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Temperature Implications of the 2023 Shell
Energy Security Scenarios: Sky 2050 and
Archipelagos

Andrei Sokolov, Sergey Paltsev, Angelo Gurgel, Martin Haigh, David Hone and Jennifer Morris

Abstract: We analyze temperature implications of energy security-focused scenarios developed by Shell.
The Sky 2050 scenario explores the world developing in increasingly sustainable directions, with the
corresponding energy needs for a global net-zero CO, target achieved by the year 2050. In contrast, the
Archipelagos scenario sees the ongoing energy transition facing a mixture of support and hindrance by
geopolitics and security steady technological development continues. Using the MIT Integrated Global
System Modeling (IGSM) framework, we simulate 400-member ensembles, reflecting uncertainty in the
Earth system response, of global temperature change associated with each scenario relative to pre-industrial
(mean of 1850-1900) levels. Our analysis shows that the Sky 2050 scenario is an overshoot 1.5°C scenario
(category C2 by the definition of the Intergovernmental Panel on Climate Change). Global surface
temperature (ensemble median) in this scenario stays above 1.5°C for 40 years, from 2034 to 2073, reaches
its peak of 1.67°C in 2051, and then declines to 1.24°C by 2100. For the Archipelagos scenario, mean
temperature passes 1.5°C in 2033, 2°C in 2060, and reaches 2.22°C in 2100. We find that likely (33-66%)
range in 2100 is 1.16-1.33°C for the Sky 2050 scenario and 2.10-2.33°C for the Archipelagos scenario. The
corresponding very likely (5%-95%) ranges are 0.97-1.56°C and 1.73-2.72°C, respectively.
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1. Introduction

The Paris Agreement (UN, 2015) established a goal of keep-
ing the increase in the global average surface temperature
to “well below” 2°C relative to preindustrial levels, and to
pursue efforts to limit the temperature rise to 1.5°C. The
Glasgow Climate Pact (UN, 2021) recognized that limiting
global warming to 1.5°C means net-zero CO, emissions by
mid-century. A recent assessment report by the Interna-
tional Panel on Climate Change (IPCC, 2022) warned that
global greenhouse gas (GHG) emissions associated with the
implementation of Nationally Determined Contributions
announced in 2021 (prior to COP26) would make it likely
that warming will exceed 1.5°C during the 21 century. At
COP27 in 2022, countries have been encouraged to accel-
erate their mitigation efforts because an emission gap still
exists between current national climates plans and what
is needed to keep global temperature rise to 2°C or 1.5°C
(UNFCCC, 2022).

While globally coordinated climate policy designed to
achieve this goal is still not in place, growing pressure from
society moves the world towards decarbonization. These
societal pressures and technological trends drive a reinforc-
ing mechanism for action: pressure to pursue low-carbon
solutions results in a growing array of low-carbon options,
which in turn generates more pressure to employ those
options (Morris et al., 2023). These trends drive a transi-
tion in the energy system that leads to fewer emissions.
Energy scenarios are important to assess the energy sys-
tem transition required to mitigate climate challenges and
to guide policy makers and industry leaders. Shell has a
long history of applying scenario analysis to explore how
the choices today will shape the future energy landscape.
Temperature implications of earlier Shell scenarios are
explored in Prinn et al (2011) and Paltsev et al (2018, 2021).

The goal of this paper is to provide an assessment of tem-
perature implications of the latest Shell scenarios (Shell,
2023). We apply the outcomes from the Shell World Energy
Model profiles for GHG emissions to the MIT Integrated
Global System Modeling (IGSM) framework, which links
the Economic Projection and Policy Analysis (EPPA) model
to the MIT Earth System Model (MESM). EPPA is a re-
cursive-dynamic multi-sector, multi-region computable
general equilibrium (CGE) model of the world economy
(Chen et al., 2016; Paltsev et al., 2005). It is designed to
develop projections of economic growth, energy transitions
and anthropogenic emissions of greenhouse gas and air
pollutants. MESM is an Earth system model of intermediate
complexity, modeling the Earth’s physical and biological
systems to project environmental conditions that result
from human activity, including atmospheric concentra-
tions of greenhouse gases, temperature, precipitation, ice
and snow extent, sea level, ocean acidity and temperature,
among other outcomes (Sokolov, et al., 2018).

To take in to account uncertainty in the Earth system re-
sponse to anthropogenic emissions we carried out a set
of ensembles of 400 climate simulations changing MESM
parameters affecting climate response to external forcing,
such as climate sensitivity, coefficient for vertical diffusion
of heat into deep ocean, strength of aerosol forcing due to
aerosol radiation interaction, and also parameters affecting
strength of the carbon cycle. The 400 parameter samples were
chosen from a probability distribution of climate parameters
described in Sokolov et al. (2018).

The probability distribution for climate sensitivity as well
as distributions for variables describing climate response,
namely transient climate response (TCR) and transient
climate response to cumulative carbon emissions (TCRE),
shown in Sokolov et al. (2018), are in a good agreement
with estimates presented in recent literature.

Climate simulations with MESM are carried out in two stages:
historical simulations from 1861 to 2005 and forward climate
simulations from 2006 to 2100. During the first stage, MESM
is run in a concentration-driven mode forced by observed
changes in natural and anthropogenic forcing. In the second
stage, MESM is run in an emissions-driven mode and forced
by anthropogenic GHG emissions. As such, we first carried
out the ensemble of historical simulations and subsequently
the ensembles for each of scenarios considered below.

The paper is organized in the following way. In Section 2 we
describe GHG emissions in the scenarios that we consider.
Section 3 discusses the resulting carbon emissions and
uptakes. In Section 4 we report CO, concentrations and
total radiative forcing. Section 5 discusses the temperature
implications.

2. Anthropogenic GHG Emissions

Long-term energy projections are needed to assess the cli-
mate impacts of different scenarios. In this paper, we use the
energy system projections for the Sky 2050 and Archipelagos
scenarios developed by Shell (see Shell (2023) for the details
behind each scenario) and implement them in the IGSM
model. Here we focus on GHG emissions resulting from
the projected long-term changes in the energy system and
their implications for the changes in global temperature.

In the Sky 2050 scenario, the world overcomes the impacts
of the Covid-19 pandemic and responds to the Russian
invasion of Ukraine by redoubling its focus on the health
of public and the planet, reaching the goals of the Paris
Agreement. Fossil fuels and associated CO, emissions are
seen as part of the energy security problem. Any immediate
response to a crisis to fall back on unabated CO, emissions
is met with greater policy efforts to accelerate the energy
transition. Regions and groupings of countries compete
against each other driving decarbonization efforts.
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The scenario design seeks to spread effort across the sys-
tem — across regions, across sectors, and across technologies.
There is recognition of some of the short-term momentum
built into the energy system, but nevertheless, the individual
and combined assumptions for Sky 2050 to reach net-zero
CO, 2050 are stretching. The resulting GHG emissions for
the Sky 2050 scenario are provided in Figure 1. Net GHG
emissions have been growing from about 40 gigatonnes of
CO,-equivaent (Gt CO,e) in 2000, but in this scenario they
peak at about 57 Gt CO,e in 2022, then they decline to zero
in 2062, and stay below zero until 2100. The corresponding
anthropogenic CO, emissions (that represent a sum of emis-
sions from energy, industrial process and land use change)
decline from their 2022 level of about 41 Gt CO,, achieve
net-zero in 2050, and stay negative in the second half of the
century reaching a net sink of about 15 Gt CO, by 2100.

The Archipelagos scenario recognizes the rising pressure to
address environmental concerns, including climate, and it
takes an optimistic view that new energy technologies (e.g.,
carbon capture and storage, cellulosic biofuels, hydrogen,
electrification of demand) emerge. However, the motivations
wrestle with sometimes competing objectives for countries’
and regions’ security, brought into sharp focus following the

Figure 1. Global GHG Emissions in the Sky 2050 Scenario

Figure 2. Global GHG Emissions in the Archipelagos Scenario

Russian invasion of Ukraine. The scenario explores how dif-
ferent parts of the world have different priorities, leading to
a greater phasing of action on environment between leaders
and followers, than witnessed in Sky 2050. Archipelagos ex-
periences headwinds from access to new mineral resources,
from re-orienting of supply chains, and from customer and
citizen acceptance of the priority for all aspects of the transition.
Although the normal course of equipment and infrastructure
replacement and the deployment of cleaner technologies bring
progress and emission reductions, the world overshoots the
timeline and does not achieve the goals of the Paris agreement.
Instead, there is later and slower decarbonization.

The resulting GHG emissions for the Archipelagos scenario
are illustrated in Figure 2. Net GHG emissions continue
to grow and they peak around 2030 at 58 Gt CO,e, then
the emissions are fall at a similar rate at which they have
risen in recent decades, reaching about 15 Gt CO,e in 2100.

In the Sky 2050 scenario, the initial response to the crises
of 2020-2022 is to focus on responding to the pandemic
and energy security. Lessons learned from best practices,
alignments of common interests and competition in policy
frameworks help create a pathway to health not only of
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people and society, but also of the environment, including
the extensive use of nature-based solutions (NBS) through
the conservation, restoration, or improved management of
natural ecosystems. The supply of high-quality NBS proj-
ects might be challenged by ecological, social and financial
constraints. The Sky 2050 scenario meets the Glasgow
Deforestation Pledge to end deforestation by 2030.

To reflect potential issues with the deploying NBS at full
scale, a sensitivity is developed where realization of NBS
potential is delayed by 20 years. This sensitivity is called
Sky 2050 NBS Delay, where land-use emissions are affected
correspondingly. All other emissions in this scenario are
the same as in the Sky 2050 scenario. The resulting total
anthropogenic CO, emissions are illustrated in Figure 3.
In the Sky 2050 NBS Delay scenario, net-zero CO, target
is achieved in 2056, which is six years later than in the
Sky 2050.

Appendix A compares the trajectories for energy-relat-
ed CO,, industrial process CO,, land-use change CO,,
non-CO, GHG gases (CH4, N20, PFC, HFC, SF6), and
SO2 in these scenarios. In addition to having very different
energy system CO, profiles, the three scenarios also see
differences in other sources of GHG emissions and aerosols.
The Sky 2050 scenario manages CO, from all sources most
comprehensively, with industrial CO, reduced by some
75% both through process changes and the application of
carbon capture and storage (CCS), building on the basis
of alarge-scale CCS infrastructure for energy-related CO,.
The Archipelagos scenario also sees some CCS applied in
processes such as cement manufacture, but technology
deployment is slower than in Sky 2050. The scenarios en-
visage a peak in cement production (after the surges caused
by large-scale infrastructure builds mature in emerging
economies), and further downward pressure in process

emissions arises from lower lime production as a result
of increased utilization of scrap in steel production. The
Sky 2050 scenario uses a lower cement growth pathway in
order to use more wood in construction.

All three scenarios address land use CO,, with the Sky 2050
scenario giving rise to widespread NBS application, such
as forestry and land management efforts with the land
sink increasing to about 7 Gt CO, by 2057 and reducing
afterwards to about 3 Gt CO, by 2100 as ultimate potentials
for restoration are approached. Historically, land-use CO,
emissions have proven difficult to eliminate. All scenarios
foresee this changing, but over varying timescales. Land-use
emissions reach net-zero in 2031 in the Sky 2050 scenario,
in 2051 in the Sky 2050 NBS Delay scenario, and in 2041 in
the Archipelagos scenario. The overall land sink is smaller
in the Archipelagos scenario. It is at a maximum of about
5 Gt CO, by 2065 and reducing afterwards to about 2 Gt
CO, by 2100. In Appendix B, we provide a comparison
of the resulting total anthropogenic CO, emissions with
the corresponding ranges for the 1.5°C scenarios from
the IPCC AR6.

Methane (CH4) emissions fall in all three scenarios, with
fossil methane falling with the decline in fossil fuel use. In
addition, the fossil fuel industry also responds to pressure
on emissions and implements much improved methane
management practices, with the Sky 2050 scenario seeing
this adopted most comprehensively in the nearer term.
Agricultural practices also improve methane emissions,
but cannot bring them down significantly. By the end of
the century, methane emissions are lower in the Sky 2050
scenario, but still around half peak levels.

Nitrous oxide (N20) emissions follow a similar path to
methane, partly linked to overall fossil fuel use, but the
majority of nitrous oxide emissions continue to come from

Figure 3. Global total (energy+industry+land use) anthropogenic CO, emissions in the Archipelagos, Sky 2050, and Sky 2050 NBS

Delay scenarios
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agricultural soil management. By the end of the century, the
Sky 2050 scenario sees the most progress through changes
in agriculture and rapid sharing of best practices, including
lowering fertilizer use.

Both scenarios build in the widespread consensus that
abatement of methane and nitrous oxide will be more
challenging than for CO,. As such, in the Sky 2050 scenar-
io, meeting the goal of the Paris Agreement require extra
effort on CO, rather than any lessening of the pressure
through other GHG reductions. In both scenarios, the
industrial gases are managed, but to differing extents. The
Sky 2050 scenario projects rapid reductions in PFCs, HFCs
and SF6 as comprehensive actions are taken globally and
alternative technologies are aggressively deployed. But
in the Archipelagos scenario the transition is slower and
more aligned with technology development over time as
industrial concerns seek out better performing products
and respond to pressure from stakeholders. However, reduc-
tions in HFC gases benefit in all scenarios from the Kigali
Amendment to the Montreal Protocol. In all scenarios for
all F-gases, emissions are down by 40% or more by 2100,
with emissions in the Sky 2050 scenario down by about
90% relative to the 2020 levels.

Sulphur dioxide (SO2) emissions continuously decline
in all three scenarios as the energy transition proceeds:
renewable energy backs out fossil fuels in the power gen-
eration system, and scrubbing is employed extensively
where sulphur remains in fuels. In both scenarios there
is good progress by mid-century with emissions down
about 50%, but the transition for metal smelting, another
large source of sulphur emissions, takes longer. The Sky
2050 scenario is lowest for SO2 in 2100 with reduction of
nearly 90% relative to the 2020 levels.

3. Carbon Emissions and Uptake

Due to the large share of CO; in total emissions and be-
cause CO, stays in the atmosphere for a very long time,
changes in radiative forcing and surface temperature are, to
a large extent, defined by changes in CO, concentrations.
Atmospheric CO, concentrations, in their turn, depend
on the balance between anthropogenic carbon emissions
and carbon uptake by the ocean and terrestrial ecosystems.

Figure 4 shows the total anthropogenic carbon emissions
and uptakes for the duration of the simulations. CO, con-
centrations simulated in the second stage of the simula-
tions are defined not only by CO, emissions, but also by

Figure 4. Carbon balance (in Gt C/year): Total net anthropogenic carbon emissions (panel a), land carbon uptake (panel b), ocean

carbon uptake (panel c)
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industrial emissions of CH4 and CO (that produce CO,
with ~month to ~decade time delay). For this reason, the
implied carbon emissions are shown in Figure 4. There
is a noticeable difference between changes in emissions
and uptake. Emissions peak at about 11.5 GtC/year while
ensemble mean total uptakes peak at about 5.5 GtC/year.
About 50% of emitted carbon remains in the atmosphere
till year 2050 or 2040 for the Archipelagos and Sky 2050
scenarios, respectively. Due to a significant lag between
carbon uptake (especially by ocean) and changes in at-
mospheric CO, concentration, both ocean and terrestrial
ecosystems are not in equilibrium with the atmospheric
CO, level at the time when emissions start to decrease.
Therefore, both ocean and land continue to take up carbon.
Total carbon uptake remains positive in the Archipelagos
scenario through 2100, but it becomes negative in 2082 for
the Sky 2050 scenario and in 2083 for the Sky 2050 NBS
Delay scenario. The terrestrial ecosystem in the Sky 2050
scenario becomes a carbon source in 2070 and in the Sky

2050 NBS Delay it comes a source in 2074 (Figure 4b). In
contrast, carbon uptake by the ocean stays positive longer
for all scenarios due to mixing of carbon into deep ocean.
For the Sky 2050 and Sky 2050 NBS Delay scenarios, ocean
becomes a carbon source in 2092-2093 (Figure 4c).

In Figure 5 we re-arrange the data from Figure 4 and show
the carbon fluxes of total anthropogenic carbon emissions
and uptakes for the individual scenarios. By the end of
the century, net carbon flux to the atmosphere becomes
negative in the Sky 2050 scenario and approaches zero in
the Archipelagos scenario.

4. CO, and Equivalent CO,
Concentrations

Changes in CO, concentrations (see Figure 6) are deter-
mined by net emissions (emissions minus total carbon
uptake), which remain positive through 2100 in the Ar-
chipelagos scenario, but become negative in the Sky 2050

Figure 5. Carbon flux (in Gt C/year) for the Sky 2050 scenario (panel a), the Archipelagos scenario (panel b)
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and Sky 2050 NBS Delay scenarios. From the current CO,
concentration of about 420 ppm, in the Archipelagos sce-
nario CO, concentrations increase to about 510 ppm in
2100. In the Sky 2050 scenario, they rise to about 458 ppm
by 2041 and then decrease to about 370 ppm in 2100.
In the Sky 2050 NBS Delay scenario, CO, concentrations
increase to about 467 ppm by 2046 and then decrease to
about 380 ppm in 2100

Figure 7 shows the calculated total radiative forcing relative
to 1860 that account for radiative forcing by all GHGs and
aerosols (sulphates, black carbon). Total radiative forcing
rises from the current level of about 3.5 watts per square
meter (W/m2). In the Archipelagos scenario, it increases
to about 4.75 W/m2 in 2066 and then decreases to about
4.4 W/m2 in 2100. In the Sky 2050 scenario, it rises to
about 4.05 W/m2 by 2040 and then decrease to about 2.2
W/m2 in 2100. In the Sky 2050 NBS Delay scenario, total

radiative forcing increases to about 4.15 W/m2 by 2042
and then decrease to about 2.35 W/m2 in 2100.

5. Temperature Implications

Changes of surface temperature are usually presented in terms
of “global mean surface air temperature” (GSAT), which
represents a global average of near-surface air temperatures
over land and oceans. Another measure for temperature is
“global mean surface temperature” (GMST), estimated as
a global average of near-surface air temperatures over land
and sea-ice, and sea surface temperatures over ice-free ocean
regions. Changes in GSAT are often used as a measure of
global temperature change in climate models, but they are not
observed directly. Observational data, such as HadCRUT5
(Met Office, 2022), show temperature in terms of GMST.
For a majority of models, their simulated historical GSAT
increases faster than GMST (Rogelj et al., 2019), and his-

Figure 6. Atmospheric CO, concentrations (mole fractions in ppm CO)

Figure 7. Total radiative forcing (watts per square meter) computed for all GHGs and aerosols
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torical warming in terms of GSAT is calculated by adjusting
observations upward by about 0.1°C.

The IPCC ARG report (IPCC, 2021) states that models likely
overestimate GSAT increase. In the Executive Summary of
Chapter 2, it is summarized that: “Changes in GMST and
global surface air temperature (GSAT) over time differ by
at most 10% in either direction (high confidence), and the
long-term changes in GMST and GSAT are presently assessed
to be identical” In MESM simulations, GSAT also increases
faster than GMST during both concentration-driven and
emissions-driven stages; therefore, in this report we present
the temperature changes in terms of GMST.

As mentioned, MESM historical simulations start from
the year 1861, and the changes in the global annual mean
surface temperature are calculated relative to a mean of
1861-1880. For the purposes of consistency with the latest
IPCC reporting, we convert the temperature results to be
relative to a mean of 1850-1900 using the difference between
two base periods from HadCRUTS5 dataset (Met Office,
2022). The results for temperature changes are presented
in Figure 8, which also shows the observed historic tem-
perature increase and the IGSM model realization for the
historic period. The ensemble median temperature in 2100
exceeds pre-industrial levels by 1.24°C, 1.32°C, and 2.22°C
for the Sky 2050, Sky 2050 NBS Delay and Archipelagos
scenarios, respectively.

Temperature in the Sky 2050 scenario peaks at 1.67°C in
2051, while the peak in the Sky 2050 NBS Delay scenario is
0.07°C higher, and four years later, at 1.73°C in 2055. The
temperature in 2100 is nearly 0.1°C higher than Sky 2050.
Further, this case may have greater consequences due to
biodiversity loss. Scientists estimate that a million species
are at risk of extinction, within decades, on current trends
in land-use (IPBES, 2019). We also can estimate the year

when the indicative threshold of 1.5°C will be exceeded.
The global mean surface temperature increase of 1.5°C is
passed in little more than 10 years (in 2034 in Sky 2050 and
in 2033 in Archipelagos). Appendix C provides a discussion
of the remaining carbon budgets.

Figure 9 shows the results for the global temperature change
for 400 runs of the Sky 2050 and Archipelagos scenarios,
each run with different values of climate parameters. The
90% probability ranges (5%-95%) for the temperate change
in 2100 relative to a mean of 1850-1900 are as follows:
0.97-1.56°C for the Sky 2050 scenario and 1.73-2.72°C
for the Archipelagos scenario. The 33% probability ranges
(33%-66%) are as follows: 1.16-1.33°C for the Sky 2050
scenario and 2.10-2.33°C for the Archipelagos scenario.

Another way of illustrating the likelihood of reaching var-
ious temperature increases relative to preindustrial levels
is provided in Figure 10, which shows the cumulative
probability density. As seen in the figure, the Sky 2050
scenario has an 88% probability of remaining below 1.5°C
and 100% probability of remaining below 2°C in the last
five years of the 21 century relative to the 1850-1900
mean. We also calculate probability of peak temperature
staying below a certain temperature level. For the Sky 2050
scenario, probability of peak temperature staying below
1.5°C is only 18% and 95% for 2°C.

Figure 10 also illustrates probabilities of staying below
1.5°C, 2°C and 3°C for the Sky 2050 NBS Delay and the
Archipelagos scenarios. They are 76%, 100%, 100% for the
Sky 2050 NBS Delay, and 0%, 22%, 100% for the Archipel-
agos scenario, respectively.

6. Conclusions

In this paper, we have analyzed emissions and temperature
implications of three scenarios of energy transition devel-

Figure 8. Global mean surface temperature (GMST, ensemble medians) change relative to the preindustrial level of 1850-1990 (°C).

Observations: HadCRUT5 dataset (Met Office, 2022).
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Figure 9. 400-run ensemble results for the Sky 2050 and Archipelagos scenarios for global mean surface temperature change
relative to the preindustrial level of 1850-1900 (C°). Darker shaded area represents 33-66% probability bound, medium shaded area
represents 17-83% probability bound, and lighter shaded area represents 5-95% probability bound.

Figure 10. Probability (%) that global mean surface temperature in the last five years of the 215 century remains below given values

(relative to 1850-1900 mean)

oped by Shell. Using the MIT Integrated Global System
Modeling (IGSM) framework, we simulate 400-member
ensembles, reflecting uncertainty in the Earth system re-
sponse of global temperature change associated with the Sky
2050 and Archipelagos scenarios by 2100. We find that, the
ensemble mean global mean surface temperature increases
above the pre-industrial levels by 2100 by 1.24°C for the Sky
2050 scenario, and by 2.22°C for the Archipelagos scenario.

Our analysis shows that the Sky 2050 scenario is an over-
shoot 1.5°C scenario (category C2 by the definition of
the Intergovernmental Panel on Climate Change (IPCC,
2022)). Global surface temperature (ensemble median) in
this scenario stays above 1.5°C for 40 years, from 2034 to
2073, reaches its peak of 1.67°C in 2051, and then declines
to 1.24°Cby 2100. In the Sky 2050 scenario, the temperature
in 2100 is almost exactly the same as the world experiences
today. Delaying nature-based solutions (NBS) implemen-
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tation by 20 years results in the peak temperature 0.07°C
higher, and the peak is four years later, at 1.73°C in 2055.
The temperature in 2100 in the delayed NBS scenario is
nearly 0.1°C higher than in the Sky 2050.

The Archipelagos scenario passes 1.5°C in 2033, 2°C in 2060,
and reaches 2.22°C in 2100. We find that likely (33-66%)
range in 2100 is 1.16-1.33°C for the Sky 2050 scenario
and 2.10-2.33°C for the Archipelagos scenario. The corre-
sponding very likely (5%-95%) ranges are 0.97-1.56°C and
1.73-2.72°C, respectively, for these scenarios. By presenting

different potential energy futures and their resulting impacts

on emissions and temperature, these scenarios can help
inform government and industry decisions.

Acknowledgement

The authors gratefully acknowledge Robin van der Ploeg, Andrew
Robertson, and Jamie Bartholomay for their valuable inputs. Shell
provided financial support to the MIT Joint Program, to defray
costs related to this research. Development of the IGSM framework
used in the analysis is supported by an international consortium of
government, industry and foundation sponsors of the MIT Joint
Program on the Science and Policy of Global Change. For a complete
list, see: https://globalchange.mit.edu/sponsors/current. Shell
participated actively in this study, supplying the background data
behind their scenarios. MIT remains responsible for all analysis and
conclusions.

7. References

Chen, H., S. Paltsev, J. Reilly, J. Morris and M. Babiker (2016).
Long-term economic modeling for climate change assessment.
Economic Modeling, 52, 867-883.

IPBES [Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services] (2019). The global assessment report
on biodiversity and ecosystem services. https://ipbes.net/

global-assessment

IPCC [Intergovernmental Panel on Climate Change] (2021). Climate
Change 2021: The Physical Science Basis. https://www.ipcc.ch/
report/ar6/wgl/

IPCC [Intergovernmental Panel on Climate Change] (2022). Climate
Change 2022: Mitigation of Climate Change. Summary for
Policymakers. https://www.ipcc.ch/report/ar6/wg3/downloads/
report/TPCC_AR6_WGIII_SummaryForPolicymakers.pdf

MacDougall, A. et al. (2020). Is there warming in the pipeline? A
multi-model analysis of the Zero Emissions Commitment from
CO:.. Biogeosciences, 17(11), 2987-3016.

Met Office (2022). Met Office Hadley Center Observational Datasets.
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/current/
download.html

Morris, J., D. Hone, M. Haigh, A. Sokolov and S. Paltsev (2023).
Future energy: In search of a scenario reflecting current and
future pressures and trends. Environmental Economics and Policy
Studies, 25, 31-61.

Paltsev, S., J. Reilly, H. Jacoby, R. Eckaus, J. McFarland, M. Sarofim,
M. Asadoorian, M. Babiker (2005). The MIT Emissions
Prediction and Policy Analysis (EPPA) Model: Version 4. MIT
Joint Program on the Science and Policy of Global Change,
Report 125, Cambridge, MA. https://globalchange.mit.edu/
publication/14578

Paltsev, S., A. Sokolov, X. Gao and M. Haigh (2018). Meeting the
Goals of the Paris Agreement: Temperature Implications of
the Shell Sky Scenario. MIT Joint Program on the Science and
Policy of Global Change, Report 330, Cambridge, MA. http://

globalchange.mit.edu/publication/16995

Paltsev, S., A. Sokolov, M. Haigh, D. Hone and J. Morris (2021).
Changing the Global Energy System: Temperature Implications of
the Different Storylines in the 2021 Shell Energy Transformation
Scenarios. MIT Joint Program on the Science and Policy of Global
Change, Report 348, Cambridge, MA. https://globalchange.mit.
edu/publication/17589

Prinn, R, S. Paltsev, A. Sokolov, M. Sarofim, . Reilly and H. Jacoby
(2011). Scenarios with MIT Integrated Global Systems Model:
Significant Global Warming Regardless of Different Approaches,
Climatic Change, 104(3-4), 515-537.

Shell (2018). Shell Scenarios: Sky — Meeting the Goals of the Paris
Agreement http://www.shell.com/skyscenario.

Shell (2021). The Energy Transformation Scenarios. https://www.shell.
com/energy-and-innovation/the-energy-future/scenarios/the-ene
rgy-transformation-scenarios.html

Shell (2023). New Scenarios.

Sokolov, A., S. Paltsev, H. Chen, M. Haigh, R. Prinn and E. Monier
(2017). Climate Stabilization at 2°C and Net Zero Carbon
Emissions. MIT Joint Program on the Science and Policy of
Global Change Report 309, Cambridge, MA. (http://globalchange.
mit.edu/publication/16629)

Sokolov, A., D. Kicklighter, C.A. Schlosser, C. Wang, E. Monier,

B. Brown-Steiner, R. Prinn, C. Forest, X. Gao, A. Libardoni and
S. Eastham (2018). Description and Evaluation of the MIT Earth
System Model (MESM). AGU Journal of Advances in Modeling
Earth Systems, 10(8), 1759-1789.

Rogelj, J., P. Forster, E. Kriegler, C. Smith and R. Seferian (2019).
Estimating and tracking the remaining carbon budget for
stringent climate targets. Nature, 571(7765), 335-342.

UN [United Nations] (2015). The Paris Agreement. https://unfccc.int/
process-and-meetings/the-paris-agreement/the-paris-agreement

UN [United Nations] (2021). The Glasgow Climate Pact. https://
unfccc.int/process-and-meetings/the-paris-agreement/the-glas
gow-climate-pact-key-outcomes-from-cop26

UNFCCC [United Nations Framework Convention on Climate
Change] (2022). Sharm el-Sheikh Implementation Plan. https://
unfccc.int/sites/default/files/resource/cop27_auv_2_cover%20
decision.pdf

10


https://globalchange.mit.edu/sponsors/current
https://ipbes.net/global-assessment
https://ipbes.net/global-assessment
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/current/download.html
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/current/download.html
https://globalchange.mit.edu/publication/14578
https://globalchange.mit.edu/publication/14578
http://globalchange.mit.edu/publication/16995
http://globalchange.mit.edu/publication/16995
https://globalchange.mit.edu/publication/17589
https://globalchange.mit.edu/publication/17589
http://www.shell.com/skyscenario
https://www.shell.com/energy-and-innovation/the-energy-future/scenarios/the-energy-transformation-scenarios.html
https://www.shell.com/energy-and-innovation/the-energy-future/scenarios/the-energy-transformation-scenarios.html
https://www.shell.com/energy-and-innovation/the-energy-future/scenarios/the-energy-transformation-scenarios.html
http://globalchange.mit.edu/publication/16629
http://globalchange.mit.edu/publication/16629
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-glasgow-climate-pact-key-outcomes-from-cop26
https://unfccc.int/process-and-meetings/the-paris-agreement/the-glasgow-climate-pact-key-outcomes-from-cop26
https://unfccc.int/process-and-meetings/the-paris-agreement/the-glasgow-climate-pact-key-outcomes-from-cop26
https://unfccc.int/sites/default/files/resource/cop27_auv_2_cover%20decision.pdf
https://unfccc.int/sites/default/files/resource/cop27_auv_2_cover%20decision.pdf
https://unfccc.int/sites/default/files/resource/cop27_auv_2_cover%20decision.pdf

MIT JOINT PROGRAM ON THE SCIENCE AND POLICY OF GLOBAL CHANGE

REPORT 364

Appendix A. GHG emission profiles
Appendix A provides a comparison of trajectories for emissions for individual GHG gases and
SO2 in the Sky 2050 and Archipelagos scenarios.

Figure A.1. Energy-related CO, emissions

Figure A.2. Industrial CO, emissions
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Figure A.3. Land-use change CO, emissions

Figure A.4. CH4 emissions
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Figure A.5. N20 emissions

Figure A.6. PFC emissions

Figure A.7. HFC emissions
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Figure A.8. SF6 emissions

Figure A.9. SO2 emissions
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Appendix B. Total CO, emission profiles in the Sky 2050 and
Archipelagos scenarios compared with IPCC 1.5°C scenarios

Appendix B provides a comparison of trajectories of emissions for total (i.e., energy-related plus
industrial plus land use) anthropogenic CO, in the Sky 2050 and Archipelagos scenarios with
the corresponding full ranges from C1 and C2 categories of the IPCC AR6 scenarios. Both C1
and C2 scenarios represent the paths to limit the global warming to 1.5°C. Scenarios in the C1
category limit warming to 1.5°C (>50%) with no or limited overshoot, while the scenarios in the
C2 category return warming to 1.5°C (>50%) after a high overshoot. Figure A.10 illustrates that
the Sky 2050 scenario fits well withing the C2 range.

Figure A.10. Total anthropogenic CO, emissions in the Sky 2050 and Archipelagos scenarios compared to C1 and C2 ranges
from IPCC ARG
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Appendix C. Carbon budgets in the Sky 2050 and Archipelagos scenarios compared

with IPCC estimates

A number of approaches for estimating carbon budgets
corresponding to different global warming levels are dis-
cussed in the recent assessment report by the Intergovern-
mental Panel on Climate Change (IPCC, 2021). Estimates
of the remaining carbon budgets, presented in Chapter 5
of AR6 WGI, are based on the estimated values of transient
climate response to cumulative carbon emission (TCRE),
zero emissions commitment (ZEC, defined as amount of
warming projected to occur following a complete cessation
of carbon emissions), historical warming (2010-2019 mean),
and non-CO, warming, using the following equation:

B, = (T

lim

TyomTouncos = Tasc) / TCRE—E

lim~ " hist " nonCO2 Esfb ’

where B, is the remaining carbon budget, T}, is a specific
temperature change limit, T is historical human-induced
warming to date, Tyonco: is the non-CO, contribution to
future temperature rise, Tzxc is the zero-emission com-
mitment, and Egg, is an adjustment term for sources of
unrepresented Earth system feedback (Rogelj et al., 2019).

As described below, in this study we estimate carbon bud-
gets directly from the ensembles of MESM simulations
for different emission scenarios. Nevertheless, it is worth
mentioning that the individual components of the above
shown equation simulated by MESM are in a good agree-
ment with the IPCC AR6 values. In particular, the median
value of TCRE estimated from the 400-member ensemble
of MESM simulations with 1% per year increase in CO,
concentration (Sokolov et al, 2018) aligns well with the
IPCC ARG estimate (1.64°C/EgC in MESM vs 1.65°C/EgC
in IPCC ARG6). The IPCC ARG estimates that the most likely
value of ZEC for a time frame of half a century (50-years) is
zero (0°C). This assessment is partially based on the results
of the recent model inter-comparison study (MacDou-
gall et al., 2020), where multi-model mean is reported to
be 0.06°C. The corresponding value simulated by MESM
is 0.01°C. We also note that the mean value of historical
temperature change (measured as a difference between
1850-1900 and 2010-2019) simulated by MESM, 1.07°C,
is in a good agreement with the IPCC ARG best estimate
(see Figure 8).

At the same time, non-CO, warming simulated by MESM
seems to be smaller than the assessed values by the IPCC
ARG6. According to AR6, median additional non-CO, warm-
ing at the time when global CO, emissions reach net zero is
about 0.1°C-0.2°C relative to 2010-2019. For the Sky 2050
scenario, median non-CO, warming in 2051 (i.e., the year
when carbon emissions become zero), calculated as tem-
perature difference between simulations with the Sky 2050
scenario and simulations in which non-CO, emissions were
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fixed on their 2020 values, is only 0.03°C. In the IPCC ARS,
the values for carbon budget calculation are also adjusted by
7GtC/°C for sources of unrepresented Earth system feed-
back mechanisms, such as permafrost thawing and others.
While the changes in carbon emissions due to permafrost
thawing are not taken into account in MESM, we include
the changes in N20O and CH4 emissions from wetlands.

For our ensemble of simulations, we estimate the remaining
carbon budget in the following way. Median peak tempera-
ture in the ensemble for the Sky 2050 scenario equals to
1.67°C, meaning that under this scenario temperature will
not exceed this value with 50% probability. The cumula-
tive carbon emissions from year 2020 to year 2051 (when
median temperature peaks) are 205 GtC (see Table A.1).
Based on the values for 1.6°C and 1.7°C given in Table 5.8
of IPCC ARG6 (IPCC, 2021), the remaining carbon budget
for this level of warming is about 215 GtC (or 790 Gt CO,).
Similarly, median temperature in the Archipelagos scenario
by the end of the simulation period stabilizes at 2.22°C (by
2094), with the carbon budget of about 500 GtC. As shown
in Table A.1, the corresponding number from the IPCC
ARG report is about 470 GtC.

We also calculate the threshold exceedance budgets (TEB)
that correspond to the amount of cumulative carbon emis-
sions at the time a specific temperature threshold is ex-
ceeded, with a given probability. For the Sky 2050 scenario,
cumulative carbon emissions from 2020 to 2034 (i.e., the
year when median temperature crosses 1.5°C) are 147 GtC.
The cumulative emissions from 2020 to 2074 (i.e., the year
when median temperature crosses back below 1.5°C) are
almost the same (because of net carbon emissions being
negative during 2051-2074), namely 152 GtC. This suggests
that in a scenario for which emissions will be below this
level, the 1.5°C threshold will not be exceeded. The IPCC
ARG estimate for the carbon budged required to stay below
1.5°C is 140 GtC. For the Archipelagos scenario, TEB for
1.5°Cis somewhat higher, 156 GtC, and TEB for 2.0°Cis 374
GtC, which is close to the IPCC ARG estimate of 370 GtC.

The median temperature at the end of the century for the
Sky 2050 scenario is 1.24°C and at that point it continues
to decrease rather than staying constant. The cumulative
carbon budget for 2020-2100 in this scenario is about 60
GtC.IPCC Table 5.8 (IPCC, 2021) does not report the values
lower than 1.3°C (from which the remaining budget is 40
Gt). Note that IPCC carbon budgets are subject to variations
and uncertainties quantified in the columns on the right of
the IPCC AR6 WGI Table 5.8. The overall values of carbon
budgets for different warming levels calculated from MESM
ensembles fell well into the range of uncertainty for the
IPCC ARG estimates.
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Table A.1. Remaining carbon budget. The values for 1.56°C, 1.6°C, 1.7°C, 2.2°C, and 2.3°C warming since 1850-1900 are from Table
5.8 IPCC AR6 WGI (IPCC, 2021). They are subject to variations and uncertainties quantified in the columns on the right of IPCC Table
5.8 (for non-CO; scenario variation and geophysical uncertainties). For the Sky 2050 scenario, two budgets are reported: threshold

exceedance budget (TEB) and for median peak temperature.

Warming since

IPCC AR6 Remaining Carbon Budget

Carbon Budget from MESM

1850-1900 from January 1, 2020
Scenario Degrees C GtC GtCO. GtC GtCO,
Sky 2050 (for TEB) 15 140 500
1.5 150 550
1.6 180 650
Sky 2050 (at peak) 1.67 215 790 205 750
1.7 230 850
2.2 460 1700
Archipelagos 2.22 470 1725 500 1835
2.3 510 1850
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