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Asset Pricing and the Carbon Beta of Externalities 

 
 

Abstract 
 
Climate policy needs to set incentives for actors who face imperfect, distorted markets and large 
uncertainties about the costs and benefits of abatement. Investors price uncertain assets according 
to their expected return and risk (carbon beta). We study carbon pricing and financial incentives 
in a consumption-based asset pricing model distorted by technology spillover and time-
inconsistency. We find that both distortions reduce the equilibrium asset return and delay 
investment in abatement. However, their effect on the carbon beta and risk premium of abatement 
can be decreasing (when innovation spillovers are not anticipated) or increasing (when climate 
policy is not credible). Efficiency can be restored by carbon pricing and financial incentives, 
implemented in our model by a regulator and by a long-term investment fund. The regulator 
commands carbon pricing and the fund provides subsidies to reduce technology costs or to boost 
investment returns. The investment subsidy creates a financial incentive that complements the 
carbon price. In this way the investment fund can support climate policy when the actions of the 
regulator fall short. These instruments must also consider the investment risk and the sequence of 
their implementation. The investment fund can then pave the way for carbon pricing in later 
periods by preventing a capital misallocation that would be too expensive to correct. Thus the 
investment fund improves the feasibility of ambitious carbon pricing. 
JEL-Codes: Q540, D810, G120. 
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1. Introduction

Carbon pricing is a key element of climate policy in many jurisdictions including important
players such as China and the European Union. Part of its appeal is that putting a price on an
externality is a simple yet powerful way to correct the associated market failure and align economic
activity and investment behavior with social well-being. Yet the design of the optimal carbon
pricing scheme faces many challenges. First, little is known about the future during which carbon
pricing will take effect. To neglect unknowns in the design of climate policy would mean to
ignore the careful consideration of uncertainties and risks in the investment decisions that climate
policy aims to (re)direct. Second, focusing solely on the climate change externality would deny
any further market distortions. Market-based climate policy via carbon pricing depends on well-
functioning markets. Understanding how to address uncertainty and investment risk as well as
additional market failures is therefore essential for carbon pricing.

Economic models have long been used to estimate optimal carbon prices. Early studies focused
on climate change in a deterministic setting (Nordhaus, 1992). These “integrated assessment mod-
els” have become more complex by distinguishing world regions, energy technologies and multiple
greenhouse gases (cf. Bertram et al., 2015). As a methodological backbone in assessment reports,
these deterministic models are now an authoritative source of carbon pricing information (IPCC,
2018).

Several studies incorporate uncertainty in the economic decision-making within these models,
initially limiting uncertainty to a few alternative “states of the world” (e.g. Giannousakis et al.,
2021). More recently, fully stochastic models suggest there are substantial implications of incor-
porating uncertainties; those relating to climate change, for example, can result in high carbon
prices (Cai et al., 2016). These models are solved numerically, hence disentangling how uncer-
tainties specifically affect investment decisions is not always possible.

When investors are faced with more than one uncertain option (or asset) to invest in, the key
to understanding their investment decision is the correlation with their expected returns. Invest-
ments with a high return in “bad” states of the world are preferable to investments that pay off in
“good” states.1 To see why this is, consider carbon pricing; the fundamental trade-off is between
the resources consumed today and the investment in emissions abatement. Consider also, uncer-
tainty about the severity of climate change impacts; investments in abatement become especially
beneficial when climate change impacts are bad. In this state of the world, consumption would
be low (reduced by climate change impacts) and would hence negatively correlate with the return

1Formally, this intuitive property follows from the curvatures of the utility function (decreasing marginal utility).
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on abatement investment. In contrast, consider uncertainty over economic growth; investments
in abatement become especially beneficial when total emissions are substantial, which coincides
with high growth and prosperity. Consumption would be high and hence correlate positively with
the return on abatement investment.

The consumption-based capital asset pricing model (CCAPM) provides a formal framework
for these intuitions (Lucas, 1978). The correlation between asset returns and growth in consump-
tion, as measured by the beta of the investment, is decisive for the valuation (pricing) of invest-
ments relative to the benchmark of a (hypothetical) risk-free investment. The beta determines the
risk premium, i.e. by how much the rate of return of an asset exceeds (or falls short of) the risk free
rate of return in equilibrium; put differently the risk premium is the extra return demanded (or fore-
gone) by the investor in compensation for bearing the associated investment risk. For abatement,
Dietz et al. (2018) estimate the climate beta (also: carbon beta) at φ ≈ 1.

Gollier (2021) builds a CCAPM to study the optimal carbon price compatible with a 2 degree
target for the European Union. The model takes the perspective of a benevolent social planner and
abstracts from further market distortions.

The list of market distortions that are potentially relevant for carbon pricing is long. Staub-
Kaminski et al. (2014) offer a three-part classification of obstacles to climate policy: economic
agents may respond irrationally to climate policy (in this study we focus on rational agents), reg-
ulators may fail in creating an effective regulatory framework, and additional market failures may
distort pricing. A prime example of the latter occurs when the benefits of technological innova-
tion cannot be fully appropriated, which drives a wedge between private returns and social returns
(Jaffe et al., 2005). The regulator can address the market failure either by finding a second-best
carbon pricing that takes the distortion into account, or (following the intuition of the “Tinber-
gen rule”) by introducing supplementary policies that address the distortion directly (for example
using a technology subsidy as in Kalkuhl et al., 2012).

In contrast, regulatory failure to create a credible carbon price may arise from an inability of
the government to commit itself, leaving economic agents in doubt as to whether an announced
policy will be implemented (Kalkuhl et al., 2020). Consequently, economic agents will not act
in accordance with the carbon price and may strategically choose to hold back from investing
(Gersbach and Glazer, 1999).

In the context of climate policy, market distortions have been shown to have substantial impact
on its success, resulting in lock-in to inferior technology (Kalkuhl et al., 2012) or asset stranding
(Kalkuhl et al., 2020). Analyses of carbon pricing in stochastic climate-economy models, however,
have thus far abstracted from additional distortions.
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In our paper, climate economics and asset pricing meet to improve our understanding of how
additional distortions affect the pricing of risks, the associated risk premium demanded, and the
optimal policy response to address the distortions. We study the asset pricing problem for emission
abatement projects in a market economy where prices are distorted by a technology externality and
the inability of the regulator to credibly commit to a carbon pricing policy.

We consider a decentralized economy that is populated by three agents: a firm-owning house-
hold, a regulatory authority and a long-term investment fund. The firm-owning household (hence-
forth simply household) is endowed with the (stochastic) economic product and chooses consump-
tion to maximize (expected) welfare but must constrain total emissions to keep an emission permit
budget. To this end, the household controls emissions by investing in emission abatement projects.

The regulatory authority is in charge of the carbon pricing policy, i.e. issuance of emission per-
mits and their management. The resulting carbon price, however, may be distorted by additional
market failures such as inappropriate technological learning, giving rise to a carbon price with a
non-optimal growth rate. Furthermore, when the announced emission budget is not credible, such
that investors (the household) expect an injection of additional permits in the second period, the
announcement will fail to set the desired incentive to invest.

The investment fund is investigated as a potential remedy to overcome distortions. The fund
anticipates household and government actions and may be designed to support abatement projects
via a subsidy paid on project benefits or via an upfront technology subsidy.

We find that the distortions (technological externalities, and commitment problems) affect the
asset return as well as the risk premium of abatement. But while the direct (ceteris paribus) effect
on asset returns is a reduction in both cases, their direct effect on carbon betas and risk premiums
is different: ceteris paribus the technological externality reduces the risk premium while non-
credibility of the emission budget raises the risk premium. Regarding investment in abatement,
the direct effects of the former on risk and return counteract each other, while they are reinforcing
in the latter case. In equilibrium both distortions trigger an underinvestment in abatement in the
first period relative to the socially optimal level.

We consider three policy options to address the distortions: modifying the carbon price via an
intertemporal trading ratio for emission permits, an investment subsidy to boost the return of in-
vestment in abatement, and a technology subsidy to reduce the costs of the abatement technology.
We show that all instruments can be used to restore the first-best allocation. Moreover, the invest-
ment subsidy can support a sub-optimally low (nonzero) carbon price such that their combined
incentive to abate matches any carbon price.

When the regulator lacks a commitment device and thus the announced climate policy is not
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credible, a conflict of interest game emerges: since the household is assumed to be unaware of
any benefits of climate policy, it prefers a lower emission permit budget than the regulator. Once
the household invests according to this preference, it becomes very costly for the regulator to then
enforce a tight permit budget. When the household anticipates that its preference will become
a “self-fulfilling prophecy” they will act accordingly. This distortion, too, can be addressed by
investment or technology subsidies that complement the sub-optimally low investment incentive
of the non-credible climate policy announcement.

In summary, we highlight two main results:
First, we confirm a key insight of Gollier (2021) in a decentralized economy with distortions:

that the risk premium on abatement is substantial, putting the socially optimal rate of return well
above the risk-free rate. This rate is decisive for discounting returns and the timing of abate-
ment activities. Hence ignoring risks has welfare costs and leads to a misallocation between con-
sumption and investment projects. The primarily ethical debate on social discounting needs to
be complemented by identifying and quantifying the macro-economic risks for investors. Other-
wise, climate economics would focus on the quantitatively less important component of the social
discount rate.

Second, the impact of market failures on the risk premium deserves more attention as pri-
vate sector investors may mis-price risk in the distorted economy relative to the socially optimal
level of the risk premium. Similarly, we quantify the welfare losses and risk premium of time-
inconsistency when regulators cannot commit to their policies. We highlight the sequencing of
policies in which a long-term fund paves the way to ambitious carbon pricing when the regulator
might fail to implement a credible long-term carbon price path.

The paper is organized as follows. In section 2 we discuss the literature and provide a rationale
for our research question. Section 3 presents the social planner model for the normative benchmark
and the decentralized economy. In section 4 we explore policies. Sections 5 and 6 are dedicated to
the calibration of the model and its numerical results. The final section offers the conclusion and
outlook.

2. Literature

Mainstream models in climate economics have primarily relied on deterministic cost-benefit
approaches (Nordhaus, 2017, 2018) or on cost-effectiveness analyses within Integrated Assess-
ment Models (IAMs) often used in the IPCC assessment reports (IPCC, 2018). Both approaches
share the use of a risk-free social discount rate. The social discount rate might then be used either
as a normative benchmark (Stern et al., 2006) or to replicate observed market behavior (Nord-
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haus, 2007). Both approaches ignore the specific macro-economic risks arising from the uncertain
behavior of the key elements making-up the climate-economic model. Yet, real-world investors
demand a risk premium based on the covariance of uncertainties.

More recently, researchers have begun to investigate the risk premium of physical and tran-
sitional risks. One important strand of literature explores the physical risks of climate change
including the damage to productive assets. A second strand of literature focuses on transitional
risk reflecting costs arising from the transformation to a low carbon economy (Giglio et al., 2021).
A further strand of literature traces the impact of government policies on the carbon beta or the
risk premium.

Physical risks of climate change: The majority of studies on the role and implications of
uncertainty in climate-economic models have so far focused on climate change impacts. A wide
literature on this topic was developed using stochastic general equilibrium models with recursive
preferences (a la Epstein and Zin, 1989, 1991). Within this modeling framework, studies have
mostly focused on two sources of uncertainty, namely damage uncertainty and growth uncertainty.
Several papers report on the effect of damage uncertainty and its implication for climate policy,
for example Crost and Traeger (2014), Rudik (2020) and more recently Hambel et al. (2021),
who find the social cost of carbon to be heavily driven by the damage specification assumptions.
Other papers studied the impact of growth uncertainty (Jensen and Traeger, 2014; Cai et al., 2013;
Cai and Lontzek, 2019). These stochastic equilibrium models with recursive preferences have the
advantage of capturing how policy incorporates anticipated learning and the ability to calculate the
optimal tax on carbon emissions. Most of these models treating uncertainty are, however, solved
numerically, with little attention to analytical insights (but see Golosov et al. 2014, Van der Ploeg
and van den Bremer 2018 and Hambel et al. 2021 for examples of closed-formed solutions of
stochastic IAMs).

A more recent approach to studying the question of physical risks regard climate change as an
asset pricing problem, where CO2 in the atmosphere, or inverse abatement levels, are considered
assets. Financial-economics models of decisions under risk can provide interesting insights into
the implications of uncertainty in the calculation of the carbon price. Bansal et al. (2016) explores
the impact of long-term risks, as related to expected growth and volatility of future economic
prospects, and of climate change on the social cost of carbon and asset prices; Dietz et al. (2018)
estimate the β-climate, defined as the elasticity of climate damages with respect to the increase
in global mean temperature, where they obtained a positive and close to one climate-beta value
for investment maturities of up to about one hundred years. This result is primarily due to the
dominating positive effect of uncertainty over an emissions-neutral technological progress. Daniel
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et al. (2019) estimate the social cost of delay in implementing CO2 prices in a dynamic asset
pricing model with recursive preference.

Transitional risks: This strand of literature focuses on risk related to the transition to a carbon-
free economy. Gollier (2021) discusses transition risk in an asset pricing framework, where he
analyses the effects of uncertainties over abatement technologies and economic growth on the
dynamics of efficient carbon prices, interest rates and risk-premiums. His results highlight the
positive correlation between aggregate consumption and marginal abatement costs along the opti-
mal abatement path, thus implying a positive carbon beta and an efficient growth rate of expected
carbon prices greater than the risk-free rate. Lemoine (2021) derives an analytical model to por-
tray the different channels through which uncertainty affects the social cost of carbon, and goes on
to quantitatively estimate the impact of different sources of uncertainties on the marginal value of
emission reductions.

Government policies, asset prices and multiple externalities: In addition to the above cited
literature, exploring the effects of uncertainty over climate-economy interactions on asset prices,
our paper also contributes to the work on the interaction between government actions and asset
prices. Pastor and Veronesi (2012), Baker et al. (2016) and Kelly et al. (2016) are examples of the
impact of policy uncertainty on the prices of assets that are exposed to different degrees of climate
policy risk. Our paper looks more precisely into the implications of a regulator’s lack of com-
mitment in implementing a credible long-term carbon price trajectory on the beta of abatement
investments and therefore their risk premium. On top of the above-mentioned areas of research,
our modeling framework takes into consideration the role of multiple externalities explored in
climate economics. In fact, it has been shown extensively in the recent literature that additional
externalities have far reaching consequences for the design of policy instruments: R&D invest-
ments, learning-by-doing investments (Jaffe et al., 2005; Kalkuhl et al., 2012), interaction with the
fiscal system (Goulder, 2013; Franks et al., 2015), and lack of commitment (Kalkuhl et al., 2020)
all require well-designed policy packages for an efficient implementation.

Drawing on these strands of literature we build a decentralized market equilibrium version of
the CCAPM model from Gollier (2021), where we include a technology externality as well as
political economy constraints on carbon pricing in order to investigate their effect on the carbon
beta.

3. The model

The focus of our research is to explore instruments that support an efficient implementation of
climate policy in an economy with additional distortions and uncertainty. We consider (a) ineffi-
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cient timing due to the ignoring of technological spillovers, and (b) lack of commitment power of
the regulator. We first characterize the socially efficient solution from a social planner perspective.
Our presentation closely follows the social planner model of Gollier (2021) but introduces techno-
logical learning. For the subsequent analysis of instruments, we introduce decentralized problems
for all agents and solve for a market equilibrium of the decentralized economy.

3.1. Social planner benchmark

Assume a social planner who considers utility of consumption u(Ct) in two periods t = 0, 1.
Consumption Ct is the residual of income Yt and abatement expenditures At. Income Yt is an en-
dowment and is associated with emissions Et = QtYt at an emission intensity of Qt. The abatement
level Kt reduces emissions in period t; furthermore, abatement K0 in the first period has a spillover
effect on future abatement cost, such that abatement at t = 0 affects abatement cost at t = 1:
A1(K0,K1). For spillovers related to technology learning, K0 reduces the cost of future abatement,
i.e. ∂A1/∂K0 < 0. Carbon uptake in natural sinks, such as the ocean, remove carbon from the atmo-
sphere at the emissions decay rate of δ. The planner’s objective is to limit emissions to a carbon
budget of T .

The exogenous carbon budget (rather than a Pigouvian carbon price that reflects the social cost
of carbon) is calibrated to current EU policy in the numerical application of our model, which
relies on a carbon budget consistent with carbon neutrality by 2050 in its Green Deal. Using a
carbon budget approach avoids the uncertainties in quantifying climate damages.

The problem of the planner is thus:

max
K0,K1

u(C0) + e−ρE[u(C1)] (1)

such that C0 = Y0 − A0(K0) (2)

C1 = Y1 − A1(K0,K1) (3)

T = (Q0Y0 − K0)e−δ + Q1Y1 − K1 (4)

For an interior solution, the first order conditions of the planner yield the following asset pric-
ing equation.

u′(C0)A′0 = e−(ρ+δ)E

u′(C1)

∂A1

∂K1
− eδ

∂A1

∂K0︸ ︷︷ ︸

 (5)
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Equation (5) is the asset pricing condition for investment in abatement. The form is analo-
gous to Gollier (2021, equation (2)) but includes the underlined term for pricing the technological
spillover. Technology learning with ∂A1/∂K0 < 0 thus implies an increased social return on invest-
ment.

To derive the risk premium in a beta form representation, we view abated emissions in equation
(5) as an asset with cost A′0 and expected gross return RA

1 =
(
∂A1/∂K1 − eδ∂A1/∂K0

)
/A′0. We use the

following Lemma to rewrite (5) using a beta-form representation of the risk premium.

Lemma 1. Consider a representative agent with time-additive expected utility, with a subjective

discount rate ρ and a constant relative risk aversion ξ, in a discrete-time setting with a risk-free

asset traded each period. Assuming the relative growth rate of consumption gc
τ = cτ/ct − 1 and

gross return Rτ =
e−δτA′τ

A′t
= e−δτRA

τ to be jointly lognormally distributed, then

1
τ

ln
(
E

[
RA
τ

])
= δ +

1
τ

ln R f +
1
τ
ξσgcCorr

[
ln RA

τ , ln
cτ
ct

]
σ[ln RA

τ ]

and in beta-form

E
[
A′τ
A′t

] 1
τ

= eδ+r f +φη

with

φ =
Cov

[
rτ, g̃c

τ

]
Var

[
g̃c
τ

] and η =
1
τ
ξVar

[
g̃c
τ

]
and r f , rτ, and g̃c

τ represent respectively ln R f , ln Rτ, and ln cτ
ct

. τ is future time period t + 1.

The proof is provided in Appendix E. Based on Lemma 1, we have the expression for the
two-period risk premium of abatement investments:

A′0 = e−(r f +φη)E
[
e−δ

∂A1

∂K1
−
∂A1

∂K0

]
(6)

That is, the growth rate of social marginal abatement costs should exceed the risk-free rate r f by a
risk-premium φtηt where ηt and φt are the systematic risk premium and “carbon beta” respectively,
as defined in Lemma 1.

3.2. The market economy

The market economy is populated by three agents: a representative, firm-owning household, a
regulatory authority who imposes carbon pricing and a long-term investment fund whose subsidies
tempt additional abatement. This section introduces the agents in turn.
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In common with the social planner, the household faces the intertemporal decision of allocat-
ing its income between consumption and abatement at t = 0, 1 for a limited budget of emissions.
However, the household only partially anticipates the technology externality (ψ) and does not an-
ticipate emissions decay (δ). We will first assume that the announced permit budget T0 of the
regulator is credible and hence the regulators policy goal will be met. However due to externali-
ties, the market economy will not achieve the efficient allocation of abatement for a given carbon
budget as in the social planner economy. We therefore introduce several policy instruments to
address the misallocation due to these externalities: the government can complement its budget of
emission permits T0 with an intertemporal trading ratio (γ) to control the growth rate of emissions.
Additionally, we introduce a technology subsidy (κ) and a bonus on long-term abatement projects
(σ).

Second, we relax the assumption of a credible announcement of T0. The ensuing commitment
problem of the regulator provides an additional distortion to the household decision. Since the
subsidy (κ) and the bonus (σ) are delegated to an independent authority (the long-term investment
fund), greater commitment is achieved.

Carbon pricing

The household is subject to regulation via an emission permit budget T0 specified by the regu-
lator. The regulator controls the growth rate of the resulting carbon price by discounting emission
permits at an intertemporal trading ratio when banked. At t = 1 a banked permit covers eγ emis-
sions (instead of 1), i.e. the intertemporal trading ratio γ acts like an interest rate on saved permits.2

For example, the regulator can incentivize early abatement using γ < 0. The necessary abatement
at t = 1 can be expressed in terms of abatement at t = 0 and the emission permit budget:

T0 =(Q0Y0 − K0) + e−γ(Q1Y1 − K1) (7)

Technology & investment subsidies

The long-term investment fund can play two roles by either reducing investment costs or en-
hancing the benefits of investment. Investment costs are reduced by paying a subsidy rate of κ
on abatement expenditures A0(K0), which helps to internalize the technology externality. Efficient
management of the fund’s resources suggests that the fund pays the technology subsidy only for

2Intertemporal trading ratios are due to Leiby and Rubin (2001). We assume that the regulator adjusts T0 in
anticipation of the allocation such that in the end emissions do not exceed the carbon budget T , i.e. for γ , 0 we have
T0 = T + E1(e−γ − 1), where E1 = Q1Y1 − A1(K0,K1) is the permit demand at t=1.
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additional projects ∆0 = K0 − K̄0 beyond a baseline K̄0 but this does not affect the incentive to
invest.

C0 = Y0 − A0(K̄0) −
(
A0(K0) − A0(K̄0)

)
(1 − κ) + Γ0

= Y0 − A0(K0) (1 − κ) + κA0(K̄0) + Γ0

(8)

Second, the long-term investment fund can subsidize abatement investments by paying a bonus
on the benefits of abatement projects. To this end, the fund offers a financial contract at t = 0 that
commits the fund to paying a bonus (σ) at t = 1 on top of the expected return, which is the value of
abated emissions in period t = 1. Specifically, for any additional emission reduction ∆0 (monitored
and verified as additional relative to the baseline K̄0 by the fund) the fund pays a bonus σp1 on the
corresponding period t = 1 permits ∆1 = eγ∆0 where p1 is the permit price at t = 1.

C1 = Y1 − A1(K0,K1(K̄0 + ∆0)) + σp1∆1︸ ︷︷ ︸
fund bonus

− p1ω︸︷︷︸
new permits

+Γ1

= Y1 − (1 + σ)A1(K0,K1(K0)) + σA1(K̄0, K̄1) + σp1∆1 − p1ω + Γ1

(9)

To establish the price p1, we include the option to buy ω new permits in the permit market in
the household’s budget equation (9). If additional permits were sold at t = 1 the permit budget
T0 would be inflated by e−γω permits (in terms of period 0 permits). The adjusted permit budget
takes this into account. Together, (9-10) determine the demand for new permits.

T0 + e−γω︸︷︷︸
new permits

= (Q0Y0 − K̄0 − ∆0) + e−γ(Q1Y1 − K1)
(10)

Note that unless the regulator relaxes the permit budget at t = 1 (which we consider in Section
4.2), the demand for new permits will meet an inelastic supply of ω = 0 new permits by the
regulator. In this case, the main benefit of introducing the permit market is to explicitly price
emission permits at t = 1.

Equations (8) and (9) include lump-sum recycling of revenues Γt. Both subsidy payments for
σ and κ will draw on the funds of the long-term investment fund. Similarly carbon pricing may
generate revenues for the regulator if emission permits T0 are not freely allocated but auctioned.
We assume that the revenue side of these policies is budget neutral for the household, for example
due to the regulator recycling any revenues from carbon pricing lump-sum to the households in the
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same period in which the revenues accrued, and likewise the fund is financed by the regulator via
a lump-sum tax at t = 0 to cover the technology subsidy κ, and a lump-sum tax at t = 1 to cover
the investment subsidy σ.

Market equilibrium

Together with the objective to maximize welfare, the household’s problem hence becomes

max
{K0}

u(C0) + e−ρu(C1) (11)

subject to (8), (9) : budget equations

(10) : emission permit budget

and given (T0, γ) : the regulator’s instruments

(σ, κ) : the fund’s instruments

The first order condition of optimality for the household requires the permit price p1 to reflect
marginal abatement costs (E[u′(C1)p1] = E[u′(C1)A′1]) and investment follows an asset pricing
equation that balances (marginal) investment costs and their (discounted marginal) benefits (de-
rived in Appendix B).

u′(C0) (1 − κ) A′0 = e−(ρ−γ)E
[
u′ (C1)

(
(1 + σ) p1 − e−γ

∂A1

∂K0

)]
(12)

The benefit of abatement K0 is determined by the permit price p1 (and technological learning).
Equation (12) shows how carbon pricing and the investment subsidy σ are complementary in
setting the incentive for investment K0. Any shortfall in the expected carbon price p1 can be
corrected by an appropriately set investment bonus σ. The following proposition records this
finding.

Proposition 1. Carbon pricing and the subsidy of the investment fund are complementary for the

incentive to invest in abatement. By offeringσ = p∗1/p1−1 the fund can lift the investment incentive

of any p1 > 0 to the level of a desired carbon price p∗1.

If households cannot appropriate (or do not anticipate) any of the technology learning ∂A1/∂K0

then they will act as if ∂A1/∂K0 = 0. We model partial appropriation of the return on innovation by
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introducing a scaling parameter ψ as a measure of the market failure into (12), where we substitute
marginal abatement costs A′1 for p1.

u′ (C0) (1 − κ) A′0 = e−(ρ−γ)E
[
u′ (C1)

(
(1 + σ) A′1 − (1 − ψ) e−γ

∂A1

∂K0

)]
(13)

For ψ = 1 technological progress at time t = 1 from abatement at time t = 0 is a pure
externality. That is, households do not take into consideration the feedback effect of abatement
learning. For any ψ < 1, part of the externality is anticipated and thus internalized. For ψ = 0 there
is no technology externality (we adopted this approach from Fischer and Newell 2008). Equation
(13) shows how the household prices the abatement investment.

To see how risk takes effect in the asset pricing equation, we can re-express equation (13) using
the risk free rate r f = ρ − log (E[u′(C1)]/u′(C0)).

(1 − κ) A′0 =e−(r f−γ)E
[
(1 + σ)A′1 − (1 − ψ)e−γ

∂A1

∂K0

]
+ e−ρCov

(
u′(C1)
u′(C0)

, eγA′1(1 + σ) − (1 − ψ)
∂A1

∂K0

) (14)

Equation (14) underlines the specific role of covariance in pricing abatement. It is precisely
the covariance term in (14) which translates into the risk premium. The technology externality
(ψ), as it appears in the covariance term, will therefore have an effect on the risk premium.

Similarly, the instruments γ and σ will have a direct effect on the risk premium in addition to
their effect on the expected risk-free return (first term in the right-hand side of (14)). In contrast
to κ, these two policies affect the balance of marginal abatement costs (A′1) and the technological
spillover term, hence like ψ, the two affect the strength of the covariance.

When asset return and marginal utility of consumption are uncorrelated, causing the covari-
ance term in (14) to vanish, so will the risk premium. Intuitively, while the asset return remains
uncertain, it would have no systematic effect on the marginal utility of consumption.

We summarize these insights in a proposition.

Proposition 2. When emissions decay (δ) or technology learning (ψ) are external to the house-

hold’s decision problem, the asset pricing is distorted from the socially optimal rule in both the

risk-free return and the risk premium. Of the three instruments, intertemporal trading ratio (γ)

and investment subsidy (σ) have a direct effect on the risk premium.

With the assumption of (log)normality as in Lemma 1 we can rewrite (14) in beta form:
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(1 − κ) A′0 =e−(r f +φ̃η̃)E
[
eγ

(
(1 + σ) A′1 − (1 − ψ) (∂A1/∂K0)

)]
(15)

φ̃ =
Cov

[
log((A′1(1 + σ) − e−γ(1 − ψ) ∂A1

∂K0
)/A′0), log (E[u′(C1)]/u′(C0))

]
Var

[
log (E[u′(C1)]/u′(C0))

] (16)

η̃ =ξVar
[
log

(
E[u′(C1)]

u′(C0)

)]
(17)

The asset pricing equations of the household (15) and social planner (6) show a very similar
structure. In contrast to the household, however, the planner takes into consideration the decay rate
δ, which is not part of the household’s pricing equation since it is not anticipated, as mentioned
earlier. Instead, the marginal abatement in period 1, in the household’s derived pricing equation
(15), is amplified by the intertemporal trading ratio γ. Where there is no technology learning, the
intertemporal trading ratio is optimal when it is equal in absolute terms to the decay rate. When γ
is greater than optimal, it implies an underinvestment in the initial period 0. Equation 16 reveals
that not only the asset rate of return (expectation over the left-hand side in (15)) but also risk
premium affect the carbon beta, as evident by the influence of ψ, γ and σ on φ̃.

4. Policy analysis

Carbon pricing, by setting T0, is efficient if there are no distortions. In the following, we
explore how the market equilibrium is distorted in comparison to the social planner solution. We
begin by focusing on the case where the emission permit budget of the regulator is credible, but
later relax this assumption to consider the effect when the regulator has a commitment problem.

Perfect commitment to a fixed permit budget T0 guarantees that the climate policy goal is not
exceeded. But the intertemporal allocation of mitigation (K0,K1) may not be achieved when the
carbon pricing signal is distorted by additional market failures. We discuss the failure to consider
emissions decay (δ) and failure in innovation (technology externality ψ).

The case where the regulator cannot commit to T0 is discussed as a sequential game with
lack of commitment. When the regulator cannot commitment to the announced high-ambition
climate policy, investors may lock the economy into a low-mitigation path, forcing the regulator
to reconsider the ambition of the climate policy.

4.1. Intertemporal distortions

Parameters δ and ψ distort the asset pricing equation of the household compared to the social
optimum.
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To derive instruments σ and κ that address the distortions we equate the asset returns expres-
sions of household and social planner from equations (5) and (13).

e−(ρ+δ)E
[
u′(C1)

(
∂A1

∂K1
− eδ

∂A1

∂K0

)]
= e−ρ+γE

[
u′ (C1)

1
(1 − κ)

(
(1 + σ)A′1 − (1 − ψ) e−γ

∂A1

∂K0

)]
(18)

The expression simplifies to

(1 − κ) =
(1 + σ)eγE[u′ (C1) A′1] + (1 − ψ)E[u′ (C1) (− ∂A1

∂K0
)]

e−δE[u′(C1)A′1] + E[u′(C1)(− ∂A1
∂K0

)]
(19)

4.1.1. Intertemporal trading ratio

Equation (19) contains the two distortions, δ > 0 and ψ > 0. The intertemporal trading ratio γ
can in market equilibrium easily play the role of emissions decay δ. Indeed for σ = κ = 0 we have

eγ = e−δ +
ψE

[
u′ (C1)

(
−
∂A1
∂K0

)]
E

[
u′ (C1) A′1

] (20)

Thus if there was no technology externality (ψ = 0) one could simply set γ = −δ. But if ψ > 0 then
an appropriate choice of the intertemporal trading ratio γ can simultaneously address this market
failure.

4.1.2. Investment subsidy

The optimal subsidy on investment returns σ is additive in the two distortions which can be
(simultaneously) addressed as follows:

σ =
(
e−(δ+γ) − 1

)
+
ψE

[
u′ (C1)

(
−
∂A1
∂K0

)]
eγE[u′ (C1) A′1]

(21)

Any γ , −δ can be addressed by (1 + σ) = exp(−δ − γ). The second term shows how σ

addresses an externality in technological learning. Here, σ boosts the benefit on investment (the
denominator) to make up for the share of learning ψ that cannot be appropriated (in the numerator).
Rearranging (21) for γ = −δ shows this balance:

σeγE[u′ (C1) A′1] = ψE[u′ (C1) (−
∂A1

∂K0
)]
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4.1.3. Technology subsidy

The optimal use of the technology subsidy κ is not as cleanly additive-separable in the two
distortions as for σ above.

κ =
(e−δ − eγ)E[u′(C1)A′1]

E[u′(C1)(e−δA′1 −
∂A1
∂K0

)]
−

eγE[u′ (C1) (σA′1 + ψ ∂A1
∂K0

)]

e−δE[u′(C1)(A′1 −
∂A1
∂K0

)]
(22)

Note though how the first term vanishes for γ = −δ. Then if ψ > 0 (and σ = 0), it is optimal to
set κ as:

κ =
ψE[u′(C1)(− ∂A1

∂K0
)]

E[u′(C1)(A′1 −
∂A1
∂K0

)]

That is, κ is set to the share ψ of the learning effect that is not anticipated (as part of the overall
benefit in the denominator).

Equation (22) also shows which combinations of (σ, κ) can be used.
The three policy instruments (γ, κ andσ) play, in essence, a similar role in attempting to correct

the distortions arising from the externalities or factors of political economy. Yet, the timing of their
implementation is different. κ as a technology subsidy is paid upfront to reduce abatement costs in
period 0.

Hence there is no commitment problem for κ. Both γ and σ, however, are announced at t = 0
and implemented at t = 1 and thus susceptible to a commitment problem. For σ, the problem
is less severe, as σ is a contractually agreed bonus and benefits from the commitment power of
the legal system. Furthermore, independence from the regulator gives the investment fund more
commitment power.

4.1.4. Instruments and the carbon beta

To further characterize how optimal instruments relate to the carbon beta, we divide the optimal
asset pricing equations (6) and (15).

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
(1 − κ)E

[
∂A1
∂K1
− eδ ∂A1

∂K0

] = e(r f +φ̃η)−γ−(δ+r f +φη) (23)

The optimal κ is
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κ = 1 − e(φ−φ̃)η+(γ+δ)
E

[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
E

[
A′1 − eδ ∂A1

∂K0

] (24)

The optimal σ is

σ = e(φ̃−φ)η−(γ+δ)(1 − κ)
E

[
∂A1
∂K1
− eδ ∂A1

∂K0

]
E

[
A′1

] −
E

[
A′1

]
+ E

[
(1 − ψ)

(
−
∂A1
∂K0

)]
E

[
A′1

] (25)

The optimal instruments κ in (24) and σ in (25) are increasing in the spread between between
the social carbon beta and the market carbon beta (φ̃ − φ). Both optimal instruments, κ and σ,
increase with φ̃ as well as the spread. Hence when markets estimate a risk premium above the
risk premium of the social planner, one of the subsidy instruments of the fund can be increased to
compensate, and vice versa if the market’s risk premium is lower.

In summary, the instruments of the investment fund can be used to affect asset returns and thus
steer the economy towards the socially optimal equilibrium.

The role of the risk premium (carbon beta), however, remains unclear. In section 6 we turn to
numerical simulations to shed light on the role of the carbon beta as the key determinant of the
risk premium, and to estimate order-of-magnitudes of the distortionary effects on the intertemporal
allocation. But first, we discuss the commitment problem of the regulator.

4.2. Climate policy commitment problem

A regulator who is not bound to carry out the announced climate policy may reconsider the
emission permit budget at t = 1 and opt for a more lenient policy by issuing additional emission
permits. The regulator may be prompted to reconsider the original policy if the investor does not
invest as expected at the time the policy was announced. Gersbach and Glazer (1999) argue that
investors may trigger the reconsideration by the regulator by strategically choosing not to invest.
Below, we suggest a discrete game of regulator and investor that creates a similar incentive prob-
lem. When we use the numerical model to compute the payoff structure for plausible assumptions
in section 6.2, we find that it is indeed rational for the investor to hold up on investment.

4.2.1. The commitment problem

To introduce the commitment problem into the model, we consider the case where the regulator
and household consider two discrete possibilities for the ultimate emission budget. When the
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Figure 1: Commitment problem: The game structure is shown in extended form (panel a) where the government (G)
announces the intended budget (T gov), households (H) invest according to T gov or T hh (stage 1) before G decides (stage
2) to remain steadfast (T gov) or tumble in their resolve (T hh). Panel b summarizes the payoff structure.

regulator remains steadfast, no further emissions permits are issued, and the ultimate budget will
be equal to the announced budget T0 = T gov. Otherwise, a regulator who topples in their resolve
will issue additional emission permits ultimately imposing a high emission budget of T0 = T hh

with T hh < T gov.
We assume that when the regulator is able to commit to the emission budget T0 = T gov at t = 0,

the expectation of the household regarding the emission budget at t = 1 will be in line with the
announcement, i.e. T e = T gov. When the announcement is not credible, the household will expect
T e = T hh.

This setup gives rise to a simple two-stage game where the household can take the investment
decision K0 either based on T e ∈ {T gov,T hh} at t = 0, whereupon the regulator faces the decision
at t = 1 to stick with the announced emissions budget T = T gov or issue more permits to a total of
T = T hh (cf. Figure 1a).

The household realizes a payoff πi j (i, j ∈ {gov, hh}) when acting in expectation of T j while the
regulator implements T i. For the regulator, we assume a benevolent objective function, such that
the regulator, too, maximizes household payoff πi j. The regulator, though, incurs the cost of failing
to meet the announced emission budget, which we capture in a penalty term Ψ. The penalty may
include the anticipated climate change damages to the economy, loss of reputation and cost of non-
compliance with international climate treaties (cf. Kalkuhl et al., 2020, for a similar approach).
Obviously, the level of Ψ will be decisive for the preference of regulator and the structure of the
game.
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Figure 1b presents the payoffs in a 2 × 2 matrix. If the decision of the regulator is given, the
household will always prefer to act in accordance with it, as this allows an efficient and hence
welfare maximizing abatement choice (K0,K1). We can therefore conclude πgov,gov > πgov,hh and
πhh,hh > πhh,gov from our model. We indicate this preference by arrows in Figure 1b.

If there were not costs to political failure (i.e. Ψ = 0) both players would share the same
preferences and the game would have two Nash equilibria in symmetric strategies: (T gov,T gov) and
(T hh,T hh). Our modeling assumptions further imply πhh,hh > πgov,gov because the smaller budget
implies higher abatement costs – and we have not included the benefits of avoided climate impacts
in the model. Hence for Ψ = 0 the game has the structure of a no conflict coordination game
(assurance game): there are two alternative Nash equilibria but there is no conflict as the players
prefer the same equilibrium.

For higher penalty values (i.e. Ψ > πhh,hh − πgov,gov 0) the more interesting case of a conflicting
interests game emerges: the regulator will prefer the ambitious policy equilibrium (T gov,T gov)
when the penalty exceeds the difference in payoff between the two equilibria. We summarize our
analysis of the game structure in the following proposition.

Proposition 3. The game between regulator and household defined in Figure 1 has two Nash

equilibria in (T gov,T gov) and (T hh,T hh). Depending on the policy cost relaxing the permit budget

(Ψ), the structure is either an assurance game or a conflicting interest coordination game:

1. Assurance game: for Ψ = 0 both players prefer the low ambition equilibrium (T hh,T hh). The

outcome of the sequential game is (T hh,T hh).

2. Conflicting interest coordination: if Ψ > πhh,hh − πgov,gov the regulator prefers (T gov,T gov)
in conflict with the household’s preference. The outcome of the sequential game depends

further on Ψ:

(a) For Ψ ≤ πhh,hh − πgov,hh the outcome remains (T hh,T hh).
(b) For Ψ > πhh,hh−πgov,hh, the outcome remains (T gov,T gov) as T gov becomes a dominating

strategy for the regulator.

Proof. Stability of the Nash equilibria follows from the discussion above. In the sequential game,
the household can commit by moving first and thus determine which equilibrium is played. The
preference of the household is always for the low ambition equilibrium (T hh,T hh). However, when
the regulator always, and despite its inefficiency, prefers the stringent policy (T gov,T hh) to the
efficient but low ambition (T hh,T hh) (i.e. Ψ > πhh − πgh), T gov is a dominant strategy for the
regulator. In the sequential game, the household will anticipate this and also play T gov.
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In the following, we are interested in the case of conflicting interest between regulator and
household where the regulator’s commitment problem introduces a deviation from the announced
policy (case 2a). We therefore select Ψ ∈ (πhh,hh − πgov,hh, πhh,hh − πgov,hh).

Intuitively the distortion arises from the realization of the household that by delaying invest-
ment, as if they knew that the regulator would issue more permits up to T hh at t = 1, the household
creates a situation where the inefficiency of rushing through abatement at the last minute for T gov

at t = 1 is so costly that the regulator prefers to revise the policy and to issue additional permits.

4.2.2. Investment fund policies

We can see how the lack of commitment affects the household’s incentive to invest from equa-
tion (12). The permit price p1 therein is closely related to the shadow price of the emission permit
budget equation (equation 10, see also λ in equation B.7), such that inflating the permit budget T0

via additional permits ω at t = 1 implies a lower p1.
As discussed before, the permit price determines the return on investment. The asset pricing

equation (12) shows how the investment subsidy σ can counteract this effect by amplifying the
remaining carbon price. If the investment fund has stronger commitment power than the regulator,
it can overcome the commitment problem with an appropriate subsidy.

We will numerically investigate this in section 6.2.

5. Calibration

In most parameters choices, we follow Gollier (2021), which we summarize in Table 1. New
parameters are introduced to the model in the extension to technology learning.

Abatement cost function with learning.

Continued use of a given technology builds experience which translates into an improved effi-
ciency of the technology. A prominent approach that captures such technology learning by doing is
to make its marginal cost dependent on the past cumulative investment (see Guo and Fan, 2017, for
a recent example). Samadi (2018) reports technological learning rates for electricity generation,
where a learning rate of lr indicates a decrease in costs for each doubling of cumulative installed
capacity. The study includes estimates for future learning rates for renewable energy technologies,
reporting 3-5% for wind turbines and 12-20% for solar photovoltaics.

We build on the abatement cost function of Gollier (2021) at t = 1 (A1(K1) = θK1 + 1
2bK2

1). In
line with Guo and Fan (2017), we include the learning dynamics in the non-linear term. Here, past
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Parameter Descriptions Notations Values

annual rate of pure preference for the present ρ 0.5%
parameter of relative risk aversion ξ 3
annual probability of a macroeconomic catastrophe p 1.7%
mean growth rate of production in a business-as-usual year µbau 2%
volatility of the growth rate of production in a business-as-usual year σbau 2%
mean growth rate of production in a catastrophic year µcat -35%
volatility of the growth rate of production in a catastrophic year σcat 25%

production in the first 15-year period (in trillion US$) Y0 315
annual rate of natural decay of CO2 in the atmosphere δ 0.5%
carbon intensity of production in period 0 (in GtCO2e/GUS $) Q0 2.10 × 10−4

carbon intensity of production in period 1 (in GtCO2e/GUS $) Q1 1.85 × 10−4

expected carbon budget (in GtCO2e) µT 40
standard deviation of the carbon budget (in GtCO2e) σT 10
slope of the marginal abatement cost functions (in GUS $/GtCO2e2) b 1.67
slope of marginal abatement cost with learning (in GUS $/GtCO2e2) c0 5.04
technology learning rate (in percent) lr 20.0
marginal cost of abatement in the BAU, first period (in GUS $/GtCO2e) a0 23
expected future log marginal abatement cost in BAU µθ 2.31
standard deviation of future log marginal abatement cost in BAU σθ 1.21

Table 1: Benchmark calibration of the two-period model.

experience is simply given by first period investment K0.

A1(K1,K0) = θK1 +
1
2

c0K2
1 K−α0

We explore an optimistic scenario with learning rate of lr = 20% at the upper end of the
empirically observed learning rates (Samadi, 2018). The learning rate lr translates to the learning
elasticity parameter as lr = 1 − 2α.

For consistency with the original calibration, we adjust c0 < b such that A1(K1) ≈ A1(K1,K0),
taking (K0,K1) from the equilibrium without technology learning.

6. Numerical results

In this section we consider two distortions that rationalize an underinvestment: technology
learning as an externality to the household, and non-credibility of the emission budget such that
households expect additional emission permits to be issued. For both distortions, we analyze their
impact on asset pricing and risk premium and suggest investment fund policies to overcome the
resulting inefficiencies. To address the distortions, we consider the timing of carbon pricing (via
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scenario K0 E[K1] p0 E[p1] r f φ η r f + φη welfare

ψ = 0 35.0 62.2 81.5 120.8 1.29 1.30 2.26 4.23 0.0
ψ = 1 32.5 64.5 77.3 127.0 1.26 1.02 2.26 3.57 -0.2

T e = T gov 35.0 62.2 81.5 120.8 1.29 1.30 2.26 4.23 0.0
T e = T hh 17.5 78.5 52.2 178.5 1.26 2.02 2.31 5.92 -15.8

Table 2: Overview of distortions. We report the effects of an externality in technology learning (parameter ψ) and
the (equilibrium) effect of (wrongly) expecting a doubling of the carbon budget T by issuing additional permits in
the second period. Welfare is given as the difference to undistorted equilibrium in bps of constant welfare-equivalent
consumption levels.

the intertemporal trading ration γ of the regulator) and fund instruments consisting of subsidies on
up-front capital costs and premium on investment returns.

Table 2 gives a preview of key insights: we summarize the impact of the two distortions on
key variables of the model. Both distortions delay abatement, and hence produce a steeper carbon
price path. In the distorted equilibria, the ‘carbon beta’ φ lies below the reference case. As a
measure of the distortion generated when the regulator’s announcement of the carbon budget is
not credible, we show a scenario where the household invests in anticipation of a higher T but has
to face the originally announced low T in the second period.

The welfare costs of the distortion are greater for the commitment problem (about 16 bps
compared to just 0.2 bps). The effect of the technology externality on φ is also reduced but results
in a smaller underinvestment, and the associated welfare costs are hence lower.

6.1. Technology externality

Figure 2 shows asset return and the required rate of return by investors for the economy ex-
tended by technological learning.

Asset returns were computed from the expected benefit in (13) over the investment costs (left-
hand side), the required rate of return is given by r f + φη in the same equation. While (13)
demands that the two expressions balance in equilibrium, Figure 2 shows the out of equilibrium
values (except where corresponding lines intersect).

When technology learning is an externality (ψ = 1, square points in Figure 2a), the asset return
is lower than with full appropriation (ψ = 0) because the social benefits of innovation are ignored
by the household. All else being equal, this would shift the equilibrium to the left. That is, the
household would underinvest in K0.

However ψ = 1 has a second effect: it reduces the carbon beta and hence the risk premium
(shifting the red line downwards). The carbon beta captures the covariance of the asset return with
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Figure 2: Technology externality. Panel a shows the actual asset return as a function of K0 around the equilibrium (in
black) as well as the return demanded by investors (in red). Intersection curves of the same bullet shape indicate an
equilibrium. Panel b documents the implementation of optimal policies as a variation of ψ over the range ψ ∈ [0.0, 1.0].
At the top, we show the carbon beta in the distorted equilibrium and the equilibrium restored to the social optimum
by the optimal instrument. At the bottom, we show the optimal instruments (σ, κ, γ).

consumption C1. To see why the carbon beta decreases in ψ, note that according to (16) consump-
tion covaries with the sum of A′1 and − (∂A1/∂K0). The individual covariances of both summands with
consumption are positive following the argument that high growth implies high consumption and
simultaneously necessitates high investment K0, which raises A′1 and lowers ∂A1/∂K0. The covari-
ance of the sum is the sum of the covariances, thus when ψ = 1 eliminates ∂A1/∂K0 from the sum, the
remaining covariance will be lower. Thus, the greater the extent to which technology learning is
external (larger ψ), the lower the carbon beta from the perspective of the household.

In equilibrium, the reduced carbon beta implies a lower required rate of return which would
raise investment K0. The implications of ψ on the asset return and the required rate of return
including the risk premium thus work in opposite directions.

In this calibration, the asset pricing effect is dampened by the risk premium effect but the
former outweighs the latter: the overall effect of the technology externality is an underinvestment
in K0.

Policies

The regulator and the investment fund can use their instruments to restore the efficient equilib-
rium (cf. Figure 2b).

Additional numbers are shown in the appendix in Table G.5, which reports the financial vari-
ables for variations of the externality parameter ψ and both policy instruments σ and κ.

Both κ and σ ultimately cause an increase in the rate of return rA. But the κ-policy works by
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reducing the asset price I0 (net costs) while the σ-policy works by increasing asset benefit B1.3

Climate policy uphill battle

With this endogenous change of the carbon beta, climate policy support becomes an uphill bat-
tle. Successful climate policy produces more abatement, for example via the investment premium
σ of the fund, resulting in a higher (carbon) beta of abatement and thus the risk premium demanded
for subsequent investment in abatement projects. Figure 3a illustrates this effect. The investment
subsidy σ has the effect of increasing investment in the first period but decreases marginal effec-
tiveness as it increases the carbon beta with higher abatement levels. The asset return is more
greatly reduced when consumption is low and thus the covariance of asset return and consump-
tion is strengthened. An investment that pays off in bad states of the world is worth more than an
investment that pays off in good states. Paradoxically, successful climate policy leads to a higher
risk premium for additional abatement; the more policy makers want to push green abatement
technologies the higher the risk premium demanded by investors.
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Figure 3: Panel a shows the effect of the fund subsidy on capital accumulation. The distorted equilibrium is the case of
the non-credible climate policy from section 4.2. Panel b shows, for the case of commitment failure, the asset return
as a function of K0 around the equilibrium (in black) as well as the return demanded by investors (in red). Intersection
curves of the same bullet shape indicate an equilibrium.

6.2. Policy failure: non-credible climate policy

In this section we numerically explore scenarios where the regulator is unable to commit to the
low emission budget T0 = T gov announced at t = 0.

3The asset price (benefit) moves in the same direction when the asset benefit (price) is affected by σ (κ) but in both
cases this effect is smaller such that in total, the rate of return rA increases.
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Figure 3b visualizes the impact of shifting from a stringent budget of T hh = 40 GtCO2e to a le-
nient budget of T gov = 80 GtCO2e. The rate of return is substantially lower for the inflated budget,
which reflects the deteriorated carbon price for this budget. This implies underinvestment in K0.
Relaxing the permit budget also affects the carbon beta. The risk premium is considerably higher
for the larger budget mainly due to a more than two-fold increase of the carbon beta. Intuitively,
for a lenient budget there are more likely to be excess permits in period t = 1. Economic output
Y1, which is tightly correlated with consumption C1, determines emissions and hence whether the
permit constraint is binding or non-binding. In the latter case, no more abatement is required and
the carbon price is minimal, hence uncertainty about abatement costs and climate become less
relevant. When uncertainty about economic growth dominates, the remaining variance in asset
returns will be more closely related to it, resulting in a larger covariance which translates into a
higher carbon beta. When the investor subsequently demands a higher risk premium, the effect on
K0 works in the same direction as the reduced rate of return, thus amplifying the underinvestment.

Non-credible regulator

Figure 4a shows the payoff matrix constant equivalent consumption levels of the household
welfare. We normalize πgov,gov to zero to ease comparison. The payoff structure supports two out-
comes as Nash equilibria when regulator and household decide simultaneously: (T gov,gov,T gov,gov)
and (T hh,T hh). In such a conflicting interest coordination game, where either one of the two equi-
libria is preferred by one actor, actors can pick the game outcome if they can credibly commit to
a strategy. In our case, the household moves first (deciding on investment K0 at t = 0) and can
therefore select (T hh,T hh).

Commitment by investment fund subsidies

The investment fund can support the regulator by subsidizing investment in abatement at t = 0
to raise investment K0. As K0 gets close to its optimal level for a low emission budget T gov, the
inefficiency of imposing T gov even on a household that expected T hh shrinks. Any σ > 0 thus
reduces the incentive for the regulator to revise the announced policy of T = T gov.4

Ideally, the fund subsidizes K0 up to its optimal level for the T gov budget. In this case,
(T gov,T hh) is identical to (T gov,T gov), and these two become Nash equilibria instead of formerly
(T hh,T hh). This game-theoretic setting provides compelling insights into the sequencing of climate
policy; the investment fund can pave the path for carbon pricing in later periods. The inability of
the regulator to commit to the announced carbon price in a credible way creates a situation where

4This is exacerbated by the increasing inefficiency of the (T hh,T hh) outcome: as σ increases, the choice of K0 will
be inefficiently high.
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1562.1 2163.3

Government

T=T
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-701.2 -100.0

b

Sigma for optimal 1
st
period K

0

Household
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=T

gov

0.0 0.0

T
e
=T

hh

1562.0 1562.0

Government

T=T
gov

0.0 0.0

T=T
hh

-701.3 -701.3

Figure 4: Payoff structure for the commitment game. Gray arrows indicate preferences, gray boxes indicate Nash
equilibria without interference from the investment fund (panel a) and with σ policy by the fund (panel b). Payoffs
are in constant-equivalent consumption levels (billion US$ for the 30 year time period).

households demand a higher risk premium and subsequently underinvest. When the investment
fund pays subsidies, it incentivizes the household to increase abatement in earlier periods. This
eliminates the conflict and reduces the risk premium to its socially optimal level. The intertem-
poral allocation of investment is not distorted. Additionally, due to the investment funds strategy,
the social optimum is a Nash equilibrium. It should also be noted that carbon pricing needs to re-
main an essential part of the policy package, otherwise welfare costs will increase, and the budget
constraint will be violated.

Proposition 4. The sub-optimal outcome of the sequential game with conflicting interest coordi-

nation can be avoided by setting one of the subsidy instruments of the fund (σ or κ) to its welfare

maximizing level.

Table 3 presents additional numbers from the numerical simulations. Row 1 is the reference
case with credible commitment, or (T gov,T gov). Rows 2-5 are (T hh,T hh) and (T gov,T hh), without
and with optimal fund interventions, respectively. Rows 6-7 show analogous results for κ instead
of σ. To compute rows 3, 5 and 7 we ran the model for T = T hh to calculate the first stage decision
of K0. Then, taking K0 as given we ran the model for the second stage of K1 for T = T gov. The
investment decision in these row was taken with the expectation of a rate of return E[rA] reported
in the row above, and therefore we omit values that related to the investment decision.
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Rows 1 and 2 mirror the equilibria in Figure 1a for low and high T , respectively.5 As discussed
above, moving to a larger emission budget lowers the asset return while increasing the equilibrium
risk premium, and investment in equilibrium K1 is reduced.

In equilibrium, the asset return is higher for the larger budget (row 2 versus row 1) due to a
higher growth rate of the carbon price – but at a much lower price level (cf. p0, E[p1]). The carbon
beta is more than double for the higher budget.

In the policy scenario (row 4) the investment subsidy σ is chosen such that K0 (and hence
p0) match the reference case. Notice that the investment benefit B1 includes the fund investment
subsidy, such that the benefits (and subsequently the asset return) almost match the reference case
benefits (row 1) despite a much lower carbon price at t = 1.

The two cost metrics ∆W and ∆A1 in the last columns measure gains in welfare (in percent
balanced growth equivalents) and abatement costs (percent), respectively, relative to the planner
solution with the same carbon budget. Abatement costs are substantially higher in t = 1 where the
household expects additional emission permits which are not supplied by the regulator (row 3).
The subsequent welfare loss underlines the temptation for the regulator to revise the announced
policy. The scenario with intervention by the investment fund (row 4) shows similar welfare
losses; it distorts the economy unnecessarily because the fund policy is undercut by the regulator
revising the budget. However the substantially reduced abatement costs show that the fund policy
has prepared the economy for a more ambitious carbon budget.

Rows 6-7 show analogous computations for a technology subsidy (κ) instead of the investment
subsidy (σ). The result is almost identical. We highlight two differences:

• The technology subsidy reduces investment costs rather than boosting their benefit, which
is reflected in much lower I0 and B1. The resulting rA = log(B1/I0) is the same.

• As discussed before, the difference between the technology subsidy and investment subsidy
is in the time period over which they are paid. This lends an advantage to the technology
subsidy which, by definition, has no commitment problem.

We summarize the results of the numerical analysis in Table 4,
which reports the changes for asset prices and risk premium caused by the policy instruments

under ceteris paribus conditions and in a general equilibrium setting. In the first case, abatement
investments are fixed; in the second-setting abatement investments are adjusted to the optimal
level.

5Note though that we used a larger T hh = 100 compared to T hh = 80 in Figure 3b and Figure 4. This serves to (a)
exacerbate the effects while (b) simultaneously illustrating their robustness.
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All else being equal, the technology externality reduces the risk premium while non-credibility
of the emission budget raises the risk premium.

asset return risk premium
ceteris

equilibrium
ceteris

equilibrium
paribus paribus

technology externality (ψ) 	 	 	 	

non-credibility (T gov) 	 ⊕ ⊕ ⊕

Table 4: Summary of distortion effects on asset return and risk premium. We distinguish the direct effect, keeping
everything else the same (ceteris paribus), i.e. without adjustment of the investment decision K0, and the entirety of
equilibrium effects, i.e. after K0 is adjusted to the new (distorted) equilibrium. We show reductions and increases
relative to the undistorted equilibrium using 	 and ⊕.

7. Conclusions

This paper studies transition risk induced by climate policy in a CCAPM model, i.e. we focus
primarily on risks to cash flows arising from a transition to a low-carbon economy induced by a
carbon budget. The carbon budget captures physical risks of climate change (such as damages on
productive assets) indirectly: these risks are not modeled explicitly but are reflected in the budget
as they determine the choice of the carbon budget by the regulator. This modeling approach allows
us to trace the carbon beta of abatement investments to climate policy instruments, e.g. carbon
pricing, subsidies on up-front capital costs and investment premium. Additionally, we considered
the risk premium induced by the lack of commitment of the regulator.

Studying climate policy through the lens of financial economics provides several crucial in-
sights.

First, an investment that pays off in bad states of the world (with low economic growth) is
worth more than an investment that pays off in good states (high economic growth). This basic
truth from financial economics carries over to abatement investment and hence climate policy
analysis. The covariance, and therefore the risk premium, are key for the design of climate policy
instruments. Policy instruments change the investment pathway and therefore, the climate beta.
We find that the effect of climate policy instruments on the risk premium of abatement investments
may be neutral, increasing or decreasing depending on the nature of the distortion that is addressed
by the instrument.

Second, financial market actors such as an investment fund can in principle address the distor-
tions by setting financial incentives for green investment but need to take into account the distorted
risk perception of investors. As we have shown, financial incentives for investors can complement
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a carbon pricing policy and cure its dynamic inefficiency or pave the path towards more ambitious
carbon pricing. The policy failure experiments have also emphasized the importance of carbon
pricing. Carbon prices which reflect a lack of commitment exhibit a substantial potential to cause
an increase in the risk premium, which then acts as a brake on abatement and climate policy.

Third, the nascent literature on applying asset pricing theory to climate change mitigation has
focused its analysis on how risk and uncertainty affect first-best mitigation policies and the associ-
ated social costs of carbon or carbon price trajectories which are consistent with the carbon budget.
The avenue taken in this paper intends to connect the second-best analysis with this financial eco-
nomics approach. We have shown that the risk premium is a fundamental endogenous variable
determined by the regulator and agents on the financial markets, e.g. a long-term investment fund.
The welfare losses of an distorted risk premium might be significant given the mis-allocation of
capital.

This study takes a first step to discuss climate policy as an asset pricing problem in a second-
best setting. While the simple framework illustrates the key role of correlated risks our analysis
remains stylized in many aspects with room for improvements and extensions. Not all of the dis-
tortions that we considered are modeled endogenously, and integrating a micro-foundation for the
distortion (as with the technology externality) could produce further insights. Of course, exten-
sions could add additional distortions to the model. Short- and long-termism of investors or the
introduction of incomplete markets into the model may be particularly interesting to shed light on
the role of institutional investors.

While early assessments of optimal carbon pricing and second-best policy instruments relied
on deterministic settings, more recent work has included uncertainties and asset pricing logic
in the discussion of optimal carbon prices. Climate policy assessment can benefit enormously
when climate economics is combined with financial economics. The large uncertainties that are
ubiquitous in the assessment of climate policy can translate to substantial risk premiums in the
calculus of investors, and it is important that policy instruments take this into account. Getting a
better understanding of the level and structure of risk premiums will help avoid the mis-allocation
of scarce resources. This is an important part of climate economics.
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Appendix A. Asset pricing equation of the social planner

The Lagrangian reads

L = u(Y0 − A0(K0)) + e−ρE[u(Y1 − A1(K0,K1))] (A.1)

+ λ[(Q0Y0 − K0)e−δ + (Q1Y1 − K1) − T ] (A.2)

We consider first order conditions with respect to K0 and K1.

∂L

∂K0

!
= 0⇔ u′(C0)(−A′0) + e−ρE

[
u′(C1)

(
−
∂A1

∂K0

)]
+ λ[−e−δ] = 0 (A.3)

⇔ u′(C0)(−A′0) + e−ρE
[
u′(C1)

(
−
∂A1

∂K0

)]
= λe−δ (A.4)

⇔ eδu′(C0)A′0 + e−ρ+δE
[
u′(C1)

(
∂A1

∂K0

)]
= −λ (A.5)

∂L

∂K1

!
= 0⇔ e−ρE

[
u′(C1)

(
−
∂A1

∂K1

)]
+ λ[−1] = 0 (A.6)

⇔ e−ρE
[
u′(C1)

∂A1

∂K1

]
= −λ (A.7)

Eliminate λ.

eδu′(C0)(A′0) + e−ρ+δE
[
u′(C1)

(
∂A1

∂K0

)]
= e−ρE

[
u′(C1)

(
∂A1

∂K1

)]
(A.8)

u′(C0)(A′0) = e−ρ−δE
[
u′(C1)

(
∂A1

∂K1

)]
− e−ρE

[
u′(C1)

(
∂A1

∂K0

)]
Appendix B. Asset pricing equation of the household

To derive its asset pricing equation, we restate the the problem of the household (11).

L = u(Y0 − A0(K0)) (B.1)

+ e−ρE
[
u(Y1 − A1(K0,K1) + σp1eγ(K0 − K̄0) − p1ω)

]
(B.2)

+ λ[T0 − (Q0Y0 − K0) − e−γ(Q1Y1 − K1 − ω)] (B.3)
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For the optimal abatement choice K1 at t = 1 we have

∂L

∂K1
= 0 ⇔ 0 = e−ρE[u′1(−A′1)] + λ[e−γ] (B.4)

λ = e−ρ+γE[u′1A′1] (B.5)

For period t = 1, we first consider the choice of additional permits ω.

∂L

∂ω
= 0 ⇔ 0 = e−ρE[u′1 · (−p1)] + λ[−e−γ] (B.6)

λ = e−ρ+γE[u′1 p1] (B.7)

Note that the shadow price λ of the permit budget equation is the expected permit price p1 (when
properly discounted and converted to utility units). By substituting in (B.5) we learn that the permit
price p1 reflects marginal abatement costs A′1:

e−ρ+γE[u′1A′1] = e−ρ+γE[u′1 p1] (B.8)

E[u′1A′1] = E[u′1 p1] (B.9)

Abatement K0 at t = 0 follows from:

∂L

∂K0
= 0 ⇔ 0 = u′0(− (1 − κ) A′0) + e−ρE[u′1(−

∂A1

∂K0
+ σp1eγ)] + λ (B.10)

(1 − κ) u′0A′0 = e−ρE[u′1(−
∂A1

∂K0
+ σp1eγ)] + λ (B.11)

= e−ρE[u′1(−
∂A1

∂K0
+ σp1eγ)] + λ (B.12)

(B.13)

Again, we substitute for λ.

(1 − κ) u′0A′0 = e−ρE[u′1(−
∂A1

∂K0
+ σp1eγ)] + e−ρ+γE[u′1 p1] (B.14)

= e−ρ+γE
[
u′1

(
(1 + σ)p1 − e−γ

∂A1

∂K0

)]
(B.15)
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Finally, we can use (B.9) to substitute the permit price with marginal abatement costs.

u′0A′0 = e−ρ+γE[u′1 (1 − κ)−1
(
(1 + σ)A′1 − e−γ

∂A1

∂K0

)
] (B.16)

Appendix C. Optimal instruments

Based on (B.16) and the social optimum condition, we try to characterize optimal policies γ,
σ, κ. We start by equating the discounted benefits of investment (once we move (1−κ) to the RHS,
the remaining costs are the same).

e−(ρ+δ)E
[
u′(C1)

(
∂A1

∂K1
− eδ

∂A1

∂K0

)]
= e−ρ+γE

[
u′ (C1)

1
(1 − κ)

(
(1 + σ)A′1 − (1 − ψ) e−γ

∂A1

∂K0

)]
(C.1)

(1 − κ) =
(1 + σ)eγE[u′ (C1) A′1] + (1 − ψ)E[u′ (C1) (− ∂A1

∂K0
)]

e−δE[u′(C1)A′1] + E[u′(C1)(− ∂A1
∂K0

)]
(C.2)

Appendix C.1. Investment subsidy sigma

There are two possible distortions, γ , −δ and ψ > 0. The optimal subsidy on investment
returns σ is additive in the two distortions which can be (simultaneously) addressed as follows
(equation (21) follows from (19) with some basic algebra):

σ =
(
e−(δ+γ) − 1

)
+
ψE[u′ (C1) (− ∂A1

∂K0
)]

eγE[u′ (C1) A′1]
(C.3)

Any γ , −δ can be addressed by (1 + σ) = exp(−δ − γ). The second term shows how σ

addresses an externality in technological learning. Here, σ boosts the benefit on investment (the
denominator) to make up for the share of learning ψ that is not anticipated (in the numerator).
Rearranging (21) for γ = −δ shows this balance:

σeγE[u′ (C1) A′1] = ψE[u′ (C1) (−
∂A1

∂K0
)]

Appendix C.2. Technology subsidy kappa

The optimal use of the technology subsidy κ is also additive in the two distortions. Note how
the first term vanishes for γ = −δ. In absence
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κ =
(e−δ − eγ)E[u′(C1)A′1]

E[u′(C1)(e−δA′1 −
∂A1
∂K0

)]
−

eγE[u′ (C1) (σA′1 + ψ ∂A1
∂K0

)]

e−δE[u′(C1)(A′1 −
∂A1
∂K0

)]
(C.4)

If otherwise γ = −δ, then the first parenthesis on the RHS vanishes. Then if ψ > 0 (and σ = 0),
κ is set to the fraction ψ of the expected learning effect as a share of expected (true) benefits of the
investment (with full anticipation). That is:

κ =
ψE[u′(C1)(− ∂A1

∂K0
)]

E[u′(C1)(A′1 −
∂A1
∂K0

)]
(C.5)

That is, κ is set to the share ψ of the learning effect that is not anticipated (as part of the overall
benefit in the denominator).

Equation (22) also shows that combinations of (σ, κ) can be used.

Appendix D. Beta forms

Using Lemma 1, we can go from the asset pricing equation with marginal utilities

u′0A′0 = e−ρE[u′1eγ (1 − κ)−1
(
(1 + σ)A′1 − e−γ (1 − ψ)

∂A1

∂K0

)
] (D.1)

to the beta form asset pricing equation

(1 − κ)A′0 = e−(r f +φ̃η)E
[
(1 + σ) eγA′1 + (1 − ψ)

(
−
∂A1

∂K0

)]
Take the social optimum asset pricing from the planner model:

E
[
∂A1
∂K1
− eδ ∂A1

∂K0

]
A′0

= eδ+r f +φη (D.2)

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
(1 − κ)A′0

= e(r f +φ̃η)−γ (D.3)

(D.4)
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E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
(1 − κ)E

[
∂A1
∂K1
− eδ ∂A1

∂K0

] = e(r f +φ̃η)−γ−(δ+r f +φη) (D.5)

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
(1 − κ)E

[
∂A1
∂K1
− eδ ∂A1

∂K0

] = er f +φ̃η−γ−δ−r f−φη = e(φ̃−φ)η−(γ+δ) (D.6)

Isolate κ

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
(1 − κ)E

[
∂A1
∂K1
− eδ ∂A1

∂K0

] = e(φ̃−φ)η−(γ+δ) (D.7)

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1

∂K0

)]
= e(φ̃−φ)η−(γ+δ)(1 − κ)E

[
∂A1

∂K1
− eδ

∂A1

∂K0

]
(D.8)

e(φ−φ̃)η+(γ+δ)E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1

∂K0

)]
/E

[
∂A1

∂K1
− eδ

∂A1

∂K0

]
= (1 − κ) (D.9)

κ = 1 − e(φ−φ̃)η+(γ+δ)
E

[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1
∂K0

)]
E

[
A′1 − eδ ∂A1

∂K0

]
(D.10)

Isolate σ

E
[
(1 + σ) A′1 + (1 − ψ)

(
−
∂A1

∂K0

)]
= e(φ̃−φ)η−(γ+δ)(1 − κ)E

[
∂A1

∂K1
− eδ

∂A1

∂K0

]
(D.11)

(1 + σ)E
[
A′1

]
+ E

[
(1 − ψ)

(
−
∂A1

∂K0

)]
= e(φ̃−φ)η−(γ+δ)(1 − κ)E

[
∂A1

∂K1
− eδ

∂A1

∂K0

]
(D.12)

E
[
A′1

]
+ σE

[
A′1

]
+ E

[
(1 − ψ)

(
−
∂A1

∂K0

)]
= e(φ̃−φ)η−(γ+δ)(1 − κ)E

[
∂A1

∂K1
− eδ

∂A1

∂K0

]
(D.13)

σ = e(φ̃−φ)η−(γ+δ)(1 − κ)
E

[
∂A1
∂K1
− eδ ∂A1

∂K0

]
E

[
A′1

] − δ
E

[
A′1

]
+ E

[
(1 − ψ)

(
−
∂A1
∂K0

)]
E

[
A′1

]
(D.14)

Appendix E. Proof of Lemma 1

Lemma 1. Consider a representative agent with time-additive expected utility, with a subjec-

tive discount rate ρ and a constant relative risk aversion ξ, in a discrete-time setting with a risk-free
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asset traded each period. Assuming the relative growth rate of consumption gc
τ = cτ/c0 − 1 and

gross return Rτ =
e−δτA′τ

A′0
= e−δτRA

τ to be jointly lognormally distributed, then

1
τ

ln
(
E

[
RA
τ

])
= δ +

1
τ

ln R f +
1
τ
ξσgcCorr

[
ln RA

τ , ln
cτ
c0

]
σ[ln RA

τ ]

and in beta-form
1
τ

ln
(
E

[
A′τ
A′0

])
= δ + r f + φη

or

E
[
A′τ
A′0

] 1
τ

= eδ+r f +φη

with

φ =
Cov

[
rτ, g̃c

τ

]
Var

[
g̃c
τ

] (Appendix E.1)

η =
1
τ
γVar

[
g̃c
τ

]
(Appendix E.2)

and r f , rτ, and g̃c
τ represent respectively ln R f , ln Rτ, and ln cτ

c0
.

Proof. Given the form of the utility function assumed, u (c) = c
1−ξ
/(1 − ξ) then

u′ (cτ)
u′ (c0)

=

(
cτ
c0

)−ξ
= exp

{
−ξ ln

(
cτ
c0

)}
,

which is lognormally distributed, ln
(

cτ
c0

)
∼ N

(
ḡ, σ2

gc

)
E

[
u′ (cτ)
u′ (c0)

]
= E

[
exp

{
−ξ ln

(
cτ
c0

)}]
= exp

{
−ξḡ +

1
2
ξ2σ2

gc

}
and

σ [u′ (cτ) /u′ (c0)]
E [u′ (cτ) /u′ (c0)]

=
√

eξ2σ2
gc − 1 ≈ ξσgc

The price of a risky asset can be expressed as6:

Pi,τ = E
[
mτBi,τ

]
6See Cochrane (2001) for more general asset pricing models
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with Bi,τrepresenting the payoff of the risky asset and mτ the stochastic discount factor (also known
as the state-price deflator) which is defined as mτ ≡ βu′ (cτ) /u′ (c0) with β the discount factor

E
[
mτBi,τ

]
= E [mτ]E

[
Bi,τ

]
+ Cov

[
Bi,τ,mτ

]
Pi,τ = E [mτ]E

[
Bi,τ

]
+ Cov

[
Bi,τ,mτ

]
According to the asset pricing model, even though expected returns can vary across assets and

time, expected discounted returns should be the same equal to 1. Then,

1 = E [mτ]E
[
Ri,τ

]
+ Cov

[
Ri,τ,mτ

]
E[Ri,τ] =

1
E [mτ]

−
1

E [mτ]
Cov

[
Ri,τ,mτ

]
E[Ri,τ] = R f

t −
Cov

[
Ri,τ, u′ (cτ) /u′ (c0)

]
E [u′ (cτ) /u′ (c0)]

= R f
t −

σ [u′ (cτ) /u′ (c0)]
E [u′ (cτ) /u′ (c0)]

σt
[
Ri,τ

]
Corr

[
Ri,τ, u′ (cτ) /u′ (c0)

]
Hence,

E[Ri,τ] = R f
t − ξσgσt

[
Ri,τ

]
Corr

[
Ri,τ, u′ (cτ) /u′ (c0)

]

Instead of using marginal rate of substitution, the relation between expected returns and rel-

ative consumption growth can be approximated via gc
τ = cτ

c0
− 1. This is obtained by applying a

first-order Taylor approximation of u′(cτ) around c0.

u′(cτ)
u′(c0)

≈
u′(c0) + u′′(c0)(cτ − c0)

u′(c0)
= 1 − ξ(c0)gτ

where ξ(c0) = −c0u′′(c0)/u′(c0) is the relative risk aversion of the individual evaluated at time 0
consumption level, and g = cτ/c0 − 1 is the relative growth rate of consumption over the period.
Replacing the above equation, we get

E[Rτ] − R f ≈ ξ(c0)Cov
[
Rτ, gc

τ

]
(Appendix E.3)
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Assuming a time-additive utility with constant relative risk aversion parameter and the consump-
tion growth to be lognormally distributed

ln(1 + gc
τ) ≡ ln

(
cτ
c0

)
∼ N(ḡc, σ2

g) (Appendix E.4)

then

E[Rτ] − R f = σ[Rτ]
√

eξ2σ2
g − 1Corr

Rτ,

(
cτ
c0

)−ξ (Appendix E.5)

E[Rτ] − R f ≈ ξσgcσ[Rτ]Corr
[
Rτ,

cτ
c0

]
(Appendix E.6)

One can make a stronger assumption, and assume that both gross rate of return Ri of the asset and
the consumption growth gc are jointly lognormally distributed. In that case,

E[ln (Rτ)] − ln R f +
1
2

Var[ln Rτ] = ξσgcCorr
[
ln Rτ, ln

cτ
c0

]
σ[ln Rτ] (Appendix E.7)

equivalently,

ln (E[Rτ]) − ln R f = ξσgcCorr
[
ln Rτ, ln

cτ
c0

]
σ[ln Rτ] (Appendix E.8)

Following Gollier, P0 is equivalent to A′0 and Bτ = e−δτA′τ, and β the discount factor can be ex-
pressed as β = e−ρτ. Hence,

Rτ =
Bτ

P0
=

e−δA′τ
A′0

= e−δRA
τ (Appendix E.9)

Then we can re-write equ. (43) as

E
[
ln

(
e−δτA′τ

A′0

)]
− ln R f +

1
2

Var
[
ln

(
e−δτA′τ

A′0

)]
= ξσgcCorr

[
ln Rτ, ln

cτ
c0

]
σ [ln (Rτ)]

ln
(
E

[
e−δτA′τ

A′0

])
= ln R f + ξσgcCorr

[
ln Rτ, ln

cτ
c0

]
σ [ln (Rτ)]

−δτ + ln
(
E

[
A′τ
A′0

])
= ln

(
1

e−ρτE [u′ (cτ) /u′ (c0)]

)
+ ξσgcCorr

[
ln RA

τ , ln
cτ
c0

]
σ

[
ln

(
RA
τ

)]
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ln
(
E

[
A′τ
A′0

])
= δτ + ρτ − ln

(
E

[
u′ (cτ)
u′ (c0)

])
+ ξσgcCorr

[
ln RA

τ , ln
cτ
c0

]
σ

[
ln

(
RA
τ

)]
1
τ

ln
(
E

[
A′τ
A′0

])
︸          ︷︷          ︸

g

= δ + ρ −
1
τ

ln
(
E

[
u′ (cτ)
u′ (c0)

])
︸                     ︷︷                     ︸

r f

+
1
τ
ξσgcCorr

[
ln RA

τ , ln
cτ
c0

]
σ

[
ln

(
RA
τ

)]

It can be expressed in ”beta-form”

g = δ + r f + φη (Appendix E.10)

with,

φ
[
rτ, g̃c

τ

]
=

Cov
[
rτ, g̃c

τ

]
Var

[
g̃c
τ

]
η =

1
τ
ξVar

[
g̃c
τ

]
Note:
A random variable X has log-normal distribution, if the random variable Y = ln X is normally
distributed. Let µ be the mean of Y and σ2 be the variance of Y so that Y = ln X ∼ N(µ, σ2).
For Y ∼ N(µ, σ2) and ξ ∈ R we have

Et

[
e−ξY

]
= exp

{
−ξµ +

1
2
ξ2σ2

}

vart

[
e−ξY

]
=

(
Et

[
e−ξY

])2 [
e−ξ

2σ2
− 1

]
Deriving expressions for optimal instruments

e−(ρ+δ)E
[
u′(C1)

(
∂A1

∂K1
− eδ

∂A1

∂K0

)]
= e−ρ+γE

[
u′(C1)

1 + σ

1 − κ
A
′n
1

]

E
[
u′(C1)e−δ

(
∂A1

∂K1
− eδ

∂A1

∂K0

)]
= E

[
u′(C1)eγ

1 + σ

1 − κ
A
′n
1

]
(Appendix E.11)

With Z1 := e−δ
(
∂A1
∂K1
− eδ ∂A1

∂K0

)
and Z2 := eγ 1+σ

1−κ A
′n
1 we have
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E
[
u′(C1)Z1

]
= E

[
u′(C1)Z2

]
(Appendix E.12)

E
[
u′(C1)

]
E [Z1] + Cov

[
u′(C1),Z1

]
= E

[
u′(C1)

]
E [Z2] + Cov

[
u′(C1),Z2

]
(Appendix E.13)

E [Z1] = E [Z2] + E
[
u′ (C1)

]−1 (
Cov

[
u′ (C1) ,Z2

]
− Cov

[
u′ (C1) ,Z1

])

e−δ
(
E

[
A′1

]
− E

[
eδ
∂A1

∂K0

])
=eγ

1 + σ

1 − κ
E

[
A
′n
1

]
+

1
E [u′ (C1)]

(
Cov

[
u′ (C1) ,Z2

]
− Cov

[
u′ (C1) ,Z1

])
(Appendix E.14)

Appendix F. Beta forms of optimal instruments

Applying Lemma 1, we rewrite the asset pricing equation

u′(C0)A′0 = e−ρ+γE
[
u′(C1)

1 + σ

1 − κ

(
A′1 − (1 − ψ)

∂A1

∂K0

)]
(Appendix F.1)

1 = E

e−ρu′(C1)
u′(C0)

eγ

(
A′1 − (1 − ψ) ∂A1

∂K0

)
A′0

1 + σ

1 − κ


 (Appendix F.2)

We define A
′n
1 such that

A
′n
1 = A′1 − (1 − ψ)

∂A1

∂K0

Now we need that gc ≡
C1
C0
− 1 and R1 with

R1 = eγ
A
′n
1 (1 + σ)

A′0(1 − κ)
(Appendix F.3)

to be jointly lognormally distributed.
Then

E
[
A
′n
1

1+σ
1−κ

]
A′0

= e−γ+r f +φ̃η (Appendix F.4)
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Here φ̃ reflects the covariance of the asset return (with partial spillover) and subject to the
various instruments.

Remember from (6) that it is optimal to price abatement according to

E
[
∂A1
∂K1
− eδ ∂A1

∂K0

]
A′0

= eδ+r f +φη (Appendix F.5)

With some algebraic manipulation equation (Appendix F.5) is transformed into an analogous
form

E
eφη−φ̃η A

′n
1

A′0

(1 + σ)
(1 − κ)

e(γ+δ)

 = eδ+r f +φη (Appendix F.6)

We solve for optimal fund instruments by comparing expectations in (Appendix F.5) and
(Appendix F.6).

Appendix G. Additional numerical results
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(a) Externality (for ψ = 1 learning is fully external)
ψ I0 B1 rA r f φ η φη r f + φη

0.000 83.32 146.70 3.77 1.28 1.10 2.30148 2.54 3.81
0.250 82.00 142.56 3.69 1.27 1.08 2.30111 2.50 3.76
0.500 80.56 138.00 3.59 1.26 1.07 2.30072 2.45 3.71
0.750 78.95 132.94 3.47 1.25 1.05 2.30031 2.41 3.65
1.000 77.10 127.26 3.34 1.23 1.03 2.29987 2.36 3.59

(b) Technology subsidy
κ I0 B1 rA r f φ η φη r f + φη

0.000 77.17 127.12 3.33 1.22 1.02 2.30000 2.36 3.57
0.100 72.88 121.42 3.40 1.24 1.07 2.30079 2.46 3.70
0.111 72.39 120.79 3.41 1.25 1.08 2.30089 2.47 3.72
0.200 68.25 115.32 3.50 1.27 1.13 2.30188 2.59 3.87
0.300 63.30 108.61 3.60 1.31 1.20 2.30341 2.77 4.07
0.400 57.90 101.20 3.72 1.35 1.30 2.30552 2.99 4.34
0.500 51.97 92.82 3.87 1.40 1.42 2.30849 3.29 4.69

(c) Investment subsidy
σ I0 B1 rA r f φ η φη r f + φη

0.000 77.17 127.12 3.33 1.22 1.02 2.30000 2.36 3.57
0.125 81.41 135.85 3.41 1.25 1.08 2.30089 2.47 3.72
0.200 83.80 140.89 3.46 1.26 1.11 2.30147 2.55 3.81
0.400 89.62 153.50 3.59 1.30 1.19 2.30315 2.74 4.04
0.600 94.86 165.04 3.69 1.34 1.27 2.30492 2.93 4.26
0.800 99.60 175.73 3.79 1.37 1.35 2.30671 3.11 4.48

Table G.5: Technology externality. Note: Optimal policies are merged into the parameter variations (in-between the
equidistant steps of the parameter variation).
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