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Asset pricing and climate policy are analyzed in a global economy where consumption goods are pro-
duced by both a green and a carbon-intensive sector. Given that the economy is initially heavily dependent
on carbon-intensive capital, the desire to diversify assets complements the attempt to mitigate economic dam-
ages from climate change. In the longer run, however, a trade-off between diversification and climate action
emerges. We derive the optimal carbon price and the equilibrium risk-free rate, and risk premia. Climate disas-
ters significantly decrease the risk-free rate but increase risk premia on financial assets, especially if no climate
policy is implemented.

1. INTRODUCTION

Climate change impacts all areas of human life and impacts economic activity.! To avoid
carbon-dioxide emissions and climate change, emissions-free technologies and renewable en-
ergies are developed. Depending on the perceived severity of the consequences of climate
change, there are different opinions about how urgent it is to transition to a less carbon-
intensive or carbon-free economy. We are interested in the interplay between financial consid-
erations and policies to mitigate climate change and answer three key policy questions. First,
does the financial need to diversify assets hamper or help the fight against climate change and
how does it affect optimal carbon pricing? Second, how does climate change and the desire to
combat it affect the risk-free interest rate and precautionary saving? We highlight that there
is a subtle dynamic interdependence between the financial goal to diversify assets in portfo-
lios and the environmental goal to reduce carbon emissions. Third, we allow for a falling cost
of renewables driven by learning by doing (LBD) during the green transition, and examine
whether the key insights still hold.
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Our economic framework is a stochastic macroeconomic growth model with two capital
stocks and two energy sources. The green sector takes carbon-free or green energy as input.
The brown sector is carbon-intensive and requires fossil fuel whose combustion leads to car-
bon emissions. Although our contribution is more methodological than empirical, the brown
sector includes coal-fired power stations, steel, cement, aluminum, fossil-based transport (in-
cluding sea- and airports), and the oil, gas, and coal sectors. The green sector includes the sec-
tors that do not depend excessively on oil, gas, or coal but depend on solar or wind energy.

There are two types of capital stocks, brown and green. Investments and capital realloca-
tion from the brown to the green capital stock are both subject to intertemporal and intersec-
toral adjustment costs. Capital stock accumulation is exposed to diffusive shocks as well as the
risk of macroeconomic disasters. We have a two-sector endogenous growth (AK) model and
abstract from directed technical change toward green technologies in the spirit of Bovenberg
and Smulders (1996), Acemoglu et al. (2012), and Casey (2024), but we do allow for LBD in
only the production of the green good which thus captures some features of directed techni-
cal change. Emissions are proportional to fossil fuel use and temperature is driven by cumula-
tive emissions.” We allow for two effects of climate change on economic activity: the standard
one is that higher temperature leads to a higher share of damages in predamage output as in
the seminal DICE-2016R2 model (e.g., Nordhaus 2017); the novel one is that higher tempera-
tures increase the Poisson risk of climate-related disasters (cf. Bansal et al., 2019; Karydas and
Xepapadeas, 2022).

We first analyze the interplay between the intensity of climate action proxied by the carbon
price and the economic motive to diversify. Given that the economy is initially dominated by
the brown capital stock, there are two complementary goals. The first is to mitigate climate
change by decarbonizing the economy. The second is to diversify the economy. Both goals re-
quire decision makers to initially reduce the brown capital stock. The speed of transition to-
ward a low-carbon economy is thus initially amplified by the diversification motive. Over time,
however, the two goals start to conflict. From a diversification perspective, the process should
be stopped if there is a balance between green and brown capital. But from an environmen-
tal perspective the brown capital stock should eventually be run down completely. Our vari-
ous calibrations show, however, that this does not occur unless damages from global warming
are extremely severe relative to those in the DICE model of Nordhaus (2017). Effectively, cli-
mate policy drives the brown capital stock below the fully diversified level; diversification con-
siderations may prevent policymakers from driving it to zero.

Second, we investigate the interplay between climate change and asset prices. We focus on
the risk-free rate and the precautionary savings motive during the transition from a carbon-
intensive toward a low- or zero-emissions economy. To separate economic from climate ef-
fects, our model includes the risk of macroeconomic disaster shocks as in Barro (2006, 2009)
and Pindyck and Wang (2013). Hence, our model can generate the high equity premium and
low risk-free rate observed in historical data even if climate change has no significant impact
on the economy. Taking the effects of climate change into account, we find that the risk-free
interest rate decreases in response to rising temperatures reflecting the additional precaution-
ary savings needed to cope with global warming.’

Third, we allow for falling costs of renewable energy as a result of LBD (also known as
Swanson’s or Wright’s law). This requires both a carbon tax to internalize the global warm-
ing externalities and a renewable energy subsidy to internalize the LBD externalities. The
green transition now occurs more quickly, but the diversification objectives frustrating the lat-
ter phases of the green transition still show up.

2 See Matthews et al. (2009), Allen et al. (2009), IPCC (2014), van der Ploeg (2018), and Dietz and Venmans
(2019), among others, for further references.

3 Risk premia are only significantly affected if we allow for potential climate disasters for which the probability of
them occurring increases with temperature. Then, the risk premia increase with higher temperature. Without such
temperature-dependent disasters, this effect is modest.
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Our integrated assessment model (IAM) enriches an asset pricing framework with rare
macroeconomic disasters as in Barro (2006, 2009) or Wachter (2013) by adding the climate
module of an IAM. Our representative agent has recursive utility as in Bansal and Yaron
(2004) and Pindyck and Wang (2013). If the sizes of the two sectors would be exogenous and
the effect of climate change is disregarded, the two-tree model analyzed in Cochrane et al.
(2007) arises as a special case. In our IAM, we have a stochastic two-sector growth model with
temperature driven by cumulative emissions.

Our two-sector IAM thus differs from one-sector IAMs which do not focus on asset pric-
ing. For example, the DICE model has one sector and is widely used to study optimal car-
bon abatement and carbon pricing. It combines a Ramsey-type model for capital allocation
with deterministic dynamics of the economy, emissions, carbon dioxide, and global tempera-
ture (e.g., Nordhaus 1992, 2017). Crost and Traeger (2014), Jensen and Traeger (2014), Ack-
erman et al. (2013), Bretschger and Vinogradova (2019), van den Bremer and van der Ploeg
(2021), Hambel et al. (2021a), and Lemoine (2021) use recursive utility to analyze stochastic
models of the economy and the climate. Cai and Lontzek (2019) extend the DICE model with
stochastic growth and the risk of tipping points. Golosov et al. (2014) obtain closed-form so-
lutions in a one-sector framework with log utility, Cobb—Douglas production, full depreciation
in one discrete time period, and damages that are an exponential function of the atmospheric
carbon stock. Traeger (2023) generalizes this setting to recursive preferences and provides a
description of the carbon cycle and the climate system. He also allows for epistemological un-
certainty and anticipated learning.

Few papers combine asset pricing with an IAM.* Barnett et al. (2020) analyze a stochas-
tic one-sector macroeconomic dynamic stochastic general equilibrium (DSGE) model with
stochastic economic growth rates and endogenous investments in fossil fuel reserves. They
also address preference-based concerns about ambiguity and model misspecification. Barnett
(2023a) uses an extended Fama-French three-factor model to estimate negative effects of
temperature on excess returns for brown portfolios and positive effects for green portfolios.
He also derives optimal climate policy from a two-sector DSGE model. Whereas this study
in contrast to our analysis allows for model uncertainty, we allow for macroeconomic and cli-
matic disasters.

Bansal et al. (2017, 2019) quantify the impact of local temperature on asset prices. They
study a global long-run risk model that simultaneously matches the observed temperature and
consumption growth dynamics. Furthermore, their model can generate a low risk-free interest
rate and a high equity premium (cf. Donadelli et al., 2017). Karydas and Xepapadeas (2022)
study an economy with two assets, but focus on a Lucas-tree endowment economy where the
agent cannot actively control the transition to a low-carbon economy. Finally, Daniel et al.
(2019) show in an asset pricing setting that recursive preferences with general resolution of
uncertainty about climate change can lead to a declining carbon price.’

Section 2 introduces our IAM. Section 3 characterizes the social optimum and discusses
how the social optimum can be decentralized in the market economy. Section 4 discusses the
diversification motive. Section 5 discusses our calibration strategy. Section 6 presents our re-
sults on the relation between the diversification motive and climate action. Section 7 discusses
how climate change affects the equilibrium risk-free rate, the precautionary savings motive,
and risk premia. Section 8 concludes. The appendices give proofs, calibration details, and re-
sults on risk premia.®

4van den Bremer and van der Ploeg (2021) study a one-sector production economy with endogenous climate

change and a wide range of economic and climatic uncertainties that generates low risk-adjusted interest rates and
a high risk premium. Like Lemoine (2021), they find that the effect of covariance between climate shocks and econ-
omy shocks depends on whether the coefficient of relative risk aversion exceeds one or not. Dietz et al. (2018) define
the “climate beta” to be the elasticity of damages with respect to economy activity and show that the optimal carbon
price increases in this beta.

5 The feature of a declining carbon price is derived from a binomial tree with a fixed horizon.

6 For additional material such as the solution approach and a battery of robustness checks, see http:/christoph-
hambel.de/wp-content/uploads/2024/01/HKvdP-IER-2024-Online- Appendix.pdf
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2. A TWO-SECTOR MODEL OF THE ECONOMY AND THE CLIMATE

We present a dynamic two-sector AK economy. The green sector uses carbon-free energy
as input; the brown (carbon-emitting) sector deploys fossil fuel leading to emissions, warming,
and damages to aggregate output.” Temperature depends on cumulative carbon emissions.
Energy inputs are available at a cost. The economy can reallocate capital from the brown to
the green capital stock which is also costly. Households have recursive preferences so that risk
aversion can be disentangled from the elasticity of intertemporal substitution (EIS).

2.1. Production of Goods. Final goods are produced by two sectors. The capital stocks are
broad measures that aggregate physical capital, human capital, and nontangible capital such
as patents. Outputs of both sectors follow from the Cobb—Douglas production functions

Y, = A K\ Em AL (T), ne{l,2),

where K, is the capital stock of sector n. The rate of energy use in sector n is denoted by F,
where we refer to Fj as green energy and to I, as brown energy or fossil fuel use. The Cobb-
Douglas weight 5, and total factor productivity (TFP) A, are nonnegative, sector-specific con-
stants. Here, T denotes global average temperature relative to the beginning of the industrial
revolution, so 7 = 0 is the pre-industrial level of temperature. The function A, is a sector-
specific damage function and shows how much output is curbed in response to higher temper-
atures (e.g., Nordhaus and Sztorc, 2013). This is the first channel by which global warming af-
fects economic activity. We assume that the final goods are perfect substitutes.®

2.2. Investments in Green and Brown Capital. Let I, > 0 be the investment rate in sector
n and R > 0 the rate at which brown capital is converted into green capital.” Investment is
subject to quadratic intertemporal adjustment costs. To convert brown into green capital, the
green sector incurs quadratic intrasectoral adjustment costs. A dollar of brown capital is thus
converted into less than a dollar of green capital and the wedge increases in the amount con-
verted. Depreciation rates of the capital stocks are 8¢ > 0, n € {1, 2}. Capital stock dynamics
of the green and brown sector are thus!”

1)  dK; = (11 g R 1B 8{‘K1)dt + Kio1dW; — Ki_(¢.dN, + £.dN,),

) dKo = (b - dor — R 85K: )di + Koo (prodWi + /1 = pdW2 ) = Ko (€N, + £dN,),

where ¢,, n =1, 2, are the investment adjustment cost parameters, « is the capital realloca-
tion cost parameter, and W; and W, are two independent Brownian motions. The parameter

7 We abstract from financial intermediaries who issue stocks and pay dividends to households. In the absence of
borrowing and/or collateral constraints and bankruptcies, this will not affect our results.

8 Subsection E.8 of the online appendix relaxes the assumption of perfect substitutes and allows for imperfect sub-
stitution between green and brown goods. We then interpret Y, as intermediate goods that are aggregated into a fi-
nal good Y = (Y{ +Y; )7 with p € (0, 1] determining the constant elasticity of substitution (CES) between the two
sectors. We also adopt a setting where aggregate consumption is a CES-aggregate consisting of the two consumption
goods produced in each sector. These extensions do not significantly affect our main results. This specification of the
economic structure is rudimentary since there may be a third capital stock which is complementary to the other two
capital stocks, say when modeling transport and the power industry, separately.

 The constraint R > 0 implies that conversion is only feasible from the brown into the green capital stock. We
choose the conversion to be one way since we analyze the optimal transition to a carbon-free economy. If we allow
for two-way reallocation, the optimal plan is almost never to convert from green into brown capital (results available
upon request).

10 For notational convenience, we drop the time index ¢ if it does not create confusion. Furthermore, K,,_ is short
for K,;_, that is, for the left limit of K,, at time ¢. For the dt and dW terms, this distinction is irrelevant since the
point process N only jumps at countably many time points and Lebesgue and Brownian integrands can be changed
at countably many points.
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p12 denotes the instantaneous correlation coefficient between the Brownian shocks of the two
capital stocks. N, and N, are two independent point process capturing economic and climate
disaster risk. Since these disaster shocks are identical for both types of capital in realization,
not just in distribution, they significantly increase the total correlation between the two capital
stocks.!!

The process N, models macroeconomic disasters whose jump intensity A, is constant as in
Barro (2006, 2009) and Barro and Jin (2011). The process N, models climate disasters as in
Karydas and Xepapadeas (2022). This is the second channel by which global warming curbs
economy. Its jump intensity A. = A.(7") depends on current temperature 7. In both cases, A;d¢
is the probability for a jump to occur over the small time interval df and 1/4; is the expected
waiting time to the next jump, i € {e, c}. The parameters £, and ¢, are the corresponding jump
sizes which are stochastic, but independent of the Brownian and Poisson shocks. We suppose
that jump sizes are the same for both types of capital.

Climate damages thus affect the economy via the damage functions A,(7T) scaling down
output in response to climate change as in the DICE model and via the disaster probability
increasing in temperature as in Bansal et al. (2019) and Karydas and Xepapadeas (2022). We
assume that the size of climate-related disasters does not increase with global warming.

2.3. Emissions and Temperature. Following Allen et al. (2009), Matthews et al. (2009), and
IPCC (2014), we let global average temperature 7T increase linearly in cumulative emissions
E = fé €;ds measured in gigatons of carbon (GtCs). Global mean temperature is thus

t
T =T+ 0E + f ordWs,
0

where Tj is current temperature and ¢ denotes the transient climate response to cumulative
emissions (TCRE).?W; denotes a third standard Wiener process that is independent of W,
and W, and has a constant diffusion coefficient or. Current emissions are ¢ = vF where F is
the rate of fossil use in energy units and v = v(z, T, Kj, K;) the emission intensity per unit of
fossil fuel, which may depend on the current state of the world. Hence, we have

3) dT = BRdr + ordWs,

where 8 = ¥v and thus g depends on ¢, T, K;, and K. Note that ¢ = 0 if K, = 0, so carbon
emissions cease once the brown capital stock has been fully phased out.

2.4. Consumption and Preferences. The consumption good in each sector is the cash-flow
net of investments and energy costs,

b, (Ez/Kn)l/g"

Cn:Yn_In_ 1+1/£
n

n»s

' Geometric Brownian shocks to the capital stock have been commonly used in the literature for AK models like
ours. Following Pindyck and Wang (2013) and Barro (2006, 2009), among others, it is common in continuous-time
models to put the geometric Brownian shocks and disaster shocks into the capital dynamics. These shocks are the
typical stochastic drivers of total factor productivity and depreciation and thus of economic growth and of asset re-
turns. Since, in contrast to these papers, we study a two-sector model, those shocks represent correlated sectoral level
shocks. Hence, total correlation between the two sectors involves instantaneous correlation from geometric Brownian
shocks and common jump risk (see Subsection 5.1).

121n our model, fossil fuel is not an exhaustible resource. Golosov et al. (2014) do have exhaustible oil with zero
extraction costs alongside coal and green energy, but oil plays hardly a role in combating global warming as policy-
makers can only affect when to extract oil and not how much of reserves to extract. To test whether exhaustibility
matters for our policy simulations, we have studied a variant of our model that takes account of the following con-
straint: E; < E, where E denotes the maximum amount of total carbon emissions if all fossil fuel resources were to be
exploited. We find that this constraint is not binding if E is set in line with recent estimates on exhaustible fossil fuel
resources, 11, 000GtCO, or 3, 000GtC (McGlade and Ekins, 2015).
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where b; and b, are cost parameters for green energy and fossil fuel and ¢, is the price elas-
ticity of supply in sector n.'* The representative household has recursive preferences and
consumes C = C; + C;. As shown in Duffie and Epstein (1992b), these preferences are the
continuous-time version of discrete-time recursive utility developed in Kreps and Porteus
(1978) and Epstein and Zin (1989). The value function J is recursively defined by

4) J(t, K1, Ky, T)= sup EZU f(CY,J(s,Kls,Kzs,Tx))ds}
L.L,R.F . t

where the aggregator function f is defined by

cl\-v
80][[(1,},)”% - 1]7 1[/ 75 1,
s(I—y)log| ———— ), v =1,
[(A=y)]T=7
where 6 = llﬁ, C denotes consumption, y the coefficient of relative risk aversion, ¢ the

EIS, and § the rate of time impatience. The degree of risk aversion y typically exceeds 1/v
to reflect a preference for early resolution of uncertainty. If risk aversion equals the inverse of
the EIS (y = 1/v or, equivalently, § = 1), the preference structure collapses to the more com-
monly used time-additive constant relative risk-aversion (CRRA) utility.

3.  OPTIMALITY CONDITIONS AND THE SOCIAL COST OF CARBON

Following Duffie and Epstein (1992b), the value function J = J(¢, K;, K,, T') satisfies the
Hamilton—Jacobi-Bellman (HJB) equation (A.1). The first-order optimality conditions give
rise to efficiency conditions (5)—(8). Optimal investment in sector n € {1, 2} reads

— Kygn—1
(5) In T b qn

The higher ¢, the higher adjustment costs and the less the sensitivity of the investment rate to
the marginal value of investment. Here, Tobin’s Q of sector # is

Ccl\/v Jx

© S (Y

Condition (5) shows that the investment rate in sector # is small if intertemporal adjustment
costs are high and large if the sectoral Tobin’s Q is high, where the latter is the marginal
value of capital in utility units (i.e., Jg,) divided by the marginal utility of consumption (i.e.,
fc(C,J)) to obtain the marginal value of capital in units of consumption or final goods. The
sectoral Tobin’s Q, the ratio between the market value and the replacement cost of physical
capital, is bigger than one, since installing capital is costly and installed capital earns a rent.
The optimal reallocation from brown to green capital follows from

_ Kiqa—q
(7) R=faa

If the marginal value of investments in the green sector exceeds those in the brown sector
(i.e., the Tobin’s Q for the green sector exceeds the one for the brown sector), it is optimal

13 To keep the model simple, we let the b, be constant. This assumption can be relaxed in several dimensions, for
example, deterministic trends or stochastic shocks to energy prices. By contrast, van den Bremer and van der Ploeg
(2021) assume that energy costs remain constant over time, that is, they consider the special case ¢, — co. Alternative
cost specifications do not qualitatively alter our results and are available upon request. Subsection 6.3 gives details of
how our analysis is affected if the cost of green goods falls due to LBD.
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to reallocate capital from the brown to the green sector. The extent to which this is done in-
creases in the gap between the Tobin’s Q’s and decreases in the intrasectoral adjustment cost
parameter «, so the conversion rate is small if intratemporal adjustment costs are high.

The optimal use of green energy and fossil fuel follow from

H m-1 1/¢1 n—1 /e
®) ’71A1<F1]> A(T) = bl(%) ) 7’)2A2<%> A (T) = bz(%) + v,

where the social cost of burning one ton of carbon or the SCC is

©) S S
(Y I

and v is the emission intensity per unit of fossil fuel (see Subsection 2.3). The marginal prod-
uct of the green capital stock thus equals the marginal cost of one unit of green energy
whereas the marginal product of brown capital equals its marginal cost plus the external ef-
fects of emitting carbon. The optimal SCC increases in consumption as marginal damages are
proportional to aggregate economic activity (cf. Nordhaus, 1991; Golosov et al., 2014; Rezai
and van der Ploeg, 2016; Hambel et al., 2021b). We consider two scenarios. In the optimal sce-
nario, the social planner takes account of the SCC (9) and actively reallocates capital from the
brown to the green sector (7). In the business-as-usual (BAU) scenario, the SCC is not inter-
nalized and capital is not actively shifted from the brown to the green sector.'*

We denote the total stock of capital by K = K; + K3, so the share of brown to total capi-
tal § = +1< defines the carbon-intensity of the economy. During the energy transition, the
share of brown capital S decreases over time. Appendix A.1 shows that the value function J,
the optimal carbon tax ., and the optimal controls can be reformulated in terms 7 and S in-
stead of T, Kj, and K, (see Proposition A.1). This simplifies our numerical solution (see On-
line Appendix B.1), since now there are only two instead of three state variables. It is not fea-
sible to analytically characterize how the SCC depends on S and 7', but we will do this numer-
ically.

To replicate the social optimum in the decentralized market economy, we must price car-
bon, either via a global carbon tax or via a global cap-and-trade system, at a price equal to
the optimal SCC. The revenue of the carbon tax or permits is refunded in lump-sum fashion
to the private sector. The carbon price thus internalizes the global warming externalities.

4. DIVERSIFICATION MOTIVE

While the quantification of diversification goes back to Markowitz (1952), there is empirical
evidence for diversification benefits from green assets in an investor’s portfolio indicating that
diversification is a relevant consideration when thinking about the green transition. Reboredo
(2018), Reboredo and Ugolini (2020), Kuang (2021a, 2021b), among others, show that green
assets have considerable diversification effects on stocks, especially on brown energy stocks.
Similarly, E1 Ghoul et al. (2023) show that socially responsible investing offers diversification
benefits for mutual funds. We now discuss diversification benefits in our model.

Since damages resulting from climate change increase in temperature, the indirect utility
function J decreases in temperature, - ﬁ < 0. By contrast, the effect of the share of brown cap-
ital on indirect utility is nonmonotone. As S measures how carbon-intensive the economy is,
a higher value of S indicates that there are more carbon-dioxide emissions amplifying climate
change. This argument suggests that J decreases in S. However, the share of brown capital
also determines how diversified the economy is.

The volatility of the total stock of capital K is a convex function of S. More precisely, the to-
tal capital volatility |lox(S)|| equals o7 and o, at the polar cases, S = 0 and S = 1, respectively,

14 Note that the SCC in the BAU scenario exceeds the SCC in the optimal scenario.
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but takes its minimum value at

2
0y — 0102012

ol + 0} — 20102012

(10) §* =

By contrast, for high and low values of S the economy is poorly diversified. Since initially
brown capital dominates the capital stock, the diversification motive accelerates climate ac-
tion until the optimal level of diversification is reached. At this level, abatement and diversi-
fication become conflicting targets and the transition to a low-carbon economy is thus slowed
down. Nevertheless, the economy does not stop at the optimal diversification level and the
overall optimal level of S lies below S*, that is, below the optimal level without externalities.
If both capital stocks are equally volatile, o7 = 07, total capital volatility takes its minimum at
S§* = 1/2, that is, if both capital stocks are of the same size. We emphasize that then the opti-
mal level of diversification is independent of the instantaneous correlation pi».

We emphasize that green and brown asset returns are not uncorrelated in our model. Even
without disasters and climate change, zero correlation between Brownian shocks does not im-
ply that asset returns are uncorrelated, see the discussion in Cochrane et al. (2007). The re-
sulting positive correlation between both assets comes from the share of brown capital S,
which is a common factor for both assets. In our case, temperature is a second common factor
that also affects both capital stocks and, in turn, asset returns. Besides both assets are driven
by common macroeconomic disasters. This implies a much higher correlation between the two
assets than indicated by the value of pj;. We illustrate the total correlation for several sample
paths in Figure A.6 in the online appendix.

To assess the benefits from diversification, we compare the indirect utility in two scenarios.
First, we consider the scenario without diversification, characterized by pj; = 1, and denote
the value function in this scenario case by J*. Second, we consider the benchmark scenario
where both capital stocks are not perfectly correlated and the effects of diversification are im-
manent and denote the value function by J. If diversification has a positive effect, the value
functions should satisfy J (¢, K1, K>, T') > J*(¢t, K1, K>, T'). The welfare gain w for being able to
diversify expressed as a fraction of capital is thus positive and follows from the indifference
condition J (¢, K1, K», T) = J*(t, Ki(1 + w), K»(1 + w), T'), whose solution is

(11) w = (%) —1.

We emphasize that the welfare gain from diversification depends on temperature and the
share of brown capital, that is, w = w(S, T'), in a nonlinear manner (see Figure 4). The welfare
gain w allows us to assess the effects of diversification under climate risk.

5. CALIBRATION

Table 1 summarizes our calibration with Appendix A.7 giving more details.

5.1. Economic Growth. In the past, the influence of climate change on asset markets was
negligible and the historical impact of climate change on the economy was, if anything, mod-
est, at least in developed countries (e.g., Dell et al., 2009, 2012). We therefore first calibrate
production by disregarding climate damages. We then calibrate the damage specification.

Capital Shocks We set annual volatility of capital diffusion risk to 1 = 0, = 0.02 matching
the observed volatility of consumption or output (e.g., Wachter 2013). We start with a bench-
mark value of pj; = 0 for the instantaneous correlation between the two capital stocks.!®> Sub-
section E.7 in the online appendix discusses the influence of this correlation and presents the

15 This is also assumed by Cochrane et al. (2007) for an endowment economy.
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TABLE 1
BENCHMARK CALIBRATION WITH 2020 AS BASE YEAR

Preferences
8 Time-preference rate (annual) 0.015
y Coefficient of relative risk aversion 4.355
W Elasticity of intertemporal substitution 0.618
Economic Model
Y, Initial GDP (trillion US §, PPP) 103.55
So Initial share of brown capital 0.94
Aq Green total factor productivity 0.1058
Ay Brown total factor productivity 0.1030
by Green energy cost parameter 4.459 x 10°
by Fossil fuel cost parameter 2.307 x 10°
en Price elasticity of energy supply 1.6
Nn Energy share in production 0.066
bn Investment adjustment cost parameter 39.08
@ Dividend leverage parameter 2.8
on Annual capital volatility 0.02
Qe Macroeconomic jump size parameter 8
Ae Macroeconomic disaster intensity parameter 0.088
K Capital reallocation cost parameter 2
P12 Instantaneous correlation coefficient 0
Climate Model
Ty Initial temperature (° C) 1.27
or Temperature diffusion coefficient 0.015
v TCRE (° C/TtC) 1.8

effects for negative and positive pjp. Given the discussion in the previous section, the total
correlation between the two capital stocks is significantly higher than indicated by the value
of pi2.

We assume that the recovery rates, Z; = 1 — ¢;, i € {e, c}, have power distributions over (0,1)
with parameters «; > 0, that is, the jump size distribution is determined by the density func-
tion (Z;) = oz,Z?"’fl, Z; € (0,1) (Pindyck and Wang 2013). The n th moment of the recovery
rate is E[Z]] = =, We follow Barro and Jin (2011) and define a disaster as an event destroy-
ing more than ¢, = 10% of GDP or aggregate consumption. Their historical consumption data
suggest an annual disaster probability of 3.8% and average consumption loss of 20% when
a disaster occurs, so that E[€.[¢, > €¢.] = 0.2 and A, fol_[” ¢e(Z,)dZ, = 0.038. These conditions
yield &, = 8 and A, = 0.088.

Dividends Empirically, dividends are more volatile than consumption and fall more than
consumption when a disaster hits the economy (e.g., Bansal and Yaron, 2004; Wachter, 2013).
This is because dividends are only a small contribution to household income, which is used
to finance consumer spending. The largest part of household income is labor income, which is
much less volatile than dividends. Following this literature, we model dividends in each sector
as leveraged consumption, that is, D, = C}/, where we set the leverage parameter to ¢ = 2.8
leading to asset return volatilities much higher than consumption growth volatility. We follow
this reduced-form approach because there is only one agent in our model. A more rigorous
approach, in which capital is owned by intermediaries who issue stocks and pay dividends to
households is beyond the scope of this article.'®

16 1n Subsection E.2 of the online appendix, we discuss alternative calibrations with unleveraged dividends, D, =
Cp (cf. Cochrane et al., 2007; Pindyck and Wang, 2013; van den Bremer and van der Ploeg, 2021). Here, we also
show that our results on diversification and asset pricing are robust to this assumption albeit optimal carbon prices
are lower.
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Production and Energy Costs Ignoring climate change, there is no price on carbon and op-
timal energy use gives a linear “AK” production function Y,, = A% K, with productivity

. 1+1/§'/1 nn l—Un”il/Hn

* —nn+1/en

(12) A=A} - :
n

To calibrate the EIS, risk aversion, adjustment costs, and total factor productivity, we use
a special case of our model with an aggregate capital stock. Following Pindyck and Wang
(2013), we choose these parameters to match a real expected growth rate of consumption of
2%, an average consumption fraction of GDP of C/Y = 75%, an initial risk-free interest rate
of rg = 0.8% per annum, an average equity premium of 6.6% per annum, and a Tobin’s Q of
g = 1.548. Given our choice of a relatively low time-preference rate of § = 0.015 (cf. Nord-
haus, 2017), we use these data to back out a relative risk aversion of y = 4.355, an EIS of
¥ = 0.618, adjustment cost parameters of ¢; = ¢, = 39.08, and total factor productivities in
(12) of A} = A3 = 0.0449."7

Following van den Bremer and van der Ploeg (2021), we set the energy shares to be n, =
0.066 and use an average global cost of fossil fuel of 540 USD per ton of carbon. We use a sig-
nificantly higher average global price of green energy, that is, 810 USD for the same amount
of energy,'® which is in line with production costs in developed countries such as Germany.
Using a price elasticity of energy supply of ¢, = 1.6 (e.g., Png, 1999, p. 110), we determine cost
parameters of by = 4.459 - 10° and b, = 2.307 - 10° reflecting that green energy is significantly
more expensive than fossil fuel.'” Solving (12) for A, yields A; = 0.1058 and A, = 0.1030.

5.2. Damages from Global Warming. We consider two different climate damage specifi-
cations.?? Our benchmark specification is the level impact from Nordhaus (2017), who uses
An(T) =1—6,T? and calibrates this so that damages at 3°C are 2.08% of predamages out-
put. This gives a value of 6, = 0.00236.%!

Complementary to our benchmark specification, we consider a model that is affected by cli-
mate disasters. Karydas and Xepapadeas (2022) collect data on climate-related events for 42
countries over the period from 1911 to 2015.22 Following the methodology of Loayza et al.
(2012), they estimate climate-related disaster probabilities and magnitudes. Their model in-
volves time-varying temperature disaster risk where the disaster intensity follows a mean-
reversion process whose long-term mean is linear in temperature, A.(7) = A + A1 T. Ab-
stracting from mean reversion, we set A.(7T) = Ao + Aa1 T with A, = 0.003 and 1, = 0.096.
The process A.(T) is approximately the probability that a disaster hits within the period of
a year. Karydas and Xepapadeas (2022) report E[¢.] = 1.5% for climate-related disasters.
Using a power distribution for the recovery rate Z. yields o, = 65.67. Figure A.1 in Ap-
pendix A.7 illustrates the calibration of climate disasters.

17 Alternatively, one could choose a higher value for the time-preference rate. Then, to match the risk-free rate of
rg = 0.8%, a higher value of the EIS is needed. For instance, a calibration with § = 0.0247 and y = 1.5 yields almost
identical results (available upon request). Since we have no information about whether the adjustment cost and total
factor productivity parameters differ for the two sectors, we assume ¢ = ¢, and A} = AJ in our benchmark calibra-
tion. In Subsection E.10 of the online appendix, we consider an alternative calibration where these values differ for
the two sectors.

18 We express energy in equivalent units of carbon emitted into the atmosphere.

19 Alternative calibrations for the cost parameters and the price elasticity of supply do not significantly affect our
results (available upon request).

20 See Subsection E.11 of the online appendix for a model involving both types of damages.

21 Nordhaus (2017) states that the damage function is inverse quadratic, A, (T) = W, whereas the correspond-

ing GAMS code (General Algebraic Modeling Language) uses a quadratic damage function A,(T) =1 —6,T?. We
have solved the model for both quadratic and inverse quadratic damage functions and the results are very similar.
22 They use the international disasters database EM-DAT, which is available at https://www.emdat.be/.
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5.3. Emission Intensity and Temperature Responses. We calibrate the emission intensity v
per unit of fossil fuel such that under BAU, we match the RCP8.5 scenario of IPCC (2014).
Historically, the emissions ratio has declined at a rate of 1.7% to 2% per year, a little less than
the rate of economic growth. We model an emission intensity that steadily declines in expecta-
tion following:??

dy,

dv;, = v, |:gudt - 7ri|’

where g, < ]E[%] is a parameter determining the speed at which carbon emissions increase
under BAU. Heﬁce, carbon-dioxide emissions are given by €, = F5,v;. This calibration ensures
that carbon emissions are zero if the production of brown goods is zero.

Recent studies estimate a TCRE of 0.8 to 2.4° C/TtC (e.g., Allen et al., 2009; Matthews
et al., 2009, 2018). We use a midrange value for the TCRE of g = 1.8° C/TtC. We set the re-
allocation cost parameter to x = 2 so that the model predicts a temperature increase for 2100
of 1.8° C for the disaster impact. This calibration is in line with pledges made at the COP26
U.N. climate conference (IEA, 2021).%*

6. OPTIMAL CLIMATE POLICIES: TO ABATE OR DIVERSIFY?

To understand the economic effects of our optimal carbon price paths, we discuss two op-
posing effects. First, brown capital causes a negative externality that diminishes output, so the
social planner seeks to cut the share of brown capital and thus emissions. This is the abate-
ment motive. Second, the social planner is risk averse, so seeks to reduce total capital volatil-
ity which is driven by the share of brown capital. This is the diversification motive. We have
done our best to have a calibration that fits the data and is as reasonable as our model per-
mits, but we admit that our quantitative results primarily illustrate our model and insights, and
must not be taken too literally. So, we offer a broad range of robustness checks in Section E of
the online appendix to highlight the drivers of our results.

6.1. Optimal Carbon Prices. Panels (al) and (a2) of Figure 1 show the median optimal car-
bon prices (—) and their 5% and 95% quantiles for the two damage specifications. The op-
timal median carbon tax starts in 2020 at 94 USD per ton of carbon (26 USD per ton of CO5)
for the level impact and at 505 USD per ton of carbon (138 USD per ton of CO,) for the dis-
aster impact. Since the optimal carbon tax is proportional to the aggregate stock of capital and
GDP is proportional to the aggregate capital stock, the optimal carbon tax grows in line with
the growth of the economy. Panels (bl) and (b2) of Figure 1 depict the carbon tax normalized
by GDP (i.e., we multiply the carbon tax by initial GDP and divide by current GDP). This
confirms that normalized carbon prices are roughly constant over time. If damages are suffi-
ciently convex in temperature, the graph for normalized carbon prices will rise mildly as tem-
perature increase.

Figure 1 also shows that median optimal carbon prices grow a bit slower if there are no ben-
efits from diversification ( ). This effect is not negligible, but carbon prices are primarily
determined by the abatement motive and depend only to a limited extent on the diversifica-
tion motive. Especially with climate disasters, the diversification effect is largely dominated by
the abatement motive and carbon prices in both scenarios are almost identical.

Figure 2 shows how optimal carbon prices in the year 2020 depend on the share of brown
capital S for the two damage specifications at a temperature anomaly of 1° C. This figure con-
firms our findings from Figure 1 but also highlights a state-dependent conflict between

23 This requires no extra state variable as shocks to v are perfectly correlated with those to Y.

24 Since this calibration is rather indirect, ¥ determines the speed of the transition toward a low-carbon economy
and the stickiness of investment decisions, and there is very few data on this parameter available, we perform a sensi-
tivity analysis in Subsection E.9 in the online appendix.
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NortEs: The time paths of the optimal carbon prices for the two damage specifications level impact (first column) and
disaster impact (second column) are depicted. The second row depicts carbon prices normalized for growth of the
economy, that is, rc%. Median optimal paths are depicted by black solid lines ( ) and median BAU paths by
dotted lines (*==** ). Dashed lines (= = = ) show 5% and 95% quantiles of the optimal time paths. Gray lines ( )
show the median optimal paths for a model without benefits from diversification because both capital stocks are per-
fectly correlated.

FIGURE 1

TIME PATHS FOR THE OPTIMAL CARBON TAXES FOR LEVEL AND DISASTER IMPACTS OF CLIMATE CHANGE

(a) Carbon Tax [USD/tC] (b) Carbon Tax [USD/tC]
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Nortes: The figure shows how optimal carbon prices in the year 2020 depend on the share of brown capital S for the
two damage specifications level (TFP) impact (first column) and disaster impact (second column) at a temperature
anomaly of 1° C. The black lines (=) depict the optimal carbon price in the benchmark specification. The gray
lines ( ) show the optimal prices in a model without benefits from diversification because both capital stocks are
perfectly correlated. Similar figures for other years and different temperature anomalies are available upon request.

FIGURE 2

OPTIMAL CARBON TAXES AND SHARE OF BROWN CAPITAL FOR LEVEL AND DISASTER IMPACTS OF CLIMATE CHANGE

diversification needs and climate policy. This conflict is particularly pronounced for the level
impact where the diversification motive plays no negligible role and the optimal carbon tax is
heavily state-dependent. On the other hand, for a disaster impact the diversification motive is
completely dominated by the abatement motive and the SCC is almost independent of S. We
now discuss the abatement and diversification motives in greater detail.

6.2. Results on Abatement and Diversification. To decompose climate action into the parts
that come from both motives, we consider four different calibrations to identify a pure diver-
sification component, a pure abatement component, and an interaction term. Figure 3(a) plots
the median optimal evolution of the share of brown capital for: (i) a model without damages
from climate change and perfectly correlated diffusive risk, see gray dotted lines (- - - ); (ii)
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(a) Share of Brown Capital [%] (b) Diversification Motive
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Nortes: The lines depict the optimal evolution of the share of brown capital until the year 2200 for (i) a model without
damages from climate change and perfectly correlated diffusive risk, see gray dotted lines (= = = ); (ii) a model with-
out damages from climate change and zero instantaneous correlation, see black dotted lines (*=*** ); (iii) a model with
the Nordhaus damage specification and perfectly correlated diffusive risk, see gray lines ( ); (iv) the benchmark
model with the Nordhaus damage specification and uncorrelated diffusive risk. The areas in (b), (c), and (d) depict
the strengths of the diversification motive ("), the strength of the abatement motive (M), and the interaction of diver-
sification and abatement motives (), in scenarios (ii), (iii), and (iv), respectively.

FIGURE 3

ABATEMENT AND DIVERSIFICATION MOTIVES WITH NORDHAUS LEVEL DAMAGES FROM CLIMATE CHANGE

a model without damages from climate change and zero instantaneous correlation, see black
dotted lines (-+++); (iii) a model with the Nordhaus damage specification and perfectly corre-
lated diffusive risk, see gray lines (—); (iv) our benchmark model with the Nordhaus dam-
age specification and zero correlation,” see black solid lines (—).

For case (i), there is neither a diversification benefit nor any damage from climate change.
The planner thus has no incentive to convert brown capital into green capital. For case (ii),
the instantaneous correlation between the two capital stocks is zero and thus diversification is
advantageous. Hence, the agent aims to achieve a diversified position which due to our cali-
bration is reached at 50% brown capital.?® Since in this calibration there are no damages from
climate change, the transition is solely driven by the diversification motive. The light gray area
() in Panel (b) depicts the diversification effect. For case (iii), capital stocks are perfectly cor-
related capital stocks, so that there is no diversification benefit. Consequently, the transition
toward a zero-carbon economy in Panel (¢) is solely driven by the abatement motive, which is
represented by the dark gray area (H).

Finally, we study the benchmark (iv) with zero correlation and Nordhaus damages depicted
in Panel (d). It turns out that the share of brown capital optimally stabilizes in between
the two polar cases (ii) and (iii). This shows that there is an interaction effect. Initially, the

25 The total correlation between the two capital stocks and, in turn, between asset prices is significantly driven by
macroeconomic disasters. Since both capital stocks suffer common macroeconomic shocks via N¢, the total correla-
tion between the capital stocks is significantly higher than the instantaneous diffusive correlation pj,. Our numerical
simulations indicate that the total correlation coefficient is always higher than 90%.

26 If there are N energy sectors, none correlated, the optimal allocation between these sectors is 1/N.
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(a) Welfare effects [%] (b) Welfare effects [%]
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Nortes: Panel (a) plots the welfare gain from diversification (11) as function of the share of brown capital S for a
Nordhaus level impact (evaluated at three temperatures) and Panel (b) for a rare disasters impact.

FIGURE 4

WELFARE GAINS FROM DIVERSIFICATION VERSUS SHARE OF BROWN CAPITAL, S

diversification motive fosters the transition toward a low-carbon economy. Compared to the
case with perfect correlation, the transition takes place at a faster rate, leading to more abate-
ment in response to diversification effects. This is visualized by the black area (M) in Panel
(d). In the long run, however, the two goals become conflicting and a trade-off arises. This
happens around the year 2100 when the capital stocks are fully diversified. From this point on-
ward, the diversification motive hampers the transition, which eventually stabilizes at about
20% of brown capital. It is thus beneficial to keep some carbon-intensive capital in the econ-
omy to reap the benefits of diversification. We have thus decomposed climate action into
three components:

Climate Action = Diversification (') + Abatement (M) + Interaction ().

The decomposition shown in Figure 3 can be carried out for other type of damages and
correlation structures too. For instance, for the disaster impact, the damages are significantly
more pronounced than for the level impact, and the abatement motive dominates the diversi-
fication motive. Hence, the carbon-intensive capital stock is eventually run down completely,
so that the dark gray area becomes bigger (see Figure A.7 in the online appendix). Further-
more, a higher (lower) instantaneous correlation py; reduces (increases) the benefit of diversi-
fication and thus lowers (increases) the level at which the share of brown capital stabilizes in
the long run (see Subsection E.7 in the online appendix).”’. The brown capital stock is then
eventually eliminated and no more CO, is emitted. However, if diversification effects prevail
and the company keeps part of the brown capital stock in operation, a higher carbon price is
needed to control emissions.

Figure 4 plots the welfare gains of diversification under climate risk computed from Equa-
tion (11). We see that the benefits from diversification can reach more than 1.5% of global
output depending on the share of brown capital and temperature. This benefit can exceed the
damages from global warming under the DICE damage specification. The figure also illus-
trates that the welfare gains are larger if temperatures are smaller, which stems from damages
being a convex function of temperature. In case of climate disasters, the negative impact of
keeping the share of brown capital in operation can easily exceed the benefits from diversifi-
cation and the welfare effects are less sensitive to current temperatures.

6.3. Extension: LBD in Green Production. So far, we have assumed that there is no di-
rected technological change (e.g., Acemoglu et al., 2012; Casey, 2024). Here, we address the
question of how technological change affects the transition toward a low-carbon economy in
the presence of diversification motives. For this purpose, we allow the costs of renewable en-
ergy to decrease endogenously along the transition path driven by LBD in the production of
green goods. This leads to path-dependent energy prices and a more efficient green sector in

27 Subsection E.7 also delivers an explanation why median optimal carbon prices are a bit lower in the long run if
there are no or only dominated benefits from diversification (see Subsection 6.1).
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(a) Share of Brown Capital [%] ' (b) Diversification Motive
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Nortes: The lines depict the optimal evolution of the share of brown capital until the year 2200 for (i) a model with-
out climate damages and perfectly correlated diffusive risk, see gray dotted lines (= = = ); (ii) a model without climate
damages and zero instantaneous correlation, see black dotted lines (**=** ); (iii) a model with the Nordhaus damage

specification and perfectly correlated diffusive risk, see gray lines ( ); and (iv) the benchmark model with the
Nordhaus damage specification and uncorrelated diffusive risk. The areas in (b), (c), and (d) depict the strengths of
the diversification motive ("), the strength of the abatement motive (M), and the interaction of diversification and
abatement motives (M), in scenarios (ii), (iii), and (iv), respectively.

FIGURE 5

ABATEMENT AND DIVERSIFICATION MOTIVES WITH ACCELERATED GREEN TRANSITION DRIVEN BY DIRECTED
TECHNOLOGICAL CHANGE

the long run. This gives an additional incentive to restructure the economy away from fossil
fuel toward green energy, even if diversification and abatement motives do not play a role. We
call this new motive the LBD motive, which is a different form of directed technical change
that occurs in upcoming green instead of in mature brown industries (and is a complementary
approach to reallocating scientists from the brown to the green sector).

Figure 5 studies the interaction between the abatement motive, the diversification motive,
and the LBD motive in a model with a degree of path dependency. For this purpose, we as-
sume that the cost parameter for green energy gradually converges to that for fossil fuels as
the green transition progresses. More specifically, b1(S) = ko(1 — S)~%, where the parameters
ko and k; are calibrated such that energy costs before carbon taxes for both sectors are iden-
tical when the transition has been completed and that initially the costs for renewable energy
correspond to the costs as in the benchmark calibration.?

Compared to our benchmark model, the share of brown capital now decreases over time
even in a model without benefits from diversification or abatement. This decrease as shown
in (---) is thus due to the LBD motive stemming from path-dependent energy efficiency.
Figure 5 illustrates that the main results obtained from Figure 3 are still valid. Initially, the

28 Formally, this requires b (So = 0.94) = by = 4.459-10° and b;(0) = b, that is, (1 —Sg) K1 =1 or k; = 0.2342
and ko = b, = 2.307 - 10°. An alternative calibration based on the historical price development of solar modules cor-
responds to a cost reduction of green goods of about 20% for every doubling of solar panels in use (de la Tour et al.,
2013). This leads to a more pronounced path dependency (see Subsection E.4 in the online appendix). Our main re-
sults carry over but the diversification motive becomes less relevant although it still is economically significant.
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diversification motive accelerates the transition toward a low-carbon economy. In the long
run, however, the two goals become conflicting and a trade-off arises.

Finally, Figure A.9 in the online appendix shows the optimal carbon price and compares it
to the one in the benchmark specification without LBD. We see that with LBD the optimal
carbon price is a bit lower as the transition toward a low-carbon economy is slightly acceler-
ated by the LBD motive. This is well in line with Panel (c) of Figure 5, where the abatement
motive is less pronounced than in the benchmark case.

7. ASSET PRICING IMPLICATIONS

This section discusses the implications of climate policy on asset prices for the benchmark
model. Results carry over to the LBD extension available upon request.

7.1. Risk-Free Rate and Precautionary Savings. Here, we show how the share of brown
capital and temperature affect precautionary savings and the risk-free rate. In equilibrium, the
risk-free rate r/ (see Appendix A.3) is given by

yl—y
1

(13) r/ =5+ iuc—%y(ul)uacnz— > xi(T)JE[l —(A=6)7T
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temperature interaction risk

Equation (13) offers a similar decomposition of the risk-free interest rate (cf. Barro, 2006,
2009; Pindyck and Wang, 2013; Wachter, 2013). The first two terms in Equation (13) also arise
in deterministic models: if the time-preference rate § is high, there are strong preferences for
early consumption and one would thus like to borrow. Since, in equilibrium, the risk-free asset
is in zero net supply, the risk-free rate must increase to counter this. Besides, the risk-free rate
increases in the expected growth rate of consumption pc due to the agent’s attitude toward
smooth consumption streams, which is driven by the EIS . Table A.1 in Online Appendix C
shows that the expected consumption growth rate uc falls with temperature, but is almost in-
dependent of S. The negative effect of temperature reflects the impact of climate change on
output echoed in other IAMs.

The third term —3y(1+ ;7 )lloc||* in Equation (13) represents the motive for precaution-
ary savings in response to diffusion risk, which requires the interest rate to fall to keep the
risk-free asset in zero net supply. The expected consumption growth rate and its volatility de-
pend nonlinearly on both the temperature and the brown capital share, whereby the result
is more involved and qualitatively different from one-tree endowment economies. Although
the effect of temperature on the precautionary-savings term —%y(l + %)||oc||2 is negligible,
Table A.1 indicates that the share of brown capital has a significant influence on the equilib-
rium risk-free rate. The latter result stems from a diversification argument (cf. Cochrane et al.,
2007). Diversifying across the green and brown capital stocks reduces the volatility of the to-
tal capital stock and this effect carries over to aggregate consumption. If climate policy drives
the share of brown capital below $* in (10), the consumption stream becomes riskier again
and the demand for precautionary savings increases. This explains the nonmonotonic behav-
ior of the consumption volatility and, in turn, the nonmonotonic relation between the share of
brown capital and the equilibrium risk-free rate.

The fourth term — Y., 4(T)E[1 — (1 — &) 7 + L=2 (1 — (1 — £;)'77)] in Equation (13)
reflects precautionary savings in response to rare disaster risks. As for standard diffusion risk,
these terms reduce the interest rate to keep the risk-free asset is in zero net supply. The
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(a) Risk-free rate [%] (b) Consumption growth [%]
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Notes: Panel (a) depicts the time paths for the risk-free rate with level damages whereas Panels (b), (c) and (d)
plot the state-dependent components related to consumption growth ‘}7;/@, precautionary savings from diffusion risk
—%y(l + %)Ilacl\z, and temperature interaction terms, respectively. Median optimal paths are depicted by solid lines
( ) and dashed lines (= = = ) show 5% and 95% quantiles of the optimal time paths.

FIGURE 6

TIME PATHS OF THE EQUILIBRIUM RISK-FREE RATE

greater the risk aversion, the greater is this effect, see also the extensive discussion in Wachter
(2013). A novel feature is that the jump intensity for climate disaster risk A, increases in tem-
perature, so that higher temperatures curb the risk-free interest rate. Therefore, a less am-
bitious climate policy implies a strong increase in the demand for precautionary savings and
lower interest rates in the long term.

The temperature interaction risk terms in the second row in Equation (13) capture the in-
terdependence between capital, consumption, temperature, and the value function. Compared
to Cochrane et al. (2007), these terms are novel and result from the inability to hedge tem-
perature shocks. They represent precautionary savings for uninsurable temperature risk. We
emphasize that these components depend on the relevant state variables, in particular on tem-
perature, in a nonlinear manner, but they have little influence on the risk-free rate because
consumption volatility o¢ is close to capital volatility. In case of time-additive CRRA utility
(y = 1/4 or equivalently, # = 1), these terms add up to zero.

Figure 6(a) shows the evolution of the equilibrium risk-free rate over time for the level im-
pact of damages. Median optimal paths are depicted by solid lines (——). Dashed lines (- - =)
show 5% and 95% quantiles of the optimal time paths. Since temperatures tend to increase
over time and the effect of higher temperatures on consumption growth is negative, there is a
slight downward trend in % wuc in Panel (b). Panel (c) shows the simulation of the precaution-
ary savings component in response to diffusion risk, which reacts to the share of brown capital
in a nonlinear manner. This component is smallest in absolute terms when the economy is per-
fectly diversified slightly before the year 2100. From this point onward, the demand for pre-
cautionary savings increases again since the transition toward a poorly diversified low-carbon
economy is still ongoing. Panel (d) depicts the precautionary savings component for tempera-
ture interaction risk. It is not surprising that this demand increases in respond to higher tem-
peratures. Overall, the effect of those components is relatively small compared to the disaster
risk component in Equation (13).%

29 Similar decompositions for other scenarios and damage specifications are available upon request.
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(a)GreenQ, q, (b) Brown Q, g, 108 (c) Risk-free Rate, rf
9
1.7 s — 1.7
8.5
1.6 1.6 8
o~ | 75
1.5 1.5 7
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Temperature [°C] Temperature [°C] Temperature [°C]
(d) Green Risk Premium, rp, (e) Brown Risk Premium, P,
0.07 0.07
0.065 0.065
$=0.9
$=0.5
$=0.1
0.06 0.06
0 1 2 3 4 5 0 1 2 3 4 5
Temperature [°C] Temperature [°C]

Nortes: The lines represent various levels of the capital share: dark lines (===) depict § = 0.9, gray lines ( ) refer
to § = 0.5, and light ( ) lines to S = 0.1. Panel (a) plots Tobin’s Q of the green asset, (b) shows Tobin’s Q of the
brown capital stock, (c) depicts the equilibrium risk-free rate, (d) shows the risk premium of the green asset, and (e)
depicts the risk premium of the brown asset. The option to convert brown capital into green capital generates inter-
esting qualitative effects but the quantitative implications are moderate.

FIGURE 7

ASSET PRICES VERSUS TEMPERATURE AND THE SHARE OF BROWN CAPITAL (NORDHAUS LEVEL DAMAGES FROM CLIMATE CHANGE)

7.2. Risk Premia and Tobin’s Q.

Results for the Level Damage Calibration by Nordhaus Panels (a) and (b) of Figure 7 show
that the Tobin’s Q for both the green and the brown sector falls with temperature. The op-
posite is true for the book-to-market ratio. This implies that for a fixed amount of capital
the market value decreases in temperature, both for the green and brown asset. Panel (a)
shows that the Tobin’s Q of the green asset increases in the share of brown capital. There-
fore, for a fixed amount of capital the green asset has a higher market value if the economy
is more carbon-intensive. Panel (b) indicates that the opposite is true for the carbon-emitting
asset. Panel (c) shows the equilibrium risk-free rate, whose behavior has already been dis-
cussed above.

Panels (d) and (e) show how the brown and the green risk premia vary with temperature
for given shares of brown capital. Notice that the economy has the option to convert brown
into green capital at some adjustment costs. To better understand the patterns, we consider
Figure A.2 in the online appendix, which is analogous to Figure 7, but disregards the option
to convert. First, it can be seen in Panels (d) and (e) that the risk premia of the brown and
green sectors are positively related to their shares, S and 1 — S, respectively, which is qualita-
tively similar to Cochrane et al. (2007). Second, there is hardly any temperature dependence,
which indicates that the variation in the shares of capital in Figure A.2 is mainly driven by the
diversification motive. The asset which is scarce thus carries the highest risk premium.

If the option to convert brown capital is now taken into account, the value of the brown as-
set involves the value of this option. For situations with high shares of brown capital and cur-
rently low temperatures, the option is relatively more valuable. This can be seen in Figure 7.
In turn, the green asset is relatively less valuable and the green premium is higher as long as
the brown capital share is large. Eventually, when the brown capital share is small the brown
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TABLE 2
CARBON RISK PREMIUM

Level Impact Climate Disasters

Optimal Business as Usual Optimal Business as Usual

Py Py TPy —Tpp  IPy Py TPy —Tpp  IPy Py TPy —Tpp  IPy Ipy TPy — 1Py

T=1°C 658% 648% —0.11% 6.16% 656% 040% 6.67% 6.77% 0.10% 624% 6.63% 0.39%
T=2°C 660% 645% —0.14% 617% 657% 040% 6.74% 6.83% 0.09% 632% 6.71% 0.39%
T=3C 661% 644% —0.16% 617% 657% 040% 682% 6.89% 0.08% 6.40% 6.79%  0.39%
T=4°C 662% 645% —017% 617% 657% 040% 6.89% 696% 0.07% 6.48% 6.86% 0.38%
T=5C 663% 646% —017% 6.18% 658% 040% 696% 7.02% 0.06% 6.55% 6.94% 0.38%
§=0.10 6.56% 620% —035% 6.57% 6.19% —038% 672% 6.70% —0.02% 690% 6.51% —0.39%
§=025 661% 627% —034% 6.50% 627% —024% 672% 6.61% —0.10% 6.84% 6.56% —0.28%
§=0.50 6.61% 644% —017% 6.40% 638% —0.03% 674% 6.64% —0.10% 6.73% 6.67% —0.06%
§=075 6.66% 653% —013% 629% 649% 020% 6.80% 6.72% —0.08% 6.62% 6.80% 0.18%
§=090 6.73% 6.61% —012% 620% 6.56% 0.36% 6.84% 6.75% —0.08% 6.53% 6.88% 0.35%

Norte: The table shows the risk premia for the two assets and the carbon premium, defined as the difference between
the risk premia of the two assets, for the optimal run and BAU scenarios. It provides sensitivity analysis for different
values of the share of brown capital and temperature around their median values in 2100 (S = 0.44, T = 2.9° C for
the optimal run and S = 0.93, 7 = 4.4° C for BAU). Based on the benchmark calibration (see Section 5).

premium is about the same with and without the option to convert, since the option has then
lost its value. This becomes clear when comparing the light lines in Panel (e) of Figures 7 and
A.2. The same is true for the green premium.

Table 2 reports the risk premia of the green and brown asset, rp; and rp,, in the optimal and
in the BAU scenario. It can be seen that all values are between 6.17% and 6.73%. Further-
more, the table provides the differences between these risk premia which we refer to as the
carbon premium (cf. Bolton and Kacperczyk, 2021). In line with this literature, we find a posi-
tive carbon premium of about 0.4% for the BAU scenario with S = 0.9. This carbon premium
declines and becomes eventually negative if the brown capital stock decreases. In the optimal
case, society prices carbon dioxide appropriately, and thus the carbon premium declines even
more and can be negative. Notice that variation in temperature has a minor influence on the
carbon premium. Therefore, an ambitious climate policy that reduces the share of brown capi-
tal turns the positive carbon premium into a negative one.

This is also in line with the recent findings of Bauer et al. (2022), Zhang (2024), and Aswani
et al. (2024), which challenge the existence of carbon and pollution premiums as in Bolton
and Kacperczyk (2021, 2023) and Hsu et al. (2023). In fact, our model can explain a posi-
tive carbon or pollution premium if carbon dioxide is not properly priced and the negative
externatility has not been internalized. However, if society starts pricing carbon emissions,
our model can also explain higher expected rate of returns of green portfolios. Moreover,
our model generates price paths for green firms’ stock prices that tend to increase over time
more rapidly than brown firms’ prices, which is well in line with Pastor et al. (2021, 2022), who
demonstrate that green firms generate higher realized returns than brown firms and their im-
plied cost of capital is smaller than for their brown counterparts. Pastor et al. (2021) identify
two ways green demands can shift. First, investors’ demand for green assets can increase, di-
rectly driving up green asset prices. Second, consumers’ demand for green products can in-
crease, for example, due to environmental preferences, boosting green firms’ profits and stock
prices. Pastor et al. (2022) also predict that green firms tend to outperform brown firms when
concerns about climate change increase. Ardia et al. (2023) tested this prediction empirically
using data for S&P 500 companies from January 2010 to June 2018.

Results for the Damage Calibration with Climate Disasters Figure A.3 in the online ap-
pendix depicts the asset pricing implications for the disaster impact. Since the disaster inten-
sity grows linearly in temperature, this linearity carries over to the relevant asset pricing quan-
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tities. Most of the qualitative results obtained by the Nordhaus damage specification persist
for the jump impact. The most important findings are that with climate disasters the equilib-
rium risk-free rate is negatively affected and the risk premia are positively affected by temper-
ature. In contrast to the Nordhaus specification, economic damages involve tipping risks that
increase with temperature and their magnitudes are modeled by a right-skewed power distri-
bution. This yields another dimension of risk, for which investors want to be compensated.
Furthermore, there is also a carbon risk premium in the BAU scenario as in the previous para-
graph, which declines substantially as carbon is priced (see Table 2).

8. CONCLUSION

Our main concern has been the interplay between climate action and financial considera-
tions. Since agents want to hold diversified asset holdings, the transition toward a low-carbon
economy is affected by diversification motives. Diversification and climate action are initially
complementary goals, since agents want to decarbonize the economy and hold a balanced
portfolio of green (carbon-free) and brown (carbon-intensive) assets. At some point during
the green transition, however, the two goals become conflicting and a trade-off arises. This is
because environmental considerations incentivize the economy to further reduce the brown
capital share, but in turn assets holdings become less diversified. Climate policy is thus frus-
trated by the need to diversify financial asset holdings. Furthermore, if damages from climate
change are moderate as in the DICE model, it is not optimal to fully run down the brown sec-
tors as they serve as a hedge in the long run. Keeping the brown sectors open in the short run
allows a faster buildup of green assets. If the adverse impact of global warming on economic
activity is much more pronounced than suggested by DICE, it is optimal to close down the
brown sectors completely.

Our results suggest that policymakers should initially be intrinsically motivated to take cli-
mate action, simply to reach diversified asset holdings. Only if policymakers want to speed up
the process, they must take extra action. Later in the process of the green transition, matters
change fundamentally. If policymakers wish to incentivize the economy to reduce the brown
capital stock beyond its fully diversified share, they must counter the effects of diversification.
These insights regarding the changing importance of diversification and abatement during the
green transition also hold if we allow the cost of green goods to fall as more experience is ac-
cumulated by producing these goods (cf. Swanson’s and Wright’s law), but the green transi-
tion will be accelerated.

We have shown that the risk-free rate falls as climatic and other shocks increase. This re-
flects the precautionary saving motive. Furthermore, we have shown that potential climate
disasters are crucial for a significant effect of climate change on asset prices. We have also ana-
lyzed a situation where the economy is stuck in a BAU scenario and does not take climate ac-
tion. We have shown that compared to the optimal solution, the equilibrium interest rates fall
substantially and the carbon premium is higher and positive. This indicates that being stuck in
the BAU scenario does not only hurt the real economy, but can also distort the allocation of
capital in financial markets as interest rates and risk premia are biased.

As for further research, more empirical evidence is needed on how climate policy affects
the return on and prices of financial assets, both in sectors that make substantial use of fos-
sil fuel and others that make more use of renewable energy. In particular, evidence is needed
on the covariance of macroeconomic shocks, both normal macroeconomic shocks and climate-
related disaster shocks, hitting the brown and green sectors to assess how important the asset
diversification and hedging arguments are during the green transition.

Furthermore, our model is well-suited to consider the impacts of uncertainties about fu-
ture climate policies, breakthrough technologies, and sudden shifts to greener preferences on
the stranding of financial assets, asset returns, carbon risk, and other risk premia.’** Bolton

30 A survey of stranded carbon-intensive assets is provided by van der Ploeg and Rezai (2020).
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and Kacperczyk (2021, 2023) find that stocks of companies with higher emissions earn higher
returns, even after controlling for size, book to market, momentum, and other factors that
predict returns. These carbon risk premia have been rising and cannot be explained by unex-
pected profitability or other risk premia.’! They may be explained by transition risk (cf. Bar-
nett, 2023b; Hsu et al., 2023), so in future work it is important to investigate this risk in a
stochastic TAM.

DATA AVAILABILITY STATEMENT The codes and data that support the findings of
this study are openly available in OPENICPSR at http://doi.org/10.3886/E198001V1 , refer-
ence number: openicpsr-198001.

APPENDIX A

A.l. Reduced-Form Value Function. Following Duffie and Epstein (1992b), the value
function J = J(t, Ki, K», T) satisfies the Hamilton—Jacobi-Bellman (HJB) equation

-y

1+1/en
=7

(Z 1,2 Yo—Ii— an;l/en EzlJrl/en
-1+ JrBE

0 = maxy, R A,B {J; +86J

2
+%]TTO’% +Jx, <I1 - %(Pl;(—ll +R - %KIIE—? — 5{(K1> + %JKLKIK%O'lz
2
(A1) +Jk, (12 - %(PZII{—ZZ —R-— (Sé{Kz) + %]KZKZK%UZZ +Jk k, K1 Kz0100012
R ET (K (1= £), Ko(1 = £), T) —J] 4 3 (TYEJ (K (1 — £0), Ko (1 — £), T) — J]},

where subscripts of J denote partial derivatives, for example, Jx, = 8"—15 To solve the HIB
equation (A.1), we first transform it by expressing decision variables in relative terms and
reduce the number of state variables by one. Let i, = I,,/K,,, f, = F,/K,, r = R/Kj, and c =
C/K denote the relative control variables. We express the value function in terms of time,
total capital K = K; + K>, share of brown capital S = K,/(K; + K3), and temperature T (in-
stead of Kj, K>, and T'). Defining §; =1 — S, S, = S, the production functions become

Y, = ApSuK £ Ay (T).

The amounts of consumption goods produced by each sector are

Co = SuK[ Ay fir () = i — e 13711

Therefore, aggregate consumption satisfies

(A2) ¢=2 n=125n [Anfn"An(T) —in— 1+bl"/a,, ’%H/&’]'
The dynamics of the state variables can be written as
dK; = Kl_[(il — %(ﬁ]l% +r— %KV2 — 8{()(211 + o dW; — (EedNe + chNc)],

K> = K[ (i2 = 3822 = i = 88)dt + o2 (p12dWi + /1 — p,dWa ) = (€.dN, + £AN,) .

31 Donadelli et al. (2017) show that increasing awareness of the global warming challenge has led to increasing car-
bon risk premia. The evidence suggests that markets have started to price in the climate transition from 2015 onward.
Hsu et al. (2023) provide evidence for pollution risk premia of about 4.4%/year and use data on environmental litiga-
tion penalties to suggest that these are linked to regime change risk.
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dr = Bfodt + o7 (T)dWs,

where E: B/K;. To shorten the notation, we write W = (W1, W, W) T and denote the drift
of the capital stocks and temperature by pg, and w7, respectively. Ito’s lemma gives the dy-
namics of K and S:

ds — 51— S)[ug(il, ir, 7, S)dt + (02012 — 01)dW; + 02,/1 — ,012de2:|,
dK = K_ [MK(il, iy, 7, S)dt + [(1 — )01 + Sop1]dW; + So3\/1 — pdWs — (L.dN, + zchc)],
where the drifts are given by

ws(it, iz, 1, 8) = g, — ki, + S(o102p12 — 03) + (1 — S) (07 — o102p12),
l‘l’K(iliiz’r’ S) = (1_S)/¢LK1 +SILK2.

We thus solve a modified HIB equation with finite differences in terms of only two (S, T')
instead of three state variables (K, K, T'). The following proposition summarizes our find-
ings.

ProPOSITION A.1 (VALUE FUNCTION AND OptiMAL CONTROLS). Suppose B = B(t, S, T). The
value function (4) has the form

(A3) J(t. Ky Ky, T) = £ (Ky + K2) 77 G(t, T, S(Ky. Ky)).

where G satisfies a certain HIB equation which is given in (A.10) below. The optimal realloca-
tion strategy from brown to green capital is

(A4) r= 4o )-

Optimal green energy use is

1
b TE=v)
(A5) fr= (WlAll\ll(T)> )
The optimal investment strategies and fossil fuel use follow from the nonlinear equations:
(A.6) 1 —y)G' e =1 - y)G — GsS|[1 — ¢1i],
(A7) 8(1—y)G Ve = [(1-y)G + Gs(1 = S)][L - gaia],
(A.8) S(1— )G Vo = — Grp

Ashom 32 b, free

The optimal social cost of carbon is

9CYY  Gp

A9 ¢ s
(A9) T 5()/ 1) Gi-1/6
where optimal consumption is (A.2).

Proor. Leti, =1,/K,, f, = F,/K,, r = R/K; denote the control variables in relative terms.
Substituting these relative controls into (A.1) leads to the HIB equation:

, , NS
0 =sup, 1, o, | I = W1 (2,000 Su(K: +Kz)[Anfn’”An(T) —in— i D

32 In the following, we often skip the explicit dependence of wg and ug on their variables if this does not cause
any confusion.



ASSET DIVERSIFICATION VERSUS CLIMATE ACTION 23

—80J +J, + I, Ky (it — 13 + 1 — Ler? — 8F) +JK2K2<12 — 13 —rit - 5’<)
+3k kK3 o? + Yk, K202 + Tk, K1 Kao102010 + I K fo + Tt or (T)?

FAEJ(K (1= £.), Ko(1=£.), T)=J]+ 2 (T)E[J(K1(1 — £.), K2(1 — £.), T) — J]}
We conjecture that the value function has the form
J(Ki, K>, T) = 1 (Ki + K2)' 77 G(T, S(Ki, K»)).
This specification implies

G(T,S)>0 and  Gy(T.S) > 0.

The partial derivatives of S are Sk, = Kl’TSKZ and Sk, = K = K The relevant partial derivatives
of the value function J are

Tk, =K7G+ ﬁKlfsz_TS»
1 =S 1— §? S
Jiik = —yK7TGH2KTGs T + _K I:GSSF +2G5p],
]Kz — K- J/G+11 K- yGlS

Tk, = —yK 771G+ 2K 7 Gyl + LK v [ G U — 2G50,
Tk, = —yK VG + K7 G525 4 ﬁKH[GSS—*“K;S)S + G525t
Jr = 11—}/1{1_}'GT.

Substituting the conjecture and its partial derivatives into the HIB equation leads to the fol-
lowing reduced-form HJB equation:

(A10) 0 =sup,;, . s, |G+ Mo+ MiG + MaGs + MsGss + MiGr + MsGrr ).

We introduce the three-dimensional volatility vectors

-

(A.11) 0x(8) = ((1 = S)o1 + Soapra. Son, /1= p3,. 0)
T

(A.12) Oy = (02/012 — o1, 02\/1 = p},. 0) :

The coefficients M, (¢ =1, ..., 5) are given by

M, =80G" 0V,

My =1 —y)| (1 =81+ Suz —3y[(1 = )’ + §%07 +25(1 — S)o102p12] | — 86
=1 =llow I

FAE[(1 = €)' = 1]+ A(T)E[(1 — €)' —1],

My =S(1=8)|ua— i —y| 803 — (1= S)oi +(1-25)morpn | |.

=<7kT oy
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M, = 1(1-98)28%| of + 07 — 20102012 |,
=llos |12
", PR amd Memd (T

where ¢ is given in (A.2) and B = B/K>. The separation thus holds if and only if B is inde-
pendent of K; and K5, that is, B = E(t T, S). Calculating the first-order optimality conditions
leads to the nonlinear system of Equations (A.4)-(A.8) that determines the optimal controls.
This proves the proposition. O

A.2. Stochastic Discount Factor (SDF). The information about the current value of fu-
ture (uncertain) cash flows is summarized by the SDF or pricing kernel. If the SDF is known,
we can calculate today’s price of any given cash-flow stream. It generalizes standard dis-
count factor ideas. Duffie and Epstein (1992a) and Duffie and Skiadas (1994) show that for
continuous-time recursive utility the SDF has the form

(A13) Ho=exp ([ F(Coti)du) ol

where J; denotes the time-s value of the value function. Applying Ito’s lemma to (A.13) gives

dH _ df.(C_,J-)

(A.14) = oS

+ f7(C, J)dt,

where subscripts of f denote partial derivatives. These dynamics contain several pieces of rel-
evant information about key variables of the economy. Its drift rate equals the equilibrium
risk-free interest rate (with negative sign) and the coefficients in front of the Brownian shocks
contain the market prices of diffusive risk, see Proposition A.2 below.

ProposiTioN A.2 (EQUILIBRIUM). Let 0y (S;) be the three-dimensional volatility vector of the
total stock of capital, see (A.11), and o4(t, S;, T;) the three-dimensional volatility vector of G,
see (A.16). Let uc(t,S;, T;) and oc(t,S;, T;) denote the drift rate and the three-dimensional
volatility vector of aggregate consumption, respectively, see (A.18) and (A.19). The SDF follows
the dynamics

?{—H = —rfdt + OpdW + Y ((1— ;)7 —1)dN; — Ods

ie{e,c}

with W = (Wi, Wa, W3) . The equilibrium risk-free rate r/ is

1 1 1 —
=5+ JHe 5V<1 + J)HUCHZ-F > Ai(T)JE[(l —4)7 —1- ‘/’1 — yy 1-@a1- ef)“V)]

standard diffusion risk

iefe,c}

disaster risk

Yy —1

T

0—1
(loc = oxll> + ¥ (locl® = lowl*)) + ——a, (oc — o),

vo

temperature interaction risk
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where || - || is the Euclidean norm. The market prices of diffusion risk and jump risk are
0—1 1 -
Ow, = —yoc +—20+\Y — — (oc — o%), On = Z AM(THE[(L — €)™ —1].

iele,c}

standard risk -
temperature risk

A.3. Proofof Proposition A.2. We have
fA(C ) =8G VKV and  f(CT)=68(0 — D)V GTY — 50,
To calculate the dynamics of the SDF, we first compute

dK~7
K-

= (—yur + 5y (v + Dlloxl?)dt — yo, [ dW + 3, o (1 = £)77 — 1)dN..
Next, we determine the dynamics of G'~/%. According to 1t6’s lemma, G satisfies

dG = G[ugdt + agTdW]
with
(A15) pg = §(Gi + GsS(1 = s + GrB fr + 5Gss8*(1 = S llos|I> + 5Grror(T)?),
(A16) o= %(Gss(l — 8)(—01 + 02p12), GsS(1 = S)or, /1 = p3,, GTO'T(T))T-
Another application of It6’s lemma yields

—dG]_W 6—1 6-1 2 0—1 __T
Gl =[G g — S llogl*]dr + o dW.

Therefore, by 1td’s product rule,

d(G"1P K 1 0—1
W = <—)’Mk + EV(V + 1)||0k||2)dt + T(Mg — y (0%, og) )dt
6—1 — !
(A.17) — g7 logl*de + ( oy — )/Uk) dW + Y (1= )" —1)dN;.

iefe,c}

Notice that according to the simplified HIB equation (A.10),
G
= ¥ (01.00) 5 S(1 = ) = (v = 1)1k = sy llonll?) +80 —80G~7c! V0 =57 LE[(1— )7 — 1],

Substituting this term into Equation (A.17) yields

d(G\-1/e gy _
St = (=i + 3y (v + Dllowl?)de — G llog I de

_ _ _ _ T
+&1((y = Dk = Sy llonl?) + 80 — 860G~ =1V dt + (S oy — yor) dW
+ Zie{e,c} ((1—¢)7 —1)dN' — 99;1 Zie{e,c} ME[(1 — €)' —1]dr.
The consumption-capital ratio ¢ = C/K has the following dynamics:

d
e pedt + o dW
c
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for auxiliary functions u.(¢, S, T') and o.(¢, S, T'), which can be determined numerically (see
Subsection B.2 of the online appendix). In turn,

dc71/¢
/v

— _%(,u,cdl‘ + ULTdW) + 1241/—/]5 ||Uc||2dt'

Set H = G'"K~7. Then, df.(C,J) = §(H_dc™/V + ¢_VdH + d(c\/¥, H)). Consequently,
the pricing kernel dynamics are given by

dH_ df.
- = Tf + fydt
= (84 S — 3y (14 $)lowl)dt = e + S5 llocl? + S0 ode

.
_(%”%HZ + %ofog>dt + (—yok + oy — %Uc) dw

F Yicteq HE[(1 = )7 =1+ L5 (1= (1 =€) 7) Jar
+ Y it (=€) = 1)AN' — LE[(1 — £,)7" — 1]dt].

Another application of Itd’s product rule yields the drift and volatility vector of optimal con-
sumption

(A.18) ne(t, S, T) = pi(S) + pe(t, S, T) + 0(¢, S, T) Tox(S),
(A.19) oc(t, S, T) = 0k (S) + 0c(t, S, T).

Substituting Equations (A.18) and (A.19) into the pricing kernel dynamics and some algebra
finishes the proof. g

A.4. Dividend Dynamics. The amount of consumption goods produced in sector n are

Cio=Y,—1,— bk, =c,K,

with ¢, = A, f/" A (T) — iy, — I +b1"/8 ,}H/ . Application of Ito’s lemma shows that ¢, evolves
according to
dc,

= W, dt + oc—:dW

e

for auxiliary functions p.,, o., that can be determined numerically along the lines of Subsec-
tion B.2 of the online appendix. Notice that ¢, is unaffected when the economy is hit by a dis-
aster shock N9.

Empirically, dividends are more volatile than consumption (e.g., Bansal and Yaron, 2004)
and dividends fall more than consumption when a disaster hits the economy (e.g., Longstaff
and Piazzesi, 2004). Following Wachter (2013), among others, we thus model dividends as
leveraged consumption, that is, D, = C{ for ¢ > 1.>* Application of Ito’s product rule yields
the dividend dynamics

dD,

n—

(A20)

= up,dt + o5 AW + Y [(1 — £,)* — 1]dN’

iefe,c}

33 A popular alternative to this approach is modeling the consumption-dividend ratio as a stationary but persistent
process, as in Longstaff and Piazzesi (2004), among others. To focus on the novel implications of climate risk on asset
prices, we keep the setting simple. However, following this approach would also be feasible in our setting.
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with
T 1 2
wp, = ¢(1k, + e, + 0, 0k,) + 39(¢ — Dllok, + oc, I,
op,

) = ¢(o%, + 0c,)-

In a second step, we determine the dynamics of discounted dividends, D, = HD,.. Another
application of It0’s product rule implies

dD,
== = up, (S, T)dt + o5 (T.8) AW + Y0y (1 — £)777 — 1)dN;

n—

with
up, = M + Up, + 0},0p, and op, =Ou +op,.

A.5. Price-Dividend Ratios of Dividend Claims. Let w, = log(%) denote the log of the

price-dividend ratio of asset n. Due to the representation (A.20) of the dividends, the dynam-
ics of K,, (1, 2), and the pricing equation

* H,
Pnl = IEEl |:[ Fjpnsds]s

the price is linear in D,, and the price-dividend ratio is independent of K,,. Therefore, it is a
continuous process with dynamics

dow,

= g, dt + U,Z" dw,

n_

where the drift and the volatility vector are given by

la, = ~[ons + 0nsS(1 = S)s + on it + s0p 17071 + S0u,5552(1 — S)*los?]

O—‘“n = wLn[a)n.TUT + wnSS(l - S)US]
In particular, the price-dividend ratio €2,, = e“» satisfies the following dynamics:

de,
Q

1
= (a)nuwu + Ewﬁ”awn”z)dt + a)naa—):dW.

We rewrite the discounted asset price HP, as Ez(ﬁn, wy) = Bnewﬂ. It follows from Itd’s lemma
that

dF,
E,_

= (pd[)n + wnlhe, + %wﬁllaw” I + w,zaa;a[)")dt + (w04, + Jﬁll)TdW + X icted ((1 —£;)P7 — 1)dNi.
An application of the Feynman—Kac¢ Theorem yields
(A21) LE, +e “F, =0,

where LF, denotes the infinitesimal generator. The no-arbitrage condition implies

LF, N
(A22) = Hp, + Onlha, + 30300, 1> + @n0,) 0p, + Yice.) ME[(1 — £:)077 —1].

n—

Substituting (A.22) into (A.21) yields

0= pp, + Oute, + 305100, 1> + 040, 05+ AaX e ME[(1 = £)?77 — 1] + e .
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Consequently, we obtain the following partial differential equation (PDE) for the log of the
price-dividend ratio w,:

0= Zie{e,c} )\zE[(l - gi)(bﬂ/ - 1] +e o+ Kp, + wn + U)n,SS(l - S)us + Wn, TILT
+%(wn,'l"[‘ + wﬁ,r)lla'rllz + %(wn,SS + a)’%,S)Sz(l - S)ZHUS”Z
+(a)”,TO’T + a)n,AgS(l — S)Gs)TO’En.

Notice that this PDE is nonlinear since it involves squared partial derivatives of w,. To sim-
plify the numerical solution approach, we transform this PDE into a linear, parabolic PDE
that can be solved using finite differences. We substitute €2, = e”» and end up with

0=1+Qu(up, + HE[1 =" =1]) + Qus + QusS(L = s + Qurir + 3 rrllor|?
(A.23) +1Q.5557(1 = $)?|losl? + (707 + QusS(1 — S)as) Top .
A.6. Risk Premia. The dynamics of the asset price P, = e“»D,, follow via It0’s lemma:

drp,
P,

= pp,dt +og dW + Y [(1— )¢ —1]dN; — Y AE[(1 - £)¢ —1]dr,

ie{c,e} ie{c,e}

where the expected stock return and the volatility vector are given by

1p, = o, + ip, + 05 00, + 5100, 17 + Xiciee) ME[(L — £)? — 1],

op

n

=0y, +0p,-

Now, the risk premium of asset n can be computed as the sum of its expected stock return,
wp,, and its dividend yield, e, minus the risk-free interest rate, r/, that is,

p, = up, + e —r/.
A.7. Further Details of the Calibration.

Economic Model For our calibration, we follow Pindyck and Wang (2013). Their model
only involves a single capital stock and abstracts from climate change, but it can be nested in
our two-sector model. The model is well-suited to explain historical asset returns, since brown
capital has dominated the world economy in the past, but the influence of climate change on
asset markets is almost negligible. In the long run, there might be a transition from brown to
green capital. Yet, the current share of green capital is only about 6% indicating that the tran-
sition to green energy has been very modest.>* We consider the special case of our model with
only one capital stock and assume that it evolves as

1 r
dK = (I — Equ — SkK)dt + KodW; — K¢.dN,,

where outputis Y = AK'""F" =+ C + Hbl/SF”l/SK*I/E. In the social optimum, the model

collapses to a linear AK production function Y = A*K with productivity

A24 A*Abﬁ
(A-24) _<n_A) '

34 See the Web site of the United Nations Framework Convention on Climate Change (UNFCCC), https://unfccc.
int/news/green-economy-overtaking-fossil-fuel-industry-ftse-russel-report.
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(a) Probability Density (b) Expected Growth Loss [%] (c) Relative Damages [%]
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Nortes: Panel (a) depicts the histogram of the annual damage distribution conditioned on being hit by a climate disas-
ter from the EM-DAT database. Panel (b) relates the expected annual loss of economic growth, A.(7)E[{.], to tem-
perature. Panel (c) depicts the median relative damages in models with level (TFP) impact as in the DICE model and
with disaster impact expressed in terms of consumption (gray line) and output (black line) in the BAU scenario. The

black line depicts the median evolution of 1 — YIBAU’ disaster / Y,BAU’ dice and the gray line depicts the median evo-
lution of 1 — C[BAU, disaster / C}BAU, dlce.
FiGure A.1

CALIBRATION OF CLIMATE DISASTER IMPACT

The one-sector model is similar to that of Pindyck and Wang (2013), but involves an energy
input F, which does not cause climate change. We fix the dividend leverage parameter at
¢ = 2.8 (cf. Bansal and Yaron, 2004). We choose a time-preference rate of § = 0.015 per year,
which is standard in the literature on optimal carbon pricing (e.g., Nordhaus, 2017). We set the
energy shares to n; = 0.066 (cf. van den Bremer and van der Ploeg, 2021).

We calibrate the remaining parameters of this one-sector model such that it generates a real
expected growth rate of consumption of 1, = 2%, an average consumption rate of y = %( =
75% of GDP, an annual risk-free interest rate starting at »/ = 0.8%, an average risk premium
of rp = 6.6%, and Tobin’s Q’s of ¢ = 1.548. The following equations constitute a nonlinear
system that relates v, y, A*, ¢, and ¢ to the quantities

1 17 )L(
(A.25) X = %[8 + (E - 1) (M —0.5y0% — a,y'+1)]’
2
(A26) o= =0+ A(1=x— ) = 20A2(1- - ) — 251,
. L1 (5 =7 )(@e=y)+y (ae—y+1)
(A27) rlh=54+5 - zl’(l + 308 — A

(A.28) P = @Yol + ke
(A.29)

o,
o=y (ap+w)(ae—y+w)]’

For the derivation of these equations and further details, we refer to Pindyck and Wang
(2013). Finally, we back out the total factor productivity A from Equation (A.24).

Next, we calibrate the cost parameters b; and b,. We use an average global cost of fossil
fuel 540 USD per ton of carbon (cf. van den Bremer and van der Ploeg, 2021) and a signifi-
cantly higher average global price of green energy, that is, 810 USD for the same amount of
energy, which is in line with production costs in developed countries such as Germany. The
optimal solution to this one-sector model implies that the aggregate costs of energy are given
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by
(A30) b (XN pree 0¥
’ 1+1/e\ A* C141/e
Given the average values b, the optimal BAU-energy use must satisfy F = 5(11); B Hence,

Equation (A.30) determines the cost parameter b.

Climate Disasters Figure A.1 depicts the calibration of climate disasters. Panel (a) shows
the distribution of climate damages if a climate disaster hits the economy. Panel (b) shows
the expected annual loss of economic growth in response to higher temperatures, A.(7)E[¢,].
Panel (c) shows the relative impact of climate disasters compared to the Nordhaus level dam-
age. Due to the persistent impact on economic growth and the potentially high magnitude of
damages, the disaster impact causes much more severe climate damages than the Nordhaus
specification, and its severity is more in line with recent evidence (e.g., Burke et al., 2015).%

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information sec-
tion at the end of the article.
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