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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.3886,/E224281 We analyze the effects of policy transition risk on asset pricing and the green transition using
\2! a global two-sector, macro-finance model of climate and the economy. Policy transition risk
JEL classification: results from probabilistic changes between three policy states: no, modest, and ambitious
D81 carbon pricing. We show that policy transition risk leads to carbon premiums (i.e. higher
GO1 expected returns on brown than on green assets), especially if the economy is still quite carbon-
G12 intensive and close to the temperature cap, and thus accelerate the green transition. Increased
Q5 transition risk leads to more precautionary saving and falls in the risk-free rate. We offer
Q54 extensions to deal with physical risks (temperature-related risk of climate disasters and climate
Keywords: tipping), technology transition risk, and more realistic policy tipping with endogenous transition

probabilities.

Carbon premium
Green transition
Policy transition risks
Physical risks

1. Introduction

Central bankers, other policy makers, and investors are increasingly concerned about transition risks related to global warming
highlighted by the former Governor of the Bank of England in his speech on breaking the tragedy of the horizon (Carney, 2015).
Transition risks can originate from a sudden stepping up or reversion of climate policies, a breakthrough in green technologies, or
a sudden shifts towards green consumer preferences (e.g. Campiglio and van der Ploeg, 2022). Central bankers have used scenarios
developed by the Network for Greening the Financial System (NGFS) and conducted stress tests to see how robust the economy is
to transition and physical risks. In contrast, we analyze the effects of transition risk on asset prices and the green transition using a
calibrated two-sector macro-finance model of the economy and the climate, and focus mainly on policy transition risk. We do not
use fixed scenarios to capture transition risk, but capture policy transition risk by stochastic transitions between various climate
policy states (e.g. no, modest, and ambitious carbon pricing). Policy tipping is reversible as it can also go back from ambitious to
modest or no carbon pricing. Our objective is to investigate the implications of policy transition risk on emissions, financial markets,
and the economy, in particular on carbon premiums and asset prices, and on the speed of the green transition. Our contributions
are as follows.
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First, we demonstrate that policy transition risk implies that climate policies are on average more ambitious than business as
usual but less ambitious than the first-best optimal policies. Furthermore, policy makers may price carbon more aggressively than
when policy makers do not face transition risk to make up for time lost by previous policy makers who did not price carbon and
thus pushing the economy closer to the temperature cap.

Second, we find that at the time policy tips to modest or ambitious carbon pricing, green share price rises while brown share
prices fall, and conversely when carbon pricing becomes more lacklustre. At the time the climate tips, both green and brown share
prices fall. At the time negative emissions technology becomes available, green share prices jump down and brown share prices
jump up while the carbon price falls. The news effects on share prices are much bigger for policy than for climate or technology
tipping.

Third, we show that policy transition risk stemming from a change in the policy state from no to positive carbon pricing,
and possibly back again gives rise to positive carbon premiums. A novel feature is that the carbon premiums in our analysis are
particularly high if the risk of overshooting the temperature cap is high, since then policy makers will have to ramp up carbon
prices to bring fossil use down. These two types of policy risk help to explain the empirical evidence for such premiums since 2015
by Bolton and Kacperczyk (2021, 2023).! and for a wider set of pollutants by Hsu et al. (2023).> We thus provide an explanation why
risk premiums on carbon-intensive assets have been consistently higher than those on greener, more climate-friendly assets, and why
the resulting carbon premiums speed up the green transition. We also provide a mechanism of how the risk of tightening climate
policy affects the pricing of brown assets as in Bouman (2023) and Campos-Martins and Hendry (2023).® The same mechanism leads
political transition risk to increase demand for precautionary savings and curb the risk-free interest rate considerably if temperature
is close to its cap. The carbon premiums encourage firms to invest more in green than in brown capital, and accelerate the green
transition.

Finally, we consider various extensions to deal with physical risks (i.e., temperature-related risks of recurring climate disasters
and irreversible climate tipping), technology transition risk related to negative emissions technology, and more realistic models of
policy tipping.

To establish these results, we specify a two-sector DSGE model of climate and the economy with fossil fuel, renewable energy,
and a wide array of economic, climate, and damage risks (cf. Hambel et al., 2024). There is limited substitutability between the
two types of energy. Investments and capital reallocation from the brown to the green capital stock are subject to intertemporal
and intrasectoral adjustment costs. We abstract from directed technical change towards green technologies (e.g. Bovenberg and
Smulders, 1996; Acemoglu et al., 2012; Casey, 2023), but instead have learning by doing in renewables production. Temperature is
driven by cumulative emissions.* We allow global warming to adversely affect output as in the seminal DICE model (e.g., Nordhaus,
2017), but in our extensions also to increase the risk of recurring climate-related disasters (cf. Karydas and Xepapadeas, 2022;
Hambel et al., 2024), and the risk of climate tipping (cf. Lemoine and Traeger, 2014; van der Ploeg and de Zeeuw, 2018; Cai and
Lontzek, 2019). If policy makers price carbon, they internalize these externalities. Our more realistic climate policy scenarios are
calibrated to those in Moore et al. (2022).

In our extensions, we also allow for technology transition risk and two types of physical risks. The former comes from the
emergence of a negative emissions technology at an uncertain future date, and thus corresponds to 2 states.° The two physical
risks correspond to the temperature-related risks of recurring climate-related disasters® and irreversible climate tipping. The latter
risk is captured by 3 climate states to allow for upward jumps in the sensitivity of temperature to cumulative damages and in
damages to aggregate production. We also allow for an intermediate policy tipping state with endogenous transition probabilities.
We then have a three-dimensional Markov chain to allow for technological, and climate, and policy tipping with 2x3x3 = 18 states.

While the effect of climate tipping points and feedback loops in the temperature dynamics on the social cost of carbon have been
studied in an aggregate growth model of the economy (e.g. Lemoine and Traeger, 2014; Cai et al., 2016; Cai and Lontzek, 2019;
Hambel et al., 2021; Olijslagers et al., 2023), these studies did not adopt a two-sector model of the economy to discuss the effects of
physical climate risk on financial markets nor did they discuss policy transition risk. In contrast, we show how those risks are priced
in by financial markets, and lead to higher risk premiums and an increased demand for precautionary savings curbing the risk-free

1 Similarly, Delis et al. (2019) have found that banks price in climate policy exposure, especially after 2015, and also charge higher loan rates to fossil fuel
firms. Ivanov et al. (2024) show that high-emission firms face shorter loan maturities, lower access to permanent forms of bank financing, and higher interest
rates. Others have found mixed or even contrary evidence and thus challenge the existence of carbon and pollution premiums (e.g. Pastor et al., 2021; Bauer
et al., 2022; Ardia et al., 2023; Aswani et al., 2024; Zhang, 2025; Hambel and van der Sanden, 2025 among others). Bolton and Kacperczyk (2024) have given
a robust defense of their results in response to Aswani et al. (2024). However, Zhang (2025) argue that emissions grow linearly with firm sales, data is only
available to investors with significant lags, and the positive carbon premium arises from the forward-looking firm performance information contained in emissions
rather than from risk premiums. They show that, after accounting for the data release lag, the carbon premium turns negative in the U.S. and is insignificant
globally.

2 Hsu et al. (2023) find an annual pollution premium of 4.42% and suggest that this may stem from environmental litigation.

3 These studies extract climate news from newspapers using textual analysis and show how these news affect risk premiums in the U.S. equity and corporate
bond markets.

4 See Matthews et al. (2009), Allen et al. (2009), and Dietz and Venmans (2019) for discussion and justification.

5 Negative emissions technologies such as direct air capture and storage are not yet competitive as their current marginal removal costs exceed by far current
carbon prices (e.g., Rebonato et al., 2023). Technological breakthroughs can make those technologies competitive and allow removal of carbon dioxide from the
atmosphere. Those technologies are essential for the target of net-zero emissions.

6 We extend Cai and Lontzek (2019), who focus on climate tipping only with a one-sector DSGE model, by allowing for brown and green capital stocks and
for two types of transition risks as well as the recurring risk of extreme weather events in a two-sector DSGE model of climate and the economy.
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interest rate.” Hambel et al. (2024) used a two-sector economy to analyze the effects of climate disasters and climate tipping on
asset prices and the first-best optimal carbon price, but did not analyze the topical question of the effects of policy transition risk
on carbon premiums and the speed of the green transition.

Hsu et al. (2023) use a reduced-form continuous-time model of asset pricing to derive the effects of policy transition risk and
exposure to this type of risk for high and low emissions firms on the long-short portfolio of high versus low emission firms’ expected
stock returns. This demonstrates that the carbon premium compensates investors for uncertainty about whether the strong regulation
would be implemented in the future. Furthermore, the carbon premium is higher if policy uncertainty is greater. These partial
equilibrium insights guide our discussion of carbon premiums in our full-blown DSGE model of climate and the economy with
policy transition risks. Our analysis highlights that a quantitatively additional form of policy transition risk resulting in particular
high carbon premiums occurs if the risk of being close to the temperature cap is high.

Barnett (2024) is most closely related to our paper. It investigates transition risk within the context of a DSGE model but we
allow for a richer structure and interactions between climate tipping risk, political risk, and risk of a technological breakthrough of
negative emissions technology, richer structures of policy tipping, imperfect substitution between the energy types, and intra-sectoral
adjustment costs. We also allow for temperature-related risks of recurring climate-related disasters and exogenous risks of recurring
Barro-style macro disasters. In contrast, Barnett (2024) shows how climate-changed linked expectations of fossil fuel restrictions
can lead to a run on fossil fuel and confirms this empirically with a measure of innovations in the climate-related transition risk
likelihood.

Section 2 presents our model of climate and the economy. Section 3 explains how we solve and optimize our model. Section 4
provides our calibration and core simulation results. Section 5 discusses extensions. Section 6 concludes.®

2. A two-sector macro-finance model of climate and the economy
Production of green and brown goods. Final goods are produced in two sectors. Total output is the sum of outputs produced in the
two sectors, Y =Y, +Y,.7 Outputs of both sectors n € {1,2} follow from the Cobb-Douglas production functions

Y, = A, K, " E" A(T), .1

where K, is the capital stock of sector n and E, is an energy composite consisting of renewable energy and fossil fuel.' The
Cobb-Douglas weight 0 < , < 1 and total factor productivity A, > 0 are sector-specific constants. Here, T denotes global mean
temperature relative to the beginning of the industrial revolution. It affects sectoral output negatively via a smooth damage function
A,(T) with A,(0) =1 and limy_ o, A,(T) = 0. The energy composite is (cf. Golosov et al., 2014)

L
E, = (k1,,Gi" + x5, F7" ) on (2.2)
where «;, > 0 and p, < 1 may be positive or negative. Here G, and F, denote renewable (or green) energy and fossil fuel use in
sector n, respectlvely I The elasticity of substitution between the two energy sources in sector n is ¢, = ;p We suppose that the

second sector relies significantly more on fossil fuel use than the first sector. We thus refer to the first sector (n = 1) as green and to
the second sector (n = 2) as brown.

Dynamics of green and brown capital. Let I, be the investment rate in sector » and R the rate at which brown capital can be converted
into green capital. Investment is subject to quadratic intertemporal adjustment costs (cf. Pindyck and Wang, 2013). The conversion
of brown into green capital incurs quadratic intrasectoral adjustment costs. One dollar of brown capital can thus be converted into
less than one dollar of green capital where the wedge increases in the amount being converted. The depreciation rates of the physical
capital stocks are 6 > 0, n € {1,2}. The capital stock dynamics of the green and brown sector are

2
1 I 1 R?
dK, = (1 —E(p]K HR= K= K])dt+K1¢7]dWl K,_tdN (2.3)

2
L1
dK, = (12 - szé ~R- 5§K2)dz + Kzaz(pldeVl +1/1- pfdez) - K, ¢dN

where ¢, > 0, n = 1,2, are the investment adjustment cost parameters, x > 0 the capital reallocation cost parameter, and W, and
W, two independent Brownian motions. The parameter p,, denotes the instantaneous diffusive correlation coefficient between the
Brownian shocks of the two capital stocks. The process N is an independent point process modeling the risk of macroeconomic
disasters, where the disaster intensity 4 is constant (Barro, 2006, 2009; Barro and Jin, 2011). The probability for a jump to occur

7 In contrast to, for example, Kelly and Tan (2015), we abstract from learning about climate parameters.

8 Proofs, the numerical solution algorithm, calibration details, and further simulation results and robustness checks are presented in the appendices.

9 We have perfect substitution between the two outputs. Imperfect substitution does not change the qualitative nature of the results much (Hambel et al.,
2024).

10 There is an additional production factor, i.e. labor, which is subsumed in total factor productivity A,. This production function allows for endogenous
technical change, since the Cobb-Douglas weights add up to one.

11 1f p, < 0, the elasticity of substitution is smaller than one, and the energy inputs are complements within a sector. For p, > 0, the elasticity of substitution
is larger than one. Thus, the energy inputs are (imperfect) substitutes within a sector, and it is possible to fully replace one energy form by another within that
sector, see Golosov et al. (2014). For p, =0, the energy composite collapses to a Cobb-Douglas aggregator.
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over a small time interval dr is Adr and the expected waiting time to the next jump is 1/A. The parameter # denotes the corresponding
jump size which is drawn from an i.i.d. process, but independent of the Brownian and Poisson shocks in the model. The corresponding
recovery rate is denoted by Z =1 — #. We suppose that the jump sizes are the same for both types of capital.'?

The total stock of capital is defined by K = K, + K, and the share of brown capital by S = — ’izkz. The dynamics of K and S are
1
discussed in Appendix A.3.
Equilibrium conditions. Consumption is output net of investments and energy costs,
C, =Y, —1,~by(S)G, ~b,F,, 2.4

where b, = b,(S) denotes the real price of one unit of green energy. During a green transition, green energy becomes more
competitive due to learning by doing, so b; (S) > 0." The technology for producing fossil fuel is mature, so that its unit cost b, is a
constant. Consumption goods are perfect substitutes, so that aggregate consumption is C = C; +C,.'* Our analysis gives qualitatively
similar results with imperfect substitutes (e.g., if aggregate consumption is a CES aggregate of the consumption goods).

Dividends. Empirically, dividends are more volatile than consumption (e.g. Bansal and Yaron, 2004) and much more so if disasters
hit the economy (Longstaff and Piazzesi, 2004; Wachter, 2013). This is because dividends are only a small part of household income,
while labor income is the largest part of household income and is much less volatile than dividends. Following Wachter (2013),
among others, we thus model dividends as leveraged consumption, &, = C,‘f’ with leverage parameter ¢ > 1.'°

Climate part. Following Allen et al. (2009) and Matthews et al. (2009), global mean temperature T rises in cumulative net emissions.
Hence, we specify the change in temperature by

dT = V(F, + F,)dt + opdWs, (2.5)

where 9 is the transient climate response to cumulative emissions (TCRE), Wj; is a third standard Wiener process (independent of
Wy, W,, and N), and o7 is the temperature diffusion coefficient. Emissions are v(F; + F,), where F, denotes fossil fuel use measured
in gigatons of carbon in sector »,'® and the emission intensity per unit of fossil fuel use, v, evolves according to dv = v_{[g,dr — ‘}(—K]
If g, is smaller than the expected economic growth rate, the emission intensity declines in expectation.

Policy tipping. The Markov chain for policy tipping X? distinguishes two policy states:

(i) No carbon pricing (BAU) In this business-as-usual state (X? = 1) policy makers ignore the adverse effects of climate change
on the economy, but financial markets price in policy transitions risks.

(ii) Carbon pricing (CAP) In this state (X? = 2), policy makers set the carbon tax to internalize the adverse effects of warming on
aggregate production and ensure that temperature stays below a cap of T,,, = 2 °C, in line with the Paris agreement. If the
cap is exceeded, a binding constraint comes into force so that fossil fuels cannot be burnt anymore: F;, = F,, = 0if T; > T,
If this constraint bites, carbon prices exceed the usual social cost of carbon.

ap*

A transition from one policy regime to another arises if policy makers change their climate ambition or there is a change of
policy makers (e.g., due to an election). Financial markets anticipate such policy transition risks and price them in asset returns.
For our calibration the binding temperature cap bites as just internalizing damages to output gives temperatures above the cap. The
cap introduces not only higher carbon prices but also more urgency: if policy makers have waited too long with switching to carbon
pricing, it becomes more and more difficult and costly to get temperature below the cap again.

Recursive preferences. Households have identical recursive preferences (Epstein and Zin, 1989); we use the continuous-time version
(Duffie and Epstein, 1992). The value function (indirect utility function) of the representative household J is recursively defined by

J(t, K, Ky, T,X") = sup E,[/ f(CS,J(s,Kls,Kzs,TS,Xf))ds], (2.6)
F,.G,1,.R t

oAy

12 since this disaster shock affects both types of capital, it significantly increases the total correlation between the capital stocks; see Hambel et al. (2024).
Besides, we can allow for different jump sizes for the sectors.

13 Costs of solar panels, wind mills, and batteries decline as more of these have been used in the past (Wright’s law).

14 Since both consumption goods are perfect substitutes and investment in a sector is much smaller than output, it does not matter much whether investment
comes out of the good in that sector or there is a single aggregate resource constraint.

15 An alternative to this approach is modeling the consumption-dividend ratio as a stationary but persistent process (e.g. Longstaff and Piazzesi, 2004). In
order to focus on the novel implications of climate transition risk on asset prices, we keep the setting simple although following this approach would also be
feasible in our setting. A more rigorous approach where capital is owned by intermediaries who issue stocks and pay dividends to households is beyond the
scope of this paper.

16 We model fossil fuel as an inexhaustible resource. To test whether exhaustibility matters for our policy simulations, we have studied a model variant that
takes account of the constraint /l; E»‘v"" ds < E, where E denotes the maximum amount of total carbon emissions if all fossil fuel resources were to be exploited.
We find that this constraint is not binding if E is set in line with recent estimates on exhaustible fossil fuel resources, 11,000 GtCO, or 3000 GtC (McGlade and
Ekins, 2015).
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where the aggregator function has the form (y # 1)

cl-1/v
e R S 2 g
f(C.J)=
§(1—y)JIn %) w=1,
(=) =7
y is the coefficient of relative risk aversion (RRA), y the elasticity of intertemporal substitution (EIS), 6 = 1=y ,and 6 > 0 the rate

-1/
of time impatience. Relative risk aversion typically exceeds 1/y, which reflects preference for early resolution of uncertainty. For

I-y
y =1/y or 6 = 1, one obtains time-additive CRRA utility with J(t, K, K, T, X?) = supy. 6 ; g E [/, e_g(:_;)% ds].

Policies and decentralization. Policy makers that are in an active policy state (X? = 2) maximize social welfare (2.6) subject to the
constraints of our model of the climate and the economy while internalizing the global warming externalities and ensuring that the
temperature cap is not violated. The no policy state (X? = 1) corresponds to business as usual, where households and firms do not
internalize global warming externalities or the temperature cap when maximizing their expected utility and the present discounted
value of profits, respectively. Of course, global warming damages do impact the economy but each private agent is too small to take
account of them. Both policy states require solving a dynamic programming problem.'”

A key question is how to implement the social optimum corresponding to the active policy state (X? = 2) in the decentralized
market economy. To decentralize the social optimum requires a specific emissions tax on brown firms that is set to the SCC (see
Eq. (3.1) below), and to rebate the carbon tax revenues as lump-sum payments to brown firms.'® In the market economy brown
firms thus do not internalize global warming externalities or the temperature cap, but they do take full account of carbon taxes and
lump-sum rebates. To decentralize the social optimum it is thus not necessary to subject households or green firms to a carbon tax,
and neither do they get rebates. Of course, under business as usual with no climate or disaster policies (X? = 1), the carbon tax and
rebates are zero.

Our assumption of exogenous transition probabilities and two given policy states is a very stark and simplified presentation of the
political process, but in our view it suffices to demonstrate the effects of transition risk on the economy, financial markets and the
climate. A full political economy analysis of endogenous transition risks and policy stances is beyond the scope of this paper. Some
recent papers offer a political economy analysis of green transitions with dynamic complementarities stemming from evolving green
values and technologies getting cheaper with experience and policy makers that cannot commit future policy makers in democratic
societies (Besley and Persson, 2019, 2023). These papers do not study the effects of transition risk on asset prices, carbon premiums,
macroeconomic outcomes, and the climate. With our assumption of given policy stances, commitment issues do not arise. Neither do
we examine the game between current and future policy makers, but when policy makers optimize their climate policies they fully
take account of the possibility that they may be removed from office and be replaced by policy makers that do not conduct climate
policies or have a different climate policy stance. This can be seen from the dynamic programming framework which allows for
transition risks.!® Since households and firms in our model (in contrast to many integrated assessment models) are forward-looking
and anticipate future events and policies, our model should not be subject to the Lucas critique.

Finally, our model is calibrated to the global economy rather than to the U.S. or European economy as this would require
assumptions about whether third countries follow U.S. or European policies. The global economy assumptions fit uneasily with the
idea of national elections. In our defense, we base our calibration of policy uncertainty in the full model of Section 5 on Moore
et al. (2022) which has been very influential in the climate science and climate policy literature.

3. Optimal carbon taxes, risk-free rate, and carbon premium

Social cost of carbon. The SCC, the expected present discounted value of all present and future negative effects of emitting one ton
of CO,, is
SXP) Iy XDV Vp
f(C.D) T =1 vi-ife
(see Appendix A.2). The SCC is proportional to the total stock of capital as marginal damages are proportional to aggregate economic

activity; cf. Golosov et al. (2014) and Olijslagers et al. (2023) for a stochastic setting who find a similar result in settings without
transition risk.

K>0 (3.1)

17 See Appendix A for the numerical algorithm. The value function must satisfy the Hamilton-Jacobi-Bellman (HJB) equation (A.1), which under mild
assumptions can be expressed as J(1, K, K,,T, X?) = ﬁKl‘V V(t,T,S(K],KQ), X") with S = S(K,,K,) = ﬁ, K=K, +K,, and V =V(,T, S, X") satisfies the
easier HJB equation (A.12). i

18 As Pindyck and Wang (2013) have shown, decentralization of the social optimum also requires catastrophic insurance as the Barro-style disaster risks are
not internalized by the firms. Under business as usual, one also needs insurance contracts to decentralize, but in equilibrium they are not needed as they are
in zero net demand and supply.

19 Since our dynamic programming problem yields Markov-perfect equilibrium outcomes, the resulting policies in the active policy states are time consistent
provided care is taken by policy makers of the risk that they will be removed from office.
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Risk-free rate and precautionary savings. In equilibrium, the risk-free rate r/ is?
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Transition Risk

where jX and j¥ capture the effects of a transition shock to state x on the value function ¥ and the ratio of consumption to capital

= C/K, respectively. Here expected consumption growth u- and the volatility vectors of capital ¢, and consumption o, are
state-dependent and computed numerically.?' This is also the case for the transition risk terms.?? The first line of (3.2) reflects the
role of discounting, the desire to smooth consumption, and the precautionary saving in response to diffusion and macroeconomic
disaster risk (cf. Barro, 2006, 2009; Pindyck and Wang, 2013; Wachter, 2013).>® The second line of (3.2) captures precautionary
savings for uninsurable temperature risk. This depends on the state variables, in particular temperature, in a nonlinear manner, but
has little effect on the risk-free rate because consumption volatility o is close to capital volatility ¢, (cf. Hambel et al., 2024). With
time-additive CRRA-utility (y = 1/, 6 = 1), this term vanishes. The last line in (3.2) reflects precautionary savings in response to
the risk of policy tipping. A novel feature is that the risk-free rate (3.2) depends on the current state of the political Markov chain
X? and thus reacts abruptly to transition risks. We perform a quantitative analysis on how transition risks affect the risk-free rate
in Section 4.3 and Appendix D.2.

Asset prices. For the dividend stream 2, = Cf , the time-r ex-dividend price of asset n equals

© H
P, =E, [ / Egds] (3.3)

where H, denotes the pricing kernel for discounting from time s to time ¢ (see (B.6)). Its equilibrium expected excess return
corresponds to the risk premium of the asset: its expected ex-dividend stock return, u}, plus the dividend yield, y¢ = 9, /P,, minus

the risk-free interest rate, r/, rh = pl + y¢ — r/ .2

The carbon premium. A pivotal element of our analysis is the carbon premium defined as the difference between the brown and green

risk premiums, i.e. r5 — r?, which is given by

= X A=A =g =T ) (A =G+ ) = (=i A+ 7)) (3.4)
X#XP
oI, oll, oI, oIl T 0—1 1
+ [( S ~ oS )SU_S)USJ“‘M% —%H( or 9T )”T] (”k_ 0 ””+;”f>’
where I1, = P,/9, denotes the price—dividend ratio of asset n, o, the volatility of the consumption-capital ratio in sector n,

= C,/K,, ¢ the leverage parameter, and ;7 , and iy denote the effects of a transition shock to state x on the price-dividend
ratlo, I1, and the consumption-capital ratio, y,,, of sector n, respectively. The first line in Eq. (3.4) for the carbon premium represents
the effects of transition risk term on the carbon premium. It increases in the transition risk intensities, 1., and the exposure terms
in the square brackets. The term (1 - (1= j")l‘l/ 01 — jx)‘l/ “’) reflects the effect of a transition shock on the stochastic discount
factor and is similar to the corresponding term in the risk-free rate. The second exposure term (1 — j7, n )1+ j ) a- j}‘ll )1+ j;l)

reflects the difference in the impact of transition shock on the price-dividend ratios of both sectors. We thus see that, if the price
impact of a certain type of shock is more pronounced for the brown sector, a carbon premium emerges.

The second line of the carbon premium (3.4) indicates that the carbon premium can also emerge from diffusive components.
First, the carbon premium increases if the volatility of the share of brown capital affects the price—dividend ratio of the brown sector
relatively more (high = an2 - ﬂ), especially if the share of brown capital is neither very large or very small (and thus S(1 — ) is
high). Second, the carbon premium increases if the volatility of the consumption-capital ratio in the brown sector is higher than that

20 Details on the derivation are in Appendix B.1, where we also derive the dynamics of the pricing kernel (B.6).

21 The volatility vectors are given in (A.13) and (B.9). Note that y. as given in (B.8) can suddenly drop after a jump into the CAP state if temperatures
are high and one can no longer use fossil fuel. Expected consumption growth and its volatility depend non-linearly on both temperature and the brown capital
share, whereby the result is more involved and qualitatively different from one-tree endowment economies. Also, the share of brown capital has a significant
effect. This stems from a diversification argument (cf. Cochrane et al., 2007; Hambel et al., 2024), so the need for precautionary savings falls.

22 While disaster risk affects the capital stock via the loss #, these shocks affect utility and consumption via state-dependent terms Jj¥ and j¥. These are
computed numerically and are given in equations (B.3) and (B.5) of Appendix B.1.

23 Both precautionary saving terms curb the interest rate, more so if risk aversion y is large (cf. Wachter, 2013).

24 The price-dividend ratio IT, = P,/ 9, satisfies the parabolic partial differential equation (B.12), which we solve numerically (Appendices B.3 and B.4). We
also provide a semi-closed form expression of the risk premiums in (B.13) of Appendix B.4.
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Table 1

Benchmark calibration. Preferences, the economy, the climate, and damages.
Preferences
) Time-preference rate Calibrated (Appendix C.1) 0.0346
y Relative risk aversion Calibrated (Appendix C.1) 2.977
v Elasticity of intertemporal substitution Bansal and Yaron (2004) 1.5
Economic model
Y, Initial GDP (trillion US $) Nordhaus (2017) 116
Sy Initial share of brown capital From World Bank data (Appendix C.1) 0.876
K, Initial green capital (trillion US $) Calibrated (Appendix C.1) 74.3
Kyp Initial brown capital (trillion US $) Calibrated (Appendix C.1) 1353.9
A, Green productivity Calibrated (Appendix C.1) 0.3323
A, Brown productivity Calibrated (Appendix C.1) 0.3451
@, Investment adjustment cost parameter Calibrated (Appendix C.1) 13.61
K Capital reallocation cost parameter Calibrated to modified RCP8.5 (Appendix C.1) 2
bro Initial fossil fuel costs ($ per tC) Hambel et al. (2024) 540
beo Initial renewable energy costs ($ per etC) Hambel et al. (2024) 810
ko Cost function parameter From Swanson’s law (Appendix C.1) 0.5107
ky Cost function parameter From Swanson’s law (Appendix C.1) 0.3219
n, Energy share in production van den Bremer and van der Ploeg (2021) 0.043
& Elasticity of energy substitution Golosov et al. (2014) 2
Kia Renewable energy weight in brown sector Golosov et al. (2014) 0.356
Ky Fossil fuel weight in brown sector Golosov et al. (2014) 0.644
K1 Renewable energy weight in green sector Assumption 1
Ky Fossil fuel weight in green sector Assumption 0
¢ Leverage parameter Wachter (2013) 2.6
o, Annual capital volatility Wachter (2013) 0.02
P1a Instantaneous correlation Cochrane et al. (2007) 0
a Power function parameter for disaster size Calibrated in line with Wachter (2013) 5
A Macroeconomic disaster intensity Calibrated in line with Wachter (2013) 0.06
Ay Transition intensity from BAU to CAP Calibrated in line with Moore et al. (2022) 0.04
Climate model and damages
T, Initial temperature (°C) Temperature data 1.27
9 TCRE (°C/TtC) Hambel et al. (2024) 1.8
or Annual temperature volatility RCP data (Appendix C.1) 0.033
[4 Damage function parameter Tol (2023) 0.0073

in the green sector (high ¢,, — ¢, ) and firms are leveraged (high ¢). Third, in the CAP state, a temperature shock with volatility
or can have very distinct effects on the price-dividend ratios of the green and the brown sector if temperatures are close to two
degrees, and thus the difference between % and % can significantly impact the carbon premium. This shows that a positive
carbon premium occurs if the price impact of a transition shock is stronger for the brown asset than for the green asset. It turns out
that quantitatively this third effect on the carbon premium is the most important one.

Our model of political risk can explain a transition risk premium (cf. Engle et al., 2020; Faccini et al., 2023) leading to positive
risk premiums of both green and brown assets. This effect is particularly pronounced when tightening climate policy weighs down
the economy (i.e. when the share of brown capital is high). Both types of risky assets carry this risk premium, but if the brown
asset is stronger affected than the green asset we have a carbon premium (cf. Bolton and Kacperczyk, 2021, 2023; Hsu et al., 2023).
Our mechanism for generating the carbon premium is purely risk-driven and prices the asymmetric impact of policy shocks. In
contrast, Pastor et al. (2021) argue that green investors may be willing to accept a lower return on green assets, which would also
contribute to a positive carbon premium. Similar preference-driven mechanisms can be found in Pedersen et al. (2021), Zerbib
(2022) and Duineveld et al. (2025), which can explain sizable carbon premiums along the transition to a low-carbon economy
without relying on a risk channel. On the other hand, Sauzet and Zerbib (2024) find that preference for green consumption goods
induces a consumption premium on expected returns, which mitigates the carbon premium stemming from their preferences for
green assets.”

Finally, we have assumed in Eqgs. (2.3) that physical risks load similarly on the two capital stocks as we wanted to generate
a carbon risk premium purely endogenously via the fact that the brown sector is more carbon-intensive than the green sector. If
physical risk would impact the two sectors differently, this would have additional effects on the carbon premium.

4. Benchmark results
We have calibrated our model to the global economy. Table 1 summarizes our benchmark calibration with details in Appendix

C.1. We use a transition probability from the BAU to the CAP policy state of 1, = 4% per year.

25 We also provide a mechanism for a temperature risk premium (cf. Bansal et al., 2017; Donadelli et al., 2017; Hong et al., 2019; Gregory, 2024). We thus
find that global warming carries a positive risk premium that is rooted in physical climate risk and increases in the level of temperature.
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We now present our policy optimization and simulation results. We solve our model numerically with the grid-based finite-
differences method (see Appendix A.5). use 20,000 sample paths until the year 2100. These paths were generated with the policy
functions.?® Sensitivity exercises with respect to transition probabilities and the tightness of the temperature cap can be found in
Appendix E.

4.1. Scenarios without transition risks

BAU scenario. First, we discuss the results for a pure business-as-usual (BAU) scenario, which excludes policy transitions to active
climate policies (CAP). This aids comparison with transition risk scenarios. The left panels in Figure D.3 show the simulation of
macroeconomic key variables until the year 2100. The average values of a variable are depicted by solid lines (=) and referred
to as the mean path. Dashed lines (- - =) show 5% and 95% quantiles. Since policy makers do not take account of negative global
warming externalities and do not enforce the temperature cap, the green transition takes place at a slow pace (Panel (a)). The
transition is solely driven by the desire to diversify assets and the falling cost of green energy as the share of green capital rises
(Hambel et al., 2024). The share of fossil fuel in the energy mix is always a bit below the share of brown capital, since the brown
sector can be operated with both fossil fuel and renewable energy. Emissions are high (Panel (b)) and global average temperatures
reach on average 3.9 °C above the pre-industrial average by the end of this century (Panel (c)). In contrast to policy makers, financial
markets do anticipate the adverse effects of emissions on the economy. The effect of TFP damages on asset pricing moments is almost
negligible and not sufficient to explain a temperature risk premium as in Bansal et al. (2019). As can be seen from Figure D.4 in
Appendix D.1, the risk-free rate and the risk premiums are almost unaffected in this BAU scenario. This is not the case if we allow
for climate-related disaster and climate tipping risks (see Section 5).

CAP scenario without transition risks. The panels on the right of Figure D.3 show the results for the pure CAP policy without the
possibility of reverting back to BAU. Now, the energy transition takes place at a much faster pace, emissions are strongly mitigated,
and temperatures stabilize on average slightly below two degrees. In some paths, however, temperatures exceed the two degrees cap
due to climate uncertainty. If this happens, policy makers phase out fossil fuels immediately. This stringent climate action requires
substantial carbon taxes and massive capital reallocation from the brown sector to the green sector. Although this is costly, it avoids
climate damages and leads to stronger economic growth in the long run relative to the BAU scenario.

4.2. Core results with transition risks: Energy transition

Fig. 1 illustrates the transition towards a low-carbon economy until the year 2100, starting with BAU in 2020. The average
values of a variable are depicted by solid lines (==). Dashed lines (- = =) show 5% and 95% quantiles. We also illustrate the effects
of climate policy on the real economy and asset prices along one selected sample path shown by the thin black lines (—).

Due to policy tipping the share of brown capital and the share of fossil fuel in the global energy mix decline much faster than
in the pure BAU scenario but slower than in the pure CAP scenario without transition risk. Still, the transition is characterized
by considerable uncertainty as to when policy makers will take climate protection measures. Such uncertainties explain the broad
confidence bands of key variables such as the share of brown capital (panel (a)), net emissions (panel (b)), temperature (panel (c)),
and carbon prices (panel (d)) compared to the scenarios without transition risk. Along our illustrative path, the economy is in the
BAU state until the year 2045 when it transitions to the CAP policy state (panel (f)). This transition leads to a drastic emission cuts
and a sudden implementation of a substantial carbon price of about $700/tC or $190/tCO,.

About 28% of the simulated paths lead to a temperature lower than 1.8 °C by the end of the century while 46% of the paths
lead to a temperature increase between 1.8 °C and 2.5 °C. The remaining paths suffer from little or ineffective climate action and
lead to significant temperature increases of more than 2.5 °C. The 2 °C cap is violated for many paths from 2040 onwards, with
the number of violations increasing sharply around 2050. About 45% of the sample paths up to 2100 adhere to the 2 °C cap, but a
greater proportion of paths temporarily violate the target.

The number of paths with active climate policies increases rapidly over time and reaches 94% by 2100 (panel (f)). The illustrative
sample path shows that the carbon tax is more volatile than output, which is due to temperature volatility.?” In about 4% of paths,
the carbon tax is implemented in the year 2021 and then starts at an average of $218/tC or $60/tCO,. This figure is about 50%
larger than in a scenario with Pigouvian carbon pricing but without a legally enforced temperature cap (see also rows 4 and 6 of
Table E.2 for 2025). The reason is that, due to the cap of 2 °C, policy makers implement more ambitious carbon taxes than when
just correcting for global warming externalities. Further, since the simulations start in BAU, policy makers need to catch up and
implement higher carbon prices as the cap is closer.

26 The policy functions for key variables as functions of (S,7, X?) can be found in Appendix D.2 with a brief discussion.
27 Appendix D.2 discusses policy functions that show that the carbon tax is extremely sensitive to small changes in temperature, especially if temperature is
close to 2 °C.
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Fig. 1. Transition of the Real Economy (starting from BAU with transition risk to the CAP state). Mean paths are depicted by solid lines ( ) and dashed
lines (= = =) show 5% and 95% quantiles. The dotted line (====4) in Panel (a) shows the share of fossil fuel in the global energy mix. The thin black lines
( ) shows one illustrative sample path, where society switches from the BAU to the CAP policy state in 2045.

4.3. Core results with transition risks: Asset pricing

Fig. 2 illustrates the mean path as well as 5% and 95% quantiles of the price-dividend ratios, the green and brown risk premium,
the risk-free rate, and the carbon premium until the year 2100. We also illustrate the effects of climate policy on asset prices along
the same selected sample path as in Section 4.2. Figure D.9 provides additional simulation results for prices and dividends. Eq. (3.2)
implies that policy shocks affect the risk-free rate, and thus also the price-dividend ratios and risk premiums of the risky assets.
Moreover, the asset pricing moments depend in a highly non-linear manner on temperature, especially as the impact of a policy
transition to CAP becomes potentially devastating when the 2 °C cap is exceeded. We illustrate those non-linearities with policy
functions in Appendix D.2. This is reflected in the large extent of variation of the key variables shown in Fig. 1.

Asset prices and the price—dividend ratios. A switch from the BAU to the CAP policy state is accompanied by a rise in the demand and
price of the green asset and a sharp fall in the price of the brown asset. The effect on prices is stronger than on dividends, whereby
the price-dividend ratio of the green asset increases strongly and that of the brown asset decreases. The price reaction is stronger
for the green asset if temperature is well below two degrees (see panels (a) and (b)).?® In our illustrative sample path, the policy
switch happens in the year 2045, causing an immediate increase in the green price of 22%, while the brown share price drops on
impact of the switch by 21.5%. The green and brown price-dividend ratios tend to decline over time. The green price-dividend
ratio is initially relatively high reflecting the scarcity of this asset. The brown asset becomes worthless when the transition has

28 Figure D.9 in Appendix D.3 illustrates the impact of this policy shock on asset prices and dividends.
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Fig. 2. Asset pricing results (starting from BAU with transition risk to the CAP state). Average values are depicted by solid lines (
quantiles by dashed lines (= = =). The thin black lines (
in 2045.

) and 5% and 95%
) shows one illustrative sample path, where society switches from the BAU to the CAP policy state

come to an end and the brown capital stock has been run down completely. When climate policy has already been implemented

and temperature has crossed the 2 °C cap, the price of the brown asset also falls. This reflects the effect of asset stranding caused
by the fact that fossil fuels may no longer be used.?

Risk premiums. The sharp rise in the price-dividend ratio of the green asset after a policy shock causes a decline in its dividend
yield. However, the onset of climate policy increases demand for the green asset in the long term, causing the expected growth rate
of the price of the green asset to rise sharply. This overcompensates for the decline in the dividend yield and leads to a slight increase
in the green premium (panel (c)). Conversely, the increase in the brown risk premium can be explained by the now significantly
increased risk of fossil fuels phasing out. This risk becomes substantial if temperature is close to its cap. This then leads to a sharp
rise in brown risk premiums as compensation for investors (panel (d)). The 95% quantiles in panels (c) and (d) indicate that then
the risk premiums for both assets go up considerably, but eventually go down again when the transition is complete. This finding
can be interpreted as a transition risk premium (cf. Engle et al., 2020; Faccini et al., 2023).

Carbon premium. In contrast to Hambel et al. (2024), which abstracts from climate transition risk, our model can generate a sizable
carbon premium (see panel (e) of Fig. 2). The carbon premium is initially close to zero as in the empirical findings of Aswani
et al. (2024), Zhang (2025), and Hambel and van der Sanden (2025). Still, our model offers a mechanism to explain sizable carbon
premiums in the presence of policy transition risks. Although transition risk affects both assets, it has a larger effect on the brown
asset if temperature is already relative high. Then, the term in the second line of (3.4) becomes positive and potentially large.
Consequently and in line with the empirical findings of Hsu et al. (2023) and Bolton and Kacperczyk (2021, 2023), a sizable carbon
premium emerges that reflects the asymmetric impact of policy transition risk (panel (e)).

29 Although the brown sector may still be operated, fossil fuel must not be used anymore. This can be interpreted as partial stranding of the brown sector in
the sense that some of its assets may not be used anymore.

10
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Table 2
Calibration of climate disasters and the Markov chain X = (X7, X¢, X").

Recurring climate disasters

Jump size parameter a, =65.7 Hambel et al. (2024)

Marginal disaster intensity AC =0.096 Hambel et al. (2024)

Irreversible climate tipping risk

TCRE X =1)=18, X =2)=21, X =3)=24 °C/TtC From Allen et al. (2009)

Damage parameters d(X =1)=0, d(X=2)=0.025, d(X° =3)=0.05 cf. Cai and Lontzek (2019)

Intensity parameters 2= 0012, 213 = 0012, 23 =0.02 cf. Cai and Lontzek (2019)

Breakthrough of negative emission technology

Cost function by = 1771074, b, = 1.19- 107, by = 1 From Rebonato et al. (2023)
¢, =034, ¢; =0.03, c; =0.34, { =0.1 Appendix C.2, Footnote 31

Intensity parameter Z}’z =0.0224 assumed

Political transition risks

Intensity parameters /T};z =0.12, 71};3 =0.05, fl-’f =0.05, 1=0.75 Using Moore et al. (2022)

20— B B2 -
Ap =0.12, A =0.06, A =0.10

Risk-free interest rate. The mean risk-free interest rate starts at 0.8% and remains largely stable over time (panel (f)). The 5%
quantile of this rate reflects extreme transition risks and generally falls with time. This happens especially in paths with temperatures
exceeding the 2 °C cap. Having switched to the CAP policy state, the risk of phasing out fossil fuel becomes more acute so that
demand for precautionary savings increases slightly (see the small decline in the interest rate in 2045). When temperature crosses
its cap, expected consumption growth declines as production becomes much more expensive (see the decline in the interest rate
around 2070). When the transition continues and the brown capital stock becomes smaller, the impact of ambitious policies to phase
out fossil fuels diminishes, which is why demand for precautionary savings fall and interest rates stabilize again.

5. Extensions
5.1. New building blocks

Recurring climate disasters. Gradual damages from global warming form only a part of total damages. There is also the temperature-
dependent risk of recurring climate disasters (droughts, fires, storms, floods, etc.). These risks have to be priced in and further
increase the SCC. To capture these, we add to the right-hand of Egs. (2.3) the terms —K,_/.dN, and —K,_I.dN,, respectively,
where the subscript denotes climate disasters with N, denoting the point process with loss /.. The disaster intensity of climate-
related disasters 4,(T) increases in temperature (Hambel et al., 2024). We let the intensity of climate-related disasters rise linearly in
temperature, so A.(T) = ECT with ;l\c =0.096 and 4,(T;;) = 0.122. The expected loss is E[#,] = 1.5% (cf. Karydas and Xepapadeas, 2022;
Hambel et al., 2024), compared to 25% for economic disasters. Fitting a power distribution, we obtain «, = 65.7. Climate-related
disasters thus occur about twice as often as economic disasters but are less severe.

Irreversible climate tipping. In line with Cai and Lontzek (2019), we now assume that the Earth’s climate system is also exposed to
tipping risk modeled by the Markov chain X*¢. These climate tipping points irreversibly affect the future evolution of the climate
system by increasing the TCRE, 9(X¢), and also affect output damages from climate change.>* We assume that the TCRE can increase
from 1.8 to 2.1 and to 2.4 °C/TtC. The probability of transitioning from a TCRE of 1.8 to 2.1 or 2.4 °C/TtC is 0.012 and from a
TCRE of 2.1 to 2.4 °C/TtCt is 0.2. The tip from a TCRE of 1.8 to 2.1 °C/TtC has an expected duration of 309 years (if temperature
remains fixed at T, = 1.27 °C) while the expected tip from a TCRE of 2.1 to 2.4 °C/TtC has an expected duration of 50 years. We
thus have imminent and slow tips of the climate system. We also assume that TFP damages react to irreversible climate tipping as
in Cai and Lontzek (2019). We assume a damage function of the form A(T, X¢) = %OT(;), where the function d models permanent
climate damages due to irreversible climate tipping. Following the median damage scenario of Cai and Lontzek (2019), we assume
d(X¢=0)=0, d(X¢ = 1) =0.025, d(X¢ = 2) = 0.05.

Negative emissions and technological tipping. The cost of the negative emission technology once it has become available is proportional
to the capital stock, b,(S,X, D, K) = b,(S,X, D)K with
by(S,X, D) = 1 psgy [a; (S)D + ay(S) exp(a3(S)D)]

where a; are truncated power functions of the form a;(S) = b; max(¢, S$)%, j € {1,2,3}. This mimics the exponential marginal cost
structure of Rebonato et al. (2023) with some differences. First, the term a,(S)D ensures that even the first ton of carbon to be
removed and stored has non-zero marginal costs. Second, carbon removal becomes cheaper as the green transition progresses via

30 An example is the melting of permafrost soils in the Siberian tundra, which is the largest methane reservoir in the Earth. Such a tipping event is irreversible
because, for example, the methane cannot be restored once it has been released. Other examples are melting of the Greenland or Antarctic Ice Sheet or dieback
of the Amazon rain forest (cf. Cai et al., 2016).
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Table 3
The SCC and the carbon premium in various scenarios. Average carbon taxes and carbon premiums are reported for the years 2025, 2050, 2075, and 2100. The
numbers in brackets refer to the average optimal carbon tax conditional on being implemented.

Scenario Carbon tax [$/tCO,] Carbon premium [%]
Ay 2025 2050 2075 2100 2025 2050 2075 2100
PIGOU - 45 77 127 199 -0.1 0 0.2 0.6
+ Climate Disasters 91 134 194 282 0.0 0.1 0.3 0.5
+ Climate Tipping 121 167 234 343 —-0.1 0.1 0.3 0.3
+ Tech. Tipping 120 166 228 309 -0.1 0.1 0.3 0.4
BAU — CAP 4% 11 (73) 99 (153) 122 (143) 190 (202) -0.2 0.3 1.6 1.1
+ Climate Disasters 18 (108) 127 (192) 182 (210) 277 (293) -0.1 0.3 1.0 0.4
+ Climate Tipping 22 (134) 145 (220) 212 (245) 326 (344) 0.0 0.3 0.8 0.2
+ Tech. Tipping 22 (134) 141 (214) 206 (239) 300 (318) 0.0 0.3 0.6 0.2
BAU « PIGOU « CAP Endog. 9 (45) 43 (115) 102 (161) 181 (226) -0.1 -0.2 0.2 0.8
+ Climate Disasters 16 (84) 58 (153) 135 (215) 236 (299) 0.1 0.1 0.3 0.5
+ Climate Tipping 19 (101) 70 (184) 175 (271) 308 (387) 0.1 0.1 0.3 0.4
+ Tech. Tipping 19 (101) 68 (184) 165 (265) 274 (368) 0.1 0.1 0.3 0.4

a;(S) = b; max(¢{ ,$)%.%! Third, carbon removal costs are stochastic as S is stochastic. Fourth, this technology operates at strictly

positive but finite marginal costs %a(S.X'=2D) a;(S) + a,(S)az(S) exp(az(S)D) > 0. We have calibrated this cost function to the
marginal cost curves in Figure 5 of Rebonato et al. (2023) for 2050 and 2100.%? The calibration details are given in Appendix C.2
and the fit to the data is shown in Figure C.2. We assume that the negative emission technology becomes competitive somewhere in
the period up to the year 2050 with a probability of 50% corresponding to a jump intensity of )21,2 = 0.0224.% The two technology
states (off or on) are captured by the Markov chain X’. Costs are shared according to the size of the two sectors, ¢, = 1 — S and
¢ =S, s0 —¢,b,(S.X, D, K) is deducted from the right-hand sides of (2.4). We replace dv(F, + F,) on the right-hand side of (2.5)
by 9vI(F, + F,) — D]. Finally, in contrast to Barnett et al. (2024) and Jaakkola and van der Ploeg (2019) who investigate the effects
of investments on the probability of technological breakthrough, we assume a constant probability of a breakthrough. Demand for
CDR must be increased (e.g. via carbon pricing) for innovation to occur and scaling up to be successful (Geden, 2024), which also
suggests an endogenous arrival intensity. This part of the calibration and the functional forms are tentative, since uncertainty about
the arrival intensity, the scale to which things can be scaled up, and the cost are still substantial.

Policy transition risks. First, we allow for three policy states in the Markov chain X?: BAU (X? = 1), PIGOU (X? = 2), and CAP
(XP = 3) corresponding to no, modest and ambitious carbon pricing, respectively, where the PIGOU policy state internalizes all
global warming externalities including the ones operating via the temperature-dependent risks of climate disasters and climate
tipping, but does not impose a temperature cap.>* Second, we have a Markov chain with endogenous switching probabilities to
allow the switch to active climate policy to rise to say 75% if temperature rises beyond 1.5 °C. Third, due to brown and green
lobbies, we let the probability of a switch to a more active climate policy fall in the share of brown capital .S and the switch back
to BAU fall in the share of green capital. We base our specification and calibration on Barnett (2024) and Moore et al. (2022).%
The calibration details of these extensions are given in Table 2 with details presented in Appendix C.2.%°

5.2. Effects of the model extensions

Table 3 summarizes the effects of the various model extensions on our core results.

31 We assume that carbon removal costs no longer fall once the share of green capital reaches 90%, so set ¢ = 0.1. The truncation parameter ensures that costs
for carbon removal does not fall to zero when the share of green capital approaches 100%. Alternative parametrizations with different truncation parameters or
alternative functional forms do not significantly affect the qualitative nature of our results.

32 These marginal cost curves build upon cost estimates for negative emission technologies of Fuss et al. (2018) and the comprehensive review in the of the
Sixth Assessment Report of the IPCC (2022), which has shown the important role for negative emissions technologies in limiting global warming to 2 °C.

33 Alternative calibrations for when the jump intensity depends on the political state or the share of brown capital do not significantly affect our results.
Moreover, our main asset pricing implications are hardly affected if we include the possibility of a competitive negative emissions technology.

34 The social cost of carbon (SCC) coming from our dynamic optimization problem now internalize the adverse effects of temperature on total factor
productivities in the two sectors and on the risks of recurring climate disasters and irreversible climate tipping. To decentralize the social optimum requires again
a specific carbon tax on brown firms that is set to this extended SCC and the revenues to be rebated as lump sums to brown firms. In addition, catastrophic
insurance is required where the insurance premiums will rise with temperature.

35 The calibration roughly matches the likelihood and resulting temperature increase of the various transition scenarios in Moore et al. (2022): about 48%
of their simulations are in their modal scenario, which leads to an average temperature increase of 2.3 °C. About 28% of their simulations lead to aggressive
climate action limiting global warming to up to 1.8 °C. There is less ambitious or less effective climate action in the remaining scenarios (about 24%) with
average temperature increases of around 3 °C, of which less than two percent of the simulations lead to significantly higher temperatures.

36 Some of our functional forms may seem ad hoc or hard-coded with some of them obtained from curve fitting. We overcome some of this via robustness
checks.
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Climate disasters and climate tipping. Since our core results ignore these two types of physical climate risk and allows for output
damages only, our extended model leads to much higher carbon prices. In the Pigouvian scenario with no temperature cap and no
transition risk, climate disasters double the optimal carbon tax from $45/tCO, in 2025 to $91/tCO,. If we switch on irreversible
climate tipping, the SCC is boosted to $121/tCO,. Although the effect of climate disasters and tipping points is very strong in this
pure PIGOU scenario, the effect is significantly smaller in our core results with political transition risks. The optimal average CO,
tax rises from $73/tCO, to $108/tCO, if climate disasters are taken into account and $134/tCO, if tipping points are also taken
into account. These effects are thus smaller than in the PIGOU scenario, since the CAP policy state also takes into account the risk
of a partial asset stranding, i.e., abolishing fossil fuels, if the temperature rises above the cap of 2 °C.

Overall, the effect of climate disasters and climate tipping on the carbon premium is very modest as we assume that disasters
hit both assets in a symmetric manner. Hence, physical climate risks alone cannot explain a sizable carbon premium. This is not
only true on average but also in the quantiles of the simulation.”” However, these additional climate externalities are priced in on
financial markets and can lead to a temperature risk premium that affects all risky assets in the economy (e.g., Bansal et al., 2017;
Donadelli et al., 2017). Climate disasters destroy capital and lead, as Barro-style disasters, to a drop in share prices when they
occur. Moreover, these additional risks lead to additional precautionary savings that curb the risk-free rate in response to higher
temperatures (cf. Karydas and Xepapadeas, 2022; Hambel et al., 2024).%® Finally, once the climate system tips, climate damages
will become more pronounced, reducing output and leading to a drop in share prices for both the green and brown asset.

Technological breakthroughs and negative emissions. Table 3 indicates that generally breakthroughs leading to negative emission
technologies slightly reduce the optimal carbon tax. This can be explained by the fact that policy makers anticipate that negative
emission technologies will be available at a later point in time. As a result, policy makers tend to wait a little with stringent climate
policy and remove past emissions from the atmosphere later in the transition. This effect is not pronounced, but negative emission
technologies in some paths help to push the temperature back below the cap if it has already been exceeded before. Hence, an
already implemented ban on emissions can be reversed and the brown sector can be powered by fossil fuels again.

Policy transition risks. Adding the PIGOU policy state to the political Markov chain and considering reversible political transitions
leads to carbon prices that are slightly lower than in the core model. This is because the CAP policy state plays a much smaller role
as only about 30% of the paths end up in this policy state by the end of this century. Hence, carbon prices are on average smaller
than in our core results. In addition, the CAP policy state is at the root of a substantial carbon premium, which is why there are
now significantly more paths with low to moderate carbon premiums.

5.3. Simulation results with all extensions

Energy transition. Fig. 3 confirms that our core results are robust to these extensions. Since we have calibrated both our core and
extended model of policy tipping to roughly match the different climate scenarios in Moore et al. (2022), the transition of the real
economy is on average similar to our core simulation results (panel (a) of Fig. 3). However, there are some subtle differences. Due
to climate disasters and tipping points, economic growth is more negatively affected and leads to significantly reduced output in
the long run (panel (e)). To compensate for this, policy makers are implementing higher carbon taxes in the PIGOU and CAP policy
states (panel (d)). In addition, a competitive negative emission technology eventually becomes available in many of the simulated
paths, so that net emissions can become negative and the temperature can fall. This will enable the brown sector to operate with
fossil fuels again after a short-term overlap of the 2 °C cap (panel (b)).

To illustrate the implications of several types of climate news, we show an illustrative sample path (——) where society switches
several times between the three policy states with the first transition from the BAU policy state to the CAP state in 2029 (Panel (f)).
Emissions fall (increase) on impact of a switch to the CAP (BAU) policy state. There are also two irreversible climate tipping events
in 2055 and 2070 (Panel (g)); the latter leads to an immediate increase in the carbon tax as the economy is then in the CAP policy
state. Negative emission technology becomes available in 2067 (Panel (h)), and society immediately starts implementing it. Global
temperatures begin to fall again and then stabilize.

Asset pricing. Fig. 4 discusses the asset pricing implications. It turns out that the general intuition from the core model carries over,
although the carbon premium is on average smaller than in the core model (panel e). This is because society spends less time in
the CAP policy state, which is quantitatively the main reason for the carbon premium in our framework. As in the core model, the
carbon premium in our illustrative sample path goes dramatically up around the year 2040 when temperature is close to 2 °C and
society is in the CAP policy state. After a transition to the PIGOU policy state in 2044, the carbon premium vanishes as the risk of
phasing out fossil fuels has been reduced drastically.

When the transition to a low-carbon economy is complete, the risk premium of the brown asset vanishes. Overall, the risk
premiums in our model tend to increase rather than stabilize even when the energy transition is complete and the brown sector
has been shut down (panels (c) and (d)). Then, the risk premium of the brown asset and the carbon premium have dissipated. The
increase in the risk premiums over time reflects a temperature risk premium, i.e. a higher risk of climate-related disasters and climate
tipping events (cf. Bansal et al., 2019).

37 Results for the quantiles are available upon request.
38 These effects can be seen from the decomposition of the risk-free rate (B.7) and the equity premium (B.13).
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Fig. 3. Transition of the Real Economy (starting from BAU with transition risks to PIGOU or CAP policy state). Mean paths are depicted by solid lines ()
and dashed lines (= = =) show 5% and 95% quantiles. The dotted line (s====« ) in panel a) shows the share of fossil fuel in the global energy mix. The thin
black lines ( ) shows one illustrative sample path, where society switches several times between the three policy states with the first transition from the
BAU policy state to the CAP state in 2029. There are also two irreversible climate tipping events in 2055 and 2070. Negative emissions technology becomes
available in 2067.

News about policy and climate tipping. Table 4 indicates that the price impact of climate tipping risk and technological breakthroughs
on share prices is relatively small compared to policy shocks. For instance, the climate tipping shocks in years 2055 and 2070 imply
a drop in share prices between 3 and 5% each. After climate tipping, policy makers implement more stringent taxes provided they
are in a state of active climate policy. When the first climate tipping event takes place, the economy is (again) in the BAU and the
carbon price remains at zero until society switches to the PIGOU or CAP policy state.

Similarly, the effect of the technological breakthrough in 1967 is relatively small. We find that negative emissions technology
coming on stream has a small positive effect on brown share prices and a small negative effect on the price of the green asset.
Afterwards, the probability increases that the brown sector will once again use fossil fuels and thus produce more cheaply. This
increases the demand for brown assets and the brown share price. This results in a fall in demand for the green asset and a moderate
drop in the green share price. Moreover, after the technological breakthrough, policy makers slightly reduce the carbon tax as carbon
dioxide can now be removed from the atmosphere.
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Fig. 4. Asset pricing results (starting from BAU with transition risks to PIGOU or CAP policy state). Average values are depicted by solid lines ( ) and 5%
and 95% quantiles by dashed lines (= = =). The thin black lines ( ) shows one illustrative sample path, where society switches several times between the
three policy states with the first transition from the BAU policy state to the CAP policy state in 2029. There are also two irreversible climate tipping events in
2055 and 2070. Negative emission technology becomes available in 2067.

Table 4

Price impact of policy and climate news. The table reports the relative impact of technological tipping, climate policy transitions, and climate tipping on green
and brown share prices and price-dividend ratios with the prevailing state variables temperature 7" and share of brown capital § along the illustrative path. It
also reports the changes in the carbon price measured in $/tCO,.

Year Tipping type T S % % %D:I‘ A:;:: At

2029 BAU — CAP 1.5 0.87 13.9% -26.7% 36.7% -12.6% 140
2044 CAP - PIGOU 1.8 0.62 -1.2% 61.5% -1.2% 5.8% —88
2051 PIGOU — BAU 2.1 0.49 -10.2% 32.5% —5.0% 44.1% —178
2055 1st Climate Tipping 2.2 0.46 -3.9% -3.2% -3.9% -3.2% 0
2062 BAU — CAP 2.7 0.45 7.7% -53.3% 3.6% —-55.1% 295
2067 NET Becomes Available 2.5 0.33 -1.8% 3.8% -1.1% 1.0% -10
2068 CAP — PIGOU 2.5 0.29 -1.0% 59.2% —0.8% 56.4% —42
2070 2nd Climate Tipping 2.7 0.25 -4.0% -5.2% 1.1% -0.2% 41
2076 PIGOU — CAP 2.5 0.11 —0.6% —29.3% -0.2% -29.1% 6
2094 CAP — PIGOU 1.9 0.00 0.0% 0.0% 0.0% 0.0% 0

Building on the intuition gained from the core model, climate policy shocks cause a much stronger price reaction, especially if
it happens early in the energy transition. For instance, a tip from the BAU to the CAP policy state causes major market disruptions
leading to a 27% fall in the price and a 13% fall in the price—dividend ratio of the brown asset. This price drop of the brown assets
is accompanied by a strong price increase of the green asset of about 18% and a sharp increase in the green price-dividend ratio of
42% (cf. panels (a) and (b) of Fig. 4). The policy shocks in 2044 and 2051 to the PIGOU and later back to the BAU policy state lead
to sharp rises in the price of the brown asset, as the risk of phasing out is reduced. This also reduces the demand for the green asset
and its price falls accordingly. The relative price impact of policy shocks becomes less pronounced over time due to the ongoing
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transition and the shrinking share of brown capital. When the transition is complete, a policy shock no longer has any noticeable
influence on prices as can be seen from the last row in Table 4. Finally, the table confirms that policy makers implement higher
taxes in the CAP than in the PIGOU policy state.

6. Concluding remarks

Our aim has been to better understand how policy transition risks affect carbon pricing, asset returns, carbon premiums, and
the risk of stranded assets. For this purpose, we have formulated and calibrated a two-sector DSGE model of the economy and the
climate with a wide range of uncertainties. In our core analysis we have distinguished two different policy states: no carbon pricing
(business as usual) and carbon pricing to internalize global warming damages and enforce a temperature gap.

If policy makers do not price carbon, the green transition takes place at a slow pace and global mean temperatures rise
substantially. Financial markets price in the adverse effects of global warming on output. This gives rise to a tiny carbon risk
premium, since transition risks are absent. The risk-free rate falls due to precautionary saving. However, if policy tipping is allowed
for, carbon taxes eventually are phased in and emissions and temperature are lower than without transition risks. But temperatures
are still a lot higher than if policy makers did not face such transition risk. Financial markets take account of uncertainty including
the risk of policy tipping. When the temperature cap kicks in, markets respond with precautionary savings and rapid falls in the
risk-free interest rate. As the green transition continues and the brown capital stock falls, precautionary savings will fall again.

We consistently find a positive carbon premium even when policy makers implement carbon taxes. This carbon premium reflects
transition risks, especially policy risk, and is particularly large if temperatures are close to or exceed the temperature cap. This
premium encourages firms to accelerate the green transition. If policy makers ignore political transition risk and implement first-
best carbon taxes, there is a slightly negative carbon premium. With transition risk, policy makers may even set higher carbon taxes
than when policy makers do not face transition risk to make up for time lost by previous policy makers who did not price carbon and
the economy has become close to the temperature cap. The green asset’s price—dividend ratio is initially relatively high reflecting
the scarcity of this asset. The brown asset becomes worthless when the transition has come to an end and the brown capital stock
has run down completely.

If we allow for the temperature-dependent risks of recurring climate disasters and climate tipping, our main qualitative insights
regarding carbon premiums and policy risk are unaffected albeit carbon prices will be higher and the green transition faster. If we
also allow for the probability of a competitive emissions technology coming on stream, the qualitative insights are unaffected too
but now emissions can be eventually negative and temperature fall. Finally, when we allow for a richer menu of policy states with
endogenous transition probabilities our core results remain robust.

We have provided a mechanism for the carbon premium and stranded assets and have shown how these and carbon prices
are qualitatively affected by policy and technological tipping (transition risks) and by climate tipping and the risk of climate-
related disasters such as extreme weather events (physical risks). Our insights suggests that empirical work on carbon premiums
might be more conclusive if account is taken of the dependence of the carbon premium on temperature and on how green the
economy already is. Event studies can be used to empirically test our hypotheses regarding jumps in green and brown asset prices
at the time of policy, technological, and climate tipping. In further research we could allow for the risk of stranded assets, credit
market constraints, monetary policy, sudden stops, systemic financial risk, political economy, commitment issues, and policies within
national jurisdictions.
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