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The Social Cost of Carbon
Rising beyond already elevated levels
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Conservative estimates of the Social Cost of Carbon (SCC)

Social Cost of Carbon (in 2020 $)

2.0% Near-Term Rate

Emission Meta-
Year Haam ENE Analysis
2020 190 190 200
2030 230 220 240
2040 280 250 270
2050 330 290 310
2060 370 310 350
2070 410 340 380
2080 450 360 410

Source: EPA (2023)
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Total Global Damages (% of GDP)
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https://www.epa.gov/environmental-economics/scghg

Recent estimates: Climate damages could be 20-50% of GDP in BAU
until 2100, implying SCC in the range of 500-2,000 $/tCO,

Still, many impacts (e.g. biodiversity, geopolitical risks) not quantified
SCC [$/tCO,]
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Discount rate (p)
Percentage change in income per capita
relative to a baseline without climate impacts Source: Bilal/Kanzig (2024)
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https://www.nature.com/articles/s41586-024-07219-0
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4826056
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The three pillars of climate policy
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Introducing carbon removals as the third pillar of climate policy

M ITIGATION

ouse gas emissions (stylised

REI\/IOVALS

+ Solar Radiation Management

1]
207 a Global !
Greenhouse gas emissions (stylised pathway)

Net GHG emissions

Emissions: Non-CO, GHGs o

Net CO, emissions I Emissions: Fossil CO,

M Emissions: Managed land

I Removals: Conventional CDR on land
Removals: Novel CDR methods

Net CO, emissions [ Emissions: Fossil CO,

M Emissions: Managed land
I8 Removals: Conventional CDR on land
Removals: Novel CDR methods

=20

—40

J Gross emissions

Net zero Net zero - - et zero

1
= Mitigation cost of RCP2.6
me Climate damages RCP2.6
—60 | = Climate damages RCP8.5

2100 . . 2010 100
__. Divergence of climate
damages at 5% & 1% sig.
Ll ] .1 T | Ll Ll

2020 2030 2040 2050 2060 2070 2080 2090 2100

:I Gross CO, removals

Percentage change in income per capita
relative to a baseline without climate impacts

(1) Before net zero (1) Before net zero

Sources: Edenhofer et al (2024), Kotz et al. (2024)
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https://www.mohrsiebeck.com/artikel/on-the-governance-of-carbon-dioxide-removal-a-public-economics-perspective-101628fa-2023-0012/
https://www.nature.com/articles/s41586-024-07219-0

The three-pillar model

min SWF = D(E™ A) + C*(M) + CR(R) + C4(4) (1)
{A,R, M}

s.t.E™" = EBAU — M — R

oD QE™ N\
FOC: * +CH M) =0
JE™ O0M oD y .
oD OE™
o + CR(R) =0 >
oD oD
S+ CA ) = 0 y - =G (3)
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The new role of CDR in climate policy

SCC

A* A M* M R* R

Dg4 < 0 e.g. solar radiation
management reduces SCC; _ y economy
in this example, it is a perfect M_l)lETEAUCM = ®

substitute to mitigation and CDR

Inada condition for mitigation: Fossil-free

Thinen Lecture — 10
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The new role of CDR in climate policy

Dy ,Cq B , G Esa Dy ,CR EBAU
A A C]I\y A DE
C
SCC /
—
> L 4 > >
A M
Dg4 < 0 e.g. solar radiation Inada condition for mitigation: Fossil-free

management reduces SCC economy

lim Cjf =
M—EBAU

. »
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The new role of CDR in climate policy

Dy ,Cq B , G Esa Dy ,CR EBAU

SEE

Dr, < 0 e.g. solar radiation Inada condition for mitigation: Fossil-free

management reduces SCC economy

lim CY = oo
M—>EBAU
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SRM as an adaptation measure

Injection of small sulfur particles (aerosols) into Higher concentration levels/lower radiative forcing

require more sulfur = increasing marginal costs

the at h flect light back int
€ atmosphere refiects suniight back Into space SRM reduces the marginal SCC

Radiative forcing [W/m?|

(41}

Sources: MCC Berlin; Meier/Traeger (2022)

25 10 15 20 25 30 35 40 45 50
Sulfur [TgS)
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3958821

Tentative remarks on the game changer characteristics of CDR and
SRM

» Could consider SRM as a way to ‘undo’ the temperature-related damages from net emissions. SRM can, in principle, be
a perfect or an imperfect substitute to CDR and mitigation:

— Perfect substitute: Temperature-induced damages are reduced without further side-effects

- Imperfect substitute: SRM does not reduce damages caused by ocean acidification and induces changing
precipitation patterns

» Uniform technological progress in SRM and CDR implies higher responses in removals than in adaptation if (and only if):

DEECI{\/I/IM(l - HZ)
Cha — > CRp

» Perfect substitute p=1, CDR is favored if C%, > C&,, cost curve seems to be steeper for SRM when CZ, accounts for the
social cost of SRM (rel. to termination risks, env. costs, changes in regional climates, geopolitical risks), adding further
convexity

» Imperfect substitute p = 0, low level SRM deployment; additional SRM is used when SCC are high - temperature
smoothing even if marginal costs of SRM are steep

. = .
Thinen Lecture — 14 e ' = s s T D C{'? .
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Summary: CDR as a game changer for climate policy

» Carbon removal — the third pillar of climate policy — reduces the overall
costs of climate policy by increasing flexibility and relaxing the Inada
condition for mitigation

> CDRis likely to be preferred over SRM if:

(i) its marginal costs are flatter than of SRM. This is plausible due to the
severe termination costs associated with SRM

(ii) SRM is an imperfect substitute to CDR. Then, SRM may only be
deployed at low levels, primarily to smooth the temperature increase
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How to manage the scarce carbon budget?
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Managing the carbon budget: A simple economic rule

» Static optimality implies: SCC(t) = P(t)MAC
» Consider an aggregate net-abatement technology, including removal and mitigation
» Assuming exogenous cost change component P(t)
Growth rates over time: gscc — gp = Imac ,» With gp < 0 denoting cost savings in net abatement
» When ggcc — gp > 0, marginal abatement cost MAC grows over time (gyac > 0)

» As there is no Inada condition for the net-abatement technology, net emissions become negative when MAC
sufficiently large

» The larger the growth rate of the SCC and the faster the cost-saving technological progress, the earlier the
time when the economy becomes net-negative

" a .
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Overshoot: The Inada condition over time

MAC with CDR MAC w/o CDR

scc
—at t=2
P

scc
— at steady state

net negative EBAU=Q net positive E

Thinen Lecture — 18

Initially (t=1), emissions are positive as MAC is high and SCC low

» Temperature levels increase - SCC

' — >0
increase as damages are convex 9scc — gp

hence, SCC/P grows
» Additionally, costs of net-abatement fall

Later (t=2), emissions become negative as SCC/P has increased
substantially

» Mitigation is close to 100%

» Net-abatement is largely driven by technological progress in
removal technologies (not mitigation)

» With negative emissions, temperatures fall and SCC decline again

Steady state possible if technological progress ceases and SCC are
constant (at net-zero emission level)



Overshooting depends on expectations about technological change

Emissions Temperature

Large future
Large future cost reductions

cost reductions

Small future
cost reductions

Small future
cost reductions

Time

Thiinen Lecture — 19 . ﬂ ?Q:_@E% Zﬁ’? .
McC i‘n === >

Association



“Overshoot” allowed by more intertemporal flexibility in a
cost-effective analysis

Markedly different emission pathways Peak difference
fulfill same carbon budget in global warming 0.35°C
(A)
A Budget 221 a)
40 //- & Flexibility J
/M/{ffﬁf\\ == Minimum overshoot 0
304 L }fv == Overshoot 1.8 1
/’j/~ ’,A/V/
204 o 1.6 1

B
N
A

e
N

-101 \
a \

Overshoot = Zero by
2050 and Negative
emissions thereafter Source: Bauer et al. (2023)
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Total CO2 Emissions [Gt CO2 per year]
Surface air temperature anomaly (°C)
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P =Y

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Time (year)
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https://iopscience.iop.org/article/10.1088/1748-9326/accd83

Summary: Overshoot

» Even when positive, net emissions are initially optimal, increasing climate damages and technological
progress lead to net-negative emissions - optimal overshooting

» Overshooting will be large when significant cost-reduction or increasing SCC are expected

» CDR is a hedging strategy against bad climate news (increasing SCC) and bad news about technological
change in mitigation

» For a given carbon budget, additional intertemporal flexibility like borrowing can lead to overshoot

» Steady state with net-zero emissions can be reached when technological progress in CDR has ceased

Thiinen Lecture — 21 '
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The choice of CDR technologies
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Managing the carbon cycle

Atmosphere

)

iFoss:I/bfogemc CCS > Sinks

carbon |

Source: own representation based on Carbon Gap (2022);
Smith, Geden, Nemet et al. (2024)
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https://carbongap.org/wp-content/uploads/2022/11/Carbon_Gap_White_Pater_Oct22_updateCRCF.pdf
https://www.stateofcdr.org/resources

Novel CDR methods need to be developed and deployed

reforestation

~ Conventional CDR on land ~ blochar - Novel CDR -,
afforestation/ : i

. s, €enhanced
m’.“ 3 . rock
w weathering

<
o\

soil carbon

. durable ﬁ
sequestration
G harvested
wood ocean fertilization DACCS
products

Slide adapted from M. Franks (PIK)
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A CDR portfolio approach relies on varying regional contributions

» Carbon removal potential and relative
competitiveness of CDR options vary by region

» Developing a diverse portfolio of CDR options
enables all countries to deploy significant quantities

» A diverse portfolio increases CDR availability while
reducing reliance on individual options (like BECCS)

Thiinen Lecture — 25

Regional CDR deployment in 2100 [GtCO,/yr]

Enhanced Weathering

Source: J. Strefler (PIK)



The economic value of non-permanent carbon removals

» Many removals do not store carbon for infinite time
» Extreme case: CCU (where carbon is stored for months in products like synfuels)

» Conceptually, we can differentiate permanent removal P and non-permanent
removal R in a simple dynamic model

min NPV (Damages + Cost)

Subject to:
dX
Atmospheric carbon stock —=F—-—P—R+ 67 E =Emissions
dt > _
S > P =Permanent removal
& I
47 ¢ &A"“ R = Non-permanent removal
Non-atmospheric carbon storage d_ =R —467 0Z = Release from removal at rate 6
t

. N .
Thiinen Lecture — 26 s “"E MCE?.‘. _ %__%_—2 {{%}



Non-permanent removals do not change the climate target
but allow for intertemporal cost smoothing

Panel (a): Flows

30

Gross emissions (fossil energy)

» Use of non-permanent removals for 20 —————
cost-smoothing O / Permanent removals
O
m T . . - - - -
» Sisyphean task of managing 10—

Non-permanent removals
the carbon cycle P

0
2000 2100 2200 2300 2400

Source: Franks et al. (2024)

~
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4828800

Summary: Choice of technology

> CDR is an important set of technologies which enables the industrial
management of the carbon cycle when combined with CCU and CCS

» Developing a diverse portfolio of CDR options enables all countries to
deploy significant quantities

» The value of non-permanent carbon removals is reflected in the social
cost of removals, which differs from the social cost of carbon emissions

» The regulator has to fulfill a “Sisyphus-like” task to replace non-
permanent removals continuously

» Therefore, the subsidies of non-permanent removals are lower than the
price of permanent CDR, depending on the storage time

» Non-permanent removals allow for intertemporal cost-smoothing

. gy A N
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CDR and international cooperation
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A simple cooperation game

» Extend cooperation model (Barret) by mitigation M and removal R

» N symmetric countries maximize individual pay-offs

c
2

r

7Ti=bM— >

M? — =R?

» Key extension: mitigation causes supply-side leakage LR

» Aggregate net emissions:

M= N((1-LR)M; +R;)

Thinen Lecture — 30
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Strategic aspects of mitigation and CDR for an individual country

» Mitigation may cause carbon leakage
(LR) on fossil fuel markets

» l.e., LR% of domestic mitigation is offset
by emission increases abroad

CMl'

b=1"T1r

> Removal does not create leakage on
fossil fuel markets

b:T'Ri

Thinen Lecture — 31

Marginal costs
and benefits

MRC
TRi
MAC with leakage
CMi
1— LR MAC
CMl'
b .
Rl Ml Mi MURL



Nash equilibrium of climate policy

» Socially optimal net mitigation

» Mitigation in Nash equilibrium

» Relative short-fall in abatement

lllustration for N=5, LR=30%:

Technological progress in CDR can
increase international ambition level
considerably (here by 60%)

Thinen Lecture — 32

]\7I*=N2(

b b
., 0)

c r

MY =N (2(1 - LR)? +2)

N 1 (1-LR)?+%
M* N 1=
Leakage Relative slope marginal removal over
LR marginal mitigation cost curve, r/c

0,1 05 1 2 4
0% 0,20 0,20 0,20 0,20 0,20
30% 0,19 | 0,17 0,15 0,13 0,12




Including terms-of-trade effects: Mitigation

» X fossil fuel exporters, N-X fossil fuel importers

» Mitigation reduces (global) fuel demand,
reducing fuel prices

gain from a terms-of-trade effect
o that scales with M;, implying higher mitigation

b_CMi—O'/(N—X)
B 1—LR

» Exporters lose accordingly,
implying lower mitigation
_cM;+o/X
~ 1-1LR

Thinen Lecture — 33

Marginal costs

and benefits
MAC with leakage

MAC /w leakage &

ToT (exporter)

cMi+o/X

) MAC
1-LR

CMl'

(

MAC /w leakage &
ToT ( )

cM;—c/(N-X)
1-LR

(

)




Including terms-of-trade effects: Removal

_ _ Marginal costs
» X fossil fuel exporters, N-X fossil fuel exporters and benefits

MRC /w leakage &
» Removal increases (global) fuel demand, ToT ( )
increasing fuel prices R+ /(N = X)

MRC

lose from a terms-of-trade effect ¢ that
scales with M;, implying lower removal

b=7rR,+{/(N—X)

MRC /w leakage &

» Exporters gain accordingly, implying higher
ToT (exporter)

removal
T'Ri — (/X

b=rR,— (/X

7
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Implications for climate policy design in a Nash equilibrium

wr

» Leakage: Carbon price on mitigation is lower than on removals
» Terms-of-trade effects:

» Importers increase carbon price on mitigation (relative to CDR)

» Exporters increase carbon price on removals (relative to mitigation)

» We should expect oil exporters to strongly subsidize CDR

» EU should impose a tax on oil and gas of 60 $/tCO, in order to
capture resource rents

Thiinen Lecture — 35



... further cooperation incentives are needed for the social optimum

Climate clubs, tariffs, technology protocols
» Nordhaus (2015); Lessmann et. al. (2009)

International Transfer schemes

» Kornek/Edenhofer (2020)
» Finus et al. (2024)

The potential of SRM to enhance cooperation
in mitigation seems to be limited

» Finus/Furini (2024)
» McEvoy (2024)
» Meier/Traeger (2022)
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https://www.aeaweb.org/articles?id=10.1257/aer.15000001
https://www.sciencedirect.com/science/article/abs/pii/S0264999309000194?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0014292120300556?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0165176523005074?via%3Dihub
https://link.springer.com/article/10.1007/s10018-024-00407-2
https://www.journals.uchicago.edu/doi/10.1086/728140
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3958821
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The case for a European Carbon Central Bank
Prices versus quantities meets European reality

SSSSSSSSSSS



CDR expenditures likely amount to billions and trillions by 2050

Needs 5-15 GtCO, 0.3-0.6 GtCO, Smith et al. (2024
EU Commission @)
Costs 100-300 $/tCO, Y commision (2818
EXpenditU res I erps Exchange rate $/€: 0,90
€450-4,000 billion €30-160 billion (¢ 2019-23)
GDP in 2023 €83 trillion €11 trillion World Bank (2024);
EUROSTAT (2024)
in 2050 €142 trillion €19 trillion
Expenditures o
[in % of GDP] 0.3-3%
Thinen Lecture — 38

Assumed growth rate/yr: 2%
Note: Back-of-the-envelope calculation; based on Edenhofer et al. (2024) for global and Edenhofer/Leisinger (2024) for EU-wide expenditures
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https://www.stateofcdr.org/resources
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52024SC0063
https://climate.ec.europa.eu/system/files/2018-11/com_2018_733_analysis_in_support_en.pdf
https://data.worldbank.org/indicator/NY.GDP.MKTP.KD
https://ec.europa.eu/eurostat/databrowser/view/prc_ppp_ind/default/table?lang=en
https://www.mohrsiebeck.com/artikel/on-the-governance-of-carbon-dioxide-removal-a-public-economics-perspective-101628fa-2023-0012/
https://www.klima-warnsignale.uni-hamburg.de/buchreihe/herausforderung-wetterextreme/

“First-best” CDR integration can halve long-run ETS allowance prices

Sector emissions under status quo
BECCS and DACCS excluded from EU ETS

e
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Source: Sultani et al. (2024)
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Sector emissions under CDR integration
BECCS and DACCS integrated into EU ETS

Emissions [MtCO, ] and allowances [million EUA]

2020 2025 2030 2035 2040 2045 2050 2055

Electricity (incl. BECCS) [l Industry [l Aviation — Cap (EUA)

Heat Maritime [JJj DACCs
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Allowance Price [ EUR/CO, ]

Allowance prices
Without/with BECCS and DACCS integration
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— with CDR integration == without CDR integration

Assumption: Banking constrained from 2045 onwards
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https://www.cesifo.org/en/publications/2024/working-paper/sequencing-carbon-dioxide-removal-eu-ets

How to make emissions trading fit for net-negative?

First step: Integrating removals in the EU ETS

» If a firm removes and permanently stores a ton of CO,, it can generate a
removal credit and sell it in the ETS

» Cost-efficient abatement and removal

Problem: Integration can ensure net-zero emissions (where all residual
emissions are offset) but not net-negative emissions

» Either, government would need to buy additional removal credits and
bank/delete them (at high fiscal costs & uncertainty about the optimal time path)

» Or, creation of clean-up certificates to increase intertemporal flexibility of the ETS

Thinen Lecture — 40
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The augmented ETS with integrated carbon removals

1. Integrating CDR in conventional EU ETS

Carbon price -t/

Carbon price = marginal net abatement
cost for net-zero emissions

No carbon debt

Carbon price moves with marginal
net abatement costs for net-zero;
it falls with technological progress

— No carbon debt

=X I ettt sttt

7 T T T

Net emissions Q =----- Atmospheric carbon stock X Time Source: Lessmann et al. (2024)
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4875544

Emission trading with clean-up certificates

1. Integrating CDR in conventional EU ETS
2. Issue Clean-Up certificates (emit now, remove until T)

Carbon price -t/

Additional emissions with
clean-up certificates

Temporary overshoot
of the budget until T

No carbon debt ===== A7 =0

Carbon price falls (less
mitigation), but increases
in net-negative phase

— Mo carbon debt =—— A% =0
o
g
w
5> B X(T _
@ (T) Ho
()
0 ~H5
L , \ Clean-up phase until T,
., T T yill then net-zero phase
Net emissions Q ----- Atmospheric carbon stock X

Thiinen Lecture — 42

7 7 T
Time Source: Lessmann et al. (2024)
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4875544

Exploiting intertemporal efficiency gains:
Lower carbon prices with higher ambition levels are possible

1. Integrating CDR in conventional EU ETS

Carbon price -/

2. Issue Clean-Up certificates (emit now, remove until T)

3. Reduce the conventional cap - Win-Win

At T, lower atmospheric
carbon stock = higher
climate ambition!

— No carbon debt —— A2=0 — A? =05

Initially, lower carbon prices

LT

Thiinen Lecture —43

than in case 1. > lower cost —— - !
of climate policy! hIvh 7 T

Net emissions Q ----- Atmospheric carbon stock X Time Source: Lessmann et al. (2024)


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4875544

The case for a European Carbon Central Bank

ECCB pays back the collateral
when the removal is successful

Sells clean-up Sells a (tradable)

certificates collateral

Emitter pays a
collateral to the ECCB

. 4 N _ o .
Thinen Lecture — 44 1 = 0 L O .
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The case for a European Carbon Central Bank

Are clean-up certificates an attractive option for firms?

D

» Yes, if current carbon price is lower than the future
marginal removal cost in the net-negative phase, i.e.

t p(O) < e_rtMRC(t)|t>tnet—negative

Thiinen Lecture — 45 '
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Functions and challenges related to a European Carbon Central Bank

Functions

» Overshoot can be controlled directly
» Addresses the commitment problem of the regulator

» Creates a CDR market with strong enforcement capacity
(“lender of last resort”)

» Creates a market for scaling up CDR

Challenges

» Unintended distributional consequences
» Weak mandate might lead to soft intertemporal budget constraint
» Unpriced land-use emissions might induce adverse effects on biodiversity

» Lack of democratic legitimacy
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Taking stock
Why is CDR a gamer changer in climate policy?

SSSSSSSSSSS



Conclusion

» Carbon removals enable management of overshoot and smooth the costs of transition:
CDR creates large sectoral and intertemporal flexibility

» Seemingly, adaptation is the game changer for climate policy. However, SRM becomes increasingly constrained
because of steeper marginal costs compared to CDR. Additionally, the social costs of carbon become steeper over time

» Instead, CDR is the game changer for climate policy. Technological progress in the CDR sector lowers the amount of
mitigation and adaptation, and reduces the costs of climate policy significantly

> CDR can help enhance international cooperation. Carbon removals unravel the geopolitics of residual emissions and
can contribute to enhancing international cooperation

» A European Carbon Central Bank could manage the overshoot, address the liability problem of the regulator and act as
lender of last resort in case of (strategic) bankruptcy of firms
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Thank you!

www.pik-potsdam.de
www.mcc-berlin.net

Twitter / X: pik_klima (DE) / pik_climate (ENG)
Mastodon: pik_climate
LinkedIn: Potsdam Institute for Climate Impact Research (PIK)

Facebook / Meta: Potsdam Institute for Climate Impact Research (PIK)

Instagram: pik_klima
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