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Abstract

This paper proposes a macro-finance model to characterize asset prices, risk premia,
and macroeconomic quantities over the climate transition. The calibrated model shows
that it is excessively difficult to quantify carbon premia based on stock returns realized
since the start of the transition. In contrast, one can very well pin down since when and
by how much firm valuations were affected through the combined cash flow and risk
premium effects. Applying the model insights to the oil sector, we find that relative oil
firm valuations have declined by more than 40% since the year 2000 with the proceeding

climate transition.
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1 Introduction

Scientists, business leaders, and policy-makers worldwide predict, with very few exceptions, that
the world will be transitioning towards a low-carbon economy in the next 50 years to avoid the
worst possible climate change scenarios. This situation presents an unprecedented challenge for the
world economy, and there is strong agreement that the transition is a new main driver of capital
allocation decisions, firms’ cash flows, and stock market valuations. Moreover, climate policy risk
becomes a key systematic risk factor in this new era, and one of the most vibrantly debated
questions in financial economics today is whether brown or green firms have higher stock returns
as a consequence. Despite a large body of empirical work, there is no consensus on this question.
Different papers find that the time-series average of brown-minus-green returns is significantly
positive, significantly negative, or statistically indistinguishable from zero, for both the United
States and internationally, as Table 1 summarizes.

In this paper, we ask and address the question what outcomes regarding firm valuations, brown-
minus-green returns, and risk premia would be expected from a quantitative theoretical perspective.
How do climate policy risk premia look like in a tightly calibrated macro asset pricing model for
the climate transition? Would an econometrician be able to identify those risk premia based on
15 years of realized returns? What is the range of possible return realizations in different sample
economies? Overall, we show that it is very difficult to reliably identify brown-minus-green risk
premia (also known as carbon premia) based on realized returns observed since the start of the
climate transition. In virtually all cases, the inference of carbon premia from realized returns
gives rise to false negatives (no carbon premium detected even though there is one), false positives
(significant carbon premium detected even though there is none), or biased point estimates. As
a silver lining, we show that one can reliably identify when markets started pricing the climate
transition and pin down how much valuations are affected through the combined cash flow and risk
premium effects.

Our quantitative framework is a structural macro asset pricing model for the climate transition.
The proposed model is based on a production economy with a “brown” and a “green” sector and

features a climate change externality. Environmental quality, which enters the utility function of



Table 1: Empirical papers analyzing brown-minus-green returns

Paper Period Scope Brown—Green Returns
In et al. (2019) 2005-2015 US negative
Gorgen et al. (2020) 20102017 international insignificant
Bolton and Kacperczyk (2021) 20052017 Us positive

Bauer et al. (2022) 2010-2021 international negative
Pastor et al. (2022) 2012-2020 Us negative
Bolton and Kacperczyk (2023) 2005-2018 international positive
Aswani et al. (2024) 2005-2019 Us insignificant
Zhang (2025) 2009-2021 international negative (US)

insignificant (global)

This table summarizes recent papers which compute the difference in realized equity returns between brown
and green firms and statistically determine whether average brown-minus-green returns are positive, negative,
or not significantly different from zero. We include only papers that classify firms as brown or green based
on their carbon emissions (or “E scores” in the case of Pastor et al. 2022), while we do not list papers that

use other criteria such as general ESG scores.

households, is negatively affected by permanent changes in temperature, and the global temperature
level is influenced by the greenhouse gas emissions of the economy. Brown (fossil-fuel-consuming)
firms have a higher emissions intensity than green firms, and they do not internalize the negative
effect of their emissions on the households’ utility, such that a climate change externality arises.
To bring the economy closer to the social optimum, the regulator introduces a carbon tax.! As in
the real world, the tax set by the regulator may be far away from the theoretically optimal level —
especially in the beginning of the climate transition period — which it approaches over time. The
carbon tax is also subject to regulatory shocks, standing for hardly predictable results of political
processes, which are the source of climate policy risk in the model.

Asset exposures to these regulatory shocks are compensated for by climate policy risk premia.
Since brown and green firms naturally respond to climate policy shocks in an opposite way (for
example, brown firms are negatively affected and green firms positively affected by a carbon-tax-
increasing shock), climate policy risk premia give rise to a return spread between brown sector equity
and green sector equity. We first ask whether this return spread (the carbon premium) is positive

or negative in our model and find that, in principle, both outcomes are possible. The impact of

'We interpret the carbon tax as a dollar equivalent of all implemented measures to disincentivize emissions-
intensive goods production.



climate policy shocks on the stochastic discount factor depends on the effect on current consumption
and expected future utility. As the prevailing carbon tax is typically lower than socially optimal
during the climate transition, a positive climate policy shock speeds up the convergence towards
the optimal tax level and has a positive effect on future utility. At the same time, the effect on
current consumption is negative, such that the aggregate response of the stochastic discount factor
depends on the relative magnitude of both effects. The compensation for climate policy risk and
the resulting brown-minus-green premia can therefore in principle be negative or positive. In our
model calibration, the negative effect on current consumption is quantitatively larger, leading to
an increase of the stochastic discount factor and to positive brown-minus-green premia overall.

We use our framework to simulate the climate transition. As a starting point, we initialize
the model by considering a special case which represents the ‘pre-transition’ economy. In the pre-
transition economy, all agents (including the policy-maker) believe that there is no causal relation
between the economy’s greenhouse gas emissions and global temperature levels, such that the
climate change externality is neglected and the optimal carbon tax is zero. We use this economy to
calibrate the model to empirical moments computed for the time before 1995.? Besides serving as a
starting point for our simulation of the climate transition, the pre-transition economy also provides
a benchmark on brown-minus-green premia when climate risks are not priced or present. We find
that even in the absence of climate policy risk premia, substantial brown-minus-green premia can
arise, for instance resulting from a different riskiness of capital investments in the two sectors due to
differential adjustment costs. As a consequence, brown-minus-green returns observed in a simulated
pre-transition sample of 15 years length can indicate that there is a significantly positive “carbon
premium”, even though no climate risks are priced.

We simulate the transition from the pre-transition state towards the full model equilibrium,
where agents are fully aware of the effect of carbon emissions on temperature and in which carbon
taxes slowly drift towards the social optimum. Our model produces very realistic dynamics, with

temperatures topping out right below the 2-degree mark in the median scenario, and carbon emis-

2We choose the year 1995 as a cut-off date for the pre-transition period since widespread awareness for
climate change issues was created with the adoption of the Kyoto Protocol in 1997. Indeed, we show based
on a Climate Change Risk Awareness Index (CCRAI) in Section 4.3 and Appendix E that the trend of
steadily increasing awareness for climate change started after 1995.



sions reaching their peak around the year 2050. Aggregate output, consumption, and investment
fall in the long run relative to the balanced growth path as a result of the increased regulation,
while environmental quality recovers as temperature stops to rise further. The start of the climate
transition has a substantial negative impact on the market valuations (Tobin’s ¢s) of brown firms
as a result of the combination of cash flow and risk premium effects, which subsequently leads to
a reallocation of capital to the green sector as intended by the regulator.

When analyzing realized returns of the brown-minus-green equity portfolio, we find that a wide
range of different outcomes is obtained over different sample periods and across different simulated
economies even if the actual carbon premium is the same. For a climate policy risk premium of
2.31% per year, which we can directly observe in the model environment, the outcomes for average
realized brown-minus-green returns range from —7.75% to 6.84% in different simulated 15-year
samples. One substantial source of variation is the start of the sample, since starting early in the
transition includes a significant devaluation of the brown sector, resulting in large negative realized
returns which are, however, not representative of (ex-ante) risk premia. If the initial steep drop
is not included, the average brown-minus-green return in the median economy is 2.80% and thus
reasonably close to the actual carbon premium. However, the econometrician would deem this
premium to be statistically indistinguishable from zero due to the large standard error resulting
from the volatility of the brown-minus-green portfolio. Statistical significance would, in contrast,
be established for the 6.84% carbon return observed in the 90% quantile economy. In other words,
the simulated samples show that if the econometrician observes a significantly positive carbon
premium based on realized returns, then the point estimate is likely upward-biased. Finally, the
range of possible realized return outcomes is very similar if the actual carbon premium is close to
zero instead of 2.31%, which further highlights the possibility of false conclusions.

These results provide a very pessimistic view on inferring carbon premia from realized brown-
minus-green returns observed over the last one or two decades. We discuss that there is no obvious
remedy for this issue; for example, it may be possible to control for short-run cash flow shocks,

but much harder to reliably capture and quantitatively control for long-run shifts in cash flow



expectations.” On the positive side, our model results suggest that one can very well pin down
when markets started pricing the climate transition and quantify the impact on firm valuations,
resulting from the combined cash flow and risk premium effects. The start of the climate transition
is marked by a disconnect between current cash flows and firm valuations, which is most notably and
directly observable in the oil (fossil-fuel-producing) sector as a divergence between firm valuations
and oil prices. While oil firm valuations and oil prices move in tandem otherwise, our model-based
analysis predicts that they strongly disconnect in the beginning of the climate transition.

We bring our model insights to application and empirically examine equity returns and valu-
ations in the oil (and general fossil-fuel-producing) sector. Analyzing oil firms in particular has
the advantage that one avoids classification issues regarding the brown- and green-ness of different
firms, as there is no doubt that the oil sector is clearly negatively impacted by increasing climate
regulations (van Benthem et al., 2022). In addition, the effects of the climate transition on stock
returns and valuations of oil firms have received relatively little attention in the literature so far.
We first show that the return spread between oil firms and other firms over different 15-year sample
periods can be clearly negative or positive, both before and during the climate transition. This find-
ing confirms our model prediction that a variety of different outcomes can be obtained for realized
returns in different samples, and one should be very careful to interpret these as risk premia.

As suggested by our model, we therefore focus on the question when the market started pricing
the climate transition, as can be pinned down by a notable divergence of oil firm valuations from oil
prices, the main driver of short-term cash flows in this sector. We clearly observe such divergence in
the data during the 2000s, since when oil firms have lost around 40% in their relative valuations and
disconnected from oil prices. This novel empirical fact thus confirms the specific dynamics predicted
by our model for the beginning of the climate transition. Moreover, we provide additional support
for the climate transition channel by showing that the oil firms’ devaluation indeed coincides with
the increase in climate change risk awareness and that it is less pronounced for firms that are less
exposed to climate transition risk. We also show that the devaluation of fossil fuel firms with the

proceeding climate transition is clearly reflected across different valuation measures (market-to-

3The problem can be circumvented if risk premia are directly observed by means of forward-looking
returns computed using options data. So far, Eskildsen et al. (2024) is the only paper in the literature
considering forward-looking brown-minus-green returns.



book ratios, Tobin’s g, Peters and Taylor 2017 total ¢) and when defining the fossil fuel sector more

broadly, beyond oil firms.

Literature Our paper contributes to a fast-growing literature on the effects of climate change on
the macroeconomy and on asset prices. A large number of papers considers the exposure of equities
to climate change risks and analyzes related risk premia. While some studies investigate the pricing
of physical climate risk (Balvers et al., 2017; Bansal et al., 2017), a great focus is on climate policy
risk and the question whether green or brown firms exhibit larger returns. As revealed by Table 1,
the current state of this literature can be best summarized as inconclusive, with different studies
finding negative, positive, or insignificant carbon returns over different sample periods and using
different methodologies. We show based on our macro-finance model that a variety of different
outcomes is expected when considering brown-minus-green returns over relatively short sample
periods. Therefore, it is difficult to reliably identify carbon premia from realized returns even when
abstracting from additional methodological issues as highlighted by Aswani et al. (2024) or Zhang
(2025). Our insights also partly translate to a similar and related debate on the stock returns of
firms with low and high sustainability (ESG) ratings (Alves et al., 2024; Lindsey et al., 2024), as
carbon emissions are an important component of ESG scores (Berg et al., 2022).*

The quantitative macro-finance model for the climate transition presented in this paper builds
on advances in the macroeconomics literature on the economic effects of climate change. General
equilibrium models, such as the integrated assessment models developed by Nordhaus (1992, 1993,
2008), are used to quantify the social cost of carbon as well as resulting optimal policies. Acemoglu
et al. (2012) develop a non-stochastic model featuring directed technical change to characterize the
optimal environmental policy. Golosov et al. (2014), Cai et al. (2019), and Hambel et al. (2021)
build DSGE models that allow to compute the social cost of carbon under uncertainty with different

types of modeling assumptions. We extend these approaches by providing a model that reproduces

4A consequence of our findings is that researchers should give more weight to alternative approaches
for identifying risk premia as opposed to the analysis of realized returns. For example, Engle et al. (2020)
construct climate change hedging portfolios using a dynamic approach based on climate change news, which
could be used to quantify risk premia through the cost of hedging. Gormsen et al. (2023) consider firms’
perceived cost of capital as articulated in corporate conference calls;, and Giglio et al. (2025) analyze retail
investor expectations based on a survey. Eskildsen et al. (2024) evaluate a number of different approaches,
including forward-looking stock returns constructed from option prices.



not only macroeconomic and climate change variables, but also explains asset prices in the spirit
of the macro-finance literature (e.g., Jermann, 1998; Croce, 2014; Favilukis and Lin, 2016). As
such, our framework particularly allows us to analyze the effects of climate policy risk on equity
returns and valuations of brown and green firms. Based on simulated samples from our model, we
show that it is difficult to properly identify carbon premia by evaluating realized returns, while
it is possible to capture the climate transition’s impact on firm valuations that results from the
combination of cash flow and discount rate effects.

Moreover, by applying the model insights to the stock returns and valuations of oil firms, we
contribute to the strand of research investigating the effects of the climate transition on energy firms.
As van Benthem et al. (2022) highlight, “[cJompanies in the energy sector are uniquely affected by
this change in financial markets. Oil and gas firms and fossil fuel-based power generators are a major
source of carbon emissions, and thus directly exposed to transition risks as policymakers guide the
economy towards net-zero targets.” Against this background, it is surprising that we are the first
to analyze carbon returns and risk premia through the lens of oil firms. While Barnett (2024)
focuses on oil price and production dynamics under climate policy uncertainty, Bogmans et al.
(2024) examine oil and gas firms’ investments, which have significantly declined as a consequence
of climate policies and related uncertainty according to their results. We are able to identify a
significant drop in relative oil firm valuations and a decoupling from the oil price in the 2000s.
Such decline in valuations explains and leads to lower investment in those firms according to
g theory, as predicted by our model. Our findings are also consistent with a recent paper by
Acharya et al. (2024), who analyze the effects of different types of transition risk on the energy

sector in a two-period general equilibrium model.

2 A Macro-Finance Model for the Climate Transition

We propose a quantitative model for the climate transition that allows us to simulate and ana-
lyze the dynamics of macroeconomic variables and asset prices. In our model, brown (fossil-fuel-
consuming) firms emit greenhouse gases into the atmosphere, which lead to higher global temper-

atures in the long run, with a negative impact on environmental quality and household utility.



This effect gives rise to a negative climate externality, which the brown firms do not internalize
in a competitive setting. The regulator therefore introduces a carbon tax, and we assume that
the implemented tax can deviate from its socially optimal level, to which it slowly converges. The
dynamics of the carbon tax drive the climate transition, and unexpected regulation shocks give rise

to climate policy risk in the model.

2.1 Setup

Households The households in our model derive utility from a constant elasticity of substitution
(CES) bundle that is composed of a consumption-leisure aggregate C; and of environmental quality

th
1
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Here, 6 is the weight of environmental quality in the bundle and ¢ determines the elasticity of
substitution between the consumption-leisure aggregate and environmental quality. Environmental
quality is furthermore weighted by productivity A; to ensure balanced growth in the model, which
can be interpreted as an adjustment for the standard of living. The aggregate of consumption C

and leisure [; is, as usual, also defined as a CES function,
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with leisure weight v and an elasticity of substitution 7. The households maximize Epstein and

Zin (1991) utility,
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with discount factor (3, risk aversion -, and intertemporal elasticity of substitution ¢, over the

overall bundle of environmental quality, goods consumption, and leisure.



Production The final consumption good is produced by composing goods from a brown and a

green intermediate goods sector (labeled by b and g, respectively),

1

Y= (A% 78 + (A4 ) 7 E @)

o [

as a CES aggregate with parameter . We furthermore introduce a scaling parameter A to make
model outputs (levels) comparable to empirical figures.

For the production of intermediate goods, the main difference between the brown and the green
sector is that the brown sector uses fossil fuel (oil) as part of its production input, while the green
sector does not. In particular, with capital K;; and labor L;; allocated to the brown and green

sector (¢ € {b, g}), the respective production functions are
Yoo = (AiLy)' "2 and  Ygu = (AiLgs)' Ky, (5)

where Z; is a CES aggregate of physical capital K, and oil Oy,

1—1 1—-1 ﬁ
Zy=\((1- VK, 0 +10p 0 . (6)
The parameter ¢ specifies the share of oil in this CES aggregate, and o is the elasticity of substitution

parameter. Fossil fuel Oy is produced by the oil sector, which is described in detail below.

Emissions, temperature, and the environment By burning fossil fuels, firms in the
brown sector emit greenhouse gases when producing goods. Therefore, the production of the brown
firms increases the level of greenhouse gases in the atmosphere, which evolves as

Er1=(1—pe)éi + flbt You. (7)

In these dynamics, pg specifies the rate at which the atmosphere recovers from greenhouse gases,
and &, /A; is the carbon intensity of the brown firms’ production process. The brown firm’s carbon
intensity declines with productivity A; to account for the fact that technological progress nowadays

usually leads to a less carbon-intensive production, and to guarantee balanced growth in the model.



Green firms have a lower emissions intensity than brown firms, and in fact, we assume for simplicity
that they do not emit any greenhouse gases.

Global temperature levels are affected by greenhouse gas emissions according to the following
dynamics:

Tiv1 = (1 - pr)Ti + xpris1 + UTEtTH (8)

Here, x is the climate sensitivity to emissions and pr is the cooling rate similar to Bansal et al.
(2017) and Cai et al. (2019). We also incorporate weather shocks e7,; with volatility o7 in our
framework. Note that T} is interpreted as the global temperature anomaly in our model, describing
how much the temperature is above the pre-industrial level.

Rising temperature levels have a negative effect on the quality of the environment. In particular,
we assume that environmental quality X is affected by a Nordhaus (1992) damage function,

X
Xt = KX 27
1+ ex1T, ™

9)

where X is the level of environmental quality at pre-industrial temperatures and & x,1 and Kx o are
temperature sensitivity parameters.

In the competitive equilibrium, brown firms do not take into account the effect of their emissions
on environmental quality and therefore on the households’ utility, which gives rise to a climate

change externality in the model.

Carbon tax To address this climate change externality, the regulator introduces a tax of A;7y
per unit of greenhouse gas emissions, which increases by default with the economy’s standard of

living. We allow the implemented tax level 74 to deviate from the socially optimal tax level 7/,
Tt = @tTt*7 (10)

driven by the extent of environmental regulation ©;. Appendix A.2 formally derives the socially op-

timal tax level 7 based on the social planner’s solution. The stringency of environmental regulation
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is governed by the process

Orr1 = (1 - po)(1 — po) + poO: + coci 1. (11)

Implemented carbon taxes are therefore affected by climate policy shocks 5&1, with volatility g,
which give rise to climate policy risk premia in the model, resulting in a return spread between
brown and green equities. The parameter ug > 0 sets the steady-state tax level relative to the

optimal tax, and pg determines the speed of convergence to that level.

Oil sector We explicitly model the oil sector, which is populated by a representative firm that
extracts oil from its wells at a constant rate and builds new oil wells using physical capital and

labor as inputs. The oil wells accumulate according to

Uir1 = (1 — ko)Uy + Ny, (12)
where N; are new oil wells produced according to the technology

Ny = (AtLog)' " K3, (13)

with parameter «,. Oil is extracted at a constant rate k,, and we abstract from inventory holdings
in our model. Therefore, the quantity O; of oil consumed by the brown firms is equal to the quantity
E; extracted by the oil firm,

Ot = Et = KZOUt. (14)

Capital, wages, and productivity Finally, we specify the dynamics of capital, wages, and
productivity in our model. The capital stock in each of the three sectors, i € {b, g, 0}, follows a law
of motion of the form

Kipp1=01-0)Ki1+ 1Ly — Git Ky, (15)
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where 0 is the capital depreciation rate and G;; is a Jermann (1998) adjustment cost function of
the form G (Lit/Kit) = Lit/Ki+ — (am + #/ZQ (Ii,t/Ki,t)l_l/C’), with sector-specific parameter
G.°

For the specification of wages, we follow Favilukis and Lin (2016) and introduce wage ridigities

into the model to generate realistic wage and asset price dynamics. In particular, the average wage

paid in sector ¢ is given by
Ry
wiLiy = wi(Liy — Li) + Ly - 5 ( @—k) ; (16)

where w; is the competitive wage and L; = ¢L; is the amount of labor that does not pay the
competitive wage (determined as a fraction ¢ of the steady state labor demand). Instead, it pays
the moving average of the competitive wages in the previous five months such that, overall, wages
are adjusted over a cycle of six months.

The productivity A; of the economy and its long-run trend z; follow the processes

In(Api1) =In(Ay) + pa + 2z + UA5{54+17 (17)

241 = P22t + 02141, (18)

as in Croce (2014), where p4 is the average productivity growth rate and 5;4“ are shocks affecting
the level of productivity with volatility 4. The trend component z; has a persistence of p, and
is subject to long-run growth shocks 7, ; with volatility o.. All shocks in our model are i.i.d.

standard normal random variables.

Firm optimization problems and market clearing All firms in the model are perfectly
competitive and maximize their expected discounted cash flows. In particular, final goods producers

maximize

o0
JID7 Z Mt(Y;i - pb,th,t - pgytY 7t) ) (19)
t=0

5As usual, the parameters ao,; and aj ; are set in such way that adjustment costs and their first derivative
are zero in the model’s steady state.
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taking the prices of the brown and green intermediate goods, denoted as p; and py;, as given.
The final good is the numeraire in our economy, such that it always trades at a price of 1, and

the stochastic discount factor is denoted by M;. The green and brown intermediate goods firms

maximize
oo
E; Z}Mth,t], with Dy = pgiVes — RN Ky —wiLgy, and (20)
t=0
oo
Ee | MtDb,t] , with  Dyy = pyiYos — Ry Koy — wily — potOr — 7651, (21)
t=0

respectively, taking intermediate goods prices p; ¢, capital rental rates Ri{(t, labor wages wy, the oil

price p, ¢, and the carbon tax 7; as given. The oil firm maximizes

E,

(e.)
> MtDo,t] , with Doy = potOr — REKos — wiLoy, (22)
t=0

and takes the oil price p,;, the rental rate of capital Rgft, and the labor wages w; as given. Finally,

the capital producers in each sector (i € {b, g,0}) maximize

I

Z IMtDl{(t] ,  with Dz‘l,(t = ngng‘,t — Iy, (23)
t=0

taking the capital rental rates Ri{{t as given.

In equilibrium, the labor and final goods markets clear, and we have the conditions

ly =1—Lps — Lyt — Loy, (24)

Yi=Ci+ Iy + 1y + 1ot + Gt (25)

In the former equation, available hours are normalized to 1, and in the latter equation, we account
for government consumption G; = gY; as a fixed share g of output. Government consumption has no
role in our model other than reducing the amount of output that is used for household consumption

or investment.
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2.2 Equilibrium

We derive the household’s and the firms’ first order conditions in order to solve for the model

equilibrium. With the pricing kernel defined as

. 11 _ 11 v
oGt 7 [ Cr " 7 [ 9(A1 X1, Cr) T Vit
M1 =8 N ~ =~ P ) (26)
t Ct ﬁ(AtXt, Ct) Et [V;H- ’Y] 1—vy
where
1
~ ~1-1 _1
V(AXy, Cy) = ((1 — H)C’t1 4+ H(AtXt)li) e ,
the household’s condition yields that the Euler equation
Ei[Mip1Rii1] =1 (27)

holds for the returns R;y; of all assets traded in the economy. We also obtain the first order

condition equalizing the marginal utility of final goods consumption and leisure,

1

(1—0v)C) = vyl

F 3=

: (28)
On the firms’ side, we obtain that the Euler equation (27) holds for the capital returns in the three

sectors (i € {b, g,0}),

I~ RE L +((1—6)+ Girir L1/ K1 — Gips1)Qie
it+1 — Qi1 ’ <29)

with the marginal products of capital Ri{(t as well as Q; ¢, the marginal Tobin’s ¢ of each sector,
given by

N 1

=, Qit=—F7H—
Z, Ky, Ko Z 1- G;,t
(30)

Y, t le-)t
R;ft = Oépg7t I(:q’t’ Rlﬁ = a(l — L) (Pb,t - Ttéb)ig 15 Rt[ft = Oéo)\oﬂg
g7

The state variable \,; is a Lagrange multiplier attached to the production for new oil wells in the

oil firm’s problem (see Appendix A.1 for details).
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The wage equations are given by

~ Y, Ys N,
wy = (1 — a)pg,t £ = (1—a)(pot — Ttﬁb)i’t =(1- Olo)>\o,t7t' (31)
Lg,t Lb,t Lo,t
Additionally, the oil price p,; satisfies the condition
Yy
Pojt = aL(pb,t - Ttgb) l_it 1 (32)
Z; °Of

as implied by the brown firm’s optimization problem, and the intermediate goods prices p;; fulfill
the condition

Vie=p i A (3)

Finally, we show in Appendix A.3 that the socially optimal carbon tax is

T = ets, (34)

where ¢/ is a Lagrange multiplier describing the shadow cost of an additional unit of emissions, as

defined in Appendix A.2.

The (unlevered) sectoral equity returns in our model differ from the capital returns (29), as
wages deviate from the marginal product of labor due to wage rigidities. Sectoral equity returns
for i € {b, g, 0} are obtained by solving recursively for the firm value V;; = DZ 99" + By [Myt1 Vit
with aggregate sectoral dividends D;??", and computing R;; = Vi¢/(Vii—1—Dj7”}). The aggregate
dividends of a sector are given by the sum of the intermediate goods or oil producer’s dividends
and the capital producer’s dividends, D;?" = D + Dz‘l,(w which are each defined in equations (20),
(21), (22), and (23). The (unlevered) market return R,,: is obtained analogously for aggregate
dividends Dy, s = Dy%" + D" + D%, and the return R, without the oil sector is obtained
for Dypor = Dgggr + D;gth.

With these conditions and the laws of motion at hand, we can solve for the model equilibrium.
In particular, we use a numerical second-order approximation computed by perturbation methods,

as provided by the dynare package. We apply the pruning scheme proposed by Andreasen et al.
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(2018), which allows us to compute unconditional moments and impulse response functions in closed
form.
We furthermore compute the risk-free rate and the levered equity excess returns for the different

sectors and the market based on the model solution, as defined by the equations

1
Rl = —— 35
bR Mgy 4] (35)
LEV = (1+ DE)(Riy — RL,), i=b,g,0,m. (36)

In line with Croce (2014), we assume an average debt-to-equity ratio DE of 1, and a non-
fundamental volatility of 6.5% per year that adds to the fundamental equity volatilities generated
by the model. Finally, we explicitly distinguish between returns and risk premia in our analysis of

the climate transition, with risk premia being defined as ex-ante expected excess returns,
RPi,t = Et [RfeEas‘,/w;—&-l]v = ba g,0,Mm. (37)

Under a second-order approximation, risk premia do not vary over time, such that the risk premium

at any given point in time is equal to the unconditional risk premium.

3 Model Results and Implications

Based on our model, we simulate the climate-related transition to a low-carbon economy and an-
alyze its effect on macroeconomic quantities and asset prices. Besides understanding the general
dynamics, we particularly use the calibrated model as a benchmark for evaluating to what extent
carbon premia can be captured based on realized returns observed over a 15-year sample period.
Section 3.1 details the calibration of the model, and Section 3.2 discusses the general determinants
and features of climate policy risk premia, both in general and specifically for the given calibration.
In Section 3.3, we simulate the transition from a pre-transition state towards the full model equilib-
rium, with the carbon tax slowly converging to its optimal level. We analyze the detailed dynamics

of macroeconomic quantities and asset prices over the transition in Section 3.4, with a particular
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focus on brown-minus-green returns, risk premia, and firm valuations. Section 3.5 summarizes the

main implications of our results and highlights implications for empirical research.

3.1 Calibration

We explain our parameter choices and report all parameters as annualized values. The preference
parameters of our model are set in line with the asset pricing literature (e.g., Bansal and Yaron 2004;
Croce 2014), with a relative risk aversion v of 10 and an intertemporal elasticity of substitution
1 of 2, yielding a preference for the early resolution of uncertainty. The time discount factor [ is
set to 0.98, consistent with the literature and to match the level of the risk-free rate in our model.
Environmental quality accounts for an important part of household utility as specified by a share 6 of
0.25 in the household’s consumption bundle. We further set the elasticity of substitution ¢ between
environmental quality and the consumption-leisure bundle to 0.4, making them complements rather
than substitutes. While there is no clear guidance in the literature for the precise value of these
two parameters, our results in Sections 3.4 and 4.2 demonstrate that the chosen values allow us to
reproduce realistic asset price dynamics during the climate transition within our model.

For the production sector, we set the depreciation rate of capital d to 0.06, in line with Croce
(2014), for all three sectors. Similarly, we assume the capital share of production « to be identical for
the brown and the green intermediate goods sector, and set it to 0.21 to reproduce the investment-
output ratio in the model. Capital adjustment costs (; are chosen to produce and match the
variation in equity premia across the different sectors in the pre-transition state (see Section 3.3),
and we assume a high elasticity of substitution between green and brown sector output in line with
Acemoglu et al. (2012), setting € to 3. The average ratio of government consumption to output in
the pre-transition period is 21.68%, and we therefore set g precisely to 0.2168, close to the value of
0.2 proposed by Sims and Wu (2021).

Regarding the labor market, the leisure share v in households’ utility is calibrated such that the
model matches the average work hours of a full-time worker in the U.S. (equal to 21.58% of overall
hours), and the elasticity of substitution between consumption and labor 7 is set to 0.7, following
Croce et al. (2021). The wage rigidity parameter ¢ is chosen to be 5/6, such that one sixth of the

wage rate is adjusted to the competitive wage immediately, while the remainder is a moving average
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Table 2: Preference and production parameters

Parameter Symbol Value
Preferences
Subjective discount factor I3 0.98
Relative risk aversion 5 10
Intertemporal elasticity of substitution P 2
Environmental quality share in utility bundle 0 0.25
Elasticity of substitution between env. quality and consumption %) 0.4
Labor market
Leisure share in consumption-leisure bundle v 0.1397
Elasticity of substitution between consumption and leisure n 0.7
Wage rigidity parameter S 5/6
Goods production
Depreciation rate of capital 0 0.06
Sectoral capital adjustment costs (Cb, Cg» Co) (3.75, 1.25, 3.75)
Capital share of intermediate goods production Q 0.21
Elasticity of substitution between brown and green sector output € 3
Final goods output scaling factor A 1.083
Average productivity growth rate WA 0.02
Volatility of productivity growth oA 0.05
Persistence of long-run growth rate o 0.8
Volatility of long-run growth rate o, 0.0350 4
Oil production and input
Oil share in brown sector’s production function L 0.06
Elasticity of substitution between capital and oil o 0.4
Capital share of oil wells production Q 0.4
QOil extraction rate Ko 0.08
Government
Government consumption to output ratio g 0.2168

This table reports parameters describing the household’s preferences, the labor market, the production

sectors, and the government in the model. All parameter values are annualized.

of the previous wage rates. Finally, the average growth rate of productivity and its volatility, pa

and o4, are calibrated to match the mean and standard deviation of the output growth rate in the

pre-transition period, as described in detail in Section 3.3. The persistence parameter p, of the

long-run growth rate is set to 0.8 following Croce (2014), and its volatility is 3.5% of the short-term
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Table 3: Emissions, temperature, and carbon tax parameters

Parameter Symbol Value

Emissions and temperature

FEmissions intensity of brown sector & 3.309
Environmental quality level at pre-industrial temperatures X 0.1
Temperature sensitivity of environmental quality (scale parameter) KX1 0.075
Temperature sensitivity of environmental quality (power parameter) KX,2 2
Cooling rate oT 0.038
Atmosphere recovery rate pE 0.0021
Climate sensitivity to emissions X 0.004
Volatility of temperature shocks or 0.005
Carbon tax
Average distance of carbon tax to optimal tax "o 0
Persistence of carbon tax o) 0.95
Volatility of policy shocks e) 0.14
Correlation between carbon tax shocks and long-run growth shocks oo, (—0.45, —0.05)

This table reports parameters describing the emissions and temperature dynamics and the carbon tax set

by the regulator. All parameter values are annualized.

volatility o4, consistent with the literature and generating a large market equity premium. All of
these parameters are summarized in Table 2.

The brown and the green sector differ along three dimensions. First, the brown sector uses oil
as an input in addition to capital and labor, with an elasticity of substitution between physical
capital and oil of 0 = 0.4 as in Gao et al. (2022). The oil share ¢ is set to 0.06 to generate a realistic
magnitude of the oil sector. Oil is produced from wells with an extraction rate k, of 8% per year,
also as in Gao et al. (2022), and a capital share «a, in oil wells production of 0.4. Second, the
brown sector generates greenhouse gas emissions as part of the production process, and a value of
& = 3.309 corresponds to the U.S. emissions intensity in 1995 (measured in billion tons of carbon
per trillion U.S. dollars), the year in which we initialize the model’s pre-transition state. Third,
we assume that environmental quality is affected by temperatures above pre-industrial levels as
specified by the parameters kx 1 = 0.075 and xKx2 = 2. These parameter choices are motivated
by the results in Nordhaus (1992). Moreover, the level of environmental quality at pre-industrial

temperatures is set to X = 0.1.
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Parameters driving the overall emissions in the atmosphere as well as the global temperature
dynamics are chosen in line with climate models. Specifically, the cooling rate is pr = 0.038
(see Bansal et al., 2017; Cai et al., 2019), the atmosphere recovery rate is pg = 0.0021 (Reilly
and Richards, 1993), and the climate sensitivity to emissions is y = 0.004. We set the volatility
of temperature shocks o7 to 0.005 in line with the volatility of the annual global temperature
anomaly. Finally, we assume that policy-makers set the carbon tax to the theoretically optimal
level in the long-run equilibrium of the model, implying ue = 0. Recall that our analysis focuses on
the transition of the model towards this long-run equilibrium, with a tax persistence of pg = 0.95
and a policy volatility of ce = 0.14.° For our simulation of the climate transition in Section 3.4, we
furthermore introduce a negative correlation pg . between carbon tax shocks and long-run growth
shocks (—0.45 in the benchmark calibration and —0.05 in an alternative scenario), which we discuss
at the end of the next section. The parameters related to the dynamics of emissions, temperatures,

and the carbon tax are summarized in Table 3.

3.2 Climate Policy Risk Premia in Theory

The model produces climate policy risk premia as a compensation for assets’ exposure to policy
shocks 5?“. Climate policy risk premia can in principle be positive or negative, depending on
the shock’s impact on the considered asset and the investors’ pricing kernel. We first discuss the
climate policy risk premia of brown and green stocks as well as the resulting brown-minus-green
policy risk premium in general based on our model.

When climate policy is tightened due to an unexpected carbon tax shock, the brown firms’
revenues are negatively affected according to equation (21), leading to a negative effect on brown
sector equity returns (see also equation (30)). The tax burden on the brown sector also induces
a greater demand for green sector capital, yielding a positive impact on the green sector’s equity

return. Thus, the returns of green firms increase and the returns of brown firms decline when a

6The carbon tax in our model is understood as an aggregate of different measures disincentivizing carbon
emissions, including emissions trading and command-and-control measures. While the volatility of emission
permit prices is typically comparable to that of stocks (see Hitzemann and Uhrig-Homburg, 2018), the
volatility of other measures is naturally lower (see Goulder and Schein, 2013), suggesting that the annual
carbon pricing volatility is in the range of 10-20%.
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positive climate policy shock materializes, in line with intuition. The effect of climate policy shocks
on the pricing kernel is more ambiguous and can be well understood based on equation (26). On
the one hand, the additional tax makes the final good more expensive, such that current household
consumption declines. On the other hand, the increased tax partly closes the negative climate
externality, leading to an increase in future environmental quality and utility. In principle, either
effect can dominate and therefore lead to an increase or decrease in the pricing kernel depending
on the model calibration, such that the sign of brown-minus-green climate policy premia is not
determined without calibrating the model.

We therefore demonstrate and analyze the precise effects of carbon tax shocks in the calibrated
model by means of impulse response functions (see Figure 1). Importantly, we consider the impulse
response functions at states where the tax is at 25%, 50%, or 75% of its optimal level, which is
representative of the climate transition period.” The figures confirm the carbon tax shock’s negative
effect on consumption and positive effect on environmental quality and show that the former effect
overweighs in the calibrated model, resulting in a positive effect on the pricing kernel. Importantly,
it is not a contradiction that on the one hand, the shock brings the carbon tax closer to the optimal
level and is thus welfare-improving and on the other hand, today’s marginal utility still goes up,
due to the limited transferability of consumption and environmental quality over time. Taking this
together with the response of brown and green equity returns, we obtain positive climate policy risk
premia for the brown sector and negative premia for the green sector, overall leading to positive
brown-minus-green climate policy risk premia. This prediction is in line with Pastor et al. (2021)
who do, however, not consider climate policy shocks in a general equlibrium sense. Moreover, our
result alleviates the theoretical result by Roth Tran (2019) and Baker et al. (2022) that brown firms
should paradoxically have negative risk premia as they perform well in states that yield negative
climate outcomes.

In our simulation of the climate transition in the next sections, we also introduce an exogenously

negative correlation between the carbon tax shocks £, | and long-run economic growth shocks €7, ;.

"While it is usual to compute impulse response functions around the model’s steady state, which would
correspond to a 100% tax in our case, it is important in our context to account for the fact that the tax
attains values way below 100% for a long time during the climate transition. The methodology by Andreasen
et al. (2018) allows us to compute conditional impulse functions around such states of the economy.
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Figure 1: Impact of carbon tax shocks on climate, economy, and asset prices
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This figure depicts the impact of carbon tax shocks on the climate, economy, and asset prices. Conditional
impulse response functions are computed for three states of the carbon tax level: 25%, 50%, and 75% of
the optimal carbon tax. Lowercase letters refer to log variables, and the impulse responses are plotted
as percentage deviations from the given state in response to a positive one-standard-deviation tax shock
materializing at t = 1.
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Intuitively, climate policy shocks may suppress long-run growth due to the additional regulations
and frictions that are imposed on the economy. As a result, the pricing kernel increases more
strongly in response to policy shocks, leading to quantitatively larger positive brown-minus-green
climate policy risk premia. We show in the following that even if climate policy risk premia are large,
they can often not well be captured by realized brown-minus-green equity returns over relatively

short simulated sample periods.

3.3 State of the Pre-Transition Economy

To explicitly simulate the climate transition, we initialize the model at a pre-transition state.
Empirically, we identify the time before 1995 as the pre-transition period, when agents paid arguably
little attention to the relation between greenhouse gas emissions, temperatures, and economic risks.
We technically implement this pre-transition state in the model by assuming that the perceived Y is
zero for all agents (including the policy-maker), which makes them disregard the effect of emissions
on the temperature level. Under this assumption, the optimal carbon tax also results to zero as the
agents perceive the shadow costs of emissions to be zero (see Appendix A.2 and A.3). Furthermore,
the temperature anomaly specified by the dynamics (8) is not endogenous anymore from the agents’
perspective, but perceived as an exogenous process.

We first evaluate whether the pre-transition state in the calibrated model matches well U.S.
macroeconomic and asset price data from 1927 to 1995. Table 4 reports the simulated moments
based on the model and its empirical counterparts based on U.S. data. The model does a good
job reproducing the size of the different sectors in the economy in terms of output, as well as the
overall investment-output ratio. Moreover, it is calibrated to match the average output growth rate
and also does reasonably well explaining the volatilities of output, consumption, and investment
growth.® When it comes to asset prices, the model produces both a low average risk-free rate
and high equity premia. As in the data, equity premia differ across the different sectors, which is

achieved by calibrating the sectoral adjustment costs accordingly. Remarkably, the model produces

8While the volatility of consumption growth produced by our model is about 1% higher than in the data,
it is also known that the data moment understates the true volatility due to the filtering process applied by
the Bureau of Economic Analysis (see Kroencke, 2017).
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high equity volatilities through a combination of adjustment costs, wage rigidities, and a non-
fundamental volatility component.

Second, we evaluate realized returns of brown-minus-green equity portfolios in the pre-transition
economy. Since empirical research typically analyzes brown-minus-green returns during the tran-
sition period and associates positive or negative returns with climate policy risk premia, we ask
whether it is — according to the theoretical benchmark provided by our model — correct to assume

that these returns are zero prior to the transition. The moments in Table 4 already indicate that

Table 4: Data and model moments

Moment Data Model

Size of different sectors

Investment-output ratio E[I/Y] 15.06 13.89
Brown sector output share E[ppYs/Y] 20.99 24.24
Green sector output share Elp,Y,/Y] 76.86 71.55
Oil sector output share E[p,0/Y] 2.16 4.20
Economic growth and volatilities
Output growth rate E[Ay] 2.29 1.96
Output growth volatility o(Ay) 5.81 5.05
Consumption growth volatility o(Ac) 3.74 4.70
Investment growth volatility o (A7) 5.86 6.68

Risk-free rate and equity premia

Risk-free rate Elr] 0.51 0.45
Market equity premium E[rLEY] 8.49 8.57
Brown sector equity premium E[réfx‘/] 10.19 10.49
Green sector equity premium — E[rZZV] 9.63 9.69
Oil sector equity premium E[rovfx‘/] 6.71 3.58
Equity volatilities
Market equity volatility o(rkEY) 21.10 15.82
Brown sector equity volatility — o(rZZ") 23.38 17.67
Green sector equity volatility J(r’i’ng) 26.28 16.99
Oil sector equity volatility o(rbEY) 29.07 11.00

This table reports empirical and model-based macroeconomic and asset price moments for the pre-transition
economy. Empirical moments are calculated based on U.S. macroeconomic and asset price data for the period
1927-1995. Details on the construction of sectoral shares are provided in Appendix C. Model moments are
computed using 1,000 simulations for 69 years, matching the length of the data sample. The model is

simulated at a monthly frequency, and all moments are annualized. Lowercase letters refer to log variables.
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Table 5: Simulated brown-minus-green returns and risk premia before the climate transition

Panel A: Benchmark Calibration

10% Median 90%
Brown-minus-green returns 0.41% 0.79% 1.21%

[0.07] [0.00] [0.00]
Brown-minus-green risk premia 0.81% 0.81% 0.81%

Panel B: Modified Adjustment Costs (¢, = 1.25)

10% Median 90%
Brown-minus-green returns 1.20% 2.01% 2.85%

[0.02] [0.00] [0.00]
Brown-minus-green risk premia 2.00% 2.00% 2.00%

This table presents statistics of realized returns and risk premia for the brown-minus-green equity portfolio
in the pre-transition economy. We simulate 1,000 economies for 15 years at a monthly frequency. The

reported brown-minus-green returns are the annualized time-series averages of the monthly ex-post realized

LEV _ TgLEV)

returns (r; for the median economy and the 10% and 90% quantile economies. In brackets, we

report p-values of the returns for the respective economy. Brown-minus-green risk premia (RP, — RP,), i.e.,
annualized ex-ante expected returns, are constant over time and across sample economies under a second-

order approximation.

on average over the whole pre-transition period, brown sector equity returns slightly exceed green
sector equity returns. In addition, we simulate 15 years of data for 1,000 pre-transition sample
economies based on our model at a monthly frequency and report statistics on brown-minus-green
equity returns and risk premia in Table 5. Panel A considers the benchmark calibration. While
there is no climate policy risk in the pre-transition model by definition, average brown-minus-green
equity returns range from 0.41% to 1.21% per year across the different 15-year samples, highlighting
that other factors besides climate policy risk can be responsible for a return spread between brown
and green equity. Importantly, the brown-minus-green risk premium, which is directly observable
in the model, amounts to 0.81% in the pre-transition samples, but this risk premium does, again,
not arise due to climate policy risk.

To strengthen this point, we consider a slight variation of our calibration in Panel B, where the
brown sector has higher adjustment costs and thus carries larger risk premia. As a result, brown-
minus-green risk premia are substantial in this case. When an econometrician observes 15 years of

monthly brown-minus-green returns in this scenario, she will in virtually all simulated economies
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come to the conclusion that the time-series average of brown-minus-green returns is positive and
significantly different from zero. The main takeaway is that returns on brown sector equity may
be significantly different from returns on green sector equity due to factors unrelated to climate
policy risk. Besides attempting to control for those factors, our results suggest that conducting a
placebo test of brown-minus-green returns in the pre-transition period is commendable for empirical

research.

3.4 Simulating the Climate Transition

We now use the calibrated model to simulate the climate transition period. The starting point of
the climate transition is the unconditional mean of the pre-transition model.” We then simulate
the transition paths towards the equilibrium of the full model — in which agents understand the
relation between emissions and global temperatures as defined through the parameter y — for 1,000

economies.

3.4.1 Emissions, Temperature, and Macroeconomic Quantities

We first discuss the dynamics of temperature, emissions, the carbon tax, and macroeconomic
variables during the transition period, which we depict in Figure 2. The figures show the median
path of the considered variables as well as 95% confidence bands. In our simulation of the climate
transition, the temperature anomaly reaches a value of about 1.9 degrees Celsius on the median
transition path, approximately in the year 2040, before it slowly declines. Staying below the 2-
degree mark is achieved through a carbon tax which starts at a low value and gradually converges
towards the socially optimal tax, exceeding 200 dollars per ton of carbon emissions in 2050.' As
a result, emissions also reach their peak around the year 2050 and decline quickly after that. On

the contrary, a carbon tax at the low end of the confidence band, which stays below 100 dollars

9We can compute the unconditional mean, which differs from the (deterministic) steady state in the
presence of higher-order terms, in closed form under the pruning scheme proposed by Andreasen et al.
(2018). Thus, we do not need to rely on a simulation of the pre-transition model for obtaining this starting
point.

00ur results confirm the finding by Daniel et al. (2019) that under Epstein and Zin (1991) preferences,
the optimal tax starts at a very high level and slowly declines. In our case, the actually implemented tax
starts at zero and drifts slowly towards the optimal tax, therefore following a hump shape.
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Figure 2: Transition dynamics of climate and macroeconomic variables
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This figure illustrates the dynamics of emissions, temperature, carbon taxes, and macroeconomic variables

over the climate transition. The transition dynamics are computed for 110 years (from 1995 to 2105) and
1,000 sample economies at a monthly frequency. The initial point of the simulation is the unconditional mean
of the pre-transition economy. Carbon taxes are denominated in U.S. dollars per ton of carbon dioxide,

(cumulative) emissions in billion tons of carbon dioxide, and temperatures in degrees Celsius above the

pre-industrial level. Consumption, investment, and output are annualized and denominated in trillion U.S.
dollars as of 1995 and adjusted for the economy’s productivity growth, such that the transition dynamics can
be interpreted relative to the balanced growth path. The median path across the 1,000 economies is depicted

for the considered variables, alongside 95% confidence bands according to the corresponding quantiles at any
given point in time.

per ton for the longest time, translates to a higher and later peak of emissions and to temperatures

above the 2-degree mark. In either case, environmental quality declines first and then stabilizes

once temperatures do not rise anymore.
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In terms of macroeconomic variables, the figures show that aggregate consumption, investment,
and output increase in the very beginning of the climate transition, before they enter a long-term
decline relative to the balanced growth path. The reason for the initial increase in economic activity
is a surge in labor in both the green sector and the brown and oil sectors (see Appendix D for the
corresponding transition dynamics).!! While the increase of green sector labor is permanent due
to the rising demand for green goods over the transition, the labor boom in the brown and oil
sectors is of short-term nature to compensate for the predictably higher taxation of brown sector
output in the future, similar to the “run on oil” highlighted by Barnett (2024). In the longer
run, the increasing carbon tax, which is welfare-improving and necessary to prevent catastrophic
temperature increases, naturally comes at the cost of a reduction in economic activity relative to

the balanced growth path.

3.4.2 Firm Valuations and Capital Flows

Figure 3 depicts the median transition paths and confidence bands of firm valuations and capital
stocks in the economy. In particular, firm valuation dynamics are illustrated in the first row
by means of marginal Tobin’s ¢s, and the second row shows sectoral capital stocks, with the
initial capital stock in each sector normalized to one. Our simulation predicts, on the one hand,
that the valuations of the brown and the oil sector substantially decline in the beginning of the
climate transition. The marginal Tobin’s ¢ of the green sector swiftly increases, on the other hand,
consistent with the intuition that low-carbon industries become more profitable relative to fossil-
fuel-consuming industries as the carbon tax increases. In the longer run, all industry valuations
revert back to a marginal Tobin’s q of 1 as capital is being reallocated in line with ¢ theory. In
particular, the lower valuations of the brown and oil sector lead to a divestment of capital,'? and

on the other side, capital is flowing to the green sector.

1 The beginning of the climate transition can be interpreted as a long-run shock to carbon taxes, which
predictably increase in the subsequence, and leads to an initial increase of economic variables including con-
sumption. In contrast, consumption responds negatively to temporary carbon tax shocks (see Figure 1). The
opposite sign of the consumption response to short-run and long-run shocks is also observed for productivity
shocks, for example (see Croce, 2014).

12Tn the very short run, brown sector and oil sector capital first increases, accompanying the short-term
labor boom discussed in Section 3.4.1.
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Figure 3: Transition dynamics of firm valuations and capital
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This figure illustrates the dynamics of firm valuations and capital allocation in the green, brown, and oil
sectors over the climate transition. The transition dynamics are computed for 110 years (from 1995 to 2105)
and 1,000 sample economies at a monthly frequency. The initial point of the simulation is the unconditional
mean of the pre-transition economy. Valuations are marginal Tobin’s ¢gs, and sectoral capital stocks are
normalized to 1 in the beginning of the transition and adjusted for the economy’s productivity growth,
such that the transition dynamics can be interpreted relative to the balanced growth path. The median
path across the 1,000 economies is depicted for the considered variables, alongside 95% confidence bands

according to the corresponding quantiles at any given point in time.

The devaluation of the brown and oil sectors results from a combined effect of the climate
transition on risk premia and future cash flows. In the literature, there is a great focus on the
risk premium component inferred from realized brown-minus-green returns, as discussed in the
introduction to this paper. Our results in the next section show, however, that making such
inference and therefore disentangling risk premia and cash flow effects in the beginning of the climate
transition turns out to be extremely difficult from an econometric point of view. In contrast, we
demonstrate in Section 3.4.4 that it is well possible to capture and measure the combined cash flow
and risk premium effects of the climate transition, which we particularly highlight at the example

of oil firm valuations.
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3.4.3 Brown and Green Returns and Risk Premia

We analyze returns and risk premia during the transition period within our simulated model. We
start with the benchmark case in which climate policy shocks are strongly negatively correlated
with long-run growth shocks, which produces quantitatively meaningful positive climate policy risk
premia. Precisely, as Panel A of Table 6 shows, the annual brown-minus-green climate policy risk
premium is 2.31% in the calibrated model. The table also shows that the overall brown-minus-
green risk premium, which also includes premia stemming from other factors such as differential
adjustment costs, is 2.85% in the model. While these risk premia are directly observable in the
model environment,"® empirical studies typically attempt to infer carbon premia from realized
returns (see Table 1).

Our model simulations reveal, however, that it is very difficult for an econometrician to cor-
rectly estimate the underlying risk premia based on monthly brown-minus-green realized returns
over a relatively short sample period of 15 years. The first row of Panel A shows that even though
the underlying risk premia are positive, the observed brown-minus-green returns are on average
negative if the sample starts with the beginning of the transition period and thus includes the
large devaluation of the brown sector. The large negative initial return leads to an average brown-
minus-green realized return of —4.34% per year measured over 15 years in the median economy.
On the contrary, when the econometrician examines a sample period with a later start date,'*
she will observe positive brown-minus-green returns in most cases, even though a negative realized
brown-minus-green return is still possible in the 10% quantile economy. In the median economy, the
observed 2.80% brown-minus-green return is very close to the risk premium, but not statistically
significant in the simulated sample. In contrast, a 6.84% realized return is observed in the 90%

quantile economy, which is statistically significant, but much larger than the actual risk premium.

13Risk premia do not vary in magnitude over time in our simulations since we employ a second-order
approximation to the model equilibrium. Time-varying risk premia would further complicate the inference
of carbon premia from brown-minus-green realized returns.

14Tn our model, the large negative return of the brown sector is realized in the first month of the climate
transition, as investors fully anticipate the predictable increase of carbon taxes over time towards the optimal
tax level. Therefore, a simulated sample that excludes the very first month of the climate transition does
already not contain this large initial negative return. Introducing gradual learning about the transition would
lead to a distribution of this initial devaluation over a longer period of time, but yield similar conclusions
overall.
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Table 6: Simulated brown-minus-green returns and risk premia during the climate transition

Panel A: Positive climate policy risk premium (Corr(ef, ;,7,,) = —0.45)
10% Median 90%
Brown-minus-green returns
Early sample start -7.75% -4.34% -0.33%
[0.32] [0.58] [0.97)
Late sample start -0.60% 2.80% 6.84%
0.83] [0.37] [0.04]
Brown-minus-green risk premia
Overall risk premium 2.85% 2.85% 2.85%
Climate policy risk premium 2.31% 2.31% 2.31%
Panel B: Close-to-zero climate policy risk premium (Corr(e,e7,,) = —0.05)
10% Median 90%
Brown-minus-green returns
Early sample start -9.42% -6.01% -2.00%
[0.20] [0.41] [0.79]
Late sample start -2.79% 0.61% 4.66%
[0.33] [0.84] [0.16]
Brown-minus-green risk premia
Overall risk premium 0.74% 0.74% 0.74%
Climate policy risk premium 0.20% 0.20% 0.20%

This table presents statistics of realized returns and risk premia for the brown-minus-green equity portolio
in the simulated transition from the pre-transition state to the full model equilibrium. We simulate 1,000
economies for 15 years at a monthly frequency. The reported brown-minus-green returns are the annualized
time-series averages of the monthly ex-post realized returns (rf£V — LEV) for the median economy and
the 10% and 90% quantile economies. Early sample start indicates that the returns are averaged over the
full 15 simulated years for each economy, while late sample start implies that the first month is excluded.
In brackets, we report p-values of the returns for the respective economy. Brown-minus-green risk premia
(RP, — RPy), i.e., annualized ex-ante expected returns, are constant over time and across sample economies
under a second-order approximation. The overall risk premium is the full brown-minus-green risk premium,
while the climate policy risk premium is computed as the difference between the full risk premium and the
brown-minus-green risk premium obtained when climate policy shocks are shut down. Panel A considers the
benchmark case of a strongly negative correlation between carbon tax shocks and long-run growth shocks,
yielding substantially positive climate policy risk premia, and Panel B considers the case of a weakly negative

correlation, resulting in climate policy risk premia that are positive but close to zero.
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As a result, the econometrician may come to the conclusion that the brown-minus-green risk pre-
mium is negative or positive in terms of its point estimate but statistically indistinguishable from
zero, or statistically significant and much larger than what it actually is. The drawn conclusion
will thus likely suffer either from being a false negative or from providing a biased point estimate
of the carbon premium.

In Panel B, we consider the case with only a small negative correlation between climate policy
shocks and long-run growth shocks, where the resulting climate policy risk premia are close to zero.
Even though this is the case, we find that the observed variation in 15-year average brown-minus-
green returns in different sample economies is rather similar compared to the case with the clearly
positive climate policy risk premium. As a result, the econometrician’s inference on whether there
is a significant carbon premium and on its magnitude is not substantially different in the case where
its actual size is economically meaningful compared to the case where it is close to zero. Generally
speaking, our model analysis shows clearly that when attempting to infer climate transition premia
from 15 years of brown-minus-green equity returns, the econometrician will very likely fall for a

false negative, false positive, or a biased point estimate of the underlying premium.

3.4.4 Qil Sector Returns and Valuations

The results on return spreads between brown (i.e., oil-consuming) and green firms in the pre-
vious section apply analogously to the oil-producing sector. Climate regulations directly affect
oil-consuming firms, but also translate to oil-producing firms through the demand channel, with a
similar impact on their valuations and returns. Table 7 shows realized returns and risk premia for
oil firms relative to other firms, which parallel the outcomes discussed for brown vs. green firms:
Observed realized returns can be negative, positive, or close to zero, both in scenarios where the
actual climate policy risk premium is substantially positive and when it is close to zero.'” While
these results imply that it is similarly difficult to infer carbon premia from oil firm returns, we
finally highlight — at the example of the oil sector — that it is possible to pin down the overall

impact of the climate transition on valuations.

15For the oil sector, climate policy risk premia are positive in the model as for the brown sector, but the
overall oil-minus-other risk premium driven by adjustment costs and other factors is negative, in line with
the data (see Table 4).
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Table 7: Simulated oil-minus-other returns and risk premia during the climate transition

Panel A: Positive climate policy risk premium (Corr(ef, ;,7,,) = —0.45)
10% Median 90%
Oil-minus-other returns
Early sample start -12.97% -7.07% -0.37%
[0.07] [0.32] [0.96]
Late sample start -8.08% -2.20% 4.53%
[0.12] [0.68] [0.45]
Oil-minus-other risk premia
Overall risk premium -2.07% -2.07% -2.07%
Climate policy risk premium 4.32% 4.32% 4.32%
Panel B: Close-to-zero climate policy risk premium (Corr(e,e7,,) = —0.05)
10% Median 90%
Oil-minus-other returns
Early sample start -16.17% -10.27% -3.58%
[0.02] [0.11] [0.60]
Late sample start -12.20% -6.31% 0.41%
[0.02] [0.23] [0.94]
Oil-minus-other risk premia
Overall risk premium -6.18% -6.18% -6.18%
Climate policy risk premium 0.21% 0.21% 0.21%

This table presents statistics of realized returns and risk premia for the oil-minus-other equity portolio in the
simulated transition from the pre-transition state to the full model equilibrium. We simulate 1,000 economies
for 15 years at a monthly frequency. The reported oil-minus-other returns are the annualized time-series

o7V —rUY) for the median economy and the 10% and

averages of the monthly ex-post realized returns (r
90% quantile economies. Early sample start indicates that the returns are averaged over the full 15 simulated
years for each economy, while late sample start implies that the first month is excluded. In brackets, we
report p-values of the returns for the respective economy. Oil-minus-other risk premia (RP, — RP,,\,), i.e.,
annualized ex-ante expected returns, are constant over time and across sample economies under a second-
order approximation. The overall risk premium is the full oil-minus-other risk premium, while the climate
policy risk premium is computed as the difference between the full risk premium and the oil-minus-other risk
premium obtained when climate policy shocks are shut down. Panel A considers the benchmark case of a
strongly negative correlation between carbon tax shocks and long-run growth shocks, yielding substantially
positive climate policy risk premia, and Panel B considers the case of a weakly negative correlation, resulting

in climate policy risk premia that are positive but close to zero.
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Figure 4: Oil firm valuations and oil prices in the beginning of the climate transition
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This figure illustrates the dynamics of oil firm valuations (marginal Tobin’s ¢s) and oil prices for the first
30 years of the climate transition. The transition dynamics are computed based on the model for 1,000
sample economies, with the initial point of the simulation being the unconditional mean of the pre-transition
economy. We depict the median paths across the 1,000 economies and normalize the initial value of both
variables to one.

Oil firm valuations exhibit a pronounced decrease in the beginning of the transition period (see
Figure 3) due to the impact of the carbon tax on the brown sector and the resulting lower demand for
oil. While the decline in valuations is immediate, oil prices, the main driver of contemporaneous
oil sector dividends, are predicted to fall only slowly over the first 10-15 years of the climate
transition with the gradual reallocation of production to the green sector. As Figure 4 illustrates,
these dynamics result in a remarkable disconnect between oil firm valuations and oil prices in
the beginning of the climate transition.'® In Section 4, we show that this disconnect is clearly
observable in the data, marking the beginning of the climate transition being priced by the market.

Otherwise, oil prices and oil firm valuations tend to move in tandem, and our model predicts that

this behavior is restored after around 15 years.

16 A similar disconnect is observable between brown sector valuations and contemporaneous dividends (see
Figure 3 and Appendix Figure D.1 for the corresponding transition dynamics). We empirically pin down
this disconnect for the oil sector in this paper, and leave the empirical analysis of the relation between brown
sector valuations and dividends for future research.
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3.5 Summary and Empirical Implications

The results on realized brown-minus-green returns simulated based on our model demonstrate that
it is very difficult to infer carbon risk premia through realized returns over relatively short samples.
One important confounding factor is that the beginning of the climate transition comes with a
substantial devaluation of the brown and oil sectors, which is reflected by (ex-post) realized returns,
but not representative of (ex-ante) risk premia. Quantitatively, the analysis of our calibrated model
shows that these effects are indeed so large that one may observe substantially negative average
brown-minus-green returns when the climate policy risk premium is clearly positive. Similarly,
positive cash flow shocks can lead to substantially positive brown-minus-green returns when the
actual climate policy risk premium is virtually zero.

There is no simple remedy to this issue. One may improve the identification of risk premia
by controlling for cash flow effects using measures of climate change concerns or dividend and
earnings information (see Pastor et al., 2022; Eskildsen et al., 2024); however, realized returns may
be driven by changes in long-run cash flow growth expectations, which are difficult to measure and
to separate from long-run discount rates (risk premia). It is, of course, possible to circumvent these
issues by mot analyzing realized returns and instead computing forward-looking excess returns,
which by definition reflect risk premia. Despite the very large and growing literature on carbon
premia, the recent paper by Eskildsen et al. (2024) is the only one taking this approach. The
computation of forward-looking returns requires the availability of liquidly traded options on the
given stocks and therefore restricts the sample in both the cross-section and time-series, especially
in the international setting. If forward-looking returns can reliably be computed, a remaining issue
is to identify the part that is actually driven by climate policy risk, as we have shown that there
can be positive brown-minus-green risk premia even prior to or generally unrelated to the climate
transition.

While providing this negative perspective on the inference of carbon risk premia from realized
brown-minus-green returns, our results also highlight that we can very well learn when the market
started pricing the climate transition and pin down the overall effect on valuations through the
combined cash flow and risk premium effects. As our model predicts, the beginning of the climate

transition is reflected by a remarkable drop in market valuations of brown sector firms and oil firms.
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Moreover, the valuations strongly disconnect from current cash flows, which materializes in the case
of the oil sector as a strong disconnect between oil firm valuations and oil prices (see Figure 4).
In the next section, we use the oil sector as a laboratory to apply and validate these insights from
our model.'” Focusing on the oil sector allows us to avoid classification issues of brown and green
firms; instead, it is clear and obvious that oil-producing firms are strongly affected by the climate
transition (see also van Benthem et al., 2022). While there are lots of papers discussing green and
brown (i.e., oil-consuming) firms, the literature has not analyzed the climate transition and carbon

premia through the lens of oil firm returns and valuations thus far.

4 New Evidence from the Oil Sector

This section brings the insights from our model to application. While numerous papers consider
brown-minus-green returns by classifying firms according to their carbon emissions (see Table 1), we
provide new evidence by focusing on the oil sector. By definition, oil-producing firms are strongly
negatively affected by stricter climate policies that aim to reduce the use of fossil fuels in the
economy, which can, according to theory, lead to substantial climate policy risk premia compared
to other firms (see Table 7, Panel A). At the same time, a main prediction of our model is that
these premia cannot well be captured via realized returns over short time samples, which strongly
deviate from the actual climate policy risk premia in most cases.

We show in Section 4.1 that this prediction is strongly reflected by the data. In particular, we
consider the return spread between oil firms and other firms over 15-year sample periods and find
that, as predicted by our model, it can be clearly negative or positive, both before and during the
climate transition. Section 4.2 then applies our positive model result that one can very well pin
down when the market started pricing the climate transition through the lens of firm valuations
and their disconnect from current cash flows. For oil firms, this disconnect is particularly reflected
by a divergence between oil prices and oil firm valuations (see Figure 4), and we clearly observe

such a divergence in the data during the 2000s. In Section 4.3, we provide additional support that

17Qur analysis also considers the broader fossil fuel sector, which includes coal-producing firms in addition
to oil firms, and our results are confirmed in this broader sample.
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the observed devaluation of oil firms is connected with the climate transition by showing that it
coincides with the increase in climate change risk awareness and that it is less pronounced for firms

with fewer assets affected by the transition.

4.1 Return Spread Between Oil Firms and Other Firms

We investigate the return spread between oil firms and other firms, as a variation on the brown-
minus-green return exhaustively analyzed in the literature.'® Our analysis is based on the standard
CRSP/Compustat dataset featuring monthly stock returns from 1950 to 2024, and we define oil
firms as those where the first two digits of the SIC code are 13 or 29. To capture the return
spread between oil firms and other firms, we regress firms’ monthly stock returns on an indicator
for oil firms and a standard set of control variables, considering different 15-year subsamples both
before and during the climate transition.!” We run both pooled regressions in line with most of the
literature, with standard errors double-clustered by firm and year, and monthly Fama-MacBeth
regressions with Newey-West standard errors. Our set of control variables includes the firms’ cash
ratio as a measure of liquidity, the amount of debt relative to assets as a measure of leverage, the
log of total assets as a measure of firm size, and the ratio of research and development (R&D)
expenditures to sales as a measure of firm innovation capacity (see also Chen et al., 2015; Minton
et al., 2019). Summary statistics of these control variables, separately for the full sample and the
subsample of oil firms, are provided in Appendix Table F.1.

Table 8 presents the results. As the table reports, realized oil-minus-other stock returns attain
both substantial negative and positive values when considered over different 15-year sample periods,
and this is the case both before and during the climate transition. This observation is exactly in line
with our model predictions in Section 3. However, as our model simulations show (see Table 7), it

is very likely that these realized returns do not directly translate to underlying risk premia. As an

180il(-producing) firms are, like brown (oil-consuming) firms, strongly negatively exposed to climate poli-
cies that aim to reduce the amount of carbon emissions produced by the economy (van Benthem et al., 2022).
We do not claim or require for our analysis that oil firms are “brown” in all respects. For example, it is
well-known that oil firms tend to have low scope-1 emissions and that these firms significantly contribute to
green innovation (Cohen et al., 2024).

Y¥Following Eskildsen et al. (2024), we winsorize realized returns at the 0.1% and 99.9% level, and valuation
measures (considered in Sections 4.2 and 4.3) as well as control variables at the 1% and 99% level.
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Table 8: Oil-minus-other returns in different 15-year samples

Pre-transition times

Period Oil-minus-other return

1950-1964 0.75% 3.89% 0.34% 3.16%
1965-1979 16.81%* 18.33%** 12.17%** 12.51%**
1980-1994 —13.92%* —13.59%* —-9.70% -9.06%

During climate transition

Period Oil-minus-other return

1995-2009 6.81% 6.18% 5.79% 5.02%
20002014 0.35% —-1.07% 4.29% 3.05%
2005-2019 —8.86%* —11.62%** —4.64% —7.48%
2010-2024 —5.69% —8.8T% —-3.17% —6.53%
Regression Pooled Pooled Fama-MacBeth Fama-MacBeth
Controls No Yes No Yes

This table reports results from a regression of annualized monthly stock returns from the CRSP/Compustat
universe of firms on an oil firm indicator and a standard set of control variables for different 15-year periods
before and during the climate transition, using both pooled and Fama-MacBeth regressions. The estimated
coefficient on the oil firm indicator is reported as the oil-minus-other return. Our set of control variables
includes the firms’ cash ratio, the amount of debt relative to assets, the log of total assets, and the ratio of
research and development (R&D) expenditures to sales. We report results with and without controlling for
these variables. *, ** and *** denote significance at the 10%, 5%, and 1% levels, respectively, according to
standard errors double-clustered by firm and year (for pooled regressions) and Newey-West standard errors

(for Fama-MacBeth regressions).

example, we find a significantly negative oil-minus-other return of —11.62% in the period from 2005
to 2019. The econometrician may interpret this finding as evidence of a negative carbon premium;
however, a significantly negative return is not confirmed in any of the other 15-year subsamples
during the climate transition (since 1995). In addition, one can also observe significantly negative
or positive returns in sample periods prior to 1995, when climate policy risks were very likely not
an important risk factor in financial markets. The empirical perspective through the lens of the
oil sector therefore confirms and illustrates one of our main model implications, namely that it is
extremely difficult to infer carbon risk premia from realized returns observed over a 15-year sample.
Consequently, the question whether the carbon premium of oil firms is positive or negative remains

unanswered.
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4.2 Valuation of Oil Firms and the Climate Transition

We turn to the questions that can be addressed according to our model, namely when the market
started pricing the climate transition, and what effect it had on the valuations of affected firms.
These questions have not clearly been answered by the literature; in fact, the variety of different
sample start dates for the analysis of carbon premia (see Table 1) suggests that there is no consensus
on when the climate transition started affecting financial market outcomes. Our model predicts that
this start date is strongly reflected by a considerable drop in oil firm valuations, which furthermore
get disconnected from the oil price as a proxy of current cash flows.

We consider the relative valuation of oil firms based on the CRSP/Compustat sample at an
annual frequency by running Fama-MacBeth regressions of firm valuations on an indicator for the
oil sector and the same set of control variables as in Section 4.1. We use market-to-book ratios as
our baseline valuation measure and additionally consider Tobin’s ¢ as well as Peters and Taylor’s
(2017) total g in Section 4.3.2° Appendix Table F.1 provides summary statistics of the valuation
measures, separately for the full sample and the subsample of oil firms.

To begin with, Figure 5 depicts the yearly coefficients on the oil sector indicator from the baseline
Fama-MacBeth regression over our sample period, together with the real oil price. Intuitively, the
coefficients provide a measure for the valuation of oil firms relative to other firms after taking the
controls into account. The figure shows that oil firm valuations were rather stable between 1985
and 2005, and declined afterwards to reach their lowest levels towards the end of our sample. It
is also clearly observable that the oil firm valuations co-move strongly with the oil price for the
most part as a main driver of oil firms’ profits. This pattern is dramatically disrupted in the 2000s,
when the oil sector’s market valuation decoupled from the oil price and declined irrespective of the
commodity price boom of 2008 and other substantial oil price movements. Put simply, the (real)
oil price observed in 2021 is at the same level as in 1985 or 1974, but the relative valuation of the

oil sector is considerably lower compared to these points in time.

29Tn line with the literature, we remove firm-year observations from our sample that have book equity
smaller than ten thousand dollars or gross property, plant, and equipment below five million dollars. We
also discard observations with missing or negative values for stockholders’ equity, sales, or total assets.
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Figure 5: Relative valuation of oil firms and real oil prices
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This figure illustrates the relative valuation of oil firms over time, as obtained from a Fama-MacBeth re-
gression of firms’ market-to-book ratios on an oil firm indicator and a standard set of control variables. Our
set of control variables includes the firms’ cash ratio, the amount of debt relative to assets, the log of total
assets, and the ratio of research and development (R&D) expenditures to sales. The blue solid line plots
the estimated yearly coefficients on the oil sector indicator (left axis). The red dashed line plots the real oil

price (right axis). Our sample runs from 1970 to 2024.

This disconnect of oil firm valuations from oil prices is exactly in line with the predictions of our
model for the start of the climate transition (see Figure 4). Statistically, the correlation between
the yearly valuation coefficient and the real oil price is 0.66 and significant at the 1% level from
the beginning of our sample until the year 2000, and 0.34 and insignificant when computed for
the years after 2000. Altogether, our results suggest that the market started pricing the effects
of the climate transition for oil firms in the 2000s around the year 2005, as reflected by a strong

devaluation of oil firms, together with a disconnect of these valuations from the oil price.
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4.3 Oil Firm Valuations, Climate Change Awareness, and Assets

at Risk

We extend our analysis by investigating to what extent the observed devaluation of oil firms is
explained by the progressing climate transition. In our macro-finance model presented in Sec-
tion 2, the climate-related transition towards a low-carbon economy is triggered and driven by
the surge in economic agents’ awareness for the relation between greenhouse gas emissions and
climate change. Following this theoretical foundation, we construct a Climate Change Risk Aware-
ness Index (CCRAI) from internet search volumes and word count data, which strongly co-moves
with Ardia et al.’s (2023) news-based measure and captures the trend of increasing climate risk
awareness.’! Details on the construction of our index and its co-movement with other established
measures are provided in Appendix E. We perform a panel regression of firm valuations on the in-
dicator for oil firms, the CCRAI, and the interaction between the two, as well as the set of control
variables from the previous section.

Table 9 presents the results. The interaction term of the CCRAI with the oil firm indicator
reveals our main finding: The market valuation of oil firms significantly declines, relative to other
firms, together with the progressing climate transition captured by the CCRAIL In terms of the
economic magnitude of the effect, a coefficient of —0.474 in column (1) means that the market-
to-book ratio of oil firms relative to other firms declines by 0.948 for a 200 points increase in the
CCRALI, relative to an average market-to-book ratio of oil firms of 2.376. This implies that the
valuation of oil firms has decreased by at least 40% relative to other firms along with the climate

transition over the last 20 years.??

21 Ardia et al. (2023) compute a Media Climate Change Concerns index at daily frequency from 2010 to
2018. For our purposes, we require a lower-frequency measure covering a much longer sample period. Note
also that we do not assume or require the CCRAI to provide a large amount of time-variation around its
trend — what we aim to capture is exactly the trend of increasing climate risk awareness and its importance
for firm valuations in the medium- to long-run, irrespective of potential temporary attention fluctuations.

22The average market-to-book ratio is calculated as 2.49-0.114 = 2.376 as implied by the average market-to-
book ratio of all firms from Panel A of Appendix Table F.1 and the coefficient on 1¢;; in Table 9, column (1).
The value of the CCRAT is 100 in the year 2004 by construction (see Appendix E), and it increases to values
clearly exceeding 300 at the end of our sample. A 200 points increase and the corresponding 40% devaluation
are therefore a conservative estimate of the decline in valuations associated with the climate transition.
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Table 9: Relation of oil or fossil fuel firm valuations to climate change risk awareness

Market-to-book ratio Tobin’s ¢  Total ¢

(1) (2) (3) (4) () (6)

Baseline Fossil fuel No IT  Assets at risk

log x CCRAI -0.474** -0.447** -0.475** -2.3477%  -0.383"*
(0.183) (0.177) (0.185) (0.487)  (0.120)
1Fossilfuel x CCRAI -0.486**
(0.182)
1 Fewassetsatrisk X CCRAI 0.219*
(0.124)
Lo -0.114 0.018 -0.106 S1LATE™ -0.055
(0.155) (0.147) (0.155) (0.321)  (0.105)
1Fossilfuel -0.099
(0.154)
1 Fewassetsatrisk -0.579**
(0.175)
CCRAI 0.642*** 0.643***  0.618*** 0.641*** 1.803*** 0.221**
(0.174)  (0.175)  (0.167) (0.174) (0.464)  (0.087)
Control variables Yes Yes Yes Yes Yes Yes
Observations 183647 183647 159555 183647 180442 175108
Adjusted R? 0.082 0.082 0.086 0.082 0.163 0.120

This table reports results from a panel regression of firms’ valuation measures on the Climate Change Risk
Awareness Index (CCRAI), an oil or fossil fuel firm indicator, and their interaction term, as well as a
standard set of control variables. Column (4) additionally includes an indicator that is one for oil firms
within the lowest cross-sectional quartile of capital expenditures at risk, and its interaction with the CCRAI.
As valuation measures, we use market-to-book ratios in columns (1)—(4), Tobin’s ¢ in column (5), and Peters
and Taylor’s (2017) total ¢ in column (6). Our set of control variables includes the firms’ cash ratio, the
amount of debt relative to assets, the log of total assets, and the ratio of research and development (R&D)
expenditures to sales. Detailed results including coefficients on control variables are reported in Appendix
Tables F.2-F.7. Our sample runs from 1970 to 2024. Standard errors double-clustered by firm and year are

in parentheses. *, ** and *** denote significance at the 10%, 5%, and 1% levels, respectively.

In column (2), we test whether these results also hold when considering not only oil firms but
the whole fossil fuel sector (including coal, SIC code 12), and confirm that this is the case. Our third
specification in column (3) addresses the potential concern that rather than reflecting a decline in
oil firm valuations, our results could be driven by the strong increase in IT firm valuations in the
recent decades, which are part of the “other” firms. When excluding IT firms from our sample
(following the classification of Ward, 2020), the effect remains strong and becomes only marginally

smaller in magnitude. In column (4), we ask whether the devaluation is less pronounced for oil firms
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who are less exposed to the climate transition. We employ a novel dataset from the 2 degrees of
separation initiative, provided by CarbonTracker and the United Nation’s Principles for Responsible
Investments Association,”? which provides for a sample of energy firms the percentage of capital
expenditures that are at risk under a 1.6-degree global warming scenario. We match the dataset to
our sample and add an indicator for oil firms that are in the lowest cross-sectional quartile of capital
expenditures at risk to our regression, as well as its interaction with the CCRAI. The regression
results show that the valuations of firms with few assets at risk exhibit a much smaller exposure to
the increase in CCRAI compared to oil or fossil fuel firms in general. In particular, the market-to-
book ratios of firms with few assets at risk decline by a value of 0.512 (= (0.475 — 0.219) x 2) with
a 200 percentage points increase in the CCRAI, compared to a reduction of 0.948 in the market-
to-book ratios of all oil firms. Finally, in columns (5) and (6) we repeat our baseline regression
from column (1) for Tobin’s ¢ and total ¢ as valuation measures. The results unanimously confirm
that oil firm valuations have declined relative to other firms with increasing climate change risk
awareness.

In sum, these results demonstrate that oil and fossil fuel firm valuations have substantially
declined with the start of the climate transition and decoupled from the oil price around the year
2000. The observed dynamics are consistent with the predictions of our macro-finance model in
Section 3. While the effects of the climate transition cannot be well identified based on realized
returns of oil firms compared to other firms, they can be uncovered through the lens of market

valuations, which decline as a result of the combined cash flow and risk premium effects.

5 Conclusion

This paper provides an analysis of the climate-related transition towards a low-carbon and less
fossil-fuel-intense economy and its implications for macroeconomic and financial market outcomes.
We propose a macro-finance model for the climate transition that allows us to analyze asset prices

in a simulated environment, including the disruptive effects in the beginning of the transition as

23Data from the 2 degrees of separation initiative are provided on the website https://
2degreesseparation.com/.
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well as climate policy risk premia. As one of the main implications of our model, we show that
it is extremely difficult for an econometrician to infer underlying climate policy risk premia based
on realized returns over a relatively short sample of 15 years, for example. Due to the volatility
of brown-minus-green returns, a variety of different outcomes can be observed, which, however,
often give rise to false conclusions on the existence of carbon premia. Similarly, point estimates
can be largely biased. These model-based results provide, in addition to differences in empirical
methodologies across different studies, an explanation for the vast heterogeneity of conclusions
regarding carbon premia in the empirical literature.

We also demonstrate that a question which can very well be addressed is since when the market
started pricing the climate transition. The start of the climate transition is reflected by a substantial
decline in brown and oil firm valuations and furthermore by a disconnect of valuations from the
firms’ contemporaneous cash flows. Using the oil sector as a laboratory, we find that such pattern
is precisely and cleanly observable for oil firm valuations around the year 2005. While oil prices,
as a proxy for oil firms’ cash flows, kept increasing as a result of the commodity boom, relative oil
firm valuations first stagnated and then declined by around 40% with the climate transition. Our
results thus provide a market-informed benchmark about when the climate transition first affected
stock prices. Realized oil firm stock returns, on the contrary, varied widely in different 15-year
sample periods both before and during the climate transition, illustrating nicely the prediction
of our model that these should not be over-interpreted to make strong conclusions regarding the
possible underlying carbon premia.

The macro-finance model for the climate transition presented in this paper, which quantitatively
reproduces the dynamics of emissions and temperatures, macroeconomic variables, and asset prices,
is a novelty to the literature. While we particularly highlight the assessment of carbon returns
and risk premia based on this framework, it enables a quantitative theoretical analysis of many
important macro-finance questions related to the climate transition. For example, the model allows
for a formal analysis of physical climate risk and climate policy risk, and how the interaction of
both types of risk drives economic and financial market outcomes. Our framework can also readily

be adapted to examine the dynamic effects of different types of transition risk, combining our
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approach with the recent work of Acharya et al. (2024), to mention only two possible avenues for

future research.
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Appendix

A Model Equilibrium Conditions

A.1 Competitive Equilibrium

Final goods producer The final goods firm in the model solves the problem

(o]
max By > Mi(Yi = potYor — pgaYar) | (A1)
i,t =0

which leads to the equilibrium condition
Yii =p A, (A.2)
in line with equation (33).

Intermediate goods firms The brown and green intermediate goods producers, i € {b, g},
maximize the value functions (20) and (21), respectively, subject to the production functions in

equation (5), as well as the laws of motion (7) and (8), leading to the problem

oo
K
max E, Z M| piiYie — Ry Kip — wiLiy — Lii—ppo,tOr — Ly T Y5t
{Yi,65L4,6;K5,6;03 T+ 1;E 041} L:O v {i=b} {i=b}

= Limgp gt (You = (AiLga) K3,

11—« 17% 17% lf%
— Tpizpy Aot | Yoo — (AtLpy) (I —0)K,, ° 410,

— ¢i 1 Ae((1 — pr) T + prXEes1 + oretis — Tit1)

(A.3)

)

— €4 A& /AL - Yo + (1 — pe)&s — 5t+1)>




with Lagrange multipliers A; ¢, ¢; 1A, and €; 4 A;. Setting the first derivative by Y;; to zero yields

0= Pgt — >\g,t7

0=pot — &b — Moyt — €b,t6p-

We set the first derivative by T4 to zero and obtain

0=—(1—pr)E:i[Mit10i 141 Ai41] + it As.

Setting the first derivative by &41 to zero yields

0= —prxoitAr — (1 — pe)Ee[Myy1€i 141 A111] + €1 As

(A.4)

(A.5)

(A7)

From equations (A.6) and (A.7), it follows that ¢;; and €;; result to zero in the competitive

equilibrium.

Finally, setting the first derivative by L;; to zero gives us

Yie
1—a)\i—— = wy,
( ) i, Li,t t
the first order condition with respect to K ; is
Y t K
a\ ti‘% =R s
9, Kg,t g,t

and the first order condition with respect to Ky, is

bt K
a(l =)Aoy ———1 = Ry
Zy Ky,

The first order condition for O is (for the brown firm only)

\ Yoo
MAbt— 71 1 = Pot-

Z, °0¢
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Oil firm The oil producer maximizes its value function (22), subject to the production function

(13), as well as the laws of motion (12) and (14), leading to the problem

max E;
{Nt;Lo,t;Ko,t;Us41}

o
Z M, <po7tHoUt - thKo,t — wiLoy
t=0

— Aot (Ny = (AeLoy) '~ Kg9)

- ¢o,t(Ut+1 - (1 - Ho)Ut - Nt)) (A~12)
The first derivative with respect to Ny implies
Aot = Pot- (A.13)
The first order condition for the labor demand (L) gives
N; ~
(1= o) dosp = . (A.14)
o,t
and the first order condition with respect to K, ; implies the following condition
Ny
a"AO’tKT,t = RE, (A.15)
Finally, the first order condition with respect to the number of oil wells (U;41) yields
0 = KolB¢[Myy1pot11] — Pot + (1 — ko) Bt [My1160141]- (A.16)

Capital producer Finally, the representative capital producer for each sector, i € {b,g,0},

solves the problem

[ee]
e I, [Z My (R Kiy — Iip — Qia(Kigpr — (1= 6)Kiy — Ly + GinKiy)) |- (A.17)
1.1t pard
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Setting the first derivatives with respect to K; ;41 and I;; to zero yields

i [Mt+1< i1 T (L =08) + Gy - L1/ Kiga t+1)@Q ,t+1)] . (A18)
Qi
and
Qi1 = L (A.19)
it = 1_ G;7t. .

A.2 Social Planner Solution

In the competitive equilibrium, firms do not internalize the negative effect of their emissions on the
environmental quality X;. Accordingly, ¢;; and €;; result to zero according to equations (A.6) and
(A.7).

That is different in the social planner problem, where the shadow price of environmental quality,
Ax A, is accounted for, as if firms pay households a price of Ax ;A; for every unit of environmental
quality that they destroy. As a consequence, the social planner optimizes the production sector

according to the problem

max E;
{Y;Yi 650465 K311 41;E0+1;04:U41;Ne }

> X
SOM [ V- s [ X - ———
“—o 1+ ’fX,th ’

- Z (REK;y —wiLiy) — 18 (Y — Pyt Vi — PotYor)
ie{b,g}

_ _ 1—1 1-1 ﬁ
— Agit (Yg,t - (AtLg,t)l “K_Zift) — Ayt (Yb,t - (AtLb,t)l “ ((1 - L)Kb,t 410, D) )
+ po,tHoUt - thKo,t - tho,t - )\o,t(Nt - (AtLo,t)l‘“"Kgf;;) - ¢o,t(Ut+1 - (1 - /io)Ut - Nt)
— ¢ A(L = pr) Ty + prx€esr + oretiy — Tit)

— e Ai(&/ A Yoy + (1= pe)& — &H)) (A.20)

We denote the shadow cost of temperature qu and the shadow cost of emissions ets in the social

planner problem with a superscript S, indicating that they are different from the competitive

equilibrium and do not result to zero.
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We obtain the first order conditions with respect to Y;;, which (noting that uf = 1) are

0= DPg,t — )\gﬂg, (A21)
0=0pvt— ot — Gtsfm (A.22)

as well as with respect to &1,
—prxd; At — (1 — pe) By [Myga€ry 1 Arpa] + € Ay = 0, (A.23)

and with respect to Tyy1,

KX 2—
rx1kx2Ti

—E; R
X2
I+ rx1Tyy

1
)] - (1= PT)Et[Mt+1¢tS+1At+1] +¢7 A =0.

M1 (AX,t+1At+1Xt+1

(A.24)

The fact that the shadow price of environmental quality is taken into account in the social planner
optimum is reflected by equation (A.24) for the shadow cost of temperature. This price is, on the
other hand, determined by the household’s first order condition in the standard two-goods problem,

ie.,

1
0 AtXt e
= — — . A2
Ax I_Q(Ct) (4.25)

The shadow cost of temperature ¢; is then reflected by the shadow cost of emissions €7 in equa-

tion (A.23), and ultimately internalized by the brown firm according to equation (A.22).

A.3 Optimal Carbon Tax

Given the competitive equilibrium and the social planner solution, we obtain the optimal carbon

tax as follows. In the competitive equilibrium, we have €, ; = 0, which yields

Dyt = Mgyt and Dbt = Aot + Tt&p- (A.26)
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In comparison, we obtain

Pot=Age  and  ppyr =Ny + e (A.27)

in the social planner solution. It directly follows that for a carbon tax of 77 = €7 the social optimum

is achieved in a competitive setting.
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B Normalized Equilibrium Conditions

Since productivity is growing in our model, many other variables are also growing with the balanced
growth path. Therefore, the variables need to be normalized before solving the model numerically.
The purpose of this appendix is to describe the necessary normalizations and to document the
normalized equilibrium equations that are supplied to dynare.

We denote the normalized version of a generic variable Z; by Z,. The following list comprises

the definitions of the normalized variables:

. Coa G Yy o Yy oo Yy oo Zy oA O
C = y=—" V=" Y =2 v,="2 Z, =" Op=—:
t At’ t Ata t Atv g,t At ) bt At ) t At’ t At’
° Ky o Ky, o K,y N Wt A Wy At+1
K, =2 Ky,=—2: K = = —: Aa; =1
g,t A, b,t A, ot A, wy A, Wt A, a . ;
- Uy o~ Ny~  FE Iy: - Ly - Lt - W
U, —: Ny=—; E;,= I, =2 I, = — I,; =— V= —: B.1
t Atv t At7 t Atv g,t At 9 b,t At ) o,t At ) t At, ( )
1—
j = YAXLC) g ey EdVii'l, p _ Dot p _ Doe
At 9 t+ Al_,y 9 g, At 9 y At )
t
- Dy = D,; - Vit Vot Vot Vat
D,; = = Dy = = Ve =220 Vyyp = —2 Vor=—">; Vo= —2
o,t At ) a,t At ) g,t At ; bt At ) o,t At ) a,t At

The following variables do not need to be normalized:

{)\g,t7 Ab,ts Mot AX t5 Xt; Lyt Lvts Lot; Pg.ts Dot Dot Rg,ta Rb,ta Ro,ta Rg7tﬂ Rb,tv Ro,ta My; T; (B'2)

gt7 G)ta Tt ¢g,t7 ¢b,t7 ¢t y€gits €bts €t 5 Rg,t7 Rb,ta Ro,ta Gg,ta Gb,ty Go,ta Qg,ta Qb,t7 Qo,t7 Rt 5 Rm,t}-

The normalized equilibrium conditions in the final goods sector are given by:

1

Vi = (AT 7% 4+ (AT )12 ) 7 (B.3)
Yie = pi A (B.4)

The normalized equilibrium conditions in the intermediate goods sectors (green and brown sector)

are the following ones:

Aay = pia + oaci, (B.5)
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The oil sector’s normalized equilibrium conditions are given by:

A~
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~

Ny

ﬁ)/t = )\o,t(]- - ao)?a
o,t

K Ny
Ro,t == )\o,tao S
o,t

0 = KolE¢[Miy1D0,t41] — ot + (1 — ko) B [Mey160,041]-

The asset pricing equations in normalized form look as follows:

1=E[Mp1 Ry,
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Ri1 =

0 1
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The environmental equations in normalized forms are as follows:
Era1 = (1= pe)& + &Yy, (B.48)
Tiv1 = (1 — pr)Ty + prXEis1 + 0Tl 1, (B.49)
—_— (50
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C Sectoral Output Construction for U.S. Data

To construct a measure for the output of the brown, green, and oil sectors, we use U.S. data from
the Bureau of Economic Analysis. Specifically, we use the gross output by industry data between
1927 and 1995. We let output by all private industries (Line 2) be aggregate output. Following the
classification by Binder (2001) and including the transportation sector, we classify the following of

these industries as constituents of the brown sector:
e Agriculture, forestry, fishing, and hunting (Line 3)
e Wood products (Line 14)
e Nonmetallic mineral products (Line 15)
e Primary metals (Line 16)
e Fabricated metal products (Line 17)
e Motor vehicles, bodies and trailers, and parts (Line 21)
e Paper products (Line 29)
e Chemical products (Line 32)
e Plastics and rubber products (Line 33)
e Motor vehicle and parts dealers (Line 36)
e Air transportation (Line 41)
e Water transportation (Line 43)
e Truck transportation (Line 44)

From these private industries, the gross output of the following industries is summed up to obtain

the gross output of the oil sector:
e Mining (Line 6)
e Petroleum and coal products (Line 31)
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e Pipeline transportation (Line 46)

The green sector’s output is then the residual of private industries’ output (Line 2) minus the

measured brown sector output and oil sector output.
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D Simulating the Climate Transition: Additional

Variables

Figure D.1: Transition dynamics of additional variables
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This figure illustrates the dynamics of additional variables (dividends, labor, and oil-sector variables) over
the climate transition. The transition dynamics are computed for 110 years (from 1995 to 2105) and 1,000
sample economies at a monthly frequency. The initial point of the simulation is the unconditional mean
of the pre-transition economy. All variables are normalized to 1 at the start of the transition, and we
adjust dividends as well as oil drilling and production for the economy’s productivity growth, such that the
transition dynamics can be interpreted relative to the balanced growth path. The median path across the
1,000 economies is depicted for the considered variables, alongside 95% confidence bands according to the

corresponding quantiles at any given point in time.
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E Measuring Climate Change Risk Awareness

We construct a simple Climate Change Risk Awareness Index (CCRAI) that provides us with
a measure of economic agents’ awareness of climate change risks. To do so, we combine data
on occurrences of the term climate change risk in the literature from Google Ngram with search
volumes data on the same term provided by Google Trends. The Google Ngram data are available
on a yearly basis from 1970 to 2008, while monthly data on search volumes are provided starting in
2004. We aggregate the monthly Google Trends data to an annual frequency, and construct 5-year
moving averages for the Google Ngram data. Finally, we combine the two resulting time series by
normalizing their value in 2004 to 100% and using the literature-based measure before 2004 and
the search-volume-based measure after 2004.

Figure E.1 plots our climate risk awareness index over time. We observe a substantial and
continuous increase of awareness, which started in the second half of the 1990s and continues until

Figure E.1: Climate Change Risk Awareness Index and other measures of climate change
concerns

400% T T T T T T T T T

Climate Change Risk Awareness
Media Climate Change Concerns
= = = Environmental Policy Stringency

350%

300% r-

250% [

200% [

150% [

100% [

50%

0% L L
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

The Climate Change Risk Awareness Index (CCRAI) is constructed based on the number of occurrences of
the term climate change risk in the literature and in search volumes on Google, for the sample period from
1970 to 2024. The Environmental Policy Stringency Index for the United States is provided by the OECD
from 1990 to 2020, and the Media Climate Change Concerns measure is computed and provided by Ardia
et al. (2023). The first gray dashed line marks the adoption of the Kyoto Protocol in December 1997, the

second one marks February 2005, which is when the Protocol came into force.
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today. The initial increase in climate change risk awareness also coincides with the adoption of
the Kyoto Protocol in 1997. We furthermore compare our measure to the Media Climate Change
Concerns index from Ardia et al. (2023), which is computed based on a textual analysis of U.S.
newspaper articles, and to the environmental policy stringency in the U.S. as provided by the
OECD.?* Our climate change risk awareness index co-moves strongly with the measure from Ardia
et al. (2023) during the period of its availability, confirming the validity of our approach. In
addition, the environmental policy stringency index shows that the general trend in the awareness
for climate change is also clearly reflected by the policy-makers’ side, supporting our modeling

approach for the climate transition.

24The Environmental Policy Stringency Index assigns a score to each country for the “degree to which
environmental policies put an explicit or implicit price on polluting or environmentally harmful behaviour”
(see https://stats.oecd.org/Index.aspx?DataSetCode=EPS). The highest degree of stringency corre-
sponds to a score of 6, and a score of 0 describes the lowest stringency. The index is a weighted average of
scores achieved in different categories, such as the use of market-based instruments like emissions trading
and non-market instruments like R&D subsidies for renewables, as detailed by Botta and Kozluk (2014).
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F Additional Tables

Table F.1: Summary statistics of CRSP/Compustat data sample

Panel A: Full Sample

Mean SD 10% 25% 50% 75% 90% Observations
Market-to-book ratio 2.49 3.10 0.60 0.94 1.54 271 5.01 223,435
Tobin’s ¢ 421 991 -0.09 040 1.02 3.29 10.17 180,985
Total ¢ 1.23 233 -0.07 0.22 062 129 284 185,357
Cash ratio 1.14 239 0.04 0.11 0.36 1.05 2.76 183,965
Debt-to-asset ratio 0.55 0.24 0.22 037 055 0.72 0.89 223,110
Log assets 6.06 214 338 4.41 589 7.53 8.99 223,435
R&D-to-sales ratio 0.11  0.66 0.00 0.00 0.00 0.02 0.12 223,435

Panel B: Oil Firms

Mean SD 10% 25% 50% 75% 90% Observations
Market-to-book ratio 2.20 2.72 0.61 0.94 147 237 4.00 10,110
Tobin’s ¢ 1.19 279 0.21 041 0.69 1.15 2.09 9,947
Total ¢ 093 1.27 0.19 037 0.63 1.04 1.82 9,748
Cash ratio 0.92 228 0.03 0.11 031 0.74 1.90 9,993
Debt-to-asset ratio 0.50 0.20 0.21 0.37 0.52 0.64 0.75 10,103
Log assets 6.01 254 2.69 400 588 7.85 9.54 10,110
R&D-to-sales ratio 0.00 0.08 0.00 0.00 0.00 0.00 0.00 10,110

This table reports summary statistics of the CRSP/Compustat data sample used in our empirical analysis.
Market-to-book ratio, Tobin’s ¢, and Peters and Taylor’s (2017) total ¢ are the valuation measures used in our
analysis. The firms’ cash ratio as a measure of liquidity, the debt-to-asset ratio as a measure of leverage, the
log of firms’ total assets as a measure of firm size, and the ratio of firms’ research and development (R&D)

expenditures to sales as a measure of firm innovation capacity are our main control variables. Panel A

summarizes the full sample and Panel B the subsample of oil firms. Observations are in firm-years.
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Table F.2: Relation of oil firm valuations to climate change risk awareness

Market-to-book ratio

(1) (2) (3) (4) ()

lpy x CCRAI -0.448**  -0.583***  -0.545"** -0.496™**  -0.474**
(0.174) (0.194) (0.191) (0.185) (0.183)
Lo 0.005  -0.130  -0.137  -0.134  -0.114
(0.143) (0.156) (0.154) (0.156) (0.155)
CCRAI 0.574**  0.656™*  0.598***  0.674™*  (.642***
(0.135) (0.160) (0.157) (0.178) (0.174)
Cash ratio 0.118**  0.256™**  0.251***  0.214***
(0.021) (0.019) (0.019) (0.018)
Debt-to-asset ratio 3.368***  3.572"*  3.514***
(0.354) (0.371) (0.372)
Log assets -0.086***  -0.076***
(0.025) (0.024)
R&D-to-sales ratio 0.327***
(0.056)
Observations 223435 183965 183647 183647 183647
Adjusted R? 0.023 0.039 0.075 0.078 0.082

This table reports results from a panel regression of firms’ market-to-book ratios on the Climate Change
Risk Awareness Index (CCRAI), an oil firm indicator, and their interaction term, as well as a standard set
of control variables. Our set of control variables includes the firms’ cash ratio, the amount of debt relative
to assets, the log of total assets, and the ratio of research and development (R&D) expenditures to sales.
Our sample runs from 1970 to 2024. Standard errors double-clustered by firm and year are in parentheses.
* ¥k and *** denote significance at the 10%, 5%, and 1% levels, respectively.
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Table F.3: Relation of fossil fuel firm valuations to climate change risk awareness

Market-to-book ratio

(1) (2) (3) (4) (5)
1Fossitfuet X CCRAT  -0.457%*  -0.590*** -0.555"* -0.508"*  -0.486**
(0.170)  (0.190)  (0.190)  (0.184)  (0.182)

1 Fossil fuel 0.028 -0.105 -0.124 -0.119 -0.099
(0.141) (0.153) (0.153) (0.154) (0.154)
CCRAI 0.576***  0.658***  0.600***  0.676™**  0.643***
(0.136) (0.160) (0.157) (0.178) (0.175)
Cash ratio 0.118***  0.256™*  0.251***  (0.214***
(0.021) (0.019) (0.019) (0.018)
Debt-to-asset ratio 3.371***  3.573"**  3.515%**
(0.354) (0.371) (0.372)
Log assets -0.086***  -0.076***
(0.025) (0.024)
R&D-to-sales ratio 0.327***
(0.056)
Observations 223435 183965 183647 183647 183647
Adjusted R? 0.023 0.039 0.075 0.078 0.082

This table reports results from a panel regression of firms’ market-to-book ratios on the Climate Change Risk
Awareness Index (CCRAI), a fossil fuel firm indicator, and their interaction term, as well as a standard set
of control variables. Our set of control variables includes the firms’ cash ratio, the amount of debt relative
to assets, the log of total assets, and the ratio of research and development (R&D) expenditures to sales.
Our sample runs from 1970 to 2024. Standard errors double-clustered by firm and year are in parentheses.

* ¥k and *** denote significance at the 10%, 5%, and 1% levels, respectively.
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Table F.4: Relation of oil firm valuations to climate change risk awareness: Excluding I'T
firms from the sample

Market-to-book ratio

(1) (2) 3) (4) ()

log x CORAI 0.400%*  -0.551%  -0.5175F 0471 -0.447
(0.167) (0.189) (0.185) (0.180) (0.177)
1o 0.107 -0.036 -0.004 -0.004 0.018
(0.138) (0.150) (0.145) (0.147) (0.147)
CCRAI 0.541***  0.629***  0.576™*  0.651"*  0.618***
(0.127) (0.155) (0.151) (0.171) (0.167)
Cash ratio 0.121**  0.249***  0.243***  0.203***
(0.019) (0.018) (0.018) (0.016)
Debt-to-asset ratio 3.292***  3.500***  3.445***
(0.326) (0.343) (0.343)
Log assets -0.084***  -0.074***
(0.024) (0.023)
R&D-to-sales ratio 0.329***
(0.055)
Observations 199133 159787 159555 159555 159555
Adjusted R? 0.022 0.041 0.078 0.081 0.086

This table reports results from a panel regression of firms’ market-to-book ratios on the Climate Change
Risk Awareness Index (CCRAI), an oil firm indicator, and their interaction term, as well as a standard set
of control variables. We exclude IT firms from our overall sample, which are classified in line with Ward
(2020). Our set of control variables includes the firms’ cash ratio, the amount of debt relative to assets, the
log of total assets, and the ratio of research and development (R&D) expenditures to sales. Our sample runs
from 1970 to 2024. Standard errors double-clustered by firm and year are in parentheses. *, ** and ***
denote significance at the 10%, 5%, and 1% levels, respectively.
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Table F.5: Relation of oil firm valuations to climate change risk awareness: Accounting for

assets at risk

Market-to-book ratio
(1) (2) (3) (4) (5)

1oy x CCRAI -0.438%  -0.57T* -0.543***  -0.498**  -0.475**
(0.176)  (0.197)  (0.193)  (0.187)  (0.185)
1pewassetsatrisk X CCRAI  -0.019  0.039  0.230*  0.224*  0.219*
(0.123)  (0.117)  (0.129)  (0.124)  (0.124)

1oa 0.010 -0.124 -0.126 -0.126 -0.106
(0.143) (0.156) (0.154) (0.156) (0.155)

1 Fewassetsatrisk -0.489***  -0.449*** -0.703"** -0.546*"* -0.579***
(0.144) (0.150) (0.179) (0.177) (0.175)

CCRAI 0.574**  0.656™*  0.598**  0.674™*  0.641***
(0.135) (0.160) (0.157) (0.178) (0.174)

Cash ratio 0.118***  0.256***  0.251"**  0.214***
(0.021) (0.019) (0.019) (0.018)

Debt-to-asset ratio 3.369***  3.572***  3.514"*
(0.354) (0.371) (0.372)

Log assets -0.086***  -0.076***
(0.025) (0.024)

R&D-to-sales ratio 0.327***
(0.056)

Observations 223435 183965 183647 183647 183647
Adjusted R? 0.023 0.039 0.075 0.078 0.082

This table reports results from a panel regression of firms’ market-to-book ratios on the Climate Change
Risk Awareness Index (CCRAI), an oil firm indicator, their interaction term, an indicator for firms having
few carbon assets at risk and its interaction with the Climate Change Risk Awareness Index (CCRAI),
as well as a standard set of control variables. The Fewassetsatrisk indicator is one for firms that are in
the lowest cross-secctional quartile of capital expenditures at risk according to the 2 degrees of separation
initiative dataset provided by CarbonTracker. Our set of control variables includes the firms’ cash ratio, the
amount of debt relative to assets, the log of total assets, and the ratio of research and development (R&D)
expenditures to sales. Our sample runs from 1970 to 2024. Standard errors double-clustered by firm and
year are in parentheses. *, ** and *** denote significance at the 10%, 5%, and 1% levels, respectively.
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Table F.6: Relation of oil firm valuations to climate change risk awareness: Tobin’s ¢

Tobin’s ¢
(1) (2) (3) (4) (5)
log x CCRAI -2.722%F%  _2,182%*F  _2.226™**  -2.408***  -2.347***
(0.574) (0.506) (0.507) (0.499) (0.487)
Lo S1LABTR J1.539%% 1,523 _1.535%F  _1.475%
(0.344) (0.315) (0.317) (0.320) (0.321)
CCRAI 2.827* 2,131 2.200*** 1.894***  1.803***
(0.595) (0.480) (0.482) (0.477) (0.464)
Cash ratio 1.345***  1.191*** 1.206***  1.087***
(0.116) (0.117) (0.118) (0.115)
Debt-to-asset ratio -3.649***  -4.445"**  -4.640***
(0.553) (0.602) (0.589)
Log assets 0.338%**  0.368***
(0.067) (0.067)
R&D-to-sales ratio 0.966***
(0.165)
Observations 180985 180444 180442 180442 180442
Adjusted R? 0.057 0.150 0.155 0.159 0.163

This table reports results from a panel regression of firms’ Tobin’s ¢ on the Climate Change Risk Awareness
Index (CCRALI), an oil firm indicator, and their interaction term, as well as a standard set of control variables.
Our set of control variables includes the firms’ cash ratio, the amount of debt relative to assets, the log of
total assets, and the ratio of research and development (R&D) expenditures to sales. Our sample runs from
1970 to 2024. Standard errors double-clustered by firm and year are in parentheses. *, ** and *** denote

significance at the 10%, 5%, and 1% levels, respectively.
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Table F.7: Relation of oil firm valuations to climate change risk awareness: Total ¢

Total q
(1) (2) (3) (4) (5)
lpy x CCRAI -0.406™*  -0.313** -0.323** -0.374™* -0.383***
(0.128) (0.121) (0.122) (0.119) (0.120)
1o -0.095 -0.050 -0.046 -0.047 -0.055
(0.107) (0.105) (0.107) (0.104) (0.105)
CCRAI 0.472***  0.290***  0.310*** 0.207** 0.221**
(0.085) (0.078) (0.078) (0.087) (0.087)
Cash ratio 0.274**  0.226™*  0.230™**  0.247**
(0.026) (0.024) (0.024) (0.025)
Debt-to-asset ratio -1.116% -1.307***  -1.281***
(0.126)  (0.141)  (0.141)
Log assets 0.081***  0.077***
(0.013) (0.013)
R&D-to-sales ratio -0.138***
(0.022)
Observations 185357 175407 175108 175108 175108
Adjusted R? 0.016 0.103 0.113 0.118 0.120

This table reports results from a panel regression of firms’ Peters and Taylor (2017) total ¢ on the Climate
Change Risk Awareness Index (CCRAI), an oil firm indicator, and their interaction term, as well as a
standard set of control variables. Our set of control variables includes the firms’ cash ratio, the amount of
debt relative to assets, the log of total assets, and the ratio of research and development (R&D) expenditures
to sales. Our sample runs from 1970 to 2024. Standard errors double-clustered by firm and year are in
parentheses. *, ** and *** denote significance at the 10%, 5%, and 1% levels, respectively.
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