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Background

1. My name is Joeri ROGELJ. | am a Professor of Climate Science & Policy at the Centre for
Environmental Policy at Imperial College London, and also Director of Research at the
Grantham Institute for Climate Change and Environment at Imperial College London.

2. I have published over 125 peer-reviewed scientific studies on the topic of climate change,
greenhouse gas emissions reductions, climate change scenarios, low-carbon
transformations and climate justice.

3. As an independent scientific expert, | am a long-serving contributor to international
climate science assessments. | was one of the coordinating lead authors on the
Intergovernmental Pane! on Climate Change’s (IPCC) Special Report on Global Warming of
1.5°C {SR1.5) for which | coordinated the chapter tasked with assessing mitigation
scenarios compatible with limiting global warming to 1.5°C in the context of sustainable
development?. | also served as a lead author on the IPCC’s latest, sixth assessment (AR6),
both on the chapter assessing the remaining carbon budget? and the annex on Scenarios
and Modelling Methods dedicated to improving the transparency of modelling
assumptions and enhance the communication of scenario results3.

! Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., Handa, C., Kheshgi, H., Kobayashi, S., Kriegler,
E., Mundaca, L., Séférian, R., Vilarifio, M.V., 2018. Mitigation pathways compatible with 1.5°C in the context of
sustainable development, in: Flato, G., Fuglestvedt, 1., Mrabet, R., Schaeffer, R. (Eds.), Global Warming of 1.5
°C: An IPCC Special Report on the Impacts of Global Warming of 1.5 °C above Pre-Industrial Levels and Related
Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat
of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty. IPCC/WMO, Geneva,
Switzerland, pp. 93—-174. hilps://www.ipcc.ch/sr15/chapter/chapler-2/

2 Canadell, 1.G., Monteiro, PM.S., Costa, M.H., Cotrim da Cunha, L., Cox, P.M., Eliseev, AV., Henson, S., Ishii, M.,
laccard, S., Koven, C,, Lohila, A., Patra, PK,, Piao, S., Rogelj, J., Syampungani, S., Zaehle, S., Zickfeld, K., 2021.
Global Carbon and other Biogeochemical Cycles and Feedbacks, in: Masson-Delmotte, V., Zhai, P, Pirani, A.,
Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.1,, Huang, M., Leitzell, K., Lonnoy,
E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., Yelekgi, O., Yu, R., Zhou, B. (Eds.), Climate Change 2021: The
Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.
https://www.ipce.ch/report/are/wgl/chapter/chapter-5/

® Guivarch, C., Kriegler, E., Portugal-Pereira, J., Bosetti, V., Edmonds, J., Fischedick, M., Havlik, P, Jaramillo, P,
Krey, V., Lecocq, F, Lucena, A.F.P, Meinshausen, M., Mirasgedis, S., O'Neill, B., Peters, G.P., Rogelj, J., Rose, S.,
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4. The studies and reports | co-authored have been cited over 55,000 times globally®.

5. | serve on the editorial boards of Science magazine, published by the American Association
for the Advancement of Science (AAAS), and the journal Environmental Research Letters,
published by publishing arm of the UK Institute of Physics.

6. | serve as one of the fifteen independent members of the European Scientific Advisory
Board on Climate Change (ESABCC), established by the 2021 European Climate Law to
provide independent scientific advice on climate policy in the European Union.

Code of Conduct

7. | deliver this report in my capacity as independent expert. Statements represent my expert
assessment and not those of the institutions | serve or am affiliated with.

8. I confirm that the matters on which | have been asked to provide evidence are within my
area of professional expertise.

My instructions

9. I have been asked by Milieudefensie c.s. to deliver an expert report on the topic of
emission reduction scenarios as generated by integrated assessment models (IAMs), in
response to evidence presented by Shell dated 15 December 2023.

10. The specific questions | have been asked are the following:

a. What are the conceptual assumptions underlying scenarios and the models used to
create them {called Integrated Assessment Models)?

b. What does the IPCC scenario assessment do and how can we understand the IPCC
vetting process?

c. How can the changes between the IPCC Special Report on Global Warming of 1.5°C
and the latest IPCC Sixth Assessment be understood, specifically in relation to the
reported emissions reductions by 2030 for 1.5°C-compatible scenarios?

d. How can the regional distribution of emissions reductions in 1.5°C-compatible
scenarios be understood in the context of equity and fairness?

e. What are the implications of assumed contributions from carbon dioxide removal in
stringent mitigation scenarios?

f.  Could you verify the emissions reductions calculated by Shell’s expert, Prof. Hawkes?

Saheb, Y., Strbac, G., Hammer Stromman, A., Van Vuuren, D.P.,, Zhou, N., 2022. IPCC, 2022: Annex {ll: Scenarios
and modelling methods, in: IPCC, 2022: Climate Change 2022: Mitigation of Climate Change. Contribution of
Working Group il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK and New York, NY, USA.
hitps://www.ipcc.ch/report/are/wg3/downloads/report/iIPCC ARS WGII_Annex-Ii.pdf

4 Based on total numbers reported here: Joeri Rogelj - Google Scholar
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My expert assessment

A, Conceptual assumptions underlying scenarios generated by Integrated Assessment Models

11.

12.

13.

14.

15.

To understand the strengths and limitations of the climate change mitigation scenario
literature and mitigation objectives derived from it, it is useful to start by establishing a
common understanding of the concept of scenarios, and of the core characteristics of the
models that scientists use to create these scenarios. Here, | will draw from key descriptions
and definitions from the latest assessment report of the Intergovernmental Panel on
Climate Change (IPCC).

Scenarios are “plausible description[s] of how the future may develop based on a coherent
and internally consistent set of assumptions about key driving forces (e.g., rate of
technological change, prices) and relationships.” * The IPCC notes that “scenarios are
neither predictions nor forecasts, but are used to provide a view of the implications of
developments and actions.”®

Researchers create mitigation scenarios’ by running computer models, known in the
climate research community as process-based Integrated Assessment Models (or IAMs for
short). These models cover “multiple sectors of the economy, such as energy, land use and
land-use change; interactions between sectors; the economy as a whole; associated
greenhouse gos (GHG) emissions and sinks; and reduced representations of the climate
system™. They are used to understand how economic, social and technological
development are linked, and what their impact is on global greenhouse gas emissions and
the climate.

Scenarios serve the scientific community as tools for the quantitative exploration of the
implications of policy choices, but the insights that can be derived from these scenarios
depend on the validity, desirability and appropriateness of scenario assumptions.

Mitigation scenarios calculated with process-based IAMs are the outcome of a cost-
effectiveness analysis, representing globally the cheapest way to stay within a carbon

® IPCC, 2022. Annex I: Glossary [van Diemen, R., J.B.R. Matthews, V. Méller, 1.S. Fuglestvedt, V. Masson-

Delmotte, C. Méndez, A. Reisinger, S. Semenov (eds)]., in: Shukla, P.R,, Skea, J., Slade, R., Khourdajie, A.A., van
Diemen, R., McCollum, D., Pathak, M., Some, S., Vyas, P., Fradera, R., Belkacemi, M., Hasija, A,, Lisboa, G., Luz,
S., Malley, J. (Eds.), IPCC, 2022: Climate Change 2022: Mitigation of Climate Change. Contribution of Working
Group lll to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK and New York, NY, USA. https://doi.org/10,1017/9781009157926.020, pages
1812-1813

¢ See reference footnote 5

7 Byers, E., Krey, V., Kriegler, E., Riahi, K., Schaeffer, R., Kikstra, J., Lamboll, R., Nicholls, Z., Sandstad, M., Smith,
C., van der Wijst, K., Lecocq, F,, Portugal-Pereira, J., Saheb, Y., Stromann, A., Winkler, H., Auer, C., Brutschin, E.,
Lepault, C., Miiller-Casseres, E., Gidden, M., Huppmann, D., Kolp, P., Marangoni, G., Werning, M., Calvin, K.,
Guivarch, C, Hasegawa, T, Peters, G., Steinberger, J., Tavoni, M., van Vuuren, D., Al -Khourdajie, A., Forster, P,
Lewis, J., Meinshausen, M., Rogelj, §., Samset, B., Skeie, R., 2022. AR6 Scenarios Database.
nttps://doi.org/10.5281/7en0d0.5886912

8 See reference footnote 5, page 1805
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budget or limit warming to a specified limit.? This fundamental assumption underlymg the
creation of mitigation scenarios has implications for their interpretation.®

16. In concrete terms, this underlying assumption of global cost-effectiveness means that
emissions reductions are prescribed to happen where théy are cheapest, both across
countries and across sectors, starting from a specified start year onward (e.g. 2010, or
2020).12

17. The scientific literature describes how this approach results in low-income economies
reducing a relatively larger share of emissions and carrying a relatively larger associated
mitigation cost than developed economies.?

18. The distribution of mitigation effort in scenarios created based on this underlying cost-
effectiveness assumption therefore disregards considerations of equity and fairness that
are central to the United Nations Framework Convention on Climate Change (UNFCCC)
and the Paris Agreement.

19. The scientific literature highlights that “without transfers, cost-efficient international
climate policies tend to cause regressive income effects that deepen economic
inequality.”*® This shortcoming is often countered by the suggestion that IAMs do not
prescribe who ultimately is expected to pay for emissions reductions. However, finance
flows from developed to developing countries have been shown to be far below promised
levels»15, which in themselves are only a fraction of the levels of international climate
finance that would be required to balance out regional mitigation effort differences.?’

° The IPCC Glossary {see footnote 5, page 1799) defines cost-effectiveness analysis as “a type of economic
evaluation that compares the costs of different courses of action reaching the same outcome”. It further goes
to clarify that in the context of mitigation scenarios, “cost-effectiveness analysis focuses on comparing the costs
of mitigation strategies designed to meet a prespecified climate change mitigation goal {e.g., an emission-
reduction target or a temperature stabilisation target)”.

10 Riahi, K., Schaeffer, R., Arango, J., Calvin, K., Guivarch, C., Hasegawa, T, Jiang, K., Kriegler, E., Matthews, R.,
Peters, G.P, Rao, A., Robertson, S., Sebbit, A.M., Steinberger, J., Tavoni, M., Van Vuuren, D.P,, 2022. Mitigation
pathways compatible with long-term goals., in: Shukla, P.R., Skea, J., Slade, R., Khourdajie, A.A., van Diemen, R.,
McCollum, D., Pathak, M., Some, S., Vyas, P, Fradera, R., Belkacemi, M., Hasija, A, Lisboa, G,, Luz, S., Maliey, J.
(Eds.), IPCC, 2022: Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group il to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, NY, USA. https://doi. ore/10 1017/9781009157926.005

1 see reference footnote 3, page 1875

12 gauer, N., Bertram, C., Schultes, A., Klein, D., Luderer, G., Kriegler, E., Popp, A., Edenhofer, O., 2020.
Quantification of an efficiency—sovereignty trade-off in climate policy. Nature 588, 261-266.
hitps://doi.ore/10.1038/s41586-020-2982-5

13 See reference footnote 12, page 262.

¥ United Nations Framework Convention on Climate Change. Biennial Assessment and Overview of Climate
Finance Flows. Available on: hittps://unfecc.int/topics/climate-finance/resources/biennial-assessment-and-
overview-of-climate-finance-flows [accessed: 20 February 2024]

15 DECD (2022), Aggregate Trends of Climate Finance Provided and Mobilised by Developed Countries in 2013-
2020, OECD Publishing, Paris, hitps://doi.org/10.1787/d28f963c-en

16 YsD 100 billion by 2020 was promised in the outcome of the 15" Conference of the Parties {COP15) that was
held in 2009 in Copenhagen.

17 pachauri, S., Pelz, S., Bertram, C., Kreibiehl, S., Rao, N.D., Sokona, Y., Riahi, K., 2022. Fairness considerations in
global mitigation investments. Science 378, 1057-1059. htips://doi.or=/10.1126/science adf0067
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20.

21.

22.

23,

The suggestion that a cost-effective yet inequitable distribution of regional emissions
reductions would be fully resolved by finance flows also disregards several of the
provisions that exist under the UNFCCC and the Paris Agreement. In particular, the
UNFCCC and the Paris Agreement require developed countries to adopt national
mitigation policies that demonstrate that developed countries — not developing countries
— are taking the lead in reducing global greenhouse gas emissions.'® Under the Paris
Agreement countries have also decided that their successive national pledges'® should
represent a country’s highest possible ambition — not their minimum contribution to a
globally cheapest solution.?°

What is considered a cost-effective level of mitigation for a given year in the future (e.g.,
the year 2030) changes as the assumed starting point for mitigation action is delayed. For
example, if researchers create a scenario that starts a mitigation trajectory in 2020
compared to starting it in 2015, the inferred cost-effective emissions reductions by 2030
will differ. There are at least two reasons for this.

a. First, the technological and economic context in the two start years will differ. For
example, weak climate measures and policies implemented between 2015 and 2020
will affect which and how much carbon-intensive and polluting infrastructure was built
up over this period (or alternatively, how much of that infrastructure was not retired
in a timely manner). Starting emissions reductions from a world with a higher build-
up of carbon intensive infrastructure in 2020 than was assumed in a cost-effective
pathway starting from 2015 will result in IAMs suggesting higher costs to emissions
reductions in the next decade. As a consequence, cost-effective pathways that start
from later dates than 2015 preferentially suggest less near-term emissions by 2030.

b. Second, simply having less time available to achieve emissions reductions by 2030
(e.g., 10 years starting from 2020 compared to 15 years starting from 2015) will mean
that less emissions reductions can be achieved. In extremis, if starting from the year
2029, the suggested cost-effective emissions reductions by 2030 will be very minor.
This dynamic is also one of the reasons why emissions reductions by 2030 in line with
limiting warming to 1.5°C with no or limited overshoot are smaller in the most recent
report of the IPCC published in 2022, compared to those suggested in the IPCC SR1.5
published in 2018. See also paragraph 34.b below.

The IPCC highlights that cost-effective pathways can provide a useful benchmark but may
notreflect all real-world developments as IAMs represent social, political, and institutional
factors in a rudimentary way only.?

One aspect in which the assumptions of IAMs are not reflective of the diversity of real-
world contexts is the way in which the costs of finance vary across countries. The cost of
capital is typically higher in developing countries where higher investment risks exist.2?

8 For example, see UNFCCC {1992) Article 4.2, and Paris Agreement (2015) Article 4.4.
¥ Known as ‘nationally determined contributions’ or NDCs.

20 See Paris Agreement (2015), Article 4.3

21 see reference footnote 10, pages 304-305

2 International Energy Agency {2023), Cost of Capital Observatory. Available from:
hitns:/ Aywrwiea.org/reports/cost-of-capital-abservatory [Accessed: 28 February 2024]
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Representing these risks in an IAM results in cost-effective pathways suggesting deeper
mitigation should take place in the developed world.??

24, When models carry out a cost-effectiveness analysis of mitigation measures over the
entire 21* century, assumptions need to be made about how costs are aggregated over
time. Typically, models will calculate the net present value of costs, by summing up the
costs in any given year adjusted by a discount rate. The IPCC reports a range of assumed
discount rates in 1AMs of 3-5%2?, but a closer look at the IAMs with which the scenarios
are created shows that predominantly a 5% discount rate was assumed in the creation of
the stringent mitigation scenarios presented in the latest IPCC report®. Meanwhile, a
dedicated study on this topic reported a range of 5-6% based on published IAM model
documentation?. The choice of this discount rate affects the suggested cost-effective
trajectory of mitigation, with high discount rates favouring reductions later in the century
to the detriment of deep emissions reductions in the near term (e.g., until 2030).

25. The scientific literature identifies several reasons why lower discount rates in the range of
2—-3% should be considered when modelling mitigation scenarios in line with limiting
warming to 1.5°C. These reasons include considerations of intergenerational equity
because assuming high discount rates will decrease the mitigation effort of current
generations at the expense of future ones.?” The high discount rates assumed by the IAMs
represent an implicit value judgement about intergenerational equity that is infused in all
scenarios assessed by IPCC. Although the effect on a specific pathway varies, assuming a
lower discount rate will consistently lead to stronger emissions reductions being suggested
for the near term.

26. An important limitation of the cost-effectiveness analysis that underlies mitigation
scenarios as assessed by the IPCC is that the IAMs that are used to create these scenarios
ignore the costs associated with projected or avoided climate impacts?® This structural
shortcoming has two important implications:

2 Jyer, G.C., Clarke, L.E., Edmonds, J.A., Flannery, B.P., Hultman, N.E., MicJeon, H.C,, Victor, D.G., 2015. improved
representation of investment decisions in assessments of CO2 mitigation. Nature Climate Change 5, 436-440.
htips://dol.org/10.1038&/nclimaie2553

% see reference footnote 3, page 1875

% See references footnotes 3, 7, and 10. This group of scenarios that are labelled as C1 are explained in the
Summary for Policymakers {SPM) of the Working Group 3 Contribution to the Sixth Assessment of the IPCC.
The SPM clarifies that “Category C1 comprises modelled scenarios that limit warming to 1.5°C in 2100 with o
likelihood of greater than 50%, and reach or exceed warming of 1.5°C during the 21 century with a likelihood
of 67% or less. In this report, these scenarios are referred to as scenarios that limit warming to 1.5°C (>50%)
with no or limited overshoot. Limited overshoot refers to exceeding 1.5°C global warming by up to about 0.1°C
and for up to several decades” and that “scenarios in this category are found to have simultaneous likelihood to
limit peak global warming to 2°C throughout the 21st century of close to and more than 90%”.

% Emmerling, J., Drouet, L., Wijst, K.-1. van der, Vuuren, D. van, Bosetti, V., Tavoni, M., 2019, The role of the
discount rate for emission pathways and negative emissions. Environmental Research Letters 14, 104008,
https://doiore/10.1088/1748-5326/ab3cc8

7 see reference footnote 26

8 See reference footnote 3, page 1875
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a. The costs of mitigation are systematically overestimated because benefits of avoided
climate impacts are disregarded, providing a skewed picture of the societal burden of
climate action.?®

b. Meanwhile, the cost-effective near-term emission reductions (for 2030 and 2040} are
systematically underestimated. If benefits of avoided impacts are adequately
accounted for, research suggests a strengthening of near-term action in cost-effective
mitigation pathways.* '

B. IPCC assessment and vetting of mitigation scenarios

27. The task of the IPCC is to “assess on a comprehensive, objective, open and transparent
basis the scientific, technical and socio-economic information relevant to understanding
the scientific basis of risk of human-induced climate change, its potential impacts and
options for adaptation and mitigation”?!. As part of that mandate, they also assess the
mitigation scenario literature.

28. The mitigation scenario assessment by the |PCC presents a clear recognition and
discussion of its strengths and limitations, as well as a quantitative analysis of the
mitigation scenarios available in the literature.

29. As part of the quantitative analysis of mitigation scenarios, the IPCC also carries out a
vetting procedure®. This vetting procedure is a purely technical step that checks if key
indicators related to global emissions and energy are within reasonable ranges over the
recent historical period.3* This step also means, however, that scenarios that describe
worlds in which stringent mitigation action in line with limiting warming to 1.5°C was
assumed to start before 2020 (e.g., in 2015) are removed from the scenario set because
of a lack of 1.5°C-compatible mitigation action in the real world up to the year 2020.%

30. While checking the technical quality of scenario data submitted to the IPCC, the IPCC
vetting process does not address any issues of conceptual bias or limitations in the

# Koberle, A.C., Vandyck, T., Guivarch, C., Macaluso, N., Bosetti, V., Gambhir, A., Tavoni, M., Rogel], J., 2021. The
cost of mitigation revisited. Nature Climate Change 11, 1035-1045. https://doi.org/10.1038/541558-021-
01203-6

% schultes, A., Piontek, F., Soergel, B., Rogelj, J., Baumstark, L., Kriegler, E., Edenhofer, O., Luderer, G., 2021.
Economic damages from on-going climate change imply deeper near-term emission cuts. Environmental
Research Letters 16, 104053. htips://doi.org/10.1088/1748-9326/ac27ce

31 principles Governing IPCC Work, Paragraph 2, htps://www.ipcc.ch/site/assets/uploads/2018/0%/ipcc-
principles.pdf [accessed: 20 February 2024] ’

32 See the broader evidence and discussion in the references in footnotes 3, 7, and 10, as well as Lecocg, F.,
Winkler, H., Daka, I.P, Fu, S., Gerber, J.S,, Kartha, S., Krey, V., Lofgren, H., Masui, T., Mathur, R., Portugal-Pereira,
J., Sovacool, B.K,, Vilarifio, M.V, Zho, N., 2022. Mitigation and development pathways in the near- to mid-term.,
in: Shukla, PR., Skea, J.,, Slade, R., Khourdajie, A.A., van Diemen, R., McCollum, D., Pathak, M., Some, S., Vyas,
P, Fradera, R., Belkacemi, M., Hasija, A., Lisboa, G., Luz, S., Malley, J. (Eds.}, IPCC, 2022: Climate Change 2022:
Mitigation of Climate Change. Contribution of Working Group 1ll to the Sixth Assessment Report of the
intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK and New York, NY,
USA. htips://doi.org/10.1017/9781009157926.006

3 As documented in section A.llLIL3.1 of the reference in footnote 3.

* Table 11 in the reference in footnote 3 provides an overview of the vetting criteria.

% See reference footnote 3, page 1884
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scenarios. For example, the structurally embedded model assumptions related to cost-
effectiveness and choice of discount rate that result in specific scenario characteristics are
not checked, let alone reviewed or corrected for. As the IPCC vetting process is impartial
to these aspects of IAMs, scenarios that have passed the [PCC vetting are therefore
conceptually equally vulnerable to the pitfalls and limitations related to international and
intergenerational equity introduced above.

31. Similarly, these embedded limitations are not resolved by relying on a larger set of
scenarios derived with the same models or based on similar fundamental assumptions.

C. Changes in emissions reductions by 2030 between 1.5°C scenarios in IPCC SR1.5 and IPCC AR6

32. The IPCC Special Report on Global Warming of 1.5°C (SR1.5), published in 2018, reported
the emission characteristics of a category of scenarios that limits warming to 1.5°C with
no or limited overshoot.* All scenarios in this category are characterised by keeping global
warming close to 1.5°C; with a maximum exceedance of about 0.1°C tolerated (as per the
‘limited overshoot’ of the scenario category name). The Mitigation Report of IPCC Sixth
Assessment (AR6), published in 2022, updated these emission reduction characteristics
based on an updated set of scenarios.’

33. Given that almost 5 years have passed between the publication of the SR1.5 and the AR6
during which global CO, emissions have continued to deplete the very small remaining
carbon budget in line with keeping warming below 1.5°C%, one would expect that the
required 1.5°C-aligned emissions reductions by 2030 would be deeper in the AR6 report
compared to the SR1.5. However, surprisingly maybe, the AR6 often suggests weaker
emissions reductions by 2030 than earlier estimates by the IPCC.

34, Several reasons for this have been identified, including by the IPCC:

a. Although referred to by the IPCC by the same name, the scenarios in IPCC AR6
category C1 (limiting warming to 1.5°C with no or limited overshoot) are less ambitious
than the scenarios in the category with the same name of the IPCC SR1.5. The reason
for this is simple. The scenarios informing the IPCC SR1.5 assessment were centred

36 Rogelj, 1., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., Handa, C., Kheshgi, H., Kobayashi, S.,
Kriegler, E., Mundaca, L., Séférian, R., Vilarifio, M.V., 2018. Mitigation pathways compatible with 1.5°C in the
context of sustainable development, in: Flato, G., Fuglestvedst, J., Mrabet, R., Schaeffer, R. (Eds.), Global
Warming of 1.5 °C: An IPCC Special Report on the Impacts of Global Warming of 1.5 °C above Pre-industrial
Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty.
IPCC/WMO, Geneva, Switzerland, pp. 93—-174. https://www.ipcc.ch/sr15/chapter/chapier-2/

37 See reference footnote 36, Table 2.1 on page 100, and reference footnote 10, Table 3.1 on page 305. See also
footnote 25 for more details about these scenarios.

38 Farster, P.M., Smith, C.J., Walsh, T,, Lamb, W.F., Lamboll, R., Hauser, M., Ribes, A., Rosen, D., Gillett, N.,
Palmer, M.D., Rogelj, 1., von Schuckmann, K., Seneviratne, S.1., Trewin, B., Zhang, X., Allen, M., Andrew, R., Birt,
A., Borger, A., Boyer, T, Broersma, J.A., Cheng, L., Dentener, F, Friedlingstein, P., Gutiérrez, .M., Glitschow, J.,
Hall, B., Ishii, M., Jenkins, S., Lan, X., Lee, J.-Y., Morice, C., Kadow, C., Kennedy, J., Killick, R., Minx, J.C., Naik, V.,
Peters, G.P, Pirani, A., Pongratz, J., Schleussner, C.-F, Szopa, S., Thorne, P, Rohde, R., Rojas Corradi, M.,
Schumacher, D., Vose, R., Zickfeld, K., Masson-Delmotte, V., Zhai, P,, 2023. Indicators of Global Climate Change
2022: annual update of large-scale indicators of the state of the climate system and human influence. Earth
System Science Data 15, 2295~2327. hitps://doi.org/10.5194/essd 15.2295-2023
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around 1.5°C of maximum warming, but most of the scenarios informing the AR6
assessment exceed 1.5°C and have a maximum warming closer to 1.6°C, which is the
cut-off value for still being considered having ‘limited overshoot’.3 The emissions
reductions for the lowest scenario category reported in the most recent IPCC ARG are
therefore for scenarios that have a larger likelihood of failing to keep maximum
warming to 1.5°C.

In addition, IPCC also ascribes the difference in part to the change in starting year of
the scenarios (2020 in AR6 versus 2015 in SR1.5) and the fact that historical emissions

‘have increased from 2015 to 2020. This increase in the starting level of emissions

means that less stringent emissions reductions are suggested in the near term (i.e., by
2030) in the cost-effective scenarios in AR6.%°

D. Regional distribution of emissions reductions in 1.5°C-compatible scenarios

35.

To clarify the global and regional evolution of emissions in line with limiting warming to
1.5°C with no or limited overshoot (also referred to as category C1 scenarios), | use the
scenario data contained in the public database accompanying the IPCC AR6 assessment?,
Figure 1 below shows how reductions in total CO, emissions are distributed across 9 world
regions in the scenarios from the IPCC category C1 that limit warming to 1.5°C with no or
limited overshoot.

Figure 1 | lllustration of regional total CO; emission reduction contributions in scenarios that
limit warming to 1.5°C with no or limited overshoot {IPCC category C1).

Total CO2 emissions reductions by region from 2020 to 2030
in scenarios limiting warming te 1.5°C with no or limited overshoot (%)

36.

=7 Developed Devaloping

From 2020 to 2030, cost-effective pathways in the C1 category suggest that several key
developing regions lead the world in their reduction of total CO, emissions. In particular,
the visual shows how Sub-Saharan Africa as well as South America and the Caribbean are

* Specifically, IPCC highlights in Annex IIl to the Working Group 3 Report of the Sixth Assessment (see
reference footnote 3), Section AliL.I1.3.2.1, that the median warming across all scenarios in the C1 category of
scenarios with no or limited overshoot of 1.5°C in ARG is estimated at 1.58°C, while in SR1.5 it was 1.52°C.

0 See reference footnote 3, Section A.111.11.3.2.1, page 1889, and reference footnote 10, Executive Summary on
page 298 and Section 3.3.2.3 on page 329.

4 See footnote 25 for a detailed explanation of the scenarios.
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37.

38.

39.

assumed to lead all developed regions in their regional total CO; reductions. China is also
assumed to reduce emissions by a larger percentage between 2020 and 2030 than North
America and Europa.

The ways in which these near-term emissions reductions are achieved differs across
regions, but there are a few key drivers that can be identified. In particular:

a. Both in developed and developing regions the highest relative reductions in fossil fuel
use between 2020 and 2030 are because coal use is reduced. Across all 9 regions coal
use is assumed to be reduced in cost-effective C1 pathways by at least 50% and up to
about 90%. These relative coal reduction percentages show a clear trend but are best
understood when considering how the starting points of different regions vary. in
particular, the share of primary energy supply that is currently covered by coal varies
strongly across regions.*? For example, in 2022, the economies of China, India,
Indonesia, Vietnam, ‘and South Africa relied for 55%, 55%, 45%, 45%, and 69%,
respectively, on coal for covering their primary energy demand. This contrasts to the
share of coal in the primary energy mix of developed countries and regions such as
the US or Europe with 10% and 13%, respectively. In key developing regions, the CO»
reductions assumed under a cost-effective 1.5°C-compatible scenario are therefore to
a large extent driven by assumed reductions in coal, whereas in developed country
regions they represent a much smaller part of the regional emissions reductions.

b. In addition, the CO; reductions in developing regions assume in many cases (i.c., in
Sub-Saharan Africa, Latin America, and Asia}) a very sizeable contribution from
reductions in CO; emissions from agriculture, forestry and land use (AFOLU), mainly
through the halting of deforestation, as well as through restauration, reforestation or
afforestation.®

The suggested deep reductions in coal use and AFOLU emissions are the logical result of
the cost-effectiveness approach followed by 1AMs. Indeed, coal is the most carbon-
intensive of all fossil fuels and there are lower-carbon technologies available for its
substitution. Based on cost and emissions considerations only, the suggestion to move
away from coal is a logical one. Also, AFOLU emissions are typically assumed to be able to
be reduced at low cost and at a high pace as the halting of deforestation is not governed
by infrastructural lock-in or inertia that is present in, for example, the energy system.

The challenges and institutional capacities for transitioning away from coal are very
distinct in some of the developing countries compared to in developed countries. The
International Energy Agency developed a ‘Coal Transition Exposure Index’ that illustrates
through the combination of several indicators how challenging a coal transition would be
for a country.** China, India, Indonesia, Vietnam, and South Africa rank among the top six

42 Energy Institute (2023) Statistical Review of World Energy 2023. Available fram
htips://www.energyvinst.org/statistical -review/resources-and-data-downloads [Accessed: 23 Feb 2024).

Primary energy shares for non-fossil-based energy are calculated based on the equivalent amount of fossil fuel
input to required to generate that amount of electricity in a standard thermal power plant.

43 Restauration refers to reversing forest degradation, reforestation to the planting of forest in areas that have
been deforested in the (recent) past, and afforestation to the planting of forest in areas where there was
previously none.

% International Energy Agency (2022) Coal in Net Zero Transitions. Paris, France. Avatlable from:

nttps:/ Swwwiea.orp/reparts/coal-in net-zero-transitions [Accessed: 23 February 2024]
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countries with challenges regarding a coal transition according to this indicator. Cost-
effectiveness analysis by 1AMs suggests strong contributions of reductions in coal and
AFOLU emissions in developing countries but these calculations do not account for some
of the institutional challenges illustrated by the Coal Transition Exposure Index.

40. The regional emissions reductions that are suggested by IAMs as the globally cost-effective
distribution for meeting a climate goal therefore come with important caveats. In
particular, in absence of further consideration of the real-world context that is currently
not modelled by IAMs, this globally cost-effective approach distributes efforts in a way that
appears to be counter to the decisions and agreement of countries under the UNFCCC and
the Paris Agreement (see also paragraph 20). In particular, the decisions that developed
countries should take the lead in emissions reductions contrasts strongly with the deepest
near-term emissions reductions until 2030 being assumed in the poorest regions such as
Sub-Saharan Africa.

E. impact of carbon dioxide removal assumptions on scenarios

41. Mitigation scenarios can use all the mitigation measures that are represented in the IAMs
with which they are created. Some of these measures are speculative or can have
important sustainability trade-offs when deployed at large scale.**¢ A special class of
these measures is carbon dioxide removal (CDR). CDR refers here to any measure that
results in an active removal of carbon dioxide (CO;) from the atmosphere followed by
durable storage of this CO, so that it remains out of the atmosphere. Some CDR measures
are technology based, such as the use of chemical filters to extract CO; from ambient air,
while others are nature-based, such as afforestation.

12, Many if not all technology-based CDR methods are still speculative, currently not deployed
at large scale and associated with high costs*. Combined with the high discount rate
assumed in IAMs, their main contribution in mitigation scenarios is therefore projected to
be in the second half of the century and beyond.

43. CDR is deployed for at least two reasons: first, to achieve net zero CO, emissions by
balancing any remaining emissions from other sectors that cannot be avoided, and
second, to achieve net negative CO, emissions and try to reverse global warming.

% Summary for Policymakers, in: Shukla, P.R., Skea, |., Slade, R., Khourdajie, A.A., van Diemen, R., McCollum, D.,
Pathak, M., Some, S., Vyas, P, Fradera, R., Belkacemi, M., Hasija, A., Lisboa, G., Luz, S., Malley, J. (Eds.), Climate
Change 2022: Mitigation of Climate Change. Contribution of Working Group 1l to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Chonge. Cambridge University Press, Cambridge, UK and New York,
NY, USA. hitps://doi.org/10.1017/9781009157926.001

% The term, sustainability trade-offs, refers to cases where the achievement of sustaina'bility goals such as the
UN Sustainable Development Goals (SDGs) for 2030 are potentially undermined by the deployment of a
specific mitigation measure. For example, see Section D1 and Figure SPM.8 in reference footnote 45,

47 Smith, S.M., Geden, O., Nemet, G.F,, Gidden, M.J., Lamb, W.F., Powis, C., Bellamy, R., Callaghan, M.W,, Cowie,
A., Cox, E., Fuss, S., Gasser, T, Grassi, G., Greene, J,, Llick, S., Mohan, A,, Miller-Hansen, F., Peters, G.P,
Pratama, Y., Repke, T., Riahi, K., Schenuit, F., Steinhauser, J., Strefler, J., Valenzuela, .M., Minx, 1.C., 2023. The
State of Carbon Dioxide Removal - 1st Edition. The State of Carbon Dioxide Removal.
nttns://dol.org/10.17605/0SF10/W3B4Z, pages 10, 16, and Table 1.1 on pages 18-19

11



44. Global warming could be gradually reduced again by achieving and sustaining net negative
global CO; emissions through the large-scale deployment of CDR but this leads to greater
feasibility and sustainability concerns compared to pathways without overshoot.*® While
the evidence supports that global temperatures can be brought down again if CO; is
removed from the atmosphere at a global scale,* a temporary exceedance of a
temperature limit (referred to as overshoot) comes with a set of fundamental risks, alt of
which increase significantly with the magnitude and duration by which the intended level
of warming (i.c., 1.5°C) is exceeded.* These risks include:

a. While global temperatures can be reversed by removing CO; from the atmosphere,
several climate impacts such as ecosystem and biodiversity loss are irreversible and
other impacts such as sea level rise are irreversible for centuries to miliennia.
Moreover, the long-term severity of sea-level rise increases both as a function of the
magnitude and the duration of overshoot.>>* During the period of overshoot, society
is also exposed to higher risks of so-called climate tipping points occurring.**

b. Other risks relate to the technical achievability and sustainability of assumed
anthropogenic CO, removals. As a central estimate®, 220 billion tons of CO; (GtCO,)
have to be removed from the atmosphere and permanently stored in geological
storage by CDR to reverse 0.1°C of global warming. Comparing this to sustainable
levels of CDR3, this already shows that it will be difficult to achieve this amount of net
removal over the course of this century while not infringing on sustainability limits.
Higher levels of overshoot not only make the scale of CDR more challenging, but also

“8 See reference footnote 45

4 |PCC, 2021. Summary for Policymakers. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the intergovernmental Panel on Climate Change.
hilps://doi.ore/10.1017/97810091578596.001 '

50 see IPCC, 2023: Summary for Policymakers. In: Climate Change 2023: Synthesis Report. Contribution of
Working Groups |, Il and lil to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[Core Writing Team, H. Lee and J. Romero {eds.)]. IPCC, Geneva, Switzerland, doi: 10.59327/IPCC/ARG-
9789291691647.001, Section B.7, page 23

51 see reference footnote 49, page 21, and footnote 50, page 23, which says “Overshooting 1.5°C wifl result in
irreversible adverse impacts on certain ecosystems with low resilience, such as polar, mountain, and coastal
ecosystems, impacted by ice-sheet melt, glacier melt, or by accelerating and higher committed sea level rise.”
52 For example, one study showed how delayed action in the near term, leading to a higher overshoot, results
to higher committed sea-level rise. See Mengel, M., Nauels, A., Rogelj, J., Schleussner, C-F., 2018. Committed
sea-level rise under the Paris Agreement and the legacy of delayed mitigation action. Nature Communications
9, 601. hitps://dol.org/10.1038/541467-018-02985-8

53 see reference footnote 50, key message B.3.2: “B.3.2 The likelihood and impacts of abrupt and/or
irreversible changes in the climate system, including changes triggered when tipping points are reached,
increase with further global warming (high confidence). As warming levels increase, so do the risks of species
extinction or irreversible loss of biodiversity in ecosystems inciuding forests (medium confidence), coral reefs
(very high confidence) and in Arctic regions (high confidence). At sustained warming levels between 2°C and
3°C, the Greenland and West Antarctic ice sheets will be lost almost completely and irreversibly over multiple
millennia, causing several metres of sea level rise (limited evidence). The probability and rate of ice mass loss
increase with higher global surface temperatures (high confidence).”

54 This estimate takes the central IPCC estimate of the amount of warming expected per ton of COz emitted by
human activities, which is 0.45°C per 1000 GtCOz, see reference footnote 2.

% Deprez, A., Leadley, P, Dooley, K., Williamson, P, Cramer, W,, Gattuso, J.-P.,, Rankovic, A., Carlson, E.L,
Creutzig, F., 2024. Sustainability limits needed for CO2 removal. Science 383, 484-486.
hittus://dolorg/10.1126/s¢cience.3di6 171, assuming maximum levels of CDR through bioenergy and carbon
capture and storage {BECCS) and nature-based removals that stay within low sustainability risk levels.
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undermine the effectiveness and permanence of removals that rely on ecosystems to
capture and store carbon.>¢

Finally, overshoot risks are often underestimated as they are typically discussed for
central estimates of warming. For example, the overshoot considered in IPCC C1
scenarios that [imit warming to 1.5°C with no or limited overshoot applies to the
central (median or 50%) estimate of future global warming. A scenario with a 50%
chance of limiting warming to 1.5-1.6°C 'has simultaneously a 1-in-10 chance that
warming ends up above 2°C.%’ This in itself can already be considered a risky bet. Every
additional 0.1°C of overshoot of 1.5°C will result in an increase in the chances that
even 2°C of warming is exceeded. For example, scenarios that lead to a central
warming estimate over the course of this century of about 1.7°C simultaneously imply
about a 1-in-5 to 1-in-4 chance that 2°C of warming is exceeded.*®

45. Assumptions about the scale of contributions of CDR can have important implications on
the shape and characteristics of mitigation scenarios, and their associated risk profile.

a.

For example, assuming that large-scale CDR will become available in the second half
of the century can lead to mitigation déterrence in scenarios, where near-term
emissions reductions are postponed in the hope to make up for them through CDR at
a later point in the century.>®

The assumed availability of CDR in the near term also leads to strong mitigation
deterrence of gross emission reductions in scenarios. Indeed, if CDR is assumed to be
available in the near term at low costs (for example, through deep reductions in AFOLU
emissions) fewer reductions in the sources of greenhouse gas emissions are required
to reach net zero emissions. Such deep reductions in AFOLU emissions are assumed,
for example, in scenarios that limit warming to 1.5°C with no or limited overshoot
(IPCC category C1). These C1 scenarios assume a global elimination of all agriculture,
forestry and other land-use (AFOLU) related CO, emissions between 2019 and 2030,
and project that sector to remove about half of its current magnitude of emissions by
2050.%° A similar risk exists when assuming large-scale availability of carbon capture
and storage combined with continued fossil fuel use.

*¢ Babiker, M., Berndes, G., Blok, K., Cohen, B., Cowie, A., Geden, O., Ginzburg, V., Leip, A., Smith, P, Sugiyama,
M., F Yamba, 2022. Cross-sectoral perspectives, in: Shukla, P.R., Skea, I, Slade, R., Khourdajie, A.A., van
Diemen, R., McCollum, D., Pathak, M., Vyas, P, Fradera, R., Belkacemi, M., Hasija, A., Lisboa, G, Luz, S., Malley,
J. {Eds.), IPCC, 2022: Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group Il to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, NY, USA. htips://doi.org/10.1017/9781009157926.005, Section 12.3.2

57 See footnote 25.

%8 See Table SPM.2 in reference footnote 45, with data for scenario category C2 {return warming to
1.5°C(>50%) after a high overshoot) and scenario category C3 {limit warming to 2°C (>67%)) showing that the
central estimate of peak warming in these scenario categories is 1.7°C in both cases and the probability that
2°Cis exceeded 18% and 24%, respectively.

% Note that because the IPCC 1.5°C scenarios that limit warming to 1.5°C with no or limited overshoaot are
selected based on the maximum level of warming they reach at any point over the course of the century, the
impact of this risk is limited across the set of C1 scenarios.

% See Table 3.6 in reference footnote 10, with AFOLU CO; emissions in C1 scenarios changing by -100%
between 2019 and 2030 {interquartile range -105% to -95%) and by -150% between 2019 and 2050
(interquartile range -200% to -100%).
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46. The scientific literature has explored these risks and highlights the “major concerns around
the scale of CDR deployment in many low-carbon scenarios, and the risk that anticipated
future CDR could dilute incentives to reduce emissions now” ®!, and shows how “the
pathway for the 2020s is highly sensitive to assumptions around CDR availability”%. One
study® found that if the uncertainty in the delivery of CDR is included in the cost-effective
analysis of 1.5°C scenarios, the resulting calculations would suggest global cost-effective
CO; emissions in 2030 that are about 10 GtCO; lower than if no uncertainty around CDR
would be assumed®. In other words, when accounting for the uncertainty in CDR, a 1.5°C-
aligned global emissions reduction target for 2030 relative to 2020 would have to be about
25 percentage points lower® compared to what IAMs otherwise suggest.

47. The deployment of CDR measures also comes with risks for sustainability, as the land
required for bioenergy production or afforestation can compete with other uses, including
food production and biodiversity protection. A recent study assessed the sustainability
risks for different levels of CDR deployment®, expanding on the technical assessment of
the latest IPCC assessment with greater attention to the ecological, biological and societal
impact of land-based CDR. For a set of land-based CDR methods that are referred to as
‘nature-based’ measures —and which include afforestation, reforestation and agroforestry
— the study identified a transition from low to medium sustainability risk at 2.6 GtCO/year
of removal by these measures, and from medium to high sustainability risk at 5.1
GtCO./year. IAMs very often only cover afforestation and reforestation in their nature-
based CDR portfolio, and for this subset of CDR measures the border from low to medium
and medium to high sustainability risks is set at 1.3 GtCOz/year and 3.8 GtCO,/year,
respectively. The upper bounds of medium risk are considered the limit between
acceptable and unacceptable impacts and risks to biodiversity, water availability,
biogeochemical cycles, and competition for food production.®’

48, Given all these challenges and risks with the assumption of CDR in mitigation scenarios,
scholars have argued that pursuing strategies that rely heavily on large amounts of CDR
may contravene norms and principles of international law®, adding further evidence in
support of prudent and cautious consideration of CDR in mitigation strategies.

% Grant, N., Hawkes, A., Mittal, S., Gambhir, A., 2021. Confronting mitigation deterrence in low-carbon
scenarios. Environmental Research Letters 16, 064099. hitps.//doi.org/10,1088/1748-9326/3c0749

62 see reference footnote 61

63 Grant, N., Hawkes, A., Mittal, S., Gambhir, A., 2021. The policy implications of an uncertain carbon dioxide
removal potential. Joule 5, 2593-2605. hitps://doi.org/10.1016/).joule.2021.09.004

8 with global CO2 emissions in 2010 of the order of 40 GtCO2, this represents a strengthening of the cost-
effective 1.5°C-compatible emissions reduction target for 2030 with about 25 percentage points.

8 Based on historical global CO; emissions data for the year 2020 of 39.3 GtCO: from the Global Carbon
Project. Friedlingstein, et al, 2023. Global Carbon Budget 2023. Earth System Science Data 15, 5301-5369,
htips://doi.org/10.5194/essd-15-5301-2023

% See reference in footnote 55.

7 For bioenergy with carbon capture and storage (BECCS), the study set the border between low and medium
sustainability risks at 0.7 or 1.2 GtCO./year®” of BECCS deployment, depending on how efficiently biomass is
converted into energy and how efficiently the CO; is captured. The border between medium and high
sustainability risks was set at 1.3 to 2.8 GtCO;/year of BECCS removals.

€ Stuart-Smith, R.F., Rajamani, L., Rogelj, J., Wetzer, T., 2023. Legal limits to the use of CO2 removal. Science
382, 772-774. hitps://doi.org/10.1126/5¢cience. ad] :
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F. Verification of emissions reductions calculated by Shell’s expert

49,

50.

51.

52.

53.

54.

I have been asked to verify the emissions reductions presented in the second Expert
Report of Professor Adam Hawkes that was submitted by Shell and dated 15 December
2023. In what follows this report will be referred to with the acronym ER-AH2.

This verification focusses on the calculation of numerical values in ER-AH2 that are derived
from scenarios available in the database accompanying the IPCC Sixth Assessment
Report®, and as presented most prominently in ER-AH2 Tables 1 and A.1. The absence of
additional comments on other statements by Prof. Hawkes in ER-AH2 does neither imply
my agreement with them nor my confirmation of their accuracy.

To verify the accuracy of the values reported in ER-AH2, | systematically follow the steps
laid out in Appendix A, paragraph 6, of ER-AH2 to select scenarios aligned with certain
characteristics. For ease of reference, these steps are reproduced in full in Annex | to this
report. | have verified the ER-AH2 values for scenarios based on the filtering by Prof.
Hawkes and one additional set’. Following good scientific practice, | have ensured all
calculations were peer-reviewed thanks to the support of two colleagues, Jarmo Kikstra’
and Dr Elina Brutschin’, who assisted in the coding, reviewing and execution of the
verification calculations. It is because of this internal peer-review process that | have good
confidence in the correctness of these verification calculations.

Diligently following the steps laid out in ER-AH2 does not allow the values presented in
the expert report submitted by Shell to be reproduced.

Table ALl in Annex | to this report shows the discrepancies between Shell’s ER-AH2
numbers and those calculated by me. For example, this independent verification shows
that ER-AH2 underreports reductions in oil and gas between 2020 and 2030 in scenarios
that limit warming to 1.5°C with no or limited overshoot. Discrepancies between ER-AH2
and the verification calculations are large, with some of the ail and gas reductions reported

by ER-AH2 being 10 to 20 percentage points too weak.

Before looking deeper into the corrected reduction values, some further reflections can
be made regarding the ER-AH2 analysis presented by Shell.

a. First, ER-AH2 presents emission reduction values for specific groups of scenarios in its
Table 1. These include:

i. IPCC C1 scenarios: limiting warming to 1.5°C with no or limited overshoot at
50% probability, which simultaneously have close to and more than 90%
likelihood to limit peak global warming to 2°C throughout the 21st century’.

% See reference footnote 7.

7 See paragraph 54.a.iii

7 Contributing Author: IPCC AR6 WG3 Summiary for Policymakers (2022); IPCC AR6 WG3 Chapter 3 (2022) -
Mitigation Pathways Compatible with Long-term Goals; and IPCC AR6 WG3 Annex [il {2022) — Scenarios and
Modeliing Methods

7 Contributing Author: IPCC AR6 WG3 Chapter 3 (2022) — Mitigation Pathways Compatible with Long-term

Goals

73 See full explanation in footnote 25
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ii. IPCC Cla scenarios: limiting warming to 1.5°C with no or limited overshoot at
50% probability while achieving net zero greenhouse gas emissions in the
second half of the century.

iii. A subset of IPCC Cla scenarios: limiting warming to 1.5°C with no or limited
overshoot at 50% probability and to 2°C with greater than 90% probability
over whole century, while achieving net zero greenhouse gas emissions in the
second half of the century (subset based on reference in footnote 74).

Based on my scenario and modelling expertise, the category of IPCC C1 scenarios
would be the most recommendable and least biased choice as a starting point for
further filtering (see paragraph 54.b below) and to inform near-term emissions
reductions in line with limiting warming to 1.5°C with no or limited overshoot. This
recommendation is based on considerations of both the strengths and limitations of
the cost-effective scenarios available in the literature. Scenarios available in the
literature show archetypical behaviour due to the way in which they are created by
IAMs”®, For example, an IAM pursues the cheapest, cost-effective path of action and
will therefore never opt to implement emissions reductions that would not be
necessary to meet the minimum design specifications defined by a modeller (e.g., this
design specification can be: keep warming to precisely 1.5°C by 2100 by stéying within
a specified carbon budget). In case of a scenario with ambitious near-term emissions
reductions (of which there are several examples in the IPCC C1 category™), this can
imply that emissions reductions beyond net zero greenhouse gas emissions are not
required for the JAM. The early action in the scenario resulted in a low warming peak
during the 21% century and as a result the IAM does not need to try to reverse warming
very rapidly to still stay within 1.5°C of warming by 2100. Achieving net zero
greenhouse gas emissions was in that case not a requirement for the IAM 77, This is a
clear example of structural design bias in scenarios. In reality, ambitious near-term
emissions reductions show technically possible reductions that are not precluding the
achievement of even lower emissions multiple decades into the future. Importantly,
exclusion of scenarios that do not achieve net zero greenhouse gas emissions over the
course of the 21 century from the IPCC C1 scenario category, will typically result in

7 schleussner, C.-F., Ganti, G., Rogelj, J., Gidden, M., 2022. An emission pathway classification reflecting the
Paris Agreement climate objectives. Communications Earth & Environment 3, 1-11.
ntips://doiore/10.1038/343247-022-00467-w

5 For example, see: Rogelj, 1., Huppmann, D., Krey, V., Riahi, K., Clarke, L., Gidden, M., Nicholis, Z., Meinshausen,
M., 2019. A new scenario logic for the Paris Agreement long-term temperature goal, Nature 573, 357-363.
https://dol.ors/10.1038/s41586 019-1541-4; and Riahi, K., Bertram, C., Huppmann, D., Rogelj, J., Bosetti, V.,
Cabardos, A-M., Deppermann, A., Drouet, L., Frank, S., Fricko, O., Fujimori, S., Harmsen, M., Hasegawa, T., Krey,
V., Luderer, G., Paroussos, L., Schaeffer, R., Weitzel, M., van der Zwaan, B., Vrontisi, Z., Longa, F.D., Després, J.,
Fosse, F., Fragkiadakis, K., Gusti, M., Humpendder, F., Keramidas, K., Kishimoto, P., Kriegler, E., Meinshausen, M.,
Nogueira, L.P, Oshiro, K., Popp, A., Rochedo, P.R.R., Unlii, G., van Ruijven, B., Takakura, J., Tavoni, M., van Vuuren,
D., Zakeri, B., 2021. Cost and attainability of meeting stringent climate targets without overshoot. Nature Climate
Change 11, 1063-1069. hittps://dot.ore/10,1038/s41558-021-01215-2

8 For example, see reference footnote 45, Table SPM.2, where a subset of scenarios from C1 {called Clb)
achieves deep emissions reductions by 2030, but no net zero greenhouse gas emissions over the course of the
century. This contrasts with the Cla subset of scenarios which sees less pronounced reductions by 2030 but
reaches net zero greenhouse gas emissions in the second half of the century.

77 Note: reaching net zero greenhouse gas emissions as defined under the UNFCCC and in IAMs results in a peak
and gradual decline of global warming. See reference footnote 49. '
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the exclusion of scenarios with ambitious near-term emissions reductions. It is thus
recommended to use the IPCC C1 scenarios as a guide or starting point to avoid biasing
reduction percentages by 2030 towards weak near-term action.

Second, Shell’s ER-AH2 calculations use several filters to narrow down the analysis to
scenarios that are considered more sustainable or feasible (see Annex | of this report
for details). The narrowing down of a scenario set in this way is a reasonable and well-
established approach. While ER-AH2 assumes feasibility or sustainability filters for
afforestation and bioenergy use in 2050 and on carbon sequestration via carbon
capture and storage (CCS) in 2030, it does not consider limits to the scale of CCS in
2050 despite the IPCC reporting on them in their latest assessment’. It is
recommended to consider the scale of CCS up to mid-century when selecting
scenarios for the determination of reduction benchmarks, because the use of
scenarios that rely on unrealistic amounts of CCS throughout the century would hias
calculations towards weaker reductions for fossil fuels than would otherwise be
required.

Third, in some cases very few remaining scenarios remain after filtering, and
estimating statistical values such as the median becomes less meaningful in that case.

55. Corrected values for fossil fuel reductions between 2020 and 2030 are shown in Table Al.1
in Annex | for the world, and Table Al.2 for developed countries. A selection based on IPCC
C1 scenarios is shown in Table 1 below. Despite efforts to understand the differences with
the ER-AH2 report, we were unable to identify a single reason as to why the values
reported in ER-AH2 turn out to be different and inaccurate.

Table 1 | Corrected values for the fossil fuel reductions between 2020 and 2030 in scenarios that
limit warming to 1.5°C with no or limited overshoot. The “range of percent change” refers to the
range of median estimates across several cases with either a 100 or 135 El/yr cut-off for biomass
energy, not the full range across all scenarios in the IPCC C1 set. Data are shown for calculations starting
from the IPCC C1 scenario set, which is recommended for near-term emissions reductions as it avoids
some of the selection bias towards weaker near-term reduction percentages (see paragraph 54.a for
an explanation). Scenarios that exceed specified feasibility or sustainability limits have been removed
as per the method of ER-AH2, reproduced in Annex | to this report. Tables Al.1 and Al.2 in Annex | show
values for each sensitivity case individually, for the world and developed country regions, respectively.

Scenarios that limit warming to Verified calculations of: ,

1.5°C with no or low overshoot this century Range of percent change 2020 ~ 2030, by fuel type |
(starting from IPCC C1 scenarios) Coal Oil Gas .

Global -78% -13% to -26% -28% 10 -31% i
Developed countries -78% t0 -83% -30% to -31% -42% ]‘

78 See Table 8 in reference footnote 3.
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G. Concluding reflections

56.

57.

58.

Based on the overview of strengths and limitations of cost-effective mitigation scenarios
created by IAMs we can draw a set of concluding insights and implications.

a. Scenarios are most useful if the assumptions and value judgments that were made
during their creation align with the scenarios’ intended use or the questions they
intend to inform. If these aspects do not align, their results have to be interpreted
based on an understanding of their limitations.

b. Mitigation scenarios included in IPCC scenario assessment describe the cheapest way
to achieve emission reductions compatible with limiting warming to 1.5°C with no or
limited overshoot, and this from a global perspective and from the perspective of a
person living today.

i. The focus on achieving the cheapest reductions possible irrespective of
development and institutional context and the challenges to mobilizing
international financial transfers means the emission reduction burden
suggested to be carried by developing countries can be considered
inequitable or unfair from an international fairness perspective as embedded
in the UNFCCC and the Paris Agreement.

ii. The use of discount rates that are higher than recommended from a social
point of view and that are used to assess costs over the entire century in
present terms puts a stronger burden on future generations and can be
considered unfair from an intergenerational fairness perspective.

c. Taking a more equitable approach regarding intergenerational fairness would result in
stronger near-term reductions globally. Taking a more equitable approach regarding
international fairness would result in stronger near-term reductions in developed
countries with a shift in the contributions of different energy sources and fossil fuel
types. The following paragraphs 57 to 59 show how this is likely to imply larger
reductions in oil and gas.

Taking a more equitable approach regarding international fairness could be pursued by
more explicitly reflecting the provisions and principles of the UNFCCC and Paris Agreement
in the design of mitigation scenarios. Such approach would reasonably assume less
stringent absolute reductions in the near term in developing country regions and more
stringent absolute reductions in the near term in developed country regions. For example,
the most recent, updated Net Zero Emissions by 2050 scenario by the international Energy
Agency (IEA NZE) incorporates such an equity-informed adjustment.”

In particular, the updated NZE scenario from the International Energy Agency that
explicitly integrates considerations of equity in its modelling shows a less abrupt transition
for emerging markets and developing economies. The consideration of equity in the
scenario design leads to a relatively slower decline in coal emissions in emerging markets
and developing economies, while firm and ambitious action in advanced economies leads

9 International Energy Agency (IEA), 2023. Net Zero Roadmap - A Global Pathway to Keep the 1.5 °C Goal in
Reach - 2023 Update. International Energy Agency, Paris. Available at: hitps://www.iea.ors/reporis/nel-zaro-

roadman-a-y
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59.

60.

to greenhouse gas emissions from oil and gas to fall faster in the IEA NZE scenario than
would otherwise be the case for scenarios aiming for the same temperature goal. The IEA
highlights that under these more equitable assumptions, emissions in advanced
economies are reported to fall nearly 2 times faster in the current decade compared to
emissions in emerging market and developing economies.®°

While the specific interpretation and implementation of international equity in stringent
mitigation scenarios can vary, the implications of a more equitable perspective are in my
opinion firmly illustrated by the updated IEA NZE scenario: a stronger emphasis on
emissions reductions in developed country regions and a stronger emphasis on absolute
reductions in oil and gas — to provide a more equitable proposition to developing country:
region contributions. Given the status and world-renowned energy modelling expertise of
the International Energy Agency, the IEA NZE scenario can serve as a technically sound and
authoritative illustration of what it means if a more equitable approach to scenario design
would be taken, showing that it is technically feasible to implement more equity-aligned
deviations of cost-effective 1.5°C scenarios.

The IEA explores the implications of considering equity in the distribution of efforts in the
energy sector, already indicating a markedly faster absolute emission reduction in
advanced economies compared to emerging market and developing economies.
Considering equity related to the distribution and scale of AFOLU emissions reductions
would further point towards a sharpening of emissions reductions in developed countries
and other sectors compared to the regional and sectoral distribution in IPCC C1 scenarios
compatible with limiting warming to 1.5°C with no or limited overshoot.

Name: Joeri Rogelj
Titie: Professor of Climate Science and Policy

¥ See reference footnote 79, Box 2.1 — Integrating equity into the NZE Scenario design, page 59
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Annex | — verification of calculations: details

This list restates the steps that were laid out in Appendix A of ER-AH2 and which were followed for the
verification and attempted reproduction of the ER-AH2 analysis. References have been updated in
square brackets to fit their new context:

“

a) Scenarios are sourced from AR6 Scenario Explorer hosted by 1IASA (version 1.1),
which is the full set of modelled climate change mitigation scenarios submitted to the
IPCC to support its 6th Assessment Report.

b) [ER-AH2] then refine(s] this overall scenario set to three subsets; (1) Cla, (2} all of C1,
and (3) the scenario set identified by Schleussner et al. (2022}[%] which is a subset of
Cla and C2 scenarios.[*?]

¢} Select the relevant variables from the scenarios; these are the variables labelled
“Primary Energy|Coal (Ei/yr) (TOTAL)}", “Primary Energy|Qil (EJ/yr) (TOTAL)",
“Primary Energy|Gas (EJ/yr} (TOTAL)", “Primary Energy|Biomass (El/yr) (TOTAL)",
“Carbon Sequestration|Land Use|Afforestation (MtCO2/yr)”, “Carbon
Sequestration [Land Use (MtCO2/yr)” and “Carbon Sequestration|CCS (MtCO2/yr)
(TOTAL)".

d) Eliminate scenarios that exceed 3.6 GtCOz/year removals via afforestation for using
land use CO; sequestration as a proxy where afforestation is not reported[*3]) in
2050. Eliminate scenarios that exceed 100 El/year or 135 El/year primary bioenergy
use in 2050. Eliminate scenarios that exceed 1.25 GtCO; sequestration via CCS in
2030.

Scenarios that do not report a minimum set of relevant variables are excluded from the calculation.
This means that reported values are required for all variables listed under item c) of the list above,
except for the variables “Carbon Sequestration|lLand Use|Afforestation (MtCO2/yr)” and “Carbon
Sequestration|Land Use (MtCO2/yr)” of which at least one of the two has to be reported.

81 Sehleussner, C.-F., Ganti, G., Rogelj, J., Gidden, M.)., 2022, An emission pathway classification reflecting the
Paris Agreement climate objectives. Communications Earth & Environment 3, 1-11.
https://doiore/10.1038,/343247-022-00457 -w

82 Note that the scenario set identified by Schleussner et al (2022; see reference footnote 81) consists of a
subset of Cla scenarios. As per Table 2 and Figure 1ain Schleussner et al (2022), and does not contain and C2
scenarios {which return warming to 1.5°C after a high overshoot).

8 n this analysis, “Carbon Sequestration|Land Use (MtCO2/yr)” was used instead of “Carbon

Sequestration | Land Use| Afforestation (MtCO2/yr})” in case the latter was not available, although ER-AH2 does
not specify haw this “proxy” was implemented.
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Table Al.l | Comparison of global reductions in coal, gas, and oil between 2020 and 2030 as
calculated by ER-AH2 and as independently verified by this report. Celis containing ER-AH2’s values
are coloured orange. Independently verified values are reported in light blue cells. ER-AH2's reported
reduction percentages are inaccurate. Particularly for estimates starting from the C1 subset of
scenarios from the IPCC Sixth Assessment Report (scenarios that limit global warming to 1.5°C with no
or limited overshoot), numbers reported by ER-AH2 show a drastic underreporting of the magnitude
of global reductions required in oil and gas. Rows with clear discrepancies in the ER-AH2 estimates are
highlighted in red and bold. n/a refers to values that were not reported in ER-AH2 but were deemed
of interest to be included in the verification set for completeness. Calculations based on Achakuwisut
et al. (2023)*, reported in ER-AH2, were not verified and are therefore not included in this comparison.

World .
. ‘ Bioenergy Median percent :hange
Starting scenario Fuel | limit in 2050 2020-2030 (%) Number of
subset (E3/yr) As reported in | Independent scenarios
ER-AH2 verification
Set as described in | Coal 135 95 3 12
Schleussner et al. i
(2022) study no limit =53 -70 29
(subset C1a) i Gas 135 -5 -11 12
:‘ no limit -8 -4 : 29
o | 135 2 a1 12
no limit -3 -6 29
Starting from Cla | Coal 100 75 75 4
" 135 -75 -75 : 10
Gas 100 -20 -20 4
135 -11 -11 10
- Oil 100 8 .8 4
135 -3 -3 10
Starting from C1 Coal 100 76 .78 14
o 135 -78 -78 28
Gas 100 28 -31 14
135 -33 -28 28
oil 100 4 -26 14
135 -3 -13 28

8 Achakulwisut, P, Erickson, P., Guivarch, C., Schaeffer, R., Brutschin, E., Pye, S., 2023. Global fossil fuel
reduction pathways under different climate mitigation strategies and ambitions. Nature Communications 14,
5425. hitps://doi.orz/10.1038/541467-023-41105-z
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Table Al.2 | Reductions in coal, gas, and oil between 2020 and 2030 for developed countries for all
cases shown in Table Al.1. Developed country data is based on the RSOECDI0+EU region as defined
in the model registration for the IPCC AR6 scenario database and which covers the OECD, the EU, and
EU candidate countries. The ER-AH2’s column is greyed cut as the report did not cover reductions at
the regional level and therefore no comparison data is available for this table.

Developed countries
Bi Median percent change
Starting scenario | fuel Iin:ﬁei:eggzo 2020-2030 (%) . Number of
subset ; (E1/yr) Asreportedin | Independent scenarios
i ER-AH2 verification
Set as described in | Coal 135 n/a 79 12
Schleussner et al. -
(2022) study ) no limit n/a -82 29
(subset C1a) Gas 135 nfa -39 12
no limit nfa -28 29
oil 135 n/a -22 12
no limit n/a -21 29
Starting from Cla Coal 100 n/a -85 4
135 n/a 91| 10
Gas 100 n/a -42 4
I D nfa; -2 10
oil 100 nfa -29 4
; 135 n/a =26 | . 10
Starting from C1 Coal 100 n/a 78 14
135 n/a 83| 28
| Gas 100 n/a -42 14
: o 135 n/a -42 28
ol 100 n/a -31 14
B N VR - n/a -30 _ 28
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