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UNEP, “Limiting Overshoot” (2
September 2026)

“Under current policies and alternative near-term
trajectories, exceedance of 1.5° C is now widely

assessed as unavoidable.”
— United Nations Environment Programme (UNEP), Limiting Overshoot (2026), p. 15




“Key pathway concepts”

Global mean temperature

GWL reference

-

Exceedance Plateau Stabilization

Post-peak temperature decline Peak warming

Depends on the level of sustained Variation in near term

annual net negative CO, emissions after emissions reductions and

net zero has been achieved cumulative CO, emissions
until net zero define largely

L. X the magnitude of peak
Non-CO, emissions reductions warming

Are essential to limit warming.

Reductions of short-lived greenhouse .
gases such as methane can reduce the Net drawdown during
rate of near-term warming and lower the decline stage

peak. Deeper reductions can also help

with further declining the post-peak

Transition to temperature.
net zero

Global annual CO, emissions

“Pursuing efforts to limit warming to 1.5°C—while minimizing the magnitude and duration of

overshoot—requires immediate and deep emissions reductions across all sectors.”

— United Nations Environment Programme (UNEP), Limiting Overshoot (2026), p. 15
Figure 1.1 of UNEP (2026), “Limiting Overshoot”. © 2026 UNEP; reproduced for educational use with acknowledgement, as the report’s copyright page permits — not a
Creative Commons licence. https://doi.org/10.59117/20.500.11822/49857




“Reversible, partially reversible and irreversible dynamics of Earth system
components under global warming decline”
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Increasing global warming will lead to Increasing global warming may increase Increasing global warming will cause
increased loss of some Arctic sea ice. This disruptions in natural ecosystems, such as the sea-level to rise, caused by both thermal
loss is expected to be reversible and to Amazon forest, due to changes in species expansion and melting of land-ice. Even
decrease when global warming reverses, but distribution and dynamics. Some shifts may under decreasing global temperature, this is
recovery could lag behind global temperature be reversible when global warming reverses, irreversible over many centuries and
by years to decades. but recovery could lag behind global sea-levels will remain elevated above present
temperature changes and require day for thousands of years. Reversing global
interventions. Beyond a threshold of change, warming can slow future sea-level rise and
some shifts may be irreversible and lower the long-term commitment.

ecosystems do not recover despite a reversal
in global warming.

“Slow-responding components of the Earth system—such as permafrost thaw, glacier land ice sheet

loss, and sea level rise—are particularly prone to impact irreversibility.”

— United Nations Environment Programme (UNEP), Limiting Overshoot (2026), p. 23

Figure 1.4 of UNEP (2026), “Limiting Overshoot”. Credited by the report to Adapted from Reisinger et al. (2025). © 2026 UNEP; reproduced for educational use with
acknowledgement, as the report’s copyright page permits — not a Creative Commons licence. https://doi.org/10.59117/20.500.11822/49857



Climate action is advancing, but
overshoot is looming

More precisely, temporary overshoot

The importance of carbon dioxide removal (CDR) /
carbon removal




Mitigation is advancing steadily, and technology is
improving remarkably fast (Japan excepted)

The unit costs of some forms of renewable energy and of batteries for passenger EVs have fallen,
and their use continues to rise.
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Climate change / global warming continues

Global surface temperature records, 1970-2025
Degrees Crelative to 1850-1900 average

— NASA — Hadley/UEA — NOAA — Berkeley — Copernicus ERAS — JRA-3Q DCENT China-MST

1970 1980 1990 2000 2010 2020 2025

Source: NASA GISTEMP, NOAA GlobalTemp, Hadley/UEA HadCRUTS, Berkeley Earth, Copernicus ERA5,JRA-3Q, DCENT and carbonBrief
China‘MST CLEAR ON CLIMATE

https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges/ 8



Worsening climate impacts (causal inference is hard, but
attribution has advanced)
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International climate governance and goals

s+ Goals
v" 1992 UN Framework Convention on Climate Change
(UNFCCC)

v Stabilization at a level that would prevent dangerous
anthropogenic interference with the climate system

v 1997 Kyoto Protocol (under the UNFCCC)

v Emission reduction obligations for developed countries; no
target for the climate itself

v’ 2015 Paris Agreement

v Holding the increase in global average temperature to well
below 2° C above pre-industrial levels, and pursuing efforts
to limititto 1.5° C

v 2021 Glasgow Climate Pact

v The two-tier formulation “well below 2° C / efforts towards
1.5° C” — emphasison 1.5 C

10



International progres

Mitigation is accelerating,
but the world still
contains developing
countries that will grow
economically, and
against the Paris
Agreement’s 2° C and
1.5" C goals the pace of
emission reductions is
far too slow

IPCC (2022) AR6 WG3 SPM

GHG emissions (GtCO;-eq yr™')
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Modelled pathways:

== Trend from implemented policies

= Limit warming to 2°C (>67%) or return warming to
1.5°C (>50%) after a high overshoot, NDCs until 2030

Limit warming to 2°C (>67%)
Limit warming to 1.5°C (>50%) with no or limited overshoot

-1 Past GHG emissions and uncertainty for 2015 and 2019
(dot indicates the median)
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International progress

Mitigation is accelerating,

but the world still Figure £5.5 Global GHG emissions under different scenarios and the emissions gap in 2030 and 2035
contains developing e
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Figure ES.5 Global GHG emissions under different scenarios and the emissions gap in 2030 and 2035

GtCO,e
60
Emissions gap 2035
(GtCO4e)
Current policies scenario
Historical \
total GHG
emissions
50
Seansiiadeness mmmms ssssestsssasinsensas =iz oa - LNconditional NDC scenario
. ... Conditional NDC scenario
-
20 S e
range =] =
s s
40 SHE
. — c
[ ] 28
(=] o
Blue area shows pathways °
limiting global temperature . Below 2°C pathways
increase to below 2°C with Median estimate of @
about a 66% chance level consistent with 8 | =
2°C: 36 GtCOze sSfo
(range: 31-39) Q %
=
30 =l e
[ ] 1.5°C 28
range =g
Green area shows pathways limiting 9 § §
global temperature increase to below
1.5°C with a 50% chance by 2100 and seaserssisisisensisiesieies e «oor BElOW 1.5°C pathways
minimum 33% chance over the course Madianestimateiof
of the century level consistent with
1.5°C: 25 GtCOze
range: 20—-27
20 (rang )
| | | | 13
2015 2020 2025 2030 2035



Exceeding 1.5° C7?

Reisinger et al. (2025)
https://doi.org/10.1146/annurev-environ-
111523-102029

Temperature change

Time —

Exceed and stabilize

Global warming rises beyond a specific
level and remains consistently above that
level over the long term

Overshoot: exceed and decline

Global warming first exceeds a specified
level and then returns to or declines
below that level before a specified period
of time

Remain below 1.5°C

A world where global warming would
never have exceeded 1.5°C above
preindustrial levels

14



Portfolio of climate responses

15



Portfolio of climate responses

Climate engineering (the definition is not settled)

Mitigation |
| [ |
( |
. Solar radiation
Emission CO, removal P ,
S (CDR) modification Adaptation
(SRM)
Use of energy CO; and other Rising SQC'aI and
: Temperature environmental
and other greenhouse atmospheric . :
. . rise impacts of
resources gas emissions concentrations

climate change




Combining multiple options (napkin diagram)

+ SRM (solar radiation modification): sunlight reflection to cool the climate
4+ CDR (carbon dioxide removal): reduce atmospheric CO, concentration
4 (I am intentionally masking “geoengineering”)

GLOBAL
I_ WARMING

BugIiNEse
AS USUAL

MITIGATION

ADAPTATION

G ean e o G

T MPACTS+SUFFERING
-

2000 2(ce 2200

Shepherd (2011), https://jgshepherd.com/wp-content/uploads/2011/01/Napkin-diagram.pdf




Getting back from a (climate)
overshoot requires carbon dioxide
removal / carbon removal

18



Exceeding 1.5°

C 3 Net CO, emissions (GtCO,/year)

Reisinger et al. (2025)

—

©

https://doi.org/10.1146/annurev-environ-

111523-102029

Net-zero CO, emissions
\ / /
(N "

Net-negative CO, emissions

Time —

Net-zero CO, emissions

When the amount of CO, released into
the atmosphere is balanced by the
amount removed, global emissions reach
net zero and global temperature reaches
its peak

Net negative CO, emissions

When more CO, is removed from the
atmosphere than is being emitted, global
temperatures start declining again

Non-CO, emissions

CO, is the dominant driver of warming,
but non-CO, forcers also contribute to the
temperature peak and decline



Fossil fuel and industry @ AFOLU BECCS

IPCC (2018) 1.5 © Foss!

Billion tonnes CO, per year (GtCO2/yr)
e Pl

20

20 .
2020 2060 2100

P1: Ascenario in which social,
business, and technological
innovations result in lower energy
demand up to 2050 while living
standards rise, especially in the global
South. A down-sized energy system
enables rapid decarbonisation of
energy supply. Afforestation is the only
CDR option considered; neither fossil
fuels with CCS nor BECCS are used.

Billion tonnes CO, per year (GtCO2/yr)
40, P4

20

20.
2020 2060 2100

P4: Aresource and energy-intensive
scenario in which economic growth and
globalization lead to widespread
adoption of greenhouse-gas intensive
lifestyles, including high demand for
transportation fuels and livestock
products. Emissions reductions are
mainly achieved through technological
means, making strong use of CDR
through the deployment of BECCS.
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“Examples of residual GHG emissions and CO, removals at the time
of global net-zero CO, emissions ---”

Sectoral GHG emissions at the time of net-zero CO,
emissions (compared to modelled 2019 emissions)
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At the time of net-zero CO,

“... it would take about 100 years of sustained afforestation and forest management activities at the

current scale to reduce global temperature by 0.1°C.”

— United Nations Environment Programme (UNEP), Limiting Overshoot (2026), p. 54
Figure 3.2 of UNEP (2026), “Limiting Overshoot”. Credited by the report to IPCC (2022) AR6 WG3. © 2026 UNEP; reproduced for educational use with acknowledgement, as the

report’s copyright page permits — not a Creative Commons licence. https://doi.org/10.59117/20.500.11822/49857




Removal process: Land-based Ocean-based Geochemical Ti le of st . Decades to Centuries to
P ' biological biological imescale ot storage: centuries millennia
. )
Afforestation, Bioenergy with Peatland Ocean
CDR method reforestation, Soil carbon Biochar carbon capture Enhanced and coastal Blue carbon alkalinity Ocean
improved forest sequestration and storage weathering wetland management fertilisation
. enhancement
management (BECCS) restoration
|
i i ili . Carbonate Iron
roforest Agricultural Cropping and forestry Silicate Rewettin ’ ’ i
‘ "8 i } practices residues Solid sorbent rocks . rocks fertilisation
1
Implementat!on Tree planting, Pasture ’ ‘ Urban and industrial organic ‘ Liquid solvent ’ Revegetation ’ ( silicate rocks ‘ l\f.& P
option silviculture management waste fertilisation
Timber in ‘ Purpose-grown biomass ’
construction crops upwelling
Bio-based
products

Earth system

Storage medium

Buildings Vegetation, soils and sediments

IPCC AR6 WG3 Chapter 12

Ocean




Carbon
dioxide
removal

Bioenergy with CCS

Direct air capture of
Co,

Enhanced weathering

Afforestation /
reforestation

Ocean alkalinity
enhancement

Bioenergy is carbon
neutral and combining it
with CCS makes it CDR

Similar technologies
already used in a
submarine or the
International Space Station

Accelerates chemical
weathering that in nature
absorbs CO, on a
millennial timescale

Benign on a small scale;
large-scale

afforestation/reforestation
is a different matter

Enhances alkalinity by
adding crushed rocks to
the oceans
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Summary of CDR options

(There are many options but because of low technological readiness level (TRL), they aren’t represented in scenarios)

CDR option Cost Potential Risks and
(USD/tC02) (GtCO2/yr) | impacts

DACCS (direct air
carbon dioxide
capture & storage)

BECCS (bioenergy  5-6
with carbon

capture and

storage)

(large-scale) 8-9
afforestation and
reforestation

Enhanced 3-4
weathering

(Adapted from IPCC AR6 WG3 Ch12 Table 12.6)

100-300
(84-386)

15-400

0-240

50-200
(24-578)

5-40

0.5-11

0.5-10

2-4 (<-1-95)

Increase
demand of
energy & water

Competition
among biomass
and food over
land and water
Ecosystem
impacts

Wildfires could
release carbon
back

Impacts and
pollution from
mining
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Direct air capture (DACCS)

CO; is captured from ambient air with chemical sorbents, then stored underground

< [> Carbon-free air is released 7
» Q back into the atmosphere.

Air is drawn from the
atmosphere by large fans.

Energy is drawn from
renewable sources to
power the Direct Air
Capture (DAC) unit.

Filters capture CO2,
and chemically separate it
from the air.

The filters are then heated Carbon is sequestrated and
to release the captured stored deep underground
COo2. or turned into other goods.

How a direct air capture plant works, schematically
“Direct Air Capture”. StevenGandhi. CC BY 4.0. Wikimedia Commons, reused under the licence stated.
https://commons.wikimedia.org/wiki/File:Direct_Air_Capture.jpg




Bioenergy with CCS (BECCS)

Biomass takes CO, from the air; capturing it at the power plant makes the cycle net-negative

CO,

))im=))

—_—
|
—

Plants (Biomass) Power Plant with Electricity
Carbon Capture and Storage

A bioenergy power plant with carbon capture and storage
“Diagram-of-Bioenergie power plant with carbon capture and storage (cropped)”. Daniel L. Sanchez, Daniel M. Kammen. CC BY 4.0. Source: Daniel L.
Sanchez et. al. "Removing Harmful Greenhouse Gases from the Air Using Energy from Plants", Fronti.... Wikimedia Commons, reused under the licence

stated.
https://commons.wikimedia.org/wiki/File:Diagram-of-Bioenergie_power_plant_with_carbon_capture_and_storage_(cropped).jpg




Biochar

Pyrolysis turns biomass into a char that resists decay for decades to centuries in soil

Woody biomass pyrolysed in a Kon-Tiki kiln — the pyrolysis step that makes biochar
“Kontiki kiln”. Tim Brunauer, GIZ. CC BY-SA 4.0. Source: email to user:Pgallert for upload. Wikimedia Commons, reused under the licence stated.
https://commons.wikimedia.org/wiki/File:Kontiki_kiln.jpg




Marine carbon dioxide removal (mCDR)

A family of options that use the ocean's own carbon cycle — the subject of GESAMP WG 41

Blue carbon
enhancement Marine biomass
for bioenergy

Marine biomass with CCS

for biochar

Marine
biomass

Direct
CO3 removal

from seawater
with CCS

Terrestrial
biomass
dumping

Artificial
upwelling/
downwelling

Proposed marine CDR options

“Proposed marine carbon dioxide removal options”. Miranda Boettcher et al.. CC BY-SA 4.0. Source: doi: 10.3389/fclim.2021.664456. Wikimedia
Commons, reused under the licence stated.

https://commons.wikimedia.org/wiki/File:Proposed_marine_carbon_dioxide_removal_options.jpg




Ocean alkalinity enhancement (OAE)

Adding alkalinity to seawater shifts the carbonate system and draws down atmospheric CO,

OCEAN
LIMING

"

Caq causes ocean
acid1fication

>4
Yy

H

vaises pH

MAKING, 0czan
[a 4 less acidic

Carbonaye used
for sheus

Ocean liming: limestone is calcined and the lime added to seawater
“The Process of Ocean Liming”. Sparklingicee. CC BY-SA 4.0. Wikimedia Commons, reused under the licence stated.
https://commons.wikimedia.org/wiki/File:The_Process_of_Ocean_Liming.jpg




Enhanced weathering

Speeding up the silicate weathering that already regulates CO, on geological timescales

The Geologic Carbonate-Silicate Cycle

o I g
Co; U'ﬁ J gCK WEATHERING
ATMOSPHERIC CONCENTRATION

te rock wud'rdng
€Oy + ”10 + CaC0, — Ca®* + 2HCOF OF CO2, CARBON DIOXIDE
silicate rock weathering

200, + Hy0 + CaSiOy = Ca** + 2HCO; + $i0,

AT
carbonate precipitation
Ca®* + 2HCO; ~ €O, + H,0 + CaC0,
L J
CaC0y + Si0; — CaSi0y + €Oy

c-"jgm.u;m

Feedback Cycles of the Carbonate-Silicate Cycle

Surface Greenhouse
Tempenlune Effect

/

Silicate Atmospheric
Weathering nu coz

The carbonate-silicate cycle, the natural process being accelerated
“Carbon-Slicate Cycle Feedbacks”. Gretashum. CC BY-SA 4.0. Wikimedia Commons, reused under the licence stated.
https://commons.wikimedia.org/wiki/File:Carbon-Slicate_Cycle_Feedbacks.jpg




Emission reductions are essential, but CDR is
needed too (at an uncertain scale)

+ Edwards et al. (2026) State of CDR 3rd edition

Both carbon dioxide removal (CDR) and emissions reductions are needed to reach climate targets

Net CO,

emissions Emissions

reductions

A4

-

= -

l Carbon dioxide removal

Gross
CO, removals
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CDR today is mostly afforestation/reforestation

s+ Edwards et al. (2026) State of CDR 3rd edition

Current CDR is almost entirely from conventional, but novel methods are growing

4] Carbon dioxide removals T
from the atmosphere per year
All All
conventional CDR novel CDR
2200 1.07

MtCO,/ year MtCO,/ year

99.95% 0.05%

of all CDR methods of all CDR methods

[V Transfers Durable wood 330 Woody 0.97
szz] between carbon stores products MtCO,/ year biochar MtCO,/year
I ) | + _) Total CDR activity Total conventional 2530 Total novel 2.04
i per year CDR activity MtCO:/ year CDR activity mtco./year
Conventional CDR Novel CDR
Afforestationand  Durable wood Biochar BECCS DACCS Enhanced Other novel CDR
reforestation products Woody and annual Bioenergy with carbon Direct air carbon weatheri ng Biomass burial,
biomass capture and storage capture and storage mineral products
- &other
@'.@ 1 ’EL — .98 9 .o
W =B M e ees
Current growth trends of total CDR activity MtCO»/ year
1.46 0.002
- n 0.52./\:).51 0,068
10 year average: 2200 10 year average: 330
0.50
0.006
2015 2023 2015 2023 2017 2025 2017 2025 2017 2025 2017 2025 2017 2025
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Today’s CDR rests on the efforts of a small number
of actors

+ Edwards et al. (2026) State of CDR 3rd edition

A lack of diversity creates vulnerability in the CDR system

Concentration of CDR methods

Innovation Deployment Future

DIVERSITY INDEX ——0.87 0.86 0.82 0.001 041 0.72 0.00 While indicators of
s e - innovation show a high

All other methods 5 z
L level of diversity across

Mineral products —L methods total
gﬁﬁﬁgg?gﬁgge deployment and pledges
(DACCS) are highly concentrated
Bioenergy with carbon

capture & storage

(BECCS)

Diversity helps
reduce vulnerabilities and
enable robust scaling

Biochar

| Soil carbon
sequestration

Afforestatlon

& refi tati
reforestation Grants Patents Investments Total Scenarios Pledges

Concentration of CDR Actors

Voluntary Carbon Market Novel CDR creditbuyers  Announced pilot funding  Company investments
Most conventional CDR One buyer purchased most Most government funding for  Most investments across all
credits come from oneregion novel CDR credits novel CDR is in 3 countries CDR are in four companies

‘ 74% ‘ 82% ‘ 85% ‘ 72%

Latin America Microsoft US, Sweden & Denmark 4 companies

Only a handful of companies and countries currently drive CDR activity and policy support.
A loss of one of these major actors could compromise CDR development.




CDR has to scale up extremely fast — but that is not
without historical precedent

s+ Edwards et al. (2026) State of CDR 3rd edition

The scaling of novel CDR needed for 1.5°C is very fast but not unprecedented

Novel carbon dioxide removal MtCO;/year

Levels of novel CDR required to limit warming to

6,000 1.5°C, alongside highly ambitious emissions
reductions

5,000 How does this compare?

What would the projected levels of
novel CDR activity be if it followed the

4,000 early growth trajectories of other

fast-growing technologies?
3500 —
3400
in 203.7—| = . .

3,000 Novel CDR as electric vehicles
Following 2008—2024 growth rates of global
electric vehicle sales

2200 =

2,000 n20%0 | Novel CDR as ammonia synthesis
Following 1913—1938 growth rates for global
production of ammonia

1,000 — Current novel T;};’&S )

CDR activity Novel CDR as solar PV
2 MtCO,/ year 70 . Following 2004—2024 growth rates for installed
60 $
0 * global capacity of solar PV panels
2020 2025 2030 2035 2050
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How to connect science and policy
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Responsible innovation

4+ Principles have been discussed in many venues

+ AGU (American Geophysical Union, the world’s largest society in
the Earth and planetary sciences)
Ethical Framework Principles for Climate Intervention Research
v" Principle 1: Responsible research
v" Principle 2: Holistic climate justice
v" Principle 3: Inclusive public participation
v" Principle 4: Transparency
v" Principle 5: Informed governance

36



Intergovernmental Panel on Climate Change (IPCC)

4+ Created in 1988 by the World Meteorological Organization and
UNEP

v" Seen through science and technology studies, a boundary
organization

v" Policy-relevant, not policy-prescriptive

IPCC Plenary IPCC Secretariat

IPCC Bureau

Executive Committee

Working Group | Working Group Il Working Group llI Task Force
on
The Physical Impacts, Mitigation National
Science Basis Adaptation, of Greenhouse
and Climate Change Gas
Vulnerability Inventories

TSU TSU TSU

Authors, Contributors, Reviewers
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https://www.ipcc.ch/about/structure/

Intergovernmental Panel on Climate Change (IPCC)

+ At first it mattered most for establishing the science of global
warming; today its role in presenting solutions is becoming the
important one

4+ The main report (which almost nobody outside the expert
community reads) is thoroughly scientific

4+ The Summary for Policymakers is in effect a political document
v' At the plenary it is projected line by line and governments
comment on it
v" Negotiations sometimes run through the night
https://www.smh.com.au/environment/climate-change/next-
decade-critical-perils-mount-at-1-5-degrees-of-warming-says-
ipcc-20181008-p508ci.html
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CDR has to scale up extremely fast — but that is not
without historical precedent

s+ Edwards et al. (2026) State of CDR 3rd edition

The scaling of novel CDR needed for 1.5°C is very fast but not unprecedented
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