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Abstract

Climate policy needs to set incentives for actors that face imperfect, distorted markets and large
uncertainties about the costs and benefits of abatement. Investors price uncertain assets according
to their return and risk. Carbon prices, derived within this asset pricing framework, reflect not
only uncertainty about the returns but their correlations, captured by the carbon beta of abatement.
We study carbon pricing and financial incentives in a consumption based asset pricing model
(CCAPM) distorted by regulatory failure, technology spillover and time-inconsistency. We find
that investment in abatement is delayed under all three distortions as they reduce asset return and
decrease the equilibrium rate of return. However, their direct (all else the same) effect on the
carbon beta and risk premium of abatement can be decreasing (technology externality), increasing
(time-inconsistency) or neutral (regulatory failure). Numerical simulations suggest that the effect
on the risk premium is around 30 basis points. For time-inconsistency, the associated welfare
costs are significant. The efficient equilibrium can be restored by carbon pricing and financial
incentives, implemented in our model by a regulatory authority and by a long-term investment.
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 acts
as an additional carbon price such that the investment fund can support climate policy when the
actions of the regulatory falls short. All these instruments must also consider the investment risk
and the sequence of their implementation. Then, the investment fund can pave the path for carbon
pricing in latter periods, when financial incentives are used to increase abatement in earlier periods
and can increase the feasibility of ambitious carbon pricing.
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1. Introduction

Carbon pricing, such as the Emission Trading System of the European Union (EU ETS), ad-

dresses the external effects of climate change and the associated market failure. It is consensus
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within climate economics that additional market failures merit further policy intervention and
additional policy instruments. The design of the necessary instruments depends on the specific
market distortion, including asymmetric information, lack of commitment or incomplete contracts
to name but a few. Furthermore, when large uncertainties about climate impacts and climate policy
turn abatement decisions into risky investment, the climate policies need to take these uncertainties
into account, as Cai et al. (2016) and Barnett (2019) demonstrate for ‘physical risk’ and ‘transition
risk’, respectively.

Financial economics emphasizes the importance of the correlation of investment returns: in-
vestments that pay off in bad states of the world are worth more than investments that pay off
in good states. Hence for private sector investors the beta of an investment is decisive, which
measures the correlation of its return with the market return (Sharpe, 1964; Lintner, 1965) or con-
sumption (Lucas, 1978). The decision to invest in emission abatement as an asset is thus informed
by the carbon beta (Dietz et al., 2018; Gollier, 2020). In our paper, climate economics and finan-
cial economics meet to improve our understanding of how additional distortions affect the pricing
of risks, the associated risk premium demanded, and the optimal policy response. We study the
asset pricing problem for emission abatement projects subject to three additional distortions: in
the growth rate of the carbon price, the carbon budget as indicator for the overall ambition of the
climate policy, and due to a technology externality. We find that the distortions are distinct in
their effect on carbon betas and risk premium. The risk premium has to be derived endogenously
dependent on the type of externalities and the choice of policy instruments to correct them.

It turns out that sub-optimal growth rate of the carbon price (for a given carbon budget) does
not directly change the risk premium (carbon beta), although in the distorted equilibrium the risk
premium is lower. In contrast, the technology externality reduces the risk premium while non-
credibility of the emission budget raises the risk premium, all else equal. Risk in terms of co-
variance instead of variance is one of the most important insights of finance to the design of policy
instruments: The more policy makers want to push abatement technologies and the less credible
the carbon budget is the more investors demand for a higher risk premium.

The paper compares, within a consumption based asset pricing model (CCAPM), the socially
optimal risk premium with a risk premium determined by decentralized markets. It argues that
policy instruments should be chosen to achieve the socially optimal risk premium.

We derive from a calibrated version of our analytical model two main results: First, we con-
firm a key insight of Gollier (2020) in a decentralized economy with distortions: 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 return and the timing of abatement activities. Hence



ignoring risks has welfare costs and leads to a mis-allocation between consumption and invest-
ment projects. The primarily ethical debate on social discounting needs to be complemented by
quantifying the macro-economic risks for investors. Otherwise, climate economics would focus
on the quantitatively less important component of the social discount rate. Second, the impact of
market failure and ill-designed policy on the risk premium deserves more attention as they distort
the risk premium way from the social optimal level. 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 creditable long-term carbon price path.

The paper is organized as follows. In Section 2 we discuss the literature and clarify our con-
tribution. Section 3 presents the social planner model for the normative benchmark and the de-
centralized economy for the market equilibrium with a technological externality and the climate
externality. Carbon prices are used to achieve a social optimum. The respective carbon betas of
these externalities are derived. In Section 4 we introduce a long-term fund with two additional
policy instruments: subsidies on market interest rates for loans and up-front capital costs. Sec-
tions 5 and 6 are dedicated to the calibration of the model and its numerical results, in particular
the quantification of the risk premiums, and welfare costs of carbon pricing policies which exhibit

a lack of commitment of the regulator. The final section offers conclusion and outlook.

2. Motivation and literature

Mainstream models in climate economics have been mostly relying on deterministic cost-
benefit approaches (Nordhaus, 2007, 2014) or on cost-effectiveness analysis of Integrated Assess-
ment Models (IAMs) often used in the IPCC assessment reports (IPCC, 2018). Both approaches
share the use of 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-
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 for a risk premium is 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 primarily the physical risks of climate
change including the damage on productive assets. The second strand of literature focusing on
transitional risk reflect costs arising from transformation to a low carbon economy (Giglio et al.,
2020). The third strand of literature traces government policies to the carbon beta or the risk pre-

mium. Additionally real world climate policies reflect at least partially the existence of multiple
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externalities which deserve a deeper analysis within the context of financial economics.

Physical risks of climate change: A majority of studies on the role and implications of un-
certainty in climate-economic models has 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 assumptions about the damage speci-
fication. 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 prefer-
ences 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
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 looks into climate change as
an asset pricing problem, where CO, in the atmosphere or inversely abatement levels are consid-
ered assets. Financial-economics models of decision under risk can provide interesting insights on
the implications of uncertainty in the estimation of the carbon price. Bansal et al. (2016) explores
the impact of climate change and long-run risk on the social cost of carbon and asset prices; Dietz
et al. (2018) look into the elasticity of climate damages, where they obtained a positive and close
to one climate-beta value for investment maturities of up to about one hundred years. A result
that is mostly due to the overwhelming positive effect of uncertainty about emissions-neutral tech-
nological progress.; Daniel et al. (2019) estimate the optimal carbon price today as opposed to
further delaying its implementation in the future and the social cost of doing so.

Transitional risks: This strand of literature focuses primarily on transitional risks. Gollier
(2020) provides an innovative analytical framework, where he analyses the effects of abatement
technologies and economic growth uncertainties on the dynamics of efficient carbon prices, in-
terest rates and risk-premiums. His results highlight the positive correlation between aggregate
consumption and marginal abatement costs along the optimal abatement path, thus implying a
positive carbon beta and an efficient growth rate of expected carbon prices larger than the risk-free
rate. Lemoine (2021) derives an analytical model to portray 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 the marginal value of emission reductions.

Government policies, asset prices and multiple externalities: In addition to the above cited
literature, exploring the link between climate change and asset prices, our paper contributes also
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 some examples in this area that focus on the
impact of policy uncertainty on asset prices that face different degrees of exposures to these risks.
Our paper looks more precisely into what implications a regulators’ lack of commitment in im-
plementing a credible long-term carbon price trajectory has for the beta of abatement investments
and therefore their risk premium. On top of the above mentioned areas of research, our model-
ing framework takes into consideration the role of multiple externalities explored extensively 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), lack of commitment (Kalkuhl et al., 2020) all
require well-designed policy packages to achieve second-best or even first-best outcomes.

Drawing on these strands of literature we build a decentralized market equilibrium version of
the CCAPM model from Gollier (2020), 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 some policy instruments that could address additional
distortions beyond the climate change externality. This necessitates a market equilibrium rep-
resentation of the economy. Prior to introducing the decentralized problems for all agents, we
characterize the socially eflicient solution from a social planner perspective. Our presentation fol-
lows the social planner model of Gollier (2020) but extends the model to include a technological

externality.

3.1. Social planner benchmark

Assume a social planner who considers utility of consumption u(C,) in two periods t = 0, 1.
Consumption C; is the residual of endowed income Y; and abatement expenditures A,. The abate-
ment level K, reduces emissions in period ¢; furthermore, abatement K in first period has a
spillover effect on future abatement cost, such that abatement at ¢+ = 0 affects abatement cost

att = 1: Ai(Ko, K;). The planner’s objective is to limit emissions to a carbon budget of 7. The
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exogenous carbon budget (rather than a Pigouvian carbon price that reflects the social cost of car-
bon) is in accordance with current EU climate policy, which relies on a carbon budget consistent
with carbon neutrality by 2050 in its Green Deal. Moreover, uncertainties in quantifying climate
damages might still be too large for social cost of carbon to be a useful point of reference for

policy makers. The problem of the planner is thus:

max u(Co) + e PE[u(Cy)] (D
such that C() = YO - A()(KQ) (2)
Ci =Y - A(KoKy) 3)

T = (QoYo - Ko)e® + Q1Y) — K, 4)

Assuming an interior solution, the first order conditions of the planner yield the following asset

pricing equation.

A, 56A1)] -
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1

To derive the risk premium in a beta form representation, we view abated emissions in equation (5)
: ’ A _ [ 0A4 5 0A4 ’ .

as an asset with cost A;, and expected gross return R}’ = (% —e %) /A{,. 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 p and a constant relative risk aversion &, in a discrete-time setting with a risk-free

asset traded each period. Assuming the relative growth rate of consumption g = c./co — 1 and

—0T A/
gross return R, = © A,A’ = ¢ "R2 to0 be jointly lognormally distributed, then
0

1 1 1 .
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and in beta-form
1
E [&]T = It
A
with Cov[ro&] |
= 08D and p= —gVar[E)
Var z:] .

and v’, r., and g represent respectively In R’, InR,, and In f—;

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

(6)

Al = N [6—6 0A, aAl]

9K, 0K,

That is, the growth rate of social marginal abatement costs should exceed the risk-free rate by a
risk-premium ¢,7, where 7, and ¢, are the systematic risk premium and “carbon beta” respectively,

as defined in Lemma 1.

3.2. The market economy

The decentralized economy is populated by three agents: a firm-owning household, a regula-
tory authority and a long-term investment fund. The firm-owning household (henceforth simply
household) is endowed with the (stochastic) economic product and chooses consumption to maxi-
mize (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. Its policies, however, may
be distorted due to political economy considerations leading it to implement a carbon price with
a non-optimal growth rate or because of lacking credibility in the announcement of the emission
budget.

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

these agents in turn.

3.3. Household

The problem of the household is similar to the problem of the social planner. However, the
household only partially anticipates the technology externality (), does not anticipate emissions
decay (0), and is subject to policy instruments: the government issues 7Ty emission permits and
sets an intertemporal trading ration (), a long-term investment fund offers a technology subsidy

(x) and a bonus on long-term abatement project (o).

Carbon pricing
The household is subject to regulation via an emission permit budget 7, specified by the reg-
ulator. To give the regulator control over the growth rate of the carbon price, emission permits

are discounted at an intertemporal trading ratio by the regulator when banked. At# = 1 a banked



permit covers e” emissions (instead of 1) where 1 is the intertemporal trading ratio.! The necessary

abatement at = 1 can be expressed in terms of abatement at # = 0 and the emission permit budget:

Ty =(QoYo — Ko) + e 7(Q1Y1 — K1)

(7
& Ki(Ko) =01Y, +e'(QoYy — Ko — Tp)

Note that the initial emission permit allocation 7\, needs to be adjusted in case of y # 0O for

overall emission to remain in (and exhaust) the budget T according to the following rule.
To=T+711(e77—1) (8)

Technology & investment subsidies

The long-term investment fund can play two roles. It can help internalize the technology exter-
nality by paying a subsidy rate of x on abatement expenditures Ay(Kj).> The long-term investment
fund can also pay a premium of (1 + o) on the benefits of abatement projects at ¢ = 0 that reduce
emissions by Ay beyond a benchmark abatement level, say K, such that K, = Ky +A,. We will see
that the level of the benchmark only affects the total of revenues paid by the fund but is irrelevant
for the incentive set by the policy. We can think of (K, K;) as the household’s abatement choices
in absence of fund policy. In general, an additional abatement project has two components. The
cost component with Ay(Ky) — Ag(K,) representing the additional abatement costs at t = 0, and
the benefit component, where A; (Ko, K;) — A; (Ko, K1(Ky)), represents cost savings relative to the
baseline as additional K, allows to reduce K; while still complying with the carbon budget 7.

The budget equations of the household read

Co = Yo — (1 = K)[A¢(Kp) + Ag(Kop) — Ap(Ko)]
=Yy — (1 = ©A(Kp)

)

Ci =Yy — Ai(Ko, Ky) + (1 + 0)[A1(Ko, K1) — A1(Ko, K1 (Kp))]

_ (10)
=Y, — (1 +0)A (Ko, Ki(Kyp)) + A (Kp, K1)

Households’ optimization problem

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

Untertemporal trading ratios are due to Leiby and Rubin (2001). We assume that the regulator adjusts T in
anticipation of the allocation such that in the end emissions do not exceed the carbon budget T'.

%Like the investment subsidy below, the fund could also pay the technology subsidy for additional projects only.
In this case the cost of the project would become (1 — k)Ao(Ko) + kAo(Kp), i.e. abatement costs would be reduced for
all of Ag by (1 — ) except for abatement up to Kj.



max u(Cy) + e Pu(Cy) (11)
{Ko}

subject to (9), (10) : budget equations
(7) : emission permit budget
and given (T, y) : the regulator’s instruments

(0, k) : the fund’s instruments

In (10), the premium paid by the investment fund, (1 + o), amplifies the reduction in abatement
costs but the term oA (K, K,) corrects for the fact that the subsidy should not apply to benchmark
abatement.

The fund subsidy o could be implemented as a financial contract at time t = O that guarantees
that emission permits from any (certified) additional emission reductions in ¢ = 0 (defined as Ay
above) can be sold to the fund at r = 1 at a markup of (1 + o) above the market price. The fund
would, in turn, resell the emission permits to the market (and hence to the household) at the market
price, which should be A’ (Ko, K;) = 0A, /9K, .}

The first-order condition reads

0A
W' (Co) (1 — k) Ay = ePe’E |u/ (C)) (1 + o) |A] — = (12)
0Ky
If households could not appropriate (or did not anticipate) any of the technology learning g%‘)
then they would act as if —g%‘) = 0. We model partial appropriation by introducing a scaling

parameter i as a measure of the market failure into (12) like this:

0A
u' (Co)(1 —x)A =e’E [u’ Cpe’(l+o0) (A’1 -(1-vy) 6_1(1)] (13)
0
For = 1 technological progress in t = 1 from abatement in ¢ = 0 is a pure externality. That
is, households do not take into consideration the feedback effect of abatement learning. For any
Y < 1, part of the externality is anticipated and thus internalized. For ¢ = O there is no technology

externality. Equation 13 shows how the household prices abatement investment.

3Strictly speaking, the only participants in the permit market of the model economy are the (representative) en-
trepreneur and the fund. The gross abatement cost of the entrepreneur at + = 1 (in the absence of the investment
subsidy o which is only offered for early abatement at # = 0) is A|(K}) and hence the highest price that the fund (as
the only seller in this market) can set.
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We can re-express asset pricing equation (13) using the risk free rate r; = p — log (%)
& o = Bl
0A
(1=K Ay =e"E [ev (1+0) (A1 ~(1-) 6_1(1)]
0 o (14)
+ Cov(u/'(C), " (1 + o) (A — (1 - lﬁ)a—Kl))/u’ (Co)
0
And, with assumption of (log)normality as in Lemma 1
0A
(1 — k) Ay =e TR [ey (1+0) (A’1 -(1-vy) 8_1(1)] (15)
0

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 of (15). When asset return and
marginal utility of consumption are uncorrelated and hence the covariance term in (14) vanish, so
will the risk premium. Intuitively, while the asset return remained uncertain, it would then have
no systematic effect on the marginal utility.

In this asset pricing equation (15), we consider (1 — k) A; the price (or cost) of the asset,
e’(l+o0)- (A’1 -(1-y) g%) the asset benefit, and r4 = r; + ¢n the equilibrium return of the
asset. The asset pricing equation (6) of the social planner has a similar in structure. It differs in
that it takes into consideration the decay rate ¢, while this is not part of the household’s pricing
equation since it is not anticipated by her 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 y. In case there is no technology learning, the intertemporal trading ratio is optimal
when it is equal in absolute terms to the decay rate. When v is greater than optimal, it implies an
underinvestment in the initial period O.

Both policy instruments (k and o) play in essence a similar role in attempting to correct the
distortions arising from the externalities or factors of political economy nature. Yet, the timing
of their implementation is different. « as a technology subsidy is paid upfront and is reduces
abatement costs in period 0. o is a contractual agreed ‘reward’ for investing in abatement in
period O that is received in the next period.

Equation (15) suggests that mispricing of the asset, e.g. from ill-specified intertemporal trading
ratio vy, that distorts the ratio of asset benefit to its cost can be rectified by o or k because both

instruments directly affect the benefit-cost ratio.
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3.4. Regulator and regulatory failures

A number of reasons can lead to inefficient carbon pricing; lobbying from interest groups
(i.e. fossil fuel industrialists), and the government inability to commit to intended policies are
some of the examples. Hence, even if benevolent regulators follow the same objective function
as the one of the social planner and households, they may find themselves unable to implement
efficient carbon pricing policies. Sub-optimal growth rate of the carbon price, as a result of political
economy considerations, can be reflected for example in our model by an inefficient intertemporal
trading ratio y. More concretely, we can think of the case where the regulator relies on integrated
assessment results as summarized in IPCC WG3, 2014). As we know from Gollier (2020), the
resulting growth rates of the carbon price would diverge from the optimum of this model. Another
distortionary mechanism of market equilibrium can result from the external effect of technology
learning introduced via the parameter . Finally, another distortion can result from the lack of
a commitment device for the carbon budget T by the regulator; making the announced emission

permit budget 7T in period O not credible.

4. The investment fund: optimal instruments

Parameters y and ¢ distort the asset pricing equation of the household compared to the social
optimum. The next section derives instruments o~ and « to address the distortions analytically by
comparing these asset pricing conditions. To this end, we equate the asset returns expressions of
household and social planner, the right-hand-sides of equations (5) and (13).

PR [u’(Cl) (3_1[4(1 _ 65%)] ) [u’ (Cy) ((11 t(,j)) (A’1 - (1—-vy) 2_2,)] (16)
1+ oo E[”,(Cl)(All _ eag%)] (17)
= E|w(C)) (4] - (1-y) 2L}

For single policies, i.e. o, or k|,_y, we have
o= e O E[u (@) (41 - ') ~1 (18)
E[w(C)) (A - (1 -y) 24)]
L Elren(i-a-wn ) 19
E[w(C) (4] - 0 2)]
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Applying Lemma 1, we rewrite the asset pricing equation

1 0A
w(CO)Af) = ¢ PR [M/(Cl) 1-';(;- (A/l — (1 - l//) 5_[{(1))] (20)

) (A== )
1=F e_pu( l)ey ( 1 31(0) +0O (21)
w' (Cop) Aj 1 -«
We define A'1” such that
’ aA]
Al'=AT—(1 —y) —
Now we need that g. = g—é — 1 and R, with
ANl + o
R, = ew# (22)
Ayl = k)
to be jointly lognormally distributed.
Then [ ]
E|A7L< )
A e (23)

Here ¢ 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[%AL _ o0 9A1
M = OtrrTen (24)

Ay

With some algebraic manipulation equation (24) is transformed into an analogous form

E e¢n—¢~>n£(1 +0) e | = OHrrten (25)
Ay (1 —x)

We solve for optimal fund instruments by comparing expectations in (24) and (25).

4.1. Fund investment support o
For an optimum o that brings household behavior and planner in line we have the following
based on (17):
12



H_O- = e—(6+y)E [u,(cl) (A; B eég%)] (26)
e R

with some algebraic manipulations*, we get the following equation:

El4]] E [653%]] s e CVC).Z] = Cov 2]

% e <6+y)[
-« E|Ay]  E|A7] E[w(C)IE|A}]

where Z; 1= e~ (% - e‘saﬁ) and Z, := &’ 2ZAY
1 0 —K

Through equation (27), we have an asset price representation emphasizing the role of the policy
instruments (left-hand-side, i.e. o and «). As briefly referred to earlier, we consider three distortion
cases that policy instruments need to address. Namely, the case when the intertemporal trading

A

’ m 7& O’
is not fully anticipated by households; the third case also related to technology spillover is when

ratio y is not the optimal one, i.e. y # —0; the case when technology learning spillover

market participants have different perceptions on how the return of mitigation investment (co-
)varies with consumption. The two instruments o~ and « are perfect substitutes. Both can be equally
used to correct the distortions. We do not necessarily need to use both instrument to remedy the
market distortions; o~ and « work in complementary fashion, i.e. we can use o = /(1 — «) instead
of k, and k = /(1 + o) instead of o.

Alternatively,

1 _ p0941
1+_0— — o~ r+o+(0-9) E [Al € aKO] @8
. ELA] - (1 -9) 2]

Without learning spillover (g% = 0), or if the internalization y balances with the rate of decay
(which is ignored by the household) such that (1 — ¢) = e° then the expression in parentheses

reduces to 1 and with (x = 0), (28) simplifies to

(1+0)= o~ (r+o+(@=dm) (29)

4See Appendix A for more detailed derivations

13



Hence, when there are no differences in risk perception (i.e. ¢ = @), we get the same result as
in (27). Equation (29) shows that in addition to correcting policy failures in the growth rate of
the carbon price, o can correct any deviation in risk premium as perceived by planner (¢) and
household ().

4.2. Fund technology subsidy k

Solving for technology subsidy « in equation (28), we get:

E[A'l—(l—w)gi,;;)]

K= l—e(¢_‘5)"e(7+5)(1 +0)
E[A] - %]

(30)

0Ky

Equation (30) reveals that in the absence of a fund investment support, the technology subsidy
can also be used to address carbon pricing policy failure.

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. We assume that the fund imposes
lump-sum taxes on the economy to generate the means for the required financial incentives. But
the role of the risk premium (carbon beta) remained unclear. In the next section we turn to nu-
merical 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. But first, we discuss

the calibration.

5. Calibration

In most parameters choices, we follow Gollier (2020), which we summarize in Table 1. New

parameters enter 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 /r 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.
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Parameter Descriptions Notations  Values

annual rate of pure preference for the present Jol 0.5%
parameter of relative risk aversion v 3

annual probability of a macroeconomic catastrophe )4 1.7%

mean growth rate of production in a business-as-usual year Hbau 2%
volatility of the growth rate of production in a business-as-usual year T bau 2%

mean growth rate of production in a catastrophic year Hear -35%
volatility of the growth rate of production in a catastrophic year T cat 25%
production in the first period (in GUS$) Yo 315,000
annual rate of natural decay of CO; in the atmosphere 0 0.5%
carbon intensity of production in period O (in GtCO,e/GUS $) Qo 2.10x 1074
carbon intensity of production in period 1 (in GtCO,e/GUS $) 0 1.85x 1074
expected carbon budget (in GtCO;e) ur 40

standard deviation of the carbon budget (in GtCO;e) or 10

slope of the marginal abatement cost functions (in GUS $/GtC 0,¢2) b 1.67

slope of marginal abatement cost with learning (in GUS $/GtC05e?) co 5.04
technology learning rate (in percent) Ir 20.0
marginal cost of abatement in the BAU, first period (in GUS $/GtCOze) ag 23
expected future log marginal abatement cost in BAU o 2.31
standard deviation of future log marginal abatement cost in BAU (o’ 1.21

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

We build on the abatement cost function of Gollier (2020) at 7 =1 (A;(K;) = 6K, + %bKlz). In
line with Guo and Fan (2017), we include the learning dynamics in the non-linear term. Here, past

experience is simply given by first period investment K.
1 2 pr—a
Al(Kl,K()) = 0K, + ECOK] KO

We explore an optimistic scenario with learning rate of /r = 20% at the upper end of the
empirically observed learning rates (Samadi, 2018). The learning rate [r translates to the learning
elasticity parameter as [r = 1 — 2%, For consistency with the original calibration, we adjust ¢y < b

such that A,(K;) = A{(K;, Ky), taking (Kj, K;) from the equilibrium without technology learning.

6. Numerical results

In this section we consider three distortions that rationalize an underinvestment: ill-adjusted
carbon prices set by the regulator, technology learning as an externality to the household and non-
credibility of the emission budget such that households expect issuance of additional emission

permits. For all three distortions, we analyze their impact on asset pricing and risk premium,
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scenario Ko E[Ki] po Elpi]l 71y 1) n ryg+¢n welfare

v=00 31.0 66.0 747 131.0 1.23 0.99 227 348 0.754
v=-45% 170 789 514 152.6 106 0.77 228 2.83 0.807

y=0 35.0 622 815 1206 1.28 1.30 227 422 0.747
y=1 325 645 773 1268 125 1.02 227 3.57 0.750

T =T8" 31.0 66.0 747 131.0 123 0.99 227 348 0.754
T=T1" 153 80.5 485 1553 1.04 0.75 228 276 0.820

Table 2: Overview of distortions. We report the effects of distorting the growth rate of the carbon price via the
intertemporal trading ration vy, the effects of an externality in technology learning (parameter ), and the 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 a no-policy scenario in percent of constant welfare-equivalent consumption levels.

and suggest investment fund policies to overcome the resulting inefficiencies. As above, fund
instruments consists 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 three distortions on
key variables of the model. All distortions delay abatement (note though, that with technology
learning, the efficient reference case (row 3) differs from the reference cases for the other distor-
tions in rows 1 and 5), and hence produce a steeper carbon price path. In the distorted equilibria,
the ‘carbon beta’ ¢ lies below the reference case by a similar amount. As a measure of the distor-
tion when the regulator’s announcement of the carbon budget is non-credible, we show a scenario
where the household invests in anticipation of a higher 7" but has to face the originally announced
low T in the second period. The welfare costs of the distortion are largest for the this scenario
(about 7 basis points) and second largest for distorted carbon price path (5 basis points, row 2).
The effect of the technology externality on ¢ is similar but results in smaller underinvestment, the

associated welfare costs are hence lower.

6.1. Ill-specified carbon price path

Due to various political economy reasons, regulator might impose a sub-optimal carbon price
trajectory on the economy. Therefore, we discuss first the failure of the regulator to specify the
optimal intertemporal trading ratio y = y*. For simplicity, we consider one distortion at a time, i.e.
this section is without technology learning (i.e. [r = 0). Hence, the optimal intertemporal trading
ratio only reflects emissions decay y* = —9.

A central finding in Gollier (2020) is the divergence of the optimal growth rate of the carbon
price derived from asset pricing approach (3.76%) and the carbon price growth rates found in the

literature. As a point of reference, Gollier cites the average growth rate model scenarios in the
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Figure 1: Ill-specified carbon pricing. Panel a shows the actual asset return as a function of K around the equilibrium
(in black) as well as the return demanded by investors (in red). Intersection curves of the same color indicate an
equilibrium — at higher levels of investment, the actual return falls short of the demanded return and vice versa when
Ky is below equilibrium levels. Vertical lines indicate the precise equilibria; as the computation of risk premiums
presumed normal distributions intersections and equilibria may diverge by small measures. Panel b documents the
implementation of the optimal o-policy a variation of y over the range y € [-0.05, 0.0]. On top, we show the carbon
beta in the distorted equilibrium and the equilibrium restored to the social optimum by the optimal fund subsidy o.
On the bottom, we show the optimal instruments (o~ and «).

IPCC database that is consistent with 2 degree warming (7.04%). We translate this into a pol-
icy failure scenario, where a regulator specifies an emission permit system with an intertemporal
trading ratio vy such that the growth rate of the carbon price equals about 7% (y = —0.045).

The ill-specified intertemporal trading ratio y is below the optimal level, thus penalizing future
use of permits more. This reduces the asset benefit of abatement, which arises from saving a permit
for future use and creates the incentive to reduce current abatement K,,.> Figure 1a shows the asset
return based on the cost of investment (marginal abatement costs A;) and its benefit (taking A} and
v into account) consistent with the ill-adjusted carbon price. Unsurprisingly, the return is declining
in K.

Figure 1a also shows the required rate of return (the sum of risk-free rate and risk premium,
ry + ¢n). As the risk-free rate ry and the systematic risk premium 7 barely move (cf. Table 2),
the upward slope is mainly driven by the carbon beta (¢). Round points represent the socially

optimum equilibrium (for y* = - = —0.5%). Square points show the distorted equilibrium for

3If the overall carbon budget was reduced by discounting permits, we would also see an incentive to use permits
earlier. Remember though, that by assumption the regulator corrects for the discounting to implement the intertempo-
ral trading ratio budget neutral (equation (8)).

®More K implies less K;; as A7 (K;) > 0 more K, implies lower benefits at higher costs, in other words a lower
growth rate of the carbon price.
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(y = —4.5%). An intertemporal trading ratio y < y* reduces the benefit of any investment K.
The return curve thus shifts downward. The risk premium is unaffected. The ill-specified y-policy
distorts household abatement choice and the equilibrium allocation but has no fundamental effect
on the risk premium.

Why is y ‘neutral’ with respect to the risk premium? The carbon beta is determined by the co-
variance of marginal abatement costs and consumption growth. The growth rate of carbon prices
changes the timing of marginal abatement costs but also the timing of consumption. Both effects
do not change the co-variance between consumption and abatement investments (as the residual
C, = Y, — A((K,)). Therefore, the intertemporal trading ratio y has no effect on the underlying
relationship of abatement and consumption. This will be different in our later experiments with
technology externality and with diverging emission budget, as both technology learning and re-
laxed emission budget affect the overall costs of the emission budget rather than its allocation over
time.

In the distorted equilibrium, the carbon beta is below the social optimum value. This is because

the carbon beta is declining in K.

Investment fund policies

The fund can use either instrument (o or ) to restore the social optimum as the market equi-
librium. The top of Figure 1b shows the equilibrium carbon beta for a range of distorted equilibria
where we vary y over the interval [—0.05, 0.0] to produce the carbon price growth rates shown on
the x-axis. Below, we report the necessary instruments, either o or «, to restore the economy to
the efficient equilibrium.

To understand the numerical difference of the two instruments, recall that for an equivalent
effect from either o or k we need (1 + o) = (1 —«)™!, or o = k/(1 — ). To have the same effect of

a k close to 100%, the regulator would need to use an infinitely large o.

6.2. Technology externality

The technology externality ¢ is a measure of how much technological learning (learning by
doing) at a fixed learning rate (Ir) is internalized by the household. The asset pricing equation of
the household (15) reads

0A
(1 - A, =" "PEle’ (1 +0)[A] - (1 -y) —L 3D
0Ky
In analogy to Figure 1 for the ill-specified carbon price path, Figure 2 shows asset return and
the required rate of return by investors for the economy extended by technological learning. Notice
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Figure 2: Technology externality. Panel a shows the actual asset return as a function of K around the equilibrium
(in black) as well as the return demanded by investors (in red). Intersection curves of the same color indicate an
equilibrium (cf. Figure 1). Panel b documents the implementation of the optimal o-policy a variation of y over the
range ¥y € [-0.05,0.0]. On top, we show the carbon beta in the distorted equilibrium and the equilibrium restored to
the social optimum by the optimal fund subsidy o. On the bottom, we show the optimal instruments (o and «).

that the optimum K is higher with learning (K, ~ 34.5 instead of K, ~ 30.5), even though we
calibrate the abatement cost function such that the social optimum of Section 6.1 still has the same
marginal costs. With technological learning the optimal K| is higher because the learning triggered
by K raises the return. The asset return curve of the undistorted equilibrium (for ¢ = 0, round
bullet in Figure 2a) has thus shifted upwards (compared to Figure 1).

When technology learning is an externality (y = 1, square points in Figure 2a), this reduces
the asset return. Ceteris paribus, this shifts the equilibrium to the left. That is, the household will
underinvest in K. But (¢ = 1) has a second effect: it reduces the risk premium. The carbon beta
captures how the asset return covaries with consumption C; (cf. Gollier, 2020, Fig. 3), linked by
abatement costs A in the household’s budget equation (C; = Y; — A1(Ky, K;)). With technology
learning, A; depends on K,. When this is ignored by households, this translates to their estimate
of the carbon beta and hence the risk premium.

Technology learning reduces abatement costs, hence reducing the expected return on invest-
ment. This increases investment risk because it reduces the chance that future economic output
Y, is high enough (and emissions likewise) to drive up marginal abatement costs to levels such
that the investment become profitable. The carbon beta in the undistorted equilibrium is therefore
higher in the presence of technology learning ceteris paribus.

The technology externality is caused by the households’ ignorance of technological learning,

hence its effect on the carbon beta is opposite: the larger the extent to which technology learning is
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external (larger ), the lower the carbon beta from the perspective of the household. The reduced
carbon beta and hence lower required rate of return would raise investment. The implications of
on actual asset return effect 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 K.

Investment fund subsidies

Again the investment fund can use either instrument to restore the efficient equilibrium (cf.
Figure 2b). Additional numbers are shown in the appendix in Table B.5, which reports the financial
variables for variations of the externality parameter ¢ and both policy instruments o~ and «.

Both « and o ultimately increase the rate of return r,. But the x-policy works by reducing the

asset price I, (net costs) while the o-policy works by increasing asset benefit B;.”

Climate policy uphill battle

With this endogenous change of the carbon beta climate policy becomes an uphill battle. As
successful climate policy produces more abatement, in our case via the investment premium o of
the fund, resulting in a higher (carbon) beta of abatement and thus the risk premium demanded for
subsequent investment in abatement projects. Figure 3 illustrates the effect for the distorted carbon
price of Section 6.1. The investment subsidy o increases investment in the first period but with
decreasing marginal effectiveness as it increases the carbon beta with higher abatement levels. The
asset return is reduced more strongly when consumption is low and thus the co-variance of asset
return and consumption 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. Risk in terms of co-variance
instead of variance is one of the most important insights of financial economics to the design
of policy instruments: The more policy makers want to push green abatement technologies the
higher the risk premium demanded by investors. The social discount rate and the carbon price
trajectory has to be adjusted accordingly, otherwise the risk an of overinvestment in green assets

is increasing.

6.3. Policy failure: non-credible climate policy
In this section we explore scenarios where the regulator is unable to commit to the low emission

budget Ty = T4 announced at t = 0. A regulator that is not bound to carry out the announced

"The asset price (benefit) moves in the same direction when the asset benefit (price) is affected by o («) but it both
cases this effect is smaller such that in total, the rate of return r4 increases.
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Figure 3: Fund subsidy. Effect on capital accumulation

climate policy may reconsider the emission permit budget at # = 1 and opt for a more lenient policy
by issuing additional emission permits. The regulator may me prompted to reconsider the original
policy if the investor does not invest as expected when announcing the policy and as would have
been optimal. Gersbach and Glazer (1999) argue that investors may trigger the reconsideration by
the regulator by strategically choosing not to invest. Below, we will suggest a discrete game of
regulator and investor that creates a similar incentive problem. When we use the numerical model
to compute the payoff structure for plausible assumptions, we find that it is indeed rational for the
investor to hold up on investment.

Figure 4a visualizes the impact of shifting from a stringent budget of 7" = 40 GtCO2e to a
lenient budget of 77" = 80 GtCO2e. The rate of return is substantially lower for the inflated bud-
get, which reflects the deteriorated carbon price for this budget. The risk premium is considerably
higher for the larger budget driven by a more than two-fold increase of the carbon beta, reflecting
the lower chance of an abatement investment paying off at this large budget. When the household
expects a larger emission budget, then the asset return is lower because — ceteris paribus — the
carbon price in t = 1 will be lower. This implies underinvestment in K. But the investor will also
demand a higher risk premium. The two effects work in the same direction thus amplifying the

underinvestment.

Non-credible regulator
To introduce the commitment problem into the model, we consider the case where the reg-
ulator and household consider two discrete possibilities for the ultimate emission budget: when

the regulator remains steadfast, no further emissions are issued and the ultimate budget will be

21



Household

0.15 ‘ ‘ ‘ ‘ ‘ ‘ TE=T 9V T=T hh
ov,gov ov,hh
0.1 1 T[g T[g
T=T%"
5 ov,gov ov,hh
7 e i
§ 0.05 1
= —© Government
o—6—9 e
hh,gov hh,hh
or Tt Tt
“©-1A Tlow T=Thh
1A Thigh ~g
“©-benefit Tlow hh,gov hh,hh
- benefit Thigh m -¥ L
-0.05 A | . . . .
5 10 15 20 25 30 35 40
K
a 0 b

Figure 4: Commitment failure. Panel a shows the actual asset return as a function of K around the equilibrium
(in black) as well as the return demanded by investors (in red). Intersection curves of the same color indicate an
equilibrium (cf. Figure 1).

equal to the announced budget. Else a regulator who topples in their resolve will issue additional
emission permits ultimately imposing a high emission budget of T, = T"" with T""* < T#°".

When the regulator is able to commit to the emission budget 7,y = T4°” at t = 0, the expectation
of the household regarding the emission budget at # = 1 will be in line with the announcement, i.e.
T¢ = T%. When the announcement is non-credible, the household will expect T¢ = T"".

This setup gives rise to a simple two-stage game where the household can take the investment
decision K either based on T¢ € {T¢", T""} at t = 0, whereupon the regulator faces the decision
at t = 1 to stick with the announced emissions budget T = T¢°” or issue more permits to a total of
T = T". Figure 4b presents the payoffs in a 2 X 2 matrix, 7/ is the payoff of the household when
expecting j while the regulator implements i. For a given choice of the regulator, the household
will always prefer to act in accordance with it, i.e. 788" > 78" and m,,, > 79", as this
allows an efficient and hence welfare maximizing abatement choice (Kj, K;). We indicate this

hh,hh

preference by arrows in Figure 4b. Our modeling assumptions also imply that 7 maximizes

hichh . 780v8ov because the smaller budget implies higher

household welfare and in particular m
abatement costs — and we did not include the benefits of avoided climate impacts in the model.
For the regulator, we assume a benevolent objective function, such that the regulator, too, max-
imizes household payoff 7'/. The regulator, though, incurs cost of failing to meet the announced
emission budget, which we capture in a penalty term Y. The penalty may include the anticipated
climate change damages to the economy, loss of reputation and cost of non-compliance with in-

ternational climate treaties (cf. Kalkuhl et al., 2020, for a similar approach). Obviously the level
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Figure 5: Payoff structure for the commitment game. Gray arrows indicate preferences, gray boxes indicate Nash
equilibria without interference by the investment fund (panel a) and with o policy by the fund (panel b).

of W will be decisive for the preference of regulator. It is plausible to set ¥ > gt — gsovgov
making the penalty severe enough to give the regulator a preference for the low budget 74°” given
that the household goes along and also expects 74" — or else regulator and household would
agree that (T"", T"") was optimal. For excessively high penalties ¥ > n/h — gsovhh T — Tsov
becomes a dominant strategy for the regulator. The household would anticipate this and hence
T4°. We therefore select P € (nhh — qgovsov ghhhh _ ggovhiry

Figure 5a shows the payoff matrix constant equivalent consumption levels of the household

expect T¢ =

welfare, we normalize 78°"8°” to zero (from US$ 344 314) to ease comparison. The payoff structure
supports two outcomes as Nash equilibria when regulator and household decide simultaneously,
(T35, T8¢°") and (T"", T"). In such a Chicken Game, where either one of the two equilibria 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 K, at = 0) and can therefore select
(T, Ty,

Intuitively, by delaying investment as if the household knew that the regulator will issue more
permits up to 7" at t = 1, the household creates a situation where the inefficiency of rushing
enough abatement last minute for 74°" at t = 1 is so costly that at this point the regulator prefers

to revise the policy and to issue additional permits.
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Commitment by investment fund subsidies

The investment fund can support the regulator by subsidizing investment in abatement at ¢ = 0
to raise investment K. As Kj gets close to its optimal level for a low emission budget 75", the
inefficiency of imposing 7% even on a household that expected 7" shrinks. Any o > 0 thus
reduces the incentive for the regulator to revise the announced policy of T = T4 3

Ideally, the fund subsidizes K, up to its optimal level for the 74°" budget. In this case,
(T4, T"™)is identical to (T¢°", T¢°"), and becomes a Nash equilibrium instead of formerly (T, T"").
This game-theoretic setting provides compelling insights into the sequencing of climate policy:
The investment fund can pave the path for carbon pricing in latter periods, when subsidies are
used to increase abatement in earlier periods. The risk premium can then be reduced to is socially
optimal level. The intertemporal allocation of investment is not distorted. Additionally, due to
investment funds strategy, the social optimum is a Nash equilibrium. It should also be noted that
carbon pricing remains an essential part of the policy package, otherwise welfare costs will be
increased and the budget constraint will be violated.

Table 3 presents additional numbers from the numerical simulations. Row 1 is the reference
case with credible commitment, or (74", T5°"). Rows 2-5 are (T"", T"") and (T¢°*, T""), without
and with optimal fund interventions, respectively. Rows 6-7 show analogous results for « instead
of o. To compute rows 3, 5 and 7 we ran the model for T = T"" to compute the first stage decision
of Ky. Then, taking K, as given we ran the model for the second stage of K; for T = T¢". The
investment decision in these row was taken with the expectation of a rate of return E[r,] reported
in the row above, and therefore we omit values that related to the investment decision.

Rows 1 and 2 mirror the equilibria in Figure 4a for low and high T, respectively. As discussed
above, moving to a larger emission budget lowers the asset return while increasing the risk pre-
mium, and investment in equilibrium K; is reduced for both of these reasons. 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 price level at less than half of its row 1 value (cf. py, E[p;]). The carbon
beta and the risk premium more than double for the higher budget.

In the policy scenario (row 4) the investment subsidy o is chosen such that K, (and hence
Po) match the reference case. Notice that the investment benefit B, 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 ¢ = 1.

The risk premium remains high because the fund subsidy is a bonus paid in proportion to the

8This is exacerbated by the increasing inefficiency of the (7", T""*) outcome: as o increases, the choice of K will
be inefficiently high.
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asset return. The effect of the instrument is therefore on returns but not on risk, and any uncertainty
about the asset return translates into an uncertainty about the corresponding subsidy payments.

The two cost metrics AW and AA| in the last columns measure gains in welfare (in percent bal-
anced growth equivalents) and abatement costs (percent), respectively, relative to planner solution
with the same carbon budget. Abatement costs are substantially higher in ¢ = 1 if the household
expected additional emission permits but the regulator does not supply any (row 3). The subse-
quent 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 dis-
torts the economy unnecessarily because the fund policy is undercut by the regulator revising the
budget. But 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 (k) instead of the investment
subsidy (o). The result is almost identical. We highlight two differences:

e The technology subsidy reduces investment costs rather than boosting their benefit, which

is reflected in much lower [ and B,. The resulting r, = log(B, /1) is the same.

e Technology subsidy and investment subsidy differ in the time period when they are paid
out. This lends an advantage to the technology subsidy which therefore has no commitment
problem by definition. The investment subsidy is paid on returns that accrue at t = 1,
whether this instrument is time-consistent therefore depends on the credibility of the funds

commitment.

Arguably, the financial contract made out at + = 0 that guarantees the investment subsidy o
to the household at + = 1 is much harder to revert than it is to revise climate policy. Renegoti-
ating the contract would in essence expropriate the household from the contractual benefits, and
constitutional states often impose high barriers to protect their citizens from state arbitrariness.
Nevertheless, it remains an advantage of the technology subsidy that such considerations are not
necessary at all.

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. All else the same, the sub-
optimal growth rate of the carbon price for a given carbon budget (row 1) does not change the risk
premium (carbon beta), although in the distorted equilibrium the risks premium is lower (columns
3 and 4). In contrast, the technology externality reduces the risk premium while non-credibility of
the emission budget raises the risk premium, all else the same (row 2).
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asset return risk premium

ceterls . uilibrium ™™ equilibrium

paribus q aribus 4
ill-addjusted carbon price (y) o © ©) S
technology externality (¢/) © © e o
non-credibility (7°5°") e @ @ @

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

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 the damage on
productive assets indirectly: these risks are not modeled explicitly but are reflected by the budget
in as much 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 provide several crucial in-
sights.

First, investments that pays off in a 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
co-variance, 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
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
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pricing. Carbon prices which reflect a lack of commitment exhibit a huge potential for increasing
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
associated social costs of carbon or carbon price trajectories which are consistent with the carbon
budget. The avenue which we have taken in this paper intends to connect the second-best analysis
with this financial economics 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 ill-adjusted 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
remained stylized in many aspects with room for improvements and extensions. Not all of the
distortions 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, ex-
tensions 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.

The pioneering work of Nordhaus and of the IAMs have studied the interaction between cli-
mate change and the economy in deterministic setting. The design of first-best and second-best
policy instruments have been carried out in a static and deterministic setting. The assessment of
climate policy can benefit enormously when climate economics meets financial economics. The
large uncertainties that are ubiquitous in the assessment of climate policy will enter investor deci-
sions as substantial risk premiums. Getting a better understanding of level and the structure of risk
premiums will help avoid the mis-allocation of scarce resources. That is what an important part of

climate economics is all about.
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Appendix A. Proof of Lemma 1

Lemma 1. Consider a representative agent with time-additive expected utility, with a subjec-
tive discount rate p and a constant relative risk aversion vy, in a discrete-time setting with a risk-

free asset traded each period. Assuming the relative growth rate of consumption g5 = c;/co — 1

—0T A/
and gross return R, = < A,AT = ¢ "R? 10 be jointly lognormally distributed, then
0

1 1 1 .
~In(E[R}|) =6+ =InR' + —é0-p-Corr [me,m C—] ollnR*]
T T T Co
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and in beta-form

1 Al
—ln(E[—f]) =5+ +¢n
A

T

or
1

E [A_/T]T = O+l +en
with

_ Cov|[r&]
- Var[g]
1 ~c
n=—yVar(g]
T

and 1!, r,, and g¢ represent respectively In R/, InR., and In z—;

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

’ =3
u/ (co) _ (ﬁ) = exp {—fln(ﬁ)} ,
u (cp) Co Co

which is lognormally distributed, In (f—o) ~N (g, O'zc)
’ 1
o ()] _ E[exp{—£1n i 1y exp{ —£g + &0,
w (co) Co 27 8

o [u (c;) Ju' (co)] Vet ri _ 1 ~ éor
1 oo

E[w (c;) /u (co)

The price of a risky asset can be expressed as’:

and

Pi,‘r =K [mTBi,T]

(Appendix A.1)

(Appendix A.2)

with B; ;representing the payoff of the risky asset and m, the stochastic discount factor (also known

as the state-price deflator) which is defined as m, = Su’ (¢;) /u’ (cy) with 8 the discount factor

E [mTB,-,T] =K [mT] E [B,"T] + Cov [B,"T, mT]

P;. = E[m]E|[B;.] + Cov|B;.,m;]

9See Cochrane (2001) for more general asset pricing models
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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,
I=E [mT] E [Ri,T] + Cov [Ri,Ta mT]

1 1

B = B ]~ Bimad

Cov [R; ., m;]

CoV [Rir, u' (cp) [u' (co)]
E[w (c;) /u’ (co)l

E[R..] = R/ -

;oL (e [ ()]
OB (e /u ()]

[Ri] Corr[R;r,u (c;) [u (co)]

Hence,

E[R;] = R - £040 [Riz] Corr [Rizu' (c7) /i’ (co)]
[
Instead of using marginal rate of substitution, the relation between expected returns and rel-

ative consumption growth can be approximated via g = Z—O — 1. This is obtained by applying a

first-order Taylor approximation of u’(c;) around cy.

u'(cr) N u'(co) + u” (co)(cr — co)
u'(cop) u'(co)

where &(cg) = —cou’”’(c)/u'(cp) is the relative risk aversion of the individual evaluated at time 0

=1- ‘f(cO)g‘r

consumption level, and g = ¢;/cy — 1 is the relative growth rate of consumption over the period.
Replacing the above equation, we get
E[R.] - R/ = &(cy)Cov [R-, g¢] (Appendix A.3)

Assuming a time-additive utility with constant relative risk aversion parameter and the consump-

tion growth to be lognormally distributed

In(1 + g°) = In (C—) ~ N, 0?) (Appendix A.4)
Co
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then

-<
E[R.] - R/ = o[R,] Vet — 1Corr [R,,(ﬁ) l (Appendix A.5)
Co
E[R,] - R ~ 0o [R,1Corr [R,, ﬁ] (Appendix A.6)
Co

One can make a stronger assumption, and assume that both gross rate of return R; of the asset and

the consumption growth g¢ are jointly lognormally distributed. In that case,

1 . )
E[ln(R,)] - InR’ + EVar[ln R.] = &0y Corr [ln R, In C—] o[InR,] (Appendix A.7)
Co
equivalently,
In(E[R,]) - InR = écpeCorr [m R.,In ﬁ] o[InR.] (Appendix A.8)
Co

Following Gollier, Py is equivalent to Aj and B, = ¢™°"A/, and S the discount factor can be ex-

pressed as 8 = e 7. Hence,

B. A _
R, = Py = eA—éT = e °R? (Appendix A.9)

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

E I —_ I R + — V = é‘: c ry n Ts n— n T
n ; n ar | in ; O-g o R (o8 R

€_6TA; Cr
nlE : =InR' + 0 Corr|InR,,In = | o [In (R,)]
AO Co

AL 1 Ce
-0t +In(E [14_6]) =1In (e‘PTE [ () /i (Co)]) + &0y Corr [ln R In C_o] o [ln (Rf)]

In (E i—é]) =0T +pr—1In (]E [Z: EZ;]) + o geCorr [ln R%,In Z—;] o [ln (Rf)]

o(e ) <50 p- Din(e] €)1 P
?IH(E[A{)D =6+p-—In (JE[W (CO)])+T§O'gcC0rr [lnRT,ln Co]a[ln (RY)]

g rf
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It can be expressed in “beta-form”

g=6+r"+¢n (Appendix A.10)
with,
ey Covlr, g
¢[r‘l"g7'] - Var [g;]
1 ~c
n= —fVar [gr]
T
Note:

A random variable X has log-normal distribution, if the random variable ¥ = In X is normally
distributed. Let u be the mean of ¥ and o be the variance of Y so that Y = In X ~ N(u, o).
For Y ~ N(u,0?) and £ € R we have

E, [e‘fY] = exp {—fu + %620_2}

var, [e_fy] = (IE, [e_fy])z [e‘fz‘f2 - 1]

Deriving expressions for optimal instruments

0A 0A
s [u’(C1) (8_1{1 - e6(9_l((1))] =e"E [u’(Cl)

1+ ,
O'Aln
1 -«

———

Lo _s(0A OA , l+0 .,
E[u (C))e 6(6—1{1 —eéa—K(l))l = E[u (Cie’~ _KAll

; . 0 (AL _ 6041 .— py1toA'n
With Z; :=e (BK] e aKo)andZZ = e’ A" we have

E [u/(Cl)Zl] =E [M/(Cl)Zz]
E [M/(Cl)] E [Z1] + Cov [M/(Cl), Zl] =K [M/(Cl)] E [Z,] + Cov [M’(Cl), Zz]

E(Z]=E[Z]+E[« (C)] " (Cov v (Cy),Z] - Cov[u' (Cy),Z])
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Appendix B. Additional numerical results

(a) Externality (for ¥ = 1 learning is fully external)
¥ Iy B, ra Ty ¢ n ¢ re+én

0.000 83.32 146.70 3.77 1.28 1.10 2.30148 2.54 3.81
0.250 82.00 14256 3.69 1.27 1.08 230111 250 3.76
0.500 80.56 138.00 3.59 1.26 1.07 230072 2.45 3.71
0.750 7895 13294 347 1.25 1.05 230031 241 3.65
1.000 77.10 127.26 334 123 1.03 2.29987 236 3.59

(b) Technology subsidy
K Iy B, ra Iy ¢ n ¢n  rp+on

0.000 77.17 127.12 3.33 1.22 1.02 230000 236 3.57
0.100 72.88 121.42 3.40 1.24 1.07 230079 246 3.70
0.111 7239 120.79 3.41 1.25 1.08 2.30089 247 3.72
0.200 6825 11532 3.50 1.27 1.13 230188 2.59  3.87
0.300 63.30 108.61 3.60 1.31 1.20 230341 2.77 4.07
0.400 5790 101.20 3.72 1.35 1.30 2.30552 2.99 434
0.500 5197 9282 3.87 140 142 230849 3.29 4.69

(c) Investment subsidy
o I B, ra T ¢ n ¢ ry+on

0.000 77.17 127.12 3.33 1.22 1.02 230000 236 3.57
0.125 81.41 13585 3.41 1.25 1.08 230089 247 3.72
0.200 83.80 140.89 3.46 1.26 1.11 230147 255 3.81
0.400 89.62 153,50 3.59 1.30 1.19 230315 274 4.04
0.600 94.86 165.04 3.69 1.34 1.27 230492 293 4.26
0.800 99.60 175.73 3.79 1.37 1.35 230671 3.11 4.48

Table B.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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