy, productive
work force.

Research increasingly acknowledges
that the well-being of people around the
world is deeply connected to the health
of the planet, a realization reflected in the
emerging field of planetary health. A major
factor in this connection is climate change,
which links to human health in several ways.

First, warming temperatures cause heat-
related illnesses and deaths; high levels
of warming could lead to temperatures so
extreme that they could exceed the limits
of human survivability (Pal et al., 2016).
Second, climate change, including the ex-
treme weather events that it amplifies, can
alter the distribution of and human expo-
sure to environmental pollutants. People’s
exposures to waterborne disease are ex-
pected to increase, and climatic factors
affect the distribution and prevalence of
vector-borne diseases such as those car-
ried by mosquitoes and ticks. Finally, mental
health concerns have also been linked
to climate change. Some individuals and
groups will experience disproportionate
consequences to their health from climate
change, such as increased exposures to dis-
eases and pollutants—and among the most
vulnerable populations are people with low
incomes, communities of color, children and
older adults.

A large body of research has shown that
actions to mitigate climate change—
in particular, reducing reliance on fossil
fuels—can also have other substantial, near-
term benefits, often in the form of reduced
air pollution. Scientists and policymakers
have often referred to improvements in air
quality resulting from climate action, and
their associated reductions in mortalities
and health burdens, as “co-benefits.” But
if the present and future well-being of all
people is the priority, this term seems at
odds with the underlying reason for taking
action in the first place. To reflect these
priorities, researchers and policymakers
should retire the concept of “co-benefits.”
This could change the way they inform and
design policies that benefit health in the
near and long term—and for which climate
action is a necessary ingredient.

The Promise and Perils of “Co-Benefits”

In order to move beyond the term “co-ben-
efits,” we must first understand how climate
change and health-damaging air pollutants
are fundamentally connected.

Fossil fuel combustion that leads to carbon
emissions also leads to air pollution, in-
cluding higher concentrations of PM 5 (fine
particulate matter < 2.5 microns in size) and
ozone (0O3). These pollutants cause severe
damage to cardiovascular and respiratory
systems. Air pollution results in millions
of premature deaths worldwide annually,
and also has many more non-fatal health
impacts that hamper quality of life and pro-

ductivity (e.g. as seen in the 2020 wildfires
in the western United States). Further, as
the climate warms, the chemical reactions
that produce PM; s and Os can be enhanced,
and changes in weather patterns can alter
the ways in which these pollutants are
transported through the air. This can lead
to increased concentrations of pollutants
in some already-polluted regions, even if
overall emission levels stay the same (Fiore
et al., 2015). Mercury is another pollutant
emitted from fossil fuel burning, and its dis-
tribution and cycling is increasingly affected
by climate change (Obrist et al., 2018).

The connection between climate change
and health-damaging air pollution means
that efforts to reduce the burning of fossil
fuels can have substantial benefits for
human health. Fossil fuel use leads to an
estimated 3.6 million global premature
deaths (Lelieveld et al., 2019) annually, but
accelerated carbon reductions in the next
80 years to meet a 1.5°C (instead of a 2°C)
target could prevent more than 150 mil-
lion premature deaths worldwide in that
period (Shindell et al., 2018). China’s ef-
forts to achieve its initial commitment
under the Paris Agreement could result in
nearly 100,000 avoided premature deaths
in 2030, which, when monetized using
common methods, could partially or fully
offset policy costs (Li et al., 2018). Similar
results have been shown in the U.S., where
policies such as carbon pricing or clean
energy standards result in air pollution ben-
efits that more than offset the policy costs
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(Thompson et al., 2014). This is also the case
at regional and state levels for clean energy
policies (Dimanchev et al., 2019).

It is thus clear that policies that reduce fossil
fuel use can both mitigate climate change
and result in large benefits for air quality.
However, these “win-win” scenarios are not
a given. Some efforts to reduce greenhouse
gases can actually increase air pollution.
For example, recent illegal efforts by auto-
mobile companies such as Volkswagen to
reduce fuel consumption for diesel vehicles
resulted in degraded air quality (Chossiere
et al., 2017). Relying on climate policy may
also be an inefficient way to benefit health
in the absence of other measures. Recent
work shows that climate mitigation efforts
alone could reduce mercury emissions in
China (because of reduced coal use), but
pollution control policies resulted in even
greater cuts (Mulvaney et al., 2020) such as
those of the Minamata Convention on Mer-
cury. In that work, we assess how mercury
emissions and deposition reductions from
national climate policy in China under the

Paris Agreement could contribute to the
country’s commitments under the Mina-
mata Convention. We examine emissions
under climate policy scenarios developed
using a computable general equilibrium
model of China’s economy, end-of-pipe
control scenarios that meet China’s com-
mitments under the Minamata Convention,
and these policies in combination, and eval-
uate deposition using a global atmospheric
transport model. We find climate policy in
China can provide mercury benefits when
implemented with the Minamata policy,
achieving in the year 2030 approximately a
5% additional reduction in mercury emis-
sions and deposition in China when climate
policy achieves a 5% reduction per year in
carbon intensity (CO; emissions of 9.7 Gt in
2030).

In addition, climate policies may not be im-
plemented fast enough to deliver health
benefits to the most vulnerable. Delays
in implementing air pollution policies, for
example, have been shown to disproportion-
ately harm low-income populations (Saari et

al., 2017). In that work, we find that mortality
incidence rates decrease with increasing in-
come. Modeled ozone levels yield a median
of 11 deaths per 100,000 people in 2005.
Proposed policy reduces these rates by 13%.
Ozone reductions are highest among low-
income households, which increases their
relative welfare gains by up to 4% and de-
creases them for the rich by up to 8%. The
median value of reductions in 2015 is $30 bil-
lion (in 2006 U.S. dollars).

From “Co-Benefits” to a Systems Approach

The goal of ensuring that the average global
temperature increase above the pre-indus-
trial level stays within a 2 or 1.5°C target will
do much to mitigate the effects of climate
change on human health in the longer term.
However, such temperature targets are
necessary, but not sufficient, conditions to
enhance human well-being in the present
and future.

Climate mitigation policy is best viewed as
a means to address the broader challenges
of sustainability. In that context, the term
“co-benefits” may well have outlived its
usefulness. “Co-benefits” in regulatory use
refers specifically to benefits that are not
the direct purpose of a regulation or policy.
However, addressing air pollution is not
secondary to addressing climate change:
solving both at the same time is integral to
human well-being. Climate action is also a
critical prerequisite to ensuring food secu-
rity, expanding access to clean water and
sanitation, and protecting a wide range of
ecosystem services.

Assessing climate change and air pollu-
tion in the larger context of sustainability is
complex. New frameworks and approaches
are needed that can address the systemic
implications of policies, physical and so-
cietal interactions, and the potential for
interventions to move societies towards
sustainability. One example of such an
approach is the new human-technical-en-
vironmental (HTE) systems framework and
its related matrix-based approach that was
recently applied to assess mercury pollution
in the context of sustainability transitions
(Selin & Selin, 2020). Further, while the 2°C
target is a critical and important metric,
other measures that specifically relate to
human health are also needed to focus at-
tention on outcomes that impact human
well-being. Those designing and imple-
menting policies to mitigate climate change
should not just calculate their “co-benefits,”
but instead craft comprehensive solutions
to promote human health and well-being in
multiple dimensions.




Climate Risk: Physical Risk

Context

To identify climate-related risks across
natural, managed and built environments,
we must describe the distributions of pos-
sible future climate outcomes across a wide
range of spatial and temporal scales that re-
flect national interests, global and regional
resource networks, infrastructure, opera-
tional assets and other key considerations.
Constructed with our Integrated Global
System Modeling (IGSM) framework, the
Outlook 2021 scenarios are designed to pro-
vide an objective sampling of the plausible
responses and outcomes that result from
a global policy or environmental target.
While global-scale results provide impor-
tant insights on the effectiveness of policy
instruments (typically) driven by a global
target, it is the more temporally and spa-
tially granular aspects of these outcomes
that directly associate with climate-related
physical risks.

To elicit that granularity, we have devel-
oped a “hybrid” downscaling method which
combines the global-scale distribution of
human-forced climate change with the
more spatially-resolved climate-response
patterns. Our recently updated downscaling
procedure incorporates the latest climate-
model information from the Coupled Model
Intercomparison Project Phase 6 (CMIP6),
improving spatial details and nearly dou-
bling the size of our ensemble of climate

outcomes. The result is a more inclusive rep-
resentation of climate-related physical risk.

Key Findings

A comprehensive assessment of all associ-
ated physical risks, worldwide, is beyond
the scope of this report. Rather, we provide
regional, representative features of our cli-
mate outputs to convey the broad aspects
of physical risk. We focus on the results for
surface-air temperature and precipitation,
which relate to the frequency and inten-
sity of several high-impact climate- and
weather-related events, including heat
waves, flooding and drought.

A standout finding of this analysis is that
under implementation of the Paris Agree-
ment’s current (national pledges fulfilled/
maintained in perpetuity) and long-term
(global warming well below 2°C) climate
targets, most major continents will have
passed 1.5°C of warming by mid-century,
even when considering the lowest 5th per-
centile of our ensemble results (Figure 34
and Table 6). The only exceptions are Oce-
ania and South America, where the lowest
25th percentile remains below 1.5°C.

More precisely, in a Paris Forever world, there
is at least a 75% chance that across all conti-
nents, human-induced warming will exceed
1.5°C by 2050—and a 95% chance North
America and Asia will experience warming
greater than 2°C. Even in the Paris 2°C sce-
nario, many of the world’s continents carry
a low probability (at most 25%) of staying

below 2°C. South America and Oceania have
a higher probability, but it's still below 50%.
These results indicate that in order for the
global 2°C target to be met, most of the buff-
ered warming (i.e., less than 2°C) must occur
over the world’s oceans. This result is con-
sistent with the well-known “colder-ocean
warmer-land” (COWL) pattern in CMIP6
model behavior (Figure 35). Extending
these simulations out to 2150, we find that
the majority of these features are main-
tained (Table 6), with small weakening in the
warming (i.e., of at most 0.1°C) after 2100.

Unlike the “COWL" temperature pattern re-
sponse (Figure 35), precipitation changes
induced by human-induced climate
warming do not exhibit worldwide charac-
teristic patterns. Therefore, we find a greater
disparity in the outcomes of change across
the major continental regions (Table 7).
In addition, the seasonal aspects of pre-
cipitation change are an important factor
(Figure 36), in which the majority of the
distribution of precipitation change might
switch signs from season-to-season. For
example, under the Paris Forever scenario,
Europe experiences a wetter-winter/drier-
summer risk that evolves through the latter
half of the century; North America shows a
similar but less pronounced pattern. This
underscores an underlying threat of more
flood-prone conditions during the colder
seasons, and, with less precipitation during
the summer coupled with warmer temper-
atures, a compounding risk of enhanced
heat-stressed and drought-prone pre-

Figure 34. Projections from the Paris Forever (left) and the Paris 2°C (right) ensemble scenarios—showing the range of outcomes in surface-air
temperature change (°C) averaged over North America. Our hybrid, meta-ensemble construction combines the IGSM global projections with the spatial
response patterns of climate change from the latest IPCC climate model simulations. This produces an ensemble of 11,200 possible outcomes—and for
each of these we determine a timeseries of the spatially averaged temperature change. The solid lines represent the median results, and the dashed
lines indicate the 5t and 95t percentile. The thin (colored) bars also provide the interquartile range (25t and 75t percentile) around the median result.
These results are provided for the annual mean (dark blue lines), December-February average (green lines) and June-August average (light blue lines).
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vailing conditions. Based on the distribution
of outcomes (Table 7), we find that these
conditions have a marginal likelihood of oc-
curring. While the central tendency aligns
with this finding, the probability does not
exceed 75% (i.e., in Table 7, the summer pre-
cipitation change for Europe is not negative
at the 75th percentile). Under the Paris 2°C
scenario, however, the marginal risk of these
conditions to occur in summer is eliminated.
However, there remains an elevated risk of
increased precipitation during the winter.

Implications

Regardless of the success of international
efforts to achieve the long-term goals of
the Paris Agreement, our results under-
score that elevated climate-related physical
risks will continue to evolve by mid-cen-
tury. The aggregate representations of risk
presented in this summary are based on as-
sessments of more detailed landscapes, and
these could be further elucidated by time,
resource systems (land, water, energy), so-
cioeconomic sectors, demographics, health
risks and systems, and/or environmental re-
gimes. “Multi-sector” analyses that take all
of these factors into consideration can bring
the full spectrum of risks to bear and thus
enable decision-makers to pursue a more

Figure 35. lllustrative maps indicating the relative change in surface-air temperature NN .
9 P 9 g P holistic vision of sustainable development.

associated with a unit change (i.e., 1°C) in human-induced global warming. The results are
displayed for all climate models participating in the Coupled Model Intercomparison Project -
Phase 6 (CMIP6) and that also form the basis of our “hybrid” downscaling of the IGSM global More Informatlon
scenarios. Shades of red indicate areas where the warming is greater than the concurrent Contact C. Adam Schlosser (casch@mit.
global warming; shades of blue indicate where the warming is less than the concurrent edu), Andrei Sokolov (sokolov@mit.edu) and

global warming. The darker shades indicate regions where this relative change is stronger. Xiang Gao (xgao302@mit.edu).

Figure 36. Projections from the Paris Forever (left) and Paris 2°C (right) ensemble scenarios—showing the range of outcomes in precipitation (mm/
day) averaged over Europe. Our hybrid, meta-ensemble construction combines the IGSM global projections with the spatial response patterns of
climate change from the latest IPCC climate model simulations. This produces an ensemble of 11,200 possible outcomes—and for each of these we
determine a timeseries of the spatially averaged temperature change. The solid lines represent the median results, and the dashed lines indicate
the 5th and 95th percentile. The thin (colored) bars also provide the interquartile range (25t and 75t percentile) around the median result. These
results are provided for the annual mean (dark blue lines), December-February average (green lines) and June-August average (light blue lines).
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Table 6. Summary of results from the Paris Forever and Paris2C scenarios for surface-air temperature change averaged over major continental
regions. For each region, percentile values are provided for the annual, December-February (DJF) and June-August (JJA) averaged change.

Africa Asia Europe
5th 25th median 75t 90t 5th 25t median 75t 90Qth 5th 25th median 75t 90Qth
'u;' 2050 1.6 1.9 2.0 2.2 24 2.0 21 23 2.5 2.6 1.7 1.8 2.1 24 25
@ 2075 2.1 24 2.6 29 31 2.5 2.7 3.0 3.2 34 2.1 24 27 3.0 33
£ 2100 2.6 3.0 33 3.6 4.0 3.1 3.5 3.8 4.1 4.4 2.6 3.0 34 3.9 4.4
E 2125 341 3.7 4.0 4.4 4.9 39 4.3 4.7 5.0 5.5 33 3.7 4.2 4.8 5.4
& 2150 3.7 4.4 4.8 5.2 5.8 4.6 5.1 5.5 6.0 6.5 3.8 4.4 5.0 5.6 6.4
2050 1.6 1.8 2.0 2.2 23 2.0 2.1 23 2.5 2.6 1.7 1.8 2.1 23 2.5
g 2075 1.8 21 23 25 2.7 2.2 24 2.6 2.8 29 1.8 2.0 23 26 29
2 2100 1.8 2.1 23 2.5 2.8 2.2 24 2.6 29 3.0 1.9 2.1 24 2.7 29
g 2125 1.8 21 23 2.5 2.8 2.2 24 2.6 2.8 3.0 1.9 2.0 23 26 29
_ 2150 1.8 2.1 2.3 2.5 2.8 2.2 2.4 2.6 2.8 3.0 1.8 2.0 2.3 2.6 29
E North America Oceania South America
& 5th 25" median 75t  90th 5th 25t median 75t 90th 5th 25t median 75t 90th
E 2050 2.1 2.3 25 2.7 2.8 1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2
@ 2075 2.7 29 3.2 34 3.7 1.8 2.1 23 2.6 29 1.8 2.1 2.3 2.6 29
£ 2100 33 3.7 4.0 4.4 4.8 23 2.6 29 3.2 37 2.3 2.6 29 3.2 3.7
2 2125 4.1 4.5 5.0 5.4 59 2.8 3.2 3.6 4.0 4.6 2.8 3.2 3.6 4.0 4.6
& 2150 49 54 59 6.4 7.0 33 39 4.3 4.8 5.5 3.3 39 43 4.8 5.5
2050 2.1 2.2 24 2.6 2.7 1.4 1.6 1.7 1.9 2.1 1.4 1.6 1.7 1.9 2.1
}" 2075 23 2.5 28 3.0 3.2 1.6 1.9 2.1 2.3 2.6 1.6 19 2.1 2.3 2.6
2 2100 23 2.5 2.8 3.0 3.2 1.6 1.9 2.1 2.3 2.6 1.6 1.9 2.1 2.3 2.6
& 2125 23 2.5 2.7 3.0 3.2 1.6 1.9 2.1 24 2.7 1.6 1.9 2.1 24 2.7
2150 23 2.5 2.7 3.0 3.2 1.6 1.9 2.1 2.4 2.7 1.6 1.9 2.1 2.4 2.7
Africa Asia Europe
bih 25t median 75t 90th 5th 25t median 75t  90th bth 25th median 75t  90th
E; 2050 1.5 1.7 1.9 21 23 2.1 24 2.6 2.8 3.0 1.7 2.0 2.4 29 34
@ 2075 1.9 2.2 25 2.7 3.0 2.7 3.0 33 3.6 4.0 2.1 25 3.1 3.6 4.4
£ 2100 24 2.8 3.1 34 3.8 3.3 3.8 4.2 4.6 5.0 2.5 31 3.8 4.6 5.6
E 2125 29 34 3.8 4.2 4.7 4.0 4.6 5.1 5.6 6.2 3.0 3.7 4.6 5.5 6.8
{ 2150 3.4 4.1 4.5 5.0 5.6 4.7 5.4 6.0 6.6 73 3.5 4.3 5.4 6.5 8.0
2050 1.5 1.7 19 2.1 2.2 2.1 23 2.6 2.8 3.0 1.6 19 24 2.8 34
}.-," 2075 1.7 1.9 2.1 2.4 2.6 23 2.6 29 3.1 3.4 1.8 2.2 2.7 3.2 3.8
2 2100 1.7 2.0 2.2 2.4 2.7 24 2.7 29 3.2 3.5 1.8 2.2 2.7 33 39
g 2125 1.7 1.9 2.2 2.4 2.7 2.4 2.6 29 3.2 3.5 1.8 2.2 27 3.2 3.9
2150 1.7 2.0 2.2 2.4 2.7 2.3 2.6 2.9 3.2 3.5 1.8 2.2 2.7 3.2 3.9
w North America Oceania South America
a 5th 25t median 75t 90th 5th 25t median 75t  90th 5th 25t median 75t  90th
E 2050 2.4 2.7 3.1 34 3.7 1.4 1.5 1.7 1.9 2.1 1.4 1.5 1.7 1.9 21
o 2075 29 34 39 4.3 4.8 1.7 2.0 2.2 2.5 2.8 1.7 2.0 2.2 2.5 2.8
2 2100 3.6 4.3 49 54 6.1 2.2 2.5 2.8 31 3.6 2.2 25 2.8 31 3.6
2 2125 4.4 5.2 6.0 6.6 7.5 2.6 31 3.5 3.9 4.5 2.6 31 3.5 3.9 4.5
& 2150 5.2 6.2 7.0 7.8 8.8 3.1 3.7 4.1 4.6 54 3.1 3.7 4.1 4.6 54
2050 23 2.6 3.0 33 3.6 1.3 1.5 1.7 1.9 2.1 1.3 1.5 1.7 1.9 2.1
,E" 2075 2.6 3.0 34 3.8 4.2 1.5 1.8 2.0 2.2 25 1.5 1.8 2.0 2.2 25
2 2100 2.6 3.0 34 3.8 4.2 1.6 1.8 2.0 23 2.6 1.6 1.8 2.0 23 2.6
& 2125 2.6 3.0 34 3.8 4.2 1.6 1.8 2.0 2.3 2.6 1.6 1.8 2.0 23 2.6
2150 2.6 3.0 34 3.8 4.2 1.6 1.8 2.1 23 2.6 1.6 1.8 2.1 23 2.6
Africa Asia Europe
5th 25t median 75t 90th 5th 25t median 75t  90th 5th 25th median 75t  90th
5;; 2050 1.7 1.9 2.1 2.3 25 1.8 1.8 2.0 2.2 2.1 1.6 1.6 1.8 2.0 1.8
@ 2075 2.2 2.5 2.8 3.0 3.2 2.3 24 2.6 29 29 2.1 21 24 2.7 2.6
£ 2100 27 3.1 3.5 3.8 4.2 29 3.0 34 3.7 3.8 2.7 2.7 3.1 35 3.6
E 2125 33 3.9 4.3 4.7 5.1 3.6 3.8 4.2 4.5 4.8 33 3.5 4.0 4.4 4.5
& 2150 39 4.6 5.0 5.5 6.1 4.2 4.5 5.0 54 5.7 3.9 4.2 4.7 5.2 54
2050 1.7 1.9 2.1 2.3 24 1.8 1.8 2.0 2.2 2.1 1.6 1.5 1.8 2.0 1.8
h’ 2075 1.9 2.2 24 2.6 2.8 2.0 2.0 23 2.5 2.4 1.8 1.7 2.0 23 2.1
2 2100 19 2.2 24 2.7 29 2.0 2.0 23 2.5 25 1.8 1.8 2.1 23 23
g 2125 1.9 2.2 24 2.7 29 2.0 2.0 23 25 25 1.8 1.7 21 23 2.2
2150 1.9 2.2 2.4 2.7 29 2.0 2.0 2.3 2.5 2.5 1.8 1.7 2.1 2.3 2.2
< North America Oceania South America
- 5th 25t median 75t 90th 5th 25t median 75t  90th 5th 25t median 75t  90th
E 2050 1.8 1.7 2.0 2.2 2.0 1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2
@ 2075 23 2.3 2.6 2.8 2.8 1.8 2.0 23 2.6 3.0 1.8 2.0 2.3 2.6 3.0
2 2100 2.8 29 33 3.6 37 2.2 2.6 29 3.3 3.8 2.2 2.6 29 33 3.8
E 2125 3.5 3.7 4.1 4.5 4.7 27 3.2 3.6 41 4.7 2.7 3.2 3.6 4.1 4.7
& 2150 4.1 4.4 4.9 5.3 5.6 3.2 3.8 43 4.8 5.6 3.2 3.8 43 4.8 5.6
2050 1.7 1.7 19 2.1 2.0 13 1.5 1.7 2.0 2.2 1.3 1.5 1.7 2.0 2.2
::{ 2075 1.9 1.9 2.2 2.5 2.4 1.6 1.8 21 2.3 2.7 1.6 1.8 21 2.3 2.7
2 2100 19 1.9 2.2 2.5 24 1.6 1.8 2.1 24 2.7 1.6 1.8 2.1 24 2.7
& 2125 1.9 1.9 2.2 24 2.4 1.6 1.8 21 24 2.7 1.6 1.8 21 24 2.7
2150 19 1.9 2.2 2.4 24 1.6 1.9 2.1 24 2.7 1.6 1.9 2.1 24 2.7




Table 7. Summary of results from the Paris Forever and Paris2C scenarios for precipitation change averaged over major continental regions.

For each region, percentile values are provided for the annual, December-February (DJF) and June-August (JJA) averaged change.

Annual

DJF

JIA

Paris Forever

Paris2C

Paris Forever

Paris2C

Paris Forever

Paris2C

Paris Forever

Paris2C

Paris Forever

Paris2C

Paris Forever

Paris2C

Africa
5th 25t median 75th
2050 -17.2 6.7 225 36.0
2075 -23.9 8.5 29.6 48.0
2100 -30.9 10.8 38.4 62.7
2125 -36.9 15.0 49.6 80.9
2150 -40.4 19.7 61.4 100.2
2050 -17.0 6.6 219 35.0
2075 -18.7 8.6 26.4 419
2100 -18.4 9.7 28.2 443
2125 -17.8 10.4 28.7 449
2150 -18.3 10.3 28.6 449
North America
5th 25th median 75t
2050 9.6 19.2 30.5 411
2075 14.1 27.8 421 55.4
2100 20.9 38.3 56.1 729
2125 30.0 51.4 73.0 93.8
2150 41.6 65.7 91.0 115.3
2050 10.2 19.8 30.9 41.1
2075 14.9 26.6 39.6 51.5
2100 15.2 26.8 39.8 51.6
2125 14.8 26.6 394 51.3
2150 14.7 26.3 39.5 51.1
Africa
bth 25th  median 75t
2050 -15.3 31 17.5 32.6
2075 -19.5 4.8 231 44.0
2100 -22.7 8.3 29.9 56.8
2125 -26.5 11.8 383 71.8
2150 -26.4 19.4 49.6 90.8
2050 -15.6 2.5 16.7 315
2075 -15.4 5.0 214 38.9
2100 -11.6 9.1 257 439
2125 -9.5 1.3 279 459
2150 -8.6 12.5 28.9 47.2
North America
bth 25th median 75th
2050 223 314 45.5 58.5
2075 31.2 42.8 60.9 78.5
2100 41.0 56.4 78.6 101.7
2125 53.2 733 99.8 130.1
2150 66.8 91.3 1229 161.0
2050 224 31.2 449 57.7
2075 289 39.3 55.4 70.8
2100 29.3 39.7 56.0 714
2125 28.8 39.3 55.4 70.5
2150 289 39.2 55.4 70.7
Africa
5th 25th  median 75t
2050 -32.7 5.5 255 42.0
2075 -47.8 7.0 32.7 53.5
2100 -64.1 10.2 42.2 69.3
2125 -79.5 149 55.5 89.8
2150 -96.5 18.4 66.5 109.1
2050 -31.8 5.7 25.2 41.0
2075 -38.1 6.7 289 471
2100 -41.0 5.6 28.5 47.2
2125 -42.3 49 27.6 46.3
2150 -42.8 4.3 27.2 46.0
North America
5th 25th median 75th
2050 -28.0 211 -1.7 16.7
2075 -37.0 -24.3 0.5 24.0
2100 -46.2 -27.2 37 33.0
2125 -55.7 -28.9 7.0 42.0
2150 -63.0 -29.3 9.7 52.1
2050 -26.0 -19.3 -0.2 17.9
2075 -28.9 -18.4 4.1 24.5
2100 -28.9 -18.2 4.2 25.1
2125 -28.9 -18.4 4.0 24.5
2150 -29.6 -18.7 37 24.6

9Qth
50.3
68.1
90.7
118.4
148.4
49.0
59.0
62.2
62.8
62.7

9Qth
54.1
74.7
100.7
129.7
158.8
54.2
67.9
68.4
68.2
68.0

9Qth
44.8
63.6
87.0
17.4
154.2
429
54.8
60.4
63.2
64.2

9Qth
74.7
101.5
133.6
171.9
213.6
73.5
90.5
91.6
90.7
90.9

9Qth
68.9
94.4
124.9
163.6
202.1
66.9
80.2
81.3
80.3
80.8

9Qth
26.8
41.4
58.4
78.3
97.9
28.0
384
38.6
38.0
384

Asia
5th 25th  median
30.2 37.3 47.6
41.9 524 65.3
56.4 70.8 873
721 90.9 m.4
89.4 112.0 136.2
309 376 47.9
39.0 47.0 58.1
40.7 491 60.8
39.6 48.5 59.7
40.2 48.7 60.1
Oceania
5th 25t median
-24.5 -74 18.4
-30.1 -5.8 26.7
-32.7 -0.9 375
-374 6.2 52.7
-379 19.1 73.2
-24.6 -7.9 173
-22.9 -2.0 27.5
-20.3 0.1 29.5
-18.0 2.8 32.6
-15.5 4.7 34,5
Asia
bth 25th  median
234 30.7 41.5
30.9 41.7 55.7
394 54.8 72.5
49.8 69.9 92.3
60.6 86.4 112.8
233 304 40.8
279 36.5 48.5
29.0 38.2 50.4
28.7 377 50.0
28.6 37.9 50.1
Oceania
bib 25t median
768 203 293
996 209 408
1193 207 560
4316 -159 751
-133.2 31 1019
754 203 278
816  -13.8 428
783 -103 467
73.1 43 522
709 16 553
Asia
5th 25t  median
23.8 30.5 50.5
339 47.0 70.8
48.7 70.5 98.9
57.8 91.2 124.3
70.9 114.6 153.3
24.6 31.3 51.2
354 44.5 65.3
375 47.6 69.3
35.8 45.2 67.0
37.7 46.8 67.6
Oceania
5th 25t  median
-40.1 -24.1 7.8
-51.8 -26.5 15.1
-67.5 -28.5 23.8
-82.7 -28.5 36.8
-95.2 -24.3 529
-38.5 -23.8 7.8
-42.3 -21.8 15.2
-43.0 -21.3 16.6
-40.5 -18.8 18.1
-38.8 -17.8 19.6

75th
579
78.6
104.8
1331
162.8
58.1
69.6
724
71.6
71.8

75th
40.7
55.2
73.8
97.6

127.8
39.2
53.3
55.4
58.8
61.0

75th
51.7
68.9
89.6

113.9

139.1
50.7
60.1
62.4
62.0
61.8

75th
66.8
89.9
113.9
148.6
189.1
64.8
87.4
90.5
96.7
100.6

75th
709
96.1
129.6
161.9
198.0
724
88.3
91.7
89.6
89.8

75th
46.8
64.0
80.9
105.3
132.6
46.1
59.1
60.6
62.9
64.2

9(Qth
65.6
90.8
124.4
160.5
198.3
65.7
79.6
82.7
823
82.0

9Qth
62.4
88.0
116.6
157.6
202.2
60.3
82.5
84.3
88.5
88.7

9Qth
62.3
84.0
111.5
143.7
179.1
61.1
72.7
76.2
75.8
76.0

9Qth
182.4
240.3
315.0
390.0
488.1
174.7
219.8
2276
230.7
237.5

9Qth
80.6
114.9
158.6
204.2
250.8
81.7
101.6
103.2
102.3
102.6

9Qth

83.7
118.4
154.2
197.9
246.1

82.2
105.8
108.2
110.7
112.3

Europe
5th 25t median 75t
8.9 14.3 22.0 339
9.4 17.2 26.7 42.8
9.7 19.6 31.7 52.4
11.5 229 379 63.8
14.4 26.6 45.2 76.3
9.5 14.7 221 339
1.4 17.8 259 39.8
1241 18.8 27.2 41.5
12.4 19.0 27.2 41.5
124 19.1 27.6 41.6
South America
5th 25t median 75th
-24.5 -74 18.4 40.7
-30.1 -5.8 26.7 55.2
-32.7 -0.9 375 73.8
-374 6.2 52.7 97.6
-379 19.1 73.2 127.8
-24.6 -7.9 173 39.2
-229 -2.0 27.5 53.3
-20.3 0.1 29.5 55.4
-18.0 2.8 32.6 58.8
-15.5 4.7 345 61.0
Europe
bth 25th median 75th
233 36.8 49.1 64.1
26.9 46.7 62.5 80.9
279 55.4 75.3 98.7
29.7 66.8 91.1 1211
327 80.5 109.9 145.2
231 36.5 48.5 63.0
26.9 429 56.5 73.2
279 444 58.5 75.7
27.8 44.4 58.4 75.4
28.0 44.7 58.7 75.6
South America
bth 25th median 75th
-76.8 -20.3 29.3 66.8
-99.6 -20.9 40.8 89.9
-119.3 -20.7 56.0 113.9
-131.6 -15.9 75.1 148.6
-133.2 -3.1 101.9 189.1
-754 -20.3 27.8 64.8
-81.6 -13.8 42.8 87.4
-78.3 -10.3 46.7 90.5
-73.1 -4.3 52.2 96.7
-70.9 -1.6 55.3 100.6
Europe
5th 25t median 75th
-17.8 -12.0 0.0 16.8
-29.7 -17.5 2.7 18.7
-46.9 -25.5 -7.7 19.6
-62.7 -32.5 -11.7 22.0
-79.8 -389 -14.5 24.5
-17.4 -11.3 0.9 17.2
-20.5 -11.7 1.2 20.3
-23.0 -13.0 1.0 204
-22.4 -12.1 1.6 20.9
-22.7 -12.7 1.5 20.8
South America
5th 25t median 75th
-40.1 -24.1 7.8 46.8
-51.8 -26.5 15.1 64.0
-67.5 -28.5 23.8 80.9
-82.7 -28.5 36.8 105.3
-95.2 -24.3 529 132.6
-38.5 -23.8 7.8 46.1
-42.3 -21.8 15.2 59.1
-43.0 -21.3 16.6 60.6
-40.5 -18.8 18.1 629
-38.8 -17.8 19.6 64.2
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9Qth
45.5
59.7
75.4
93.3

13.5
45.1
53.5
55.6
55.8
56.2

9Qth
62.4
88.0
116.6
157.6
202.2
60.3
82.5
84.3
88.5
88.7

9Qth

91.5
119.2
148.4
184.3
2233

89.9
105.8
109.0
108.5
109.4

9Qth
182.4
240.3
315.0
390.0
488.1
174.7
219.8
2276
230.7
237.5

9Qth
271
347
41.8
51.7
59.7
27.0
32.8
33.3
337
34.5

9Qth

83.7
118.4
154.2
197.9
246.1

82.2
105.8
108.2
110.7
1123




Climate Risk: Transition
Risk

Context

Climate change also poses transition risks
that arise from shifts in the political, tech-
nological, social and economic landscape
that are likely to occur during the transition
to a low-carbon economy. With growing
pressures from society, more and more gov-
ernment and industry actions are moving
the world away from “business as usual” and
toward decarbonization. Societal pressures
and technological trends drive a reinforcing
mechanism for action: pressure to pursue
low-carbon solutions results in an ex-
panding array of low-carbon options, which
in turn generates more pressure to imple-
ment those options. However, the pace
of transformation can be uneven. There
are substantial uncertainties in how future
technologies, policies and regulations, na-
tional stability, economic growth and other
aspects of human development will evolve.
With a curtailed resumption of global activi-
ties following the Covid-19 pandemic, these
uncertainties are even greater.

That said, climate-related transition risks can
emerge quickly, even in regions where the
climate changes slowly. Since stock prices
and investment decisions are forward-
looking, financial and economic impacts
can rapidly evolve from a slowly evolving
climate risk. Transition risks affect all eco-
nomic activities, since virtually every sector
is directly responsible for some greenhouse
gas emissions, and the value chains for all

sectors involve major emissions sources.
Assessing these risks accurately is a chal-
lenging task that requires a comprehensive
understanding of the underlying drivers of
the climate, economy and technologies, and
the transmission channels of climate and
policy impacts through the economy.

Recent Findings

Transition risks depend on the likelihood
of particular policies and their stringency.
For example, a rapid transition away from
fossil fuels may result in stranded assets,
where earnings from fossil fuel assets and
resources are reduced or completely lost
due to lower prices, more fuels are left in the
ground, and restrictions are imposed on cer-
tain types of power plants (e.g., coal-based).
On the other hand, slow decarbonization
may negatively affect deployment of tech-
nologies that require high carbon prices.

One of our earlier studies (Landry et al, 2019)
estimated that under an emissions pathway
similar to that of the Paris 2°C scenario in
this Outlook, the net present value of global
stranded fossil assets (defined as the value
of fossil fuel economic output in a policy
scenario relative to a no-policy scenario)
would be about $17 trillion (Figure 37)—
more than the current GDP of China and
slightly less than the U.S. GDP. Such a rapid
transition would also significantly impact
household transportation, crops, livestock,
forestry, food, energy-intensive industry,
other industry, services, commercial trans-
portation and dwelling ownership. In
general, prematurely retired fossil capital
stock and the need to replace conventional

energy sources with more expensive, low-
carbon options draws investment resources
away from other sectors of the economy.
The magnitude of any sectoral impact will
depend on the aggressiveness of energy
transition policies.

Decision-makers must confront substan-
tial uncertainty not only regarding future
policies but also about the technical and
financial viability and competitiveness of
different low-carbon technologies. We have
shown that technology options in a climate
mitigation portfolio can differ among coun-
tries depending on resource availability,
labor and capital costs, technology trans-
fers, openness to international trade and
other factors.

A case in point is our analysis of the potential
availability of waste carbon dioxide for syn-
thetic hydrocarbon fuel production. These
fuels could become important in aviation and
other sectors where fuel alternatives are lim-
ited. Availability of waste CO, depends on the
pathways of carbon capture development
that can be applied in power generation and
industrial processes (cement, iron and steel,
chemicals). Deployment of carbon capture, in
turn, depends on numerous factors. Table 8
shows global annual CO; volumes available
for synthetic fuel production. These volumes
vary substantially over time and between
policy scenarios. Investors need to consider
these transition risks. Similar scenario anal-
ysis can be employed for other technologies
such as hydrogen, bioenergy with carbon
capture and storage (BECCS), and advanced
nuclear power.

Figure 37. Stranded Value. Net present value (NPV) of economic output lost from fossil fuels not
produced through 2040 in the Paris 2°C scenario. Data source: Landry et al (2019).




2021 GLOBAL CHANGE

OUTLOOK

Implications

Transition risk assessment can be done for
a particular investment type, company, in-
dustry or country. While in this Outlook we
do not assess the impacts of climate risk on
a particular investment portfolio, we do il-
lustrate how a set of scenarios can be used
to evaluate particular investment decisions.
Transition risk associated with resource rents
may be unavoidable, but increasing losses
can be avoided by not investing further in

developing particular resources. Specific in-
vestment portfolios can be further explored
for an expanded set of policy and technology
scenarios for metrics such as energy prices,
technology deployment levels, sectoral pro-
duction levels and stringency of government
support. Moreover, we argue that where
possible, investors should not rely on just
two or three scenarios but rather explore a
comprehensive set of scenarios that consider
uncertainty in socioeconomic and climate

Table 8. Global annual CO2 captured (MtCO2 /year) from industrial processes and power generation
in different scenarios. Data source: Morris et al (2020), Farrell (2018).

inputs—all to obtain information on the like-
lihood of various outcomes. Our consistent
framework for addressing uncertainty in cou-
pled human-Earth system models (see Box 5)
enables decision-makers to account for both
physical and socioeconomic components of
climate risks and to quantify uncertainty in
assessing transition risks.

More Information

Contact Sergey Paltsev (paltsev@mit.edu)

Power Generation: $10/tCO; initial tax 0 0 0 0 0 0 16 0 16
Power Generation: $30/tCO; initial tax 4 4 0 748 7 74 8150 63 8087
Power Generation: $60/tCO; initial tax 633 25 608 5922 130 5792 9688 964 8725
Cement Production: $60/tCO; initial tax 13 325 1470

Steel Production: $60/tCO; initial tax 15 373 1429

Box 5.

Representing Uncertainty

The MIT Joint Program developed the
Greenhouse Gamble™ wheels to convey
uncertainty in climate change prediction,
which is driven by uncertainty in both the
human system (e.g. economic and popula-
tion growth, energy use, emissions, etc.)
and the Earth system (e.g. the climate’s re-
sponse to emissions). The roulette-style
spinning wheels show the estimated prob-
ability of potential change in global average
surface temperature at the end of the cen-
tury (2091-2100) compared to pre-industrial
levels (1861-1880). Each wheel represents
a different set of greenhouse gas policies,
and the relative area that each colored slice
occupies within the wheel shows the likeli-
hood of temperature change in that range.
Figure 38 provides temperature outcomes
under four policy scenarios. These wheels
illustrate that one of the main objectives
of climate policy is to lower (or eliminate)
the likelihood of extreme temperature out-
comes. Additional information about the
Greenhouse Gamble and the scenarios rep-
resented in Figure 38 is available at:
https://globalchange.mit.edu/
research/research-tools/risk-analysis/
greenhouse-gamble

The policy behind the 2°C Policy wheel is de-
signed to achieve 2°C with a 66% probability,
not a 50% probability like the Paris 2°C sce-
nario in this Outlook.

Figure 38. Temperature outcomes under four policy scenarios
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Policy Prospects

Prospects for Meeting
Short-Term Paris Goals

Under the 2015 Paris Agreement, each par-
ticipating country’s Nationally Determined
Contribution (NDC) includes a pledged
achievement in greenhouse gas emissions
reduction, by 2030 for nearly all signato-
ries. The Agreement established a five-year
ratchet of increasing effort, so in 2020 all the
parties were to review their NDCs with the
objective of setting more ambitious goals.
Also, in 2020 they were to submit plans for
decarbonizing their economies in the longer
term, and to address unresolved conficts
over the Agreement’s rules and procedures.
The Fall 2020 meeting of its Conference
of Parties (COP) was thus a crucial point in
implementation of the Agreement. Then
came the Covid-19 pandemic, severe eco-
nomic disruption, and postponement of the
2020 COP to 2021—clouding the outlook for
emissions reductions in the near term.

Though largely limited to information from
before the pandemic, estimates are avail-
able of progress toward meeting these first
NDCs. For example, in its 2020 Emissions
Gap Report, the UN Environmental Program
(UNEP) evaluated the emissions control
packages of the G20 nations, grading each
for adequacy. Thirteen of the 20 were pro-
jected to meet their NDCs with currently
implemented policies. Five, including the
U.S., were judged to need additional mea-
sures, and insufficient information was
available to evaluate the final two.

Obvious qualifications apply to these early
assessments, prepared after only five years
on the path to what amounts to a 15-year
task. Still, the outlook in 2020 was encour-
aging. Just the 13 nations that the UNEP
found to be on track to meet their pledges
account for around 60% of 2020 green-
house gas emissions.

Impacts of Covid-19

The global health and economic crisis in-
troduced additional uncertainties in the
prospects for 2030. Most important are the
lingering economic impacts of the pan-
demic on the ability of nations to meet
their existing targets, and perhaps aug-
ment them. Its likely macroeconomic effect
is to ease the task, because several years of
Covid-induced recession will, for many na-
tions, decrease the emissions reductions
required to meet their NDCs. Adding to this
growth impact on emissions are the po-
tential microeconomic effects. One likely
legacy of the pandemic: lasting reduc-
tions in auto and air travel, and associated
fuel use and fossil emissions, largely due
to increased telecommuting and tele-
conferencing. Other shifts in patterns of
personal consumption, delivery services
and global supply chains could have plus
or minus effects. Taken all together, how-
ever, the microeconomic effects of Covid-19
would appear to further ease the burden of
meeting the existing Paris pledges.

Harder to judge is the effect of the cur-
rent economic downturn and associated
political disruption on the priority nations

will give to the global climate threat and
their Paris pledges, and thus on next steps
in implementation of the Paris Agreement.
By the close of the first quarter of 2021
only 10 nations and the EU had submitted
updated NDCs indicating increased ambi-
tion, and only around 30 had submitted
long-term strategies. Putting these pro-
cesses back on track in time for the 2021
COP in Glasgow will be crucial for the future
of the Agreement. Also, completion of the
rules and procedures under the Agreement
is stalled by the disruption. Most important
are the rules under Article 6, which defines
the ways parties can cooperate in meeting
their NDCs, including carbon markets. Until
face-to-face negotiations are possible, it is
unlikely the disagreements surrounding this
Article can be resolved.

Reasons for Optimism

On the other hand, there are encouraging
signs of increased commitments by several
of the largest greenhouse gas emitters. Chi-
na’s president has pledged carbon neutrality
for his nation by 2060, and several others,
including the U.S., have declared a similar
intention for all greenhouse gases by 2050.
Paths to these mid-century targets call for
additional short-term effort. For example, the
EU has increased its 2030 NDC from a 40% to
a 55% reduction. Also, at a summit of world
leaders on Earth Day 2021, the Biden Admin-
istration announced a much more ambitious
U.S pledge, a 50-52% reduction by 2030, and
leaders of several other nations said they
would take on greater emissions cuts—all
statements likely to be implemented in re-
vised NDCs in time for the 2021 COP.

The emissions projections in the Paris Forever
scenario take account of the pandemic’s ef-
fect on economic growth and assume that
all nations just meet their current (as of
March 2021) NDCs under these conditions.
The result is stabilization of global green-
house gas emissions over the years to 2030.
With the prospect that Covid-19’s effects
may further lower the effort required to
meet existing pledges, and the announced
increase in ambition by several large emit-
ters, it is likely that the world’s collective
efforts will not only stabilize global emis-
sions over the short term, but start them on
a declining path.

More Information

Contact Henry D. Jacoby, Founding Co-Di-
rector Emeritus, MIT Joint Program on
the Science and Policy of Global Change
(hjacoby@mit.edu).
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Prospects for Meeting
Long-Term Paris Goals

The long-term goal of international nego-
tiations on climate change is stabilization
of atmospheric concentrations of GHG
emissions and, as a result, the average
global temperature. The United Nations
Framework Convention on Climate Change
(UNFCCCQ) entered into force in 1994 and set
out principles on how to assess a timeframe
for and level of stabilization, but did not
indicate a specific target or path. To opera-
tionalize this long-term goal required more
input from the scientific community on the
level and nature of climate change associ-
ated with different stabilization levels, and
the ability of humans, ecosystems, agricul-
ture and the world’s economies to adapt
to such changes. The succeeding reports
of the Intergovernmental Panel on Climate
Change (IPCC) have been charged to estab-
lish scientific foundations for targets and
timetables needed to meet the overarching
goal of the UNFCCC.

Based on this growing set of information,
the 215t UNFCCC Conference of the Parties
(COP21) meeting in Paris in 2015 estab-
lished more precise temperature targets by
agreeing to the need to keep “aggregate
emissions pathways consistent with holding
the increase in global average temperature
well below 2°C above preindustrial levels”
and further adding the goal of “pursuing
efforts to limit the temperature increase to
1.5°C”

While our Paris Forever scenario represents
an unprecedented global commitment to
limit greenhouse gas emissions, it neither

stabilizes climate nor limits climate change.
We therefore consider two additional
scenarios that align with the Paris Agree-
ment’s long-term temperature targets.
Referred to as Paris 2°C and Paris 1.5°C, these
scenarios aim to limit and stabilize human-
induced global climate warming to 2°C
and 1.5°C, respectively, by the end of this
century, with a 50% probability. Taking a
probabilistic approach with our Integrated
Global System Modeling (IGSM) framework
enables us to quantify the range of global
climate response to given emissions
pathways consistent with the temperature
stabilization targets (see Figure 29). This
allows us to evaluate these scenarios
through a risk-based approach.

Radiative Forcing and Climate
Pathways

By design, through the course of the current
decade, the Paris 2°C and Paris 1.5°C mitiga-
tion scenarios are indistinguishable in terms
of the increased radiative forcing and global
CO; concentrations within the climate
system (Figure 39). However, starting in
the 2030s, these pathways diverge abruptly.
Looking at radiative forcing, the Paris 1.5°C
sharply turns to a nearly monotonic decline
through the remainder of the 215t century,
and then remains constant through the
middle of the next century. In contrast, the
climate forcing in the Paris 2°C scenario
continues to rise going into the latter half
of this century, when it gradually begins to
decline. Generally speaking, global CO con-
centrations show very similar features with
the notable exception that in the Paris 1.5°C
scenario, the decreasing trend through the

215t century is not as prominent as its radia-
tive-forcing counterpart.

Another important distinction between
these two scenarios is that by 2100, climate
forcing in the Paris 1.5°C must decline to
levels that are approximately 10% below
what the planet is currently experiencing.
This is not required in the Paris 2°C scenario,
which can peak at values 30% higher than
present levels through the 2070s, but then
must eventually subside to values 15-20%
higher than present levels by 2100 and into
middle of next century.

In both mitigation scenarios, temperatures
will continue to rise through the next two
decades (Figure 40). Any differences be-
tween the scenarios are indistinguishable
up through the middle of the 2030s. By the
2040s, the scenarios deviate, primarily due
to the Paris 1.5°C scenario having met its
global climate-warming target. An impor-
tant takeaway from Paris 1.5°C is that while
the global temperature response has lev-
eled off by mid-century, the climate forcing
(and corresponding emissions) must con-
tinue to decline through the entire course
of the 215t century. To a lesser extent, this is
also seen in the Paris 2°C scenario, where the
global temperature response levels off by
2090, but forcing must continue on a down-
ward trend in the decades that follow (and
into the 22nd century). The Paris 2°C sce-
nario also indicates that even among all the
plausible outcomes captured by the IGSM
ensemble, there is no likelihood of even the
“coolest” trajectories to remain below 1.5°C
at the end of the century. On the other hand,
the Paris 1.5°C ensemble scenario can virtu-
ally assure the world of remaining below
2°C of global-averaged warming. In the

Figure 39. Total radiative forcing (W/m2, left panel) and global CO2 concentration (ppm, right panel) that results from EPPA emissions
of greenhouse gases, based on the Paris 2°C (blue shading/lines) and Paris 1.5°C (green shading/lines) ensemble scenarios. Values are
calculated from a baseline forcing at 1861-1880. In each panel, the solid line represents the median result; the dashed lines denote
the interquartile range (25t to 75th percentile range); and the shaded region depicts the 5th to 95th percentile range of values.
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Accelerated Actions scenario where net an-

thropogenic GHG emissions are set to zero
after 2070, global temperature is further
reduced from the Paris 1.5°C trajectory and
approaches 1°C by the middle of the 22nd
century (though not shown in Figure 40).

As noted in the IGSM'’s Paris Forever scenario,
the global hydrologic sensitivity forms the
basis for the rise in global precipitation
(Figure 41) with any corresponding global
temperature increase. By this measure,
the current global precipitation rate is es-
timated to be approximately 2.3% higher
than pre-industrial conditions. As previously
shown (Figure 32), under the Paris Forever
scenario, global precipitation is projected to
continually rise such that by the middle of
the next century, the range in global precip-
itation change will be between 0.2 to 0.35
mm/day, or 7-12% higher than the pre-in-
dustrial level. The Paris 2°C and Paris 1.5°C
scenarios not only stabilize the precipita-
tion increase (by 2060 in Paris 1.5°C and 2100
in Paris 2°C), but substantially reduce the
magnitude and potential range of increases.
Paris 2°C cuts the increases by half and Paris
1.5°C reduces them to almost a third of the
Paris Forever precipitation changes.

Why are these mitigation effects important?
The most recent observational evidence as
well as climate model estimates tell us that
the hydrologic sensitivity of total precipita-
tion from heavy and extreme precipitation
events can be 5-10 times that of global
mean precipitation. Thus, any global in-
crease in precipitation conveys amplified
risk of flooding. The IGSM scenarios indi-
cate there is unavoidable, heightened risk
in this regard—and that the world will need
to fortify infrastructure and adapt systems
that are at risk. However, aggressive miti-
gation can considerably reduce risk and
uncertainty in the proportion (and cost) of
adaptive actions.

Sea-Level Rise and Ocean Acidity

Among the most costly and dangerous
risks associated with human-induced
warming will be the threats associated
with global sea-level rise (GSLR). While the
physical mechanisms that are associated
with human-induced warming causing
GSLR are well understood, the models and
numerical tools used by the scientific com-
munity to provide quantitative or more
granular projections must still account for
deep uncertainties and limitations that in-
clude: global climate sensitivity, regional
hydro-climatic change across the cryo-
sphere, as well as ice-sheet ablation and
dynamics. Nevertheless, aligning GSLR es-
timates to our IGSM Outlook projections,

Figure 40. Annual, global temperature changes (°C) based on the MIT IGSM ensemble
projections of the Paris 2°C (purple shading/lines) and Paris 1.5°C (blue shading/lines)
scenarios. Changes are calculated from the 1861-1880 mean. In each panel, the
solid line represents the median result; the dashed lines denote the interquartile
range; and the shaded region depicts the 5t to 95th percentile range of values.

Figure 41. Annual, global precipitation changes (mm/day) based on the MIT IGSM
ensemble projections of the Paris 2°C (purple shading/lines) and Paris 1.5°C (blue
shading/lines) scenarios. Changes are calculated from the 1861-1880 mean. In each
panel, the solid line represents the median result; the dashed lines denote the
interquartile range; and the shaded region depicts the 5th to 95th percentile range
of values. The right-hand axis also provides the global precipitation change as a
percentage (to the nearest 0.1%) of the 1861-1880 baseline average (= 2.86 mm/day).

there is an irrefutable risk reduction in the
end-of-century GSLR associated with the
Paris 2°C and Paris 1.5°C scenarios. These
aggressive mitigation scenarios imply that
the probability of end-of-century GSLR ex-
ceeding 1 meter is 10-20%, whereas under
Paris Forever this probability could rise as
high as 90%.

Other recent research syntheses have
combined observational evidence and
Earth-system model-based projections to
assess the risk of ocean acidification under
a range of future climates. Using these syn-
theses and extrapolating to our Paris Forever
scenario, we expect that ocean acidity by
the end of this century will likely (i.e., me-

dian result) increase by as much as 60%.
However, under the Paris 1.5°C and Paris 2°C,
end-of-century indications are that increases
in ocean acidification would be reduced to
10%—and begin to rebound under Paris
1.5°C going into the next century.

More Information

Contact Adam Schlosser (casch@mit.edu),
Sergey Paltsev (paltseve@emit.edu),
Andrei Sokolov (sokolov@mit.edu) and
Jennifer Morris (holak@mit.edu).
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Preparing for Tomorrow Today:
Physical and Transition Risks

Achieving the world’s aggressive, long-term goal of keeping the global average surface temperature increase well below
2 degrees Celsius from its preindustrial level will dramatically reduce the physical risks posed by climate change.

These risks are not just looming in the future but have already become evident today. The world is getting warmer, the
atmosphere more humid, and climate extremes more intense and frequent. Arctic summer sea ice is disappearing more
quickly; the Greenland and Antarctic ice sheets are receding faster; tropical cyclones are intensifying and moving more
slowly, creating larger storm surges and precipitation events and more severe flooding; and droughts, extreme heat events
and wildfires are intensifying. These trends, on scales from local to global, are now impacting—and in coming decades are
likely to further impact—vulnerable infrastructure, supply chains and human health, and to induce widespread famine and
migration.

met. This transition involves shifts on political, social, technological and economic fronts, and comes with new challenges
for financing and economies, from stranded fossil-fuel assets to stranded workers needing retraining. We will need to
strike the optimal balance between the risk of over-investing in the near-term in today’s green technologies that will
ultimately be superseded, versus the risk of under-investing in these technologies and subsequently needing to rapidly
reduce greenhouse gas emissions with the resultant economic shocks.

Lowering these “transition risks” toward net-zero emissions economies will involve integration of both physical and
transitional components, a process that requires new models and frameworks. The goal is to empower decision-makers
in government and industry to lower the transition risks as an integral companion to mitigation strategies. Financial
institutions and regulators will also need to get involved. In addition, we will need to invest more and more in adaptation
along with mitigation to lower both physical and transition risks.

Finally, the solutions to these challenges need to be affordable and equitable for all people and all nations. The poorest
countries are the most vulnerable and the least responsible for climate change. And the Covid-19 pandemic superimposed
on climate change has exposed the compounding effects of multiple stresses on these same vulnerable populations.
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This appendix contains projections for global economic growth, energy use, emissions and other variables to 2050 under
different Outlook scenarios and regions as specified. Similar tables for 18 regions of the world in all Outlook scenarios are
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Projection Data Tables

Region: World Scenario: Paris Forever
Units 2015 2020 2025 2030 2035 2040 2045 2050
Economic GDP bil 2015 $ 80601.2  85686.7 100865.1 114446.2 128591.0 144561.6 160958.7 179157.4
Indicators Consumption bil 2015 $ 45636.7  47307.9 56408.3 64103.0  71911.1 80896.6  89995.2 100020.6
GDP growth %/ yr 2.6 1.2 3.3 2.6 2.4 2.4 2.2 2.2
Population millions 7379.8 7794.8 8184.4 8548.5 8887.5 9198.9 9481.8 9735.0
GDP per capita 2015 $ 10921.8 10992.8 12324.0  13387.9 14468.7 15715.2 16975.5 18403.4
GHG Emissions CO:2 - fossil Mt CO2 32616.2  31337.4  32546.5 32178.7  32489.5 32733.7 33915.0  35218.2
CO2 - industrial Mt CO2 2350.1 2393.6 2439.2 2347.5 2024 .8 1904.0 1900.7 1875.9
CHa Mt 352.3 328.4 332.2 320.1 323.2 332.1 340.3 349.0
N20 Mt 9.7 10.7 9.9 10.0 10.3 11.0 1.7 12.4
PFCs kt CF4 22.4 9.5 7.3 5.9 6.0 6.1 6.1 6.3
SFe kt 8.2 5.9 5.8 5.4 5.1 4.9 4.7 4.5
HFCs kt HFC-134a 401.8 332.1 323.1 301.2 361.2 423.9 464.6 489.3
Total GHG net of Land Use Mt COze 48267.3  46400.1 47512.6  46687.3  46930.4  47566.6  49205.9  50927.7
CO2 - land use change Mt CO2 1737.7 1460.4 938.9 851.2 647.8 483.3 452.5 414.2
Primary Coal EJ 162.6 151.1 149.4 147.0 141.9 137.8 139.7 140.9
Energy Use Oil EJ 185.4 184.3 197.6 198.4 200.9 204.2 206.5 210.5
Bioenergy EJ 47.2 47.5 48.6 49.4 49.7 50.3 49.2 49.0
Gas EJ 125.2 125.7 140.5 143.0 153.3 160.2 174.3 190.9
Nuclear EJ 22.9 23.8 24.7 26.9 25.7 25.5 24.9 24.7
Hydro EJ 35.8 38.1 39.3 41.7 43.9 46.0 47.7 48.9
Renewables EJ 9.0 19.2 34.4 52.0 72.0 98.3 102.6 107.9
Electricity Coal TWh 9332.5 8253.5 7443 .4 6556.2 5841.0 5295.6 5161.5 5030.3
Production Oil TWh 1077.4 865.6 853.6 670.0 668.0 693.9 738.6 769.9
Gas TWh 5426.7 5717.9 7340.3 8076.2 8719.6 8800.0 10108.0 11788.4
Nuclear TWh 2545.6 2695.0 2830.6 3130.1 3037.9 3065.8 3028.7 3049.7
Hydro TWh 3985.8 4308.3 4507.1 4853.5 5197.6 5525.3 5812.1 6050.0
Renewables TWh 1002.5 2172.4 3943.1 6058.8 8518.9  11799.5  12505.1 13354.1
Biofuels TWh 613.2 706.9 857.1 933.3 995.9 1060.0 1105.9 1153.0
Land Use Cropland Mha 1482.1 1487.8 1525.4 1589.6 1598.6 1595.3 1595.1 1592.7
Bioenergy & Renewables Mha 38.9 44 1 51.5 53.6 54.9 56.2 57.5 60.7
Pasture Mha 1779.9 1780.4 1755.1 1742.1 1742.9 1754.7 1772.8 1782.9
Managed forest Mha 748.9 743.3 737.7 698.0 699.4 701.0 694.9 696.0
Natural grassland Mha 1490.7 1494.6 1486.6 1478.9 1471.5 1464.8 1458.6 1452.7
Natural forest Mha 3174.6 3164.9 3159.0 3153.0 3147.8 3143.0 3136.3 3130.2
Other Mha 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8
Air Pollutant SO2 Tg 104.3 85.9 78.1 67.2 60.4 55.4 51.0 47.4
Emissions NOx Tg 122.2 115.4 120.3 120.1 123.7 128.3 132.6 137.7
Ammonia Tg 48.5 49.1 55.1 59.2 62.9 67.5 70.6 73.8
Volatile organic compounds Tg 147.5 145.1 160.5 167.9 177.5 190.3 200.3 211.5
Black carbon Tg 5.0 4.5 4.4 4.2 3.9 3.8 3.6 3.4
Organic particulates Tg 11.4 10.4 10.6 10.4 10.0 9.8 9.3 9.0
Carbon monoxide Tg 581.6 579.9 647.4 687.2 729.4 782.5 824.1 871.4
Agricultural & Crop bil 2015 $ 2416.9 2562.0 2944 .8 3351.5 3612.2 3850.8 4099.0 4345.9
food outputs Livestock bil 2015 $ 1885.6 2038.3 2353.2 2635.3 2872.0 3160.4 3415.7 3683.6
Forest bil 2015 $ 352.4 393.0 479.8 569.5 655.5 761.7 862.7 977.5
Food bil 2015 $ 7653.8 8150.1 9505.8 10857.1 11901.3 13148.8 14265.3 15486.7
Agricultural & Crop 1.0 1.1 1.1 1.1 1.1 1.1 1.1
food prices Livestock 1.0 1.1 1.2 1.3 1.3 1.4 1.4
(2020 price = 1) Forest 1.0 1.1 1.2 1.2 1.3 1.3 1.3
Food 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Energy prices Coal 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Gas 1.0 1.0 1.0 1.0 1.1 1.1 1.1
Electricity 1.0 1.1 1.1 1.1 1.1 1.1 1.2



http://globalchange.mit.edu/Outlook2021

Appendix

MIT Global Change Outlook 2021

Projection Data Tables

Region: World Scenario: Paris 2°C
Units 2015 2020 2025 2030 2035 2040 2045 2050
Economic GDP bil 2015 $ 80601.2  85686.7 100865.1 114446.2 126728.5 141020.8 154409.9 166466.8
Indicators Consumption bil 2015 $ 45636.7 47307.9 56408.3 64103.0 71343.2 79685.8 87287.9 94114.7
GDP growth %/ yr 2.6 1.2 3.3 2.6 2.1 2.2 1.8 1.5
Population millions 7379.8 7794.8 8184.4 8548.5 8887.5 9198.9 9481.8 9735.0
GDP per capita 2015 $ 10921.8 10992.8 12324.0  13387.9 14259.2 15330.3 16284.9 17099.8
GHG Emissions CO:2 - fossil Mt CO2 32616.2  31337.4  32546.5 32178.7  27279.3 24546.0 21733.6  18605.2
CO2 - industrial Mt CO2 2350.1 2393.6 2439.2 2347.5 1967.6 1824.5 1776.3 1664.9
CHa Mt 352.3 328.4 332.2 320.1 319.9 312.9 315.2 322.4
N20 Mt 9.7 10.7 9.9 10.0 14.6 14.4 13.9 14.5
PFCs kt CF4 22.4 9.5 7.3 5.9 4.5 4.4 4.4 5.1
SFe kt 8.2 5.9 5.8 5.4 4.0 3.5 3.3 3.1
HFCs kt HFC-134a 401.8 332.1 323.1 301.2 248.8 253.7 321.1 352.4
Total GHG net of Land Use Mt COze 48267.3  46400.1 47512.6  46687.3  42526.3  39378.1 36541.4  33703.8
CO2 - land use change Mt CO2 1737.7 1460.4 938.9 851.2 649.9 856.7 795.2 728.9
Primary Coal EJ 162.6 151.1 149.4 147.0 108.4 91.4 78.8 65.8
Energy Use Oil EJ 185.4 184.3 197.6 198.4 187.2 178.0 151.3 113.2
Bioenergy EJ 47.2 47.5 48.6 49.4 49.7 50.3 49.5 50.9
Gas EJ 125.2 125.7 140.5 143.0 145.7 141.6 147.2 157.6
Nuclear EJ 22.9 23.8 24.7 26.9 26.1 27.3 27.4 26.8
Hydro EJ 35.8 38.1 39.3 41.7 44.7 47.2 49.2 51.0
Renewables EJ 9.0 19.2 34.4 52.0 87.7 126.5 147.5 170.6
Electricity Coal TWh 9332.5 8253.5 7443 .4 6556.2 3946.7 3133.5 2358.4 1535.5
Production Qil TWh 1077.4 865.6 853.6 670.0 458.0 342.7 262.2 42.1
Gas TWh 5426.7 5717.9 7340.3 8076.2 8541.4 7510.9 7462.2 8394.5
Nuclear TWh 2545.6 2695.0 2830.6 3130.1 3089.8 3282.5 3335.5 3318.4
Hydro TWh 3985.8 4308.3 4507.1 4853.5 5289.7 5671.6 5998.1 6314.9
Renewables TWh 1002.5 2172.4 3943.1 6058.8 10370.8 15189.8 17973.5 21104.8
Biofuels TWh 613.2 706.9 857.1 933.3 968.8 1033.3 1051.5 1171.6
Land Use Cropland Mha 1482.1 1487.8 1525.4 1589.6 1598.2 1597.5 1592.8 1585.8
Bioenergy & Renewables Mha 38.9 44 1 51.5 53.6 54.4 56.2 59.0 70.1
Pasture Mha 1779.9 1780.4 1755.1 1742.1 1739.7 1742.7 1771.2 1786.5
Managed forest Mha 748.9 743.3 737.7 698.0 703.2 713.3 702.5 697.4
Natural grassland Mha 1490.7 1494.6 1486.6 1478.9 1471.8 1465.3 1458.9 1453.1
Natural forest Mha 3174.6 3164.9 3159.0 3153.0 3147.8 3140.1 3130.7 3122.3
Other Mha 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8
Air Pollutant SO2 Tg 104.3 85.9 78.1 67.2 49.8 42.7 36.2 29.0
Emissions NOx Tg 122.2 115.4 120.3 120.1 108.4 106.7 100.4 91.2
Ammonia Tg 48.5 49.1 55.1 59.2 60.7 63.9 65.3 65.3
Volatile organic compounds Tg 147.5 145.1 160.5 167.9 163.2 167.5 166.8 163.7
Black carbon Tg 5.0 4.5 4.4 4.2 3.5 3.2 2.9 2.5
Organic particulates Tg 11.4 10.4 10.6 10.4 9.3 8.8 8.0 7.1
Carbon monoxide Tg 581.6 579.9 647.4 687.2 673.5 696.3 693.1 682.8
Agricultural & Crop bil 2015 $ 2416.9 2562.0 2944.8 3351.5 3589.3 3826.5 4057.2 4279.6
food outputs Livestock bil 2015 $ 1885.6 2038.3 2353.2 2635.3 2849.4 3116.5 3366.3 3612.8
Forest bil 2015 $ 352.4 393.0 479.8 569.5 648.1 747 .1 836.4 923.7
Food bil 2015 $ 7653.8 8150.1 9505.8 10857.1 11871.7 13077.9 14108.3 15131.5
Agricultural & Crop 1.0 1.1 1.1 1.1 1.0 1.0 1.0
food prices Livestock 1.0 1.1 1.2 1.3 1.4 1.4 1.4
(2020 price = 1) Forest 1.0 1.1 1.2 1.2 1.2 1.2 1.2
Food 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Energy prices Coal 1.0 1.0 1.0 0.9 0.9 0.8 0.8
(2020 price= 1)  Oil 1.0 1.1 1.1 1.0 1.0 0.9 0.8
Gas 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Electricity 1.0 1.1 1.1 1.2 1.2 1.2 1.3
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Projection Data Tables

Region: World Scenario: Accelerated Actions
Units 2015 2020 2025 2030 2035 2040 2045 2050
Economic GDP bil 2015 $ 80601.2  85686.7 100653.8 113619.9 126816.4 141538.6 155192.7 167250.7
Indicators Consumption bil 2015 $ 45636.7  47307.9 56238.7 63476.5 70659.0 78786.6  86293.6  92758.1
GDP growth %/ yr 2.6 1.2 3.3 2.5 2.2 2.2 1.9 1.5
Population millions 7379.8 7794.8 8184.4 8548.5 8887.5 9198.9 9481.8 9735.0
GDP per capita 2015 $ 10921.4 10990.6  12298.2 13291.2 14269.0 15386.6 16367.4 17180.3
GHG Emissions CO:2 - fossil Mt CO2 32616.2  31337.4  29704.1 25001.7  21173.5 17603.3  13800.7 9925.1
CO2 - industrial Mt CO2 2350.1 2393.6 2417.9 2296.2 1916.8 1756.1 1687.9 1565.0
CHa Mt 352.3 328.4 310.4 281.2 262.1 249.3 234.2 218.0
N20 Mt 9.7 10.7 8.5 8.1 7.7 7.5 7.2 6.6
PFCs kt CFa 22.4 9.5 3.2 2.8 2.6 2.6 2.2 2.1
SFs kt 8.2 5.9 3.4 3.3 2.9 2.5 2.0 1.8
HFCs kt HFC-134a 401.8 332.1 225.9 198.9 202.7 215.5 224.2 225.1
Total GHG net of Land Use Mt COze 48267.3  46400.1 43455.7  37663.6  32828.6  28685.6  24302.3 19685.8
CO2 - land use change Mt CO2 1737.7 1460.4 936.6 850.6 610.1 795.5 747.7 680.3
Primary Coal EJ 162.6 151.1 132.3 96.1 69.5 47.6 31.3 211
Energy Use Oil EJ 185.4 184.3 194.3 190.9 181.6 171.0 151.0 113.2
Bioenergy EJ 47.2 47.5 48.6 49.4 49.9 50.5 50.0 50.6
Gas EJ 125.2 125.7 125.2 114.6 100.5 85.7 73.8 70.1
Nuclear EJ 22.9 23.8 24.8 27.2 27.4 32.3 42.7 49.0
Hydro EJ 35.8 38.1 39.5 42.5 45.9 48.9 51.9 54.2
Renewables EJ 9.0 19.2 36.0 73.9 129.5 178.6 205.3 238.4
Electricity Coal TWh 9332.5 8253.5 6680.6 4279.1 2068.3 713.4 376.5 339.2
Production Oil TWh 1077.4 865.6 784.7 641.0 510.9 355.1 211.7 45.7
Gas TWh 5426.7 5717.9 6925.0 7138.3 5767.6 4249 .1 3384.2 3422.7
Nuclear TWh 2545.6 2695.0 2846.5 3171.8 3246.0 3872.2 5198.9 6066.1
Hydro TWh 3985.8 4308.3 4536.0 4955.2 5434.6 5868.1 6322.2 6710.0
Renewables TWh 1002.5 2172.4 4134.6 8611.9  15316.5 21441.6  25015.6  29491.9
Biofuels TWh 613.2 706.9 859.5 946.2 1033.9 1117.9 1252.6 1381.7
Land Use Cropland Mha 1482.1 1487.8 1530.0 1595.6 1607.6 1606.0 1599.9 1595.5
Bioenergy & Renewables Mha 38.9 44 1 51.7 54.8 57.4 59.3 64.7 72.4
Pasture Mha 1779.9 1780.4 1744.9 1733.3 1722.5 1725.7 1728.1 1723.5
Managed forest Mha 748.9 743.3 742.8 699.5 708.0 718.8 731.0 741.7
Natural grassland Mha 1490.7 1494.6 1486.8 1479.0 1471.7 1465.2 1460.7 1459.5
Natural forest Mha 3174.6 3164.9 3159.0 3153.0 3147.8 3140.1 3130.8 3122.4
Other Mha 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8 4097.8
Air Pollutant SO2 Tg 104.3 85.9 70.8 54.9 42.8 34.8 28.5 23.4
Emissions NOx Tg 122.2 115.4 115.0 110.3 106.9 104.0 98.0 86.2
Ammonia Tg 48.5 49.1 54.3 58.2 59.7 61.9 62.4 61.3
Volatile organic compounds Tg 147.5 145.1 155.7 158.6 158.6 160.8 160.2 154.9
Black carbon Tg 5.0 4.5 4.3 3.9 3.5 3.2 2.8 2.4
Organic particulates Tg 11.4 10.4 10.4 10.0 9.3 8.7 7.9 7.0
Carbon monoxide Tg 581.6 579.9 632.3 655.8 665.5 680.1 679.8 659.9
Agricultural & Crop bil 2015 $ 2416.9 2562.0 2934.2 3332.4 3572.9 3792.7 3998.3 4188.4
food outputs Livestock bil 2015 $ 1885.6 2038.3 2337.8 2598.5 2791.6 3028.4 3216.7 3370.0
Forest bil 2015 $ 352.4 393.0 479.4 566.8 648.8 747 .1 832.0 906.3
Food bil 2015 $ 7653.8 8150.1 9473.3 10754.9 11701.0 12829.6 13772.0  14579.8
Agricultural & Crop 1.0 1.1 1.1 1.1 1.1 1.1 1.1
food prices Livestock 1.0 1.1 1.3 1.4 1.5 1.5 1.6
(2020 price = 1) Forest 1.0 1.1 1.1 1.2 1.2 1.2 1.2
Food 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Energy prices Coal 1.0 0.9 0.8 0.8 0.7 0.7 0.8
(2020 price= 1)  Oil 1.0 1.1 1.1 1.1 1.0 1.0 0.8
Gas 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Electricity 1.0 1.1 1.3 1.4 1.5 1.6 1.8
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Selected results for GHG emissions and Primary Energy Use for USA and Europe (EUR) for Paris Forever and Accelerated Actions scenarios.

Extended results are available at http://globalchange.mit.edu/Outlook2021
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Region: USA Scenario: Paris Forever
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 5036.0 4747.0 4222.6 3806.8 3772.8 3705.1 3633.0 3612.1
Total GHG net of Land Use Mt CO2e 6337.9 5957.9 5220.9  4731.8  4730.6  4724.5  4726.4  4728.1
CO: - land use change Mt CO2 -667.1 -606.8 -545.7 -484.0 -421.8 -359.2 -296.2 -234.9
Primary Coal EJ 15.5 13.6 7.4 3.9 4.3 3ol 5.3 4.9
Energy Use 0il EJ 33.1 31.1 30.6 28.6 27.2 26.0 24.8 24.1
Bioenergy EJ 1.7 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Gas EJ 28.2 28.3 31.1 32.6 33.3 32.5 32.6 34.4
Nuclear EJ 7.5 7.0 6.5 6.2 5.5 4.8 4.6 4.8
Hydro EJ 2.4 2.5 2.5 2.6 2.7 2.7 2.8 2.8
Renewables EJ 2.2 3.9 5.9 7.2 8.8 9.7 9.1 9.4
Region: USA Scenario: Accelerated Actions
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 5036.0  4747.0  3533.5  2598.8 2141.8 1646.8 1188.2 733.3
Total GHG net of Land Use Mt COze 6337.9 5957.9 4588.2 3529.4 3000.0 2470.6 1941.3 1412.1
CO: - land use change Mt CO2 -667.1 -606.8 -545.7 -484.0  -479.8 -393.0  -328.4  -272.5
Primary Coal EJ 15.5 13.6 1.9 0.6 0.5 0.3 0.2 0.2
Energy Use Oil EJ 33.1 31.1 29.3 25.2 22.4 19.9 15.8 10.0
Bioenergy EJ 1.7 1.8 2.0 2.1 2.3 2.5 2.7 2.6
Gas EJ 28.2 28.3 29.2 21.5 17.2 1.5 8.3 6.1
Nuclear EJ 7.5 7.0 6.5 6.2 5.6 5.3 5.3 5.4
Hydro EJ 2.4 2.5 2.6 2.7 2.8 3.0 3.1 3.3
Renewables EJ 2.2 3.9 5.5 10.7 16.9 23.6 25.4 27.4
Region: EUR Scenario: Paris Forever
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO> 3506. 1 3112.3 3004.3 2473.5  2483.0  2478.6 2457.6 2425.8
Total GHG net of Land Use Mt COze 4847.3  4758.4  4246.2 3438.2 3425.2 3408.1 3384.0  3352.9
CO: - land use change Mt CO2z -99.1 -122.4 -144.2 -161.9 -175.7 -185.9 -193.4 -185.5
Primary Coal EJ 1.0 7.7 5.6 3.2 3.4 2.7 2.7 2.7
Energy Use oil EJ 27.3 26.5 26.8 24.7 24.0 23.4 22.4 21.7
Bioenergy EJ 1.7 1.8 2.3 2.4 2.5 2.6 2.7 2.8
Gas EJ 15.1 14.2 16.0 13.7 14.2 16.1 17.1 17.6
Nuclear EJ 8.1 7.4 6.7 6.2 5.5 5.2 5.1 4.8
Hydro EJ 5.1 5.2 5.3 5.4 5.6 5.7 5.8 5.9
Renewables EJ 3.3 5.6 7.9 10.1 11.3 10.5 10.5 10.4
Region: EUR Scenario: Accelerated Actions
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO:2 - fossil Mt CO2 3506.1 3112.3 2972.0 1965.2 1732.0 1540.5 1150.5 671.8
Total GHG net of Land Use Mt COze 4847.3 4758.4 4104.8 2852.2 2550.6 2298.3 1829.2 1239.8
CO2 - land use change Mt CO2 -99.1 -122.4 -144.2 -161.9 -175.7 -185.9 -193.4 -185.5
Primary Coal EJ 11.0 7.7 5.5 1.3 0.8 0.6 0.4 0.2
Energy Use il EJ 27.3 26.5 26.7 23.5 21.9 20.2 16.3 9.2
Bioenergy EJ 1.7 1.8 2.3 2.5 2.8 2.8 2.9 3.1
Gas EJ 15.1 14.2 16.0 10.1 8.8 7.8 6.4 5.1
Nuclear EJ 8.1 7.4 6.7 6.2 5.9 5.7 5.4 5.6
Hydro EJ 5.1 5.2 5.3 5.5 5.7 5.9 6.3 6.5
Renewables EJ 3.3 5.6 8.0 13.7 17.4 16.8 16.4 18.3
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Selected results for GHG emissions and Primary Energy Use for China (CHN) and India (IND) for Paris Forever and Accelerated Actions scenarios.
Extended results are available at http://globalchange.mit.edu/Outlook2021
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Region: CHN Scenario: Paris Forever
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 9298.9 9250.1 9830.7 10411.6 9815.0 9160.5 9462.6 9769.7
Total GHG net of Land Use Mt COze 12408.9  12376.5 12972.4 13415.0 12293.3 11455.9 11623.4 11789.5
CO2 - land use change Mt CO2 8.1 4.4 0.8 -2.4 -5.0 -7.3 -9.3 -10.9
Primary Coal EJ 84.8 80.0 83.8 88.0 80.5 73.6 73.7 73.7
Energy Use il EJ 24.8 29.2 31.7 33.4 32.9 32.3 31.5 30.8
Bioenergy EJ 3.7 4.1 4.7 5.0 5.1 5.3 5.2 5.4
Gas EJ 6.4 10.6 13.6 16.5 19.0 19.6 25.5 31.7
Nuclear EJ 1.2 2.3 3.3 4.7 5.4 6.1 6.1 6.1
Hydro EJ 9.8 11.8 12.3 13.6 15.1 16.3 16.8 17.4
Renewables EJ 1.9 5.2 11.4 19.0 27.7 40.0 40.3 39.7
Region: CHN Scenario: Accelerated Actions
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 9298.9  9250.1 9146.5  7437.4  6107.5  4886.8 3686.0  2410.9
Total GHG net of Land Use Mt COze 12408.9  12376.5 11933.5 9813.5 7988.0 6554.9 5136.8 3627.5
CO: - land use change Mt CO2 8.1 4.4 0.8 -2.4 -5.0 =73 =9.3 -10.9
Primary Coal EJ 84.8 80.0 80.0 58.1 44.3 31.7 20.8 12.5
Energy Use Oil EJ 24.8 29.2 31.9 34.3 32.8 32.0 31.5 30.6
Bioenergy EJ 3.7 4.1 4.6 4.8 4.9 5.2 5.1 5.4
Gas EJ 6.4 10.6 7.2 10.8 9.7 9.4 7.8 3.9
Nuclear EJ 1.2 2.3 3.3 4.8 .2 5.9 6.0 6.4
Hydro EJ 9.8 11.8 12.4 13.9 15.6 16.9 17.7 18.3
Renewables EJ 1.9 5.2 12.0 27.6 50.7 65.1 67.5 77.8
Region: IND Scenario: Paris Forever
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 2137.8 2301.3 2583.2 2901.1 3085.0  3257.8 3425.8 3612.4
Total GHG net of Land Use Mt COze 3484.1 3737.6  4272.4  4823.9 5205.4  5558.0  5891.6  6262.6
CO: - land use change Mt CO2 =Fo 2 -5.6 -5.1 -6.6 -27.7 -79.3 -29.9 -24.9
Primary Coal EJ 16.9 17.3 19.1 21.1 22.2 22.9 23.6 24.3
Energy Use oil EJ 8.1 9.6 11.1 12.7 13.7 15.0 16.2 17.6
Bioenergy EJ 7.6 7.6 7.6 7.6 7.5 7.5 7.2 7.0
Gas EJ 1.9 2.4 2.9 3.7 4.2 4.7 5.4 6.1
Nuclear EJ 0.3 0.4 0.6 0.9 1.0 1.9 2.3 2.7
Hydro EJ 1.2 1.2 1.3 1.4 1.5 1.5 1.6 1.7
Renewables EJ 0.4 1.0 2.8 5.8 9.9 15.5 17.6 19.5
Region: IND Scenario: Accelerated Actions
Units 2015 2020 2025 2030 2035 2040 2045 2050
GHG Emissions CO2 - fossil Mt CO2 2137.8 2301.3 2300.0 2265.9 1693.3 1243.8 824.8 534.2
Total GHG net of Land Use Mt COze 3484 .1 3737.6 3700.4 3734.9 3141.6 2639.0 2193.2 1778.8
CO2 - land use change Mt CO2 -3.2 -5.6 -5.2 -6.7 -8.0 -101.3 -32.1 -7.7
Primary Coal EJ 16.9 17.3 16.3 15.4 9.9 5.7 2.9 2.0
Energy Use il EJ 8.1 9.6 11.1 12.0 11.9 1.7 10.0 6.7
Bioenergy EJ 7.6 7.6 7.7 7.8 7.7 7.5 7.1 6.9
Gas EJ 1.9 2.4 2.9 3.3 3.9 2.7 2.3 2.6
Nuclear EJ 0.3 0.4 0.6 1.0 1.3 3.8 11.8 15.6
Hydro EJ 1.2 1.2 1.3 1.6 1.7 1.9 2.2 2.4
Renewables EJ 0.4 1.0 4.1 9.7 16.2 19.2 24.2 29.9
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IGSM regions:

AFR  Africa

ANZ  Australia & New Zealand

ASl Dynamic Asia

BRA  Brazil

CAN Canada

CHN China

EUR  Europe (EU+)

IDZ Indonesia

IND  India

JPN  Japan

IKOR  South Korea

LAM  Other Latin America
Middle East
Mexico
Other East Asia
Other Eurasia

RUS Russia

USA  United States

Regional data tables available at:
http://globalchange.mit.edu/

Outlook2021

Country Region Country Region Country Region Country Region Country Region
Afghanistan Congo, Dem. Rep. (Zaire) AFR India IND Morocco AFR Sierra Leone AFR
Albania Cook Islands ANZ Indonesia IDZ Mozambique AFR Singapore ASI
Algeria AFR Costa Rica LAM Iran Myanmar Slovakia EUR
American Samoa ANZ Croatia EUR Iraq Namibia AFR Slovenia EUR
Andorra Cuba LAM Ireland EUR Nauru ANZ Solomon Islands ANZ
Angola AFR Cyprus EUR Israel Nepal Somalia AFR
Anguilla LAM Czech Republic EUR Italy EUR Netherlands EUR South African Republic  AFR
Antigua & Barbuda LAM Denmark EUR Jamaica LAM Netherlands Antilles LAM Spain EUR
Argentina LAM Djibouti AFR Japan JPN New Caledonia ANZ Sri Lanka

Armenia Dominica LAM Jordan New Zealand ANZ Sudan AFR
Aruba LAM Dominican Republic LAM Kazakhstan Nicaragua LAM Suriname LAM
Australia ANZ Ecuador LAM Kenya AFR Niger AFR Swaziland AFR
Austria EUR Egypt AFR Kiribati ANZ Nigeria AFR Sweden EUR
Azerbaijan El Salvador LAM Korea KOR Niue ANZ Switzerland EUR
Bahamas LAM Equatorial Guinea AFR Korea, Dem. Ppl. Rep. Norfolk Islands ANZ Syria

Bahrain Eritrea AFR Kuwait Northern Mariana Islands ANZ Taiwan Asl
Bangladesh Estonia EUR Kyrgyzstan Norway EUR Tajikistan

Barbados LAM Ethiopia AFR Laos Oman Tanzania AFR
Belarus Falkland Islands LAM Latvia EUR Pakistan Thailand ASI
Belgium EUR Faroe Islands Lebanon Palestine Timor-Leste

Belize LAM Fiji ANZ Lesotho AFR Panama LAM Togo AFR
Benin AFR Finland EUR Liberia AFR Papua New Guinea ANZ Tokelau ANZ
Bermuda LAM France EUR Liechtenstein EUR Paraguay LAM Tonga ANZ
Bhutan French Guiana LAM Lithuania EUR Peru LAM Trinidad and Tobago LAM
Bolivia LAM French Polynesia ANZ Luxembourg EUR Philippines ASI Tunisia AFR
Bosnia and Herzegovina Gabon AFR Libya AFR Poland EUR Turkey

Botswana AFR Gambia AFR Macau Portugal EUR Turkmenistan

Brazil BRA Georgia Macedonia Puerto Rico LAM Turks and Caicos Islands LAM
Brunei Germany EUR Madagascar AFR Qatar Tuvalu ANZ
Bulgaria EUR Ghana AFR Malawi AFR Réunion AFR Uganda AFR
Burkina Faso AFR Gibraltar Malaysia ASI Romania EUR Ukraine

Burundi AFR Greece EUR Maldives Russian Federation RUS United Arab Emirates
Cambodia Greenland LAM Mali AFR Rwanda AFR United Kingdom EUR
Cameroon AFR Grenada LAM Malta EUR Saint Helena AFR United States USA
Canada CAN Guadeloupe LAM Marshall Islands ANZ Saint Kitts and Nevis LAM Uruguay LAM
Cape Verde AFR Guam ANZ Martinique LAM Saint Lucia LAM Uzbekistan

Cayman Islands LAM Guatemala LAM Mauritania AFR Saint Pierre & Miquelon  LAM Vanuatu ANZ
Central African Republic AFR Guinea AFR Mauritius AFR Saint Vincent & Grenadines LAM Venezuela LAM
Chad AFR Guinea-Bissau AFR Mayotte AFR Samoa ANZ Vietnam

Chile LAM Guyana LAM Mexico San Marino Virgin Islands, British LAM
China CHN Haiti LAM Micronesia ANZ Sédo Tomé and Principe ~ AFR Virgin Islands, U.S. LAM
Céte d'lvoire AFR Honduras LAM Moldova Saudi Arabia Wallis and Futuna ANZ
Colombia LAM Hong Kong CHN Monaco Senegal AFR Yemen

Comoros AFR Hungary EUR Mongolia Serbia and Montenegro Zambia AFR
Congo AFR Iceland EUR Montserrat LAM Seychelles AFR Zimbabwe AFR
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