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Abstract

Standard evaluations of public policies involve discounting the flow of expected net
benefits at a risk free discount rate. Consequently, they systematically ignore the insur-
ance benefits of policies that hedge the aggregate risk, and the social cost of projects
that raise the aggregate risk. Normative asset pricing theory recommends adjusting the
discount rate to the project’s risk, but few countries have attempted to implement this
complex solution. We explore an equivalent approach based on the property that the
value of a project under uncertainty equals the expected value of its state-contingent
NPV, using the relevant state-contingent risk-free discount rate. Under this "stress dis-
counting" approach, projects are evaluated under two polar risk-free economic scenarios,
one business-as-usual scenario, and one low-probability catastrophic scenario, in the spirit
of the now well-established banking regulation. Ramsey discounting should be performed
in each scenario to estimate the corresponding scenario-contingent NPV, which is a simple
and intuitive task. This approach automatically values the insurance benefits of projects
whose net benefits are negatively correlated with economic growth. We extend this ap-
proach to value carbon mitigation projects, combining the two economic scenarios with
two polar climatic scenario. We hope that this simpler and more intuitive method will
induce more countries to better integrate the key value of risk when shaping optimal
public policies, in particular those with long-lasting consequences.
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Perfection is achieved, not when there is nothing more to add, but when there is
nothing left to take away. Antoine de Saint-Exupéry

1 Introduction
Under the standard practice, a project is deemed socially desirable if the discounted value of
its flow of expected net social benefits is positive, using a unique public discount rate. For
example, the official discount rate is 3.5% in the U.K. (Treasury, 2020). But this procedure
ignores the social cost of projects that increase the macroeconomic risk, and the social benefit
of projects that reduce it. In other words, it ignores risk and risk aversion. Compare for
example an investment in a railways infrastructure (which arguably is most useful in a growing
economy) to another investment in a mass vaccination infrastructure (which arguably is most
useful during a pandemic that kills the economy). The standard public valuation practice
values both projects equally if their expected net benefits are the same. However, risk aversion
necessarily implies that a marginal reallocation of capital from railways to mass vaccination
infrastructures would reduce the aggregate risk at no cost, thereby increasing welfare.1

Modern asset pricing theory such as the consumption-based CAPM (CCAPM), inter-
preted in a normative way, strongly recommends solving this problem by adjusting the dis-
count rate to the risk profile of each project, and potentially of each of its specific benefit
(Bodie and Merton, 2000; Brealey et al., 2017). Under the CCAPM and its extensions, the
sufficient statistic of the risk profile is the CCAPM, which is the income-elasticity of the
benefit under consideration. In the case of a railway infrastructure for example, this pro-
cedure would require to estimate the beta of the demand for transportation, but also the
social cost of carbon and of air pollution, or the value of time lost and lives saved. But this
perfect solution has failed. The complexity of this procedure is likely to explain its low level
of adoption in the public sector around the world.

In this paper, we propose a simpler and more intuitive solution based on the fundamental
asset pricing principle (Lucas, 1978):2 Any state-dependent benefit Bt = Bts |s∈S material-
izing at date t has a Present Value at date 0 equaling

PV = E[e−rttBt], (1)

where rt = rts |s∈S is the stochastic discount rate associated to maturity t and E is the
expectation operator with respect to the states of nature s ∈ S. The state-dependent discount
rate rts is the rate at which benefits in t should be discounted conditional to state s, i.e.,
under certainty. The Ramsey rule can be used to determine it. Project analysts just need to
perform a sequence of NPV estimations under certainty. This approach is much simpler than
the CCAPM approach because it just requires to use the Ramsey discount rate contingent to
each state considered, thereby eliminating the complexity of risk-adjusting the discount rate
together with the task to estimate the betas. This alternative approach is also more intuitive
because the Ramsey rule is by now well understood. Moreover, measuring the value creation
of an asset through the expectation of its contingent NPV should also be easily understood

1This is only partly accounted for in the U.K. where the public discount rate for health projects is reduced
to 1.5% (Treasury, 2020).

2This principle is a direct consequence of the double additivity of the Discounted Expected Utility model,
with respect to the states and to time. It does not hold under recursive preferences.
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by practitioners. Finally, this approach does not give up anything to the basic principles
of asset pricing. In fact, the CCAPM is a special case of the Stochastic Discount Factor
(SDF) approach when assuming a geometric Brownian motion to consumption growth. More
generally, the fact that the contingent discount rate is smaller in bad states of nature, i.e.,
in low-consumption states, provides the right instrument to deliver a premium to assets that
yield more benefits in those states. Finally, our approach provides information about the
circumstances in which the project is most valuable, as it measures the conditional PV of the
project in each state of nature. This may be useful for the transparency of the decision-making
and the public debate.

The complexity of this alternative approach depends upon the number of states of nature
(or macroeconomic contingencies) that evaluators will have to consider. To choose the number
of scenarios to consider and their characteristics, let us start by recalling that the CCAPM
fails to predict interest rates and risk premia in financial markets (Mehra and Prescott,
1985; Weil, 1989). In short, this means that the gaussian volatility of the growth rate of
consumption is too small to explain why the interest rate has been so low in the XXth
century, and why the aggregate risk premium has been so larger. Rietz (1988) and Barro
(2006, 2009) and Weitzman (2007) showed that this failure of the CCAPM can be solved by
recognizing that the lower tail of the distribution of economic growth is fatter than assumed
in the standard CCAPM. In Barro’s work, the equilibrium risk-free rates and risk premia
are mainly determined by the probability of a macroeconomic catastrophe, and the gaussian
volatility plays only a marginal role on these matters. In this paper, we push this idea to
this logical end by proposing to perform the expected NPV valuation with only two states.
In the Business-As-Usual (BAU) scenario, consumption grows at a constant positive rate
that reflects the likely economic prosperity. But in the low-probability catastrophic scenario,
consumption drops immediately by an amount similar to what is suggested by Barro, and
then gradually recovers at a growth rate smaller than in the BAU scenario. Calculating the
contingent discount rates from the Ramsey rule in this two scenarios is then trivial. The
aggregate risk in this model has thus 4 easy-to-understand parameters: the probability of
catastrophe, the drop in consumption in that state, and the constant growth rates in the two
states. The calibration of these parameters should closely fit the observed asset prices in the
economy.

Other sources of risk can easily be added into this framework. To illustrate, in the
context of climate change, the debate on the Social Cost of Carbon has explored the role of
uncertainty mostly from the point of view of an uncertain climate sensitivity (Dietz et al.,
2018; Daniel et al., 2019). Conditional to each macroeconomic scenario, a specific emission
path can be considered together with an uncertain climate sensitivity to calibrate climate
damages. We show that it is appropriate in that case to consider 2 types of shocks (economic
and climatic), and therefore four distinct scenarios, to correctly evaluate cliate mitigation
projects. Our objective here is to illustrate the method and to prove its efficiency. We
check that the method gives satisfactory results by benchmarking it with more elaborate
approaches. This is what we do in section 3 and 4 of this document, before applying these
methods to real-based cases.

Thus, in this article, we start from the failure of national governments and key public
institutions (World Bank, European Investment Bank,...) to adopt an efficient approach to
discounting. There are various reasons why economists failed to improve the public discount-
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ing systems in the western world. The obvious argument is that using a single discount rate
makes life much easier for the evaluators who are well accustomed with this practice, as es-
timating CCAPM betas may be technically difficult (Cherbonnier and Gollier (2020)). The
second argument is that there is much at stake for many lobbies, in particular in those sec-
tors with large betas. They are the losers of risk-adjusting the standard discounting system.
There is a clear agency problem associated to the existence of various asymmetric informa-
tion problems in this context. More flexibility in choosing project-specific discount rates may
favor strong lobbies equipped with a good understanding of how to estimate CCAPM betas.
Third, many public economists working in the sphere of public policy evaluations are not
experts in asset pricing theory. At the same time, most asset pricing experts in academia
continue to ignore public sector finance. Finally, adjusting discount rates to risk is a common
practice in financial markets, but is often considered as highly inefficient by public servants
in charge of implementing cost-benefit analyses in the public sector. They may be right, in
the sense that the risk-adjustments used by private institutions and their stakeholders are
inefficient. But this does not help. It is important to disentangle the normative nature of
modern asset pricing theory, which provides a strong argument for the risk adjustment, from
how market participants do apply it in practice.

Fifty years of developments in asset pricing theory has clearly demonstrated the key role
of covariance with aggregate consumption when measuring the welfare impact of an asset.
These developments justifying adjusting the discount rate to the risk profile of the projects
had a very limited impact on the public practice of discounting. We are aware of only three
countries which have attempted to adapt their evaluation practices in that direction. In
2020, the Dutch government (Rijksoverheid (2020)) has implemented a discounting system
that contains three risk-adjusted discount rates. The Norwegian government had also adopted
in 1997 a discounting system with three discount rates allocated to three risk classes defined
by the projects’ contribution to the aggregate uncertainty, but this system has been aban-
doned in 2012 as choosing the suitable risk class for a project was deemed too arbitrary3 Since
then, Norway uses a single discount rate of 4%. Finally, France has introduced a CCAPM
rule since 2013 with a risk-free discount rate of rf =2.5% and an aggregate risk premium of
Π=2% (Quinet (2013)). Evaluators must estimate the beta of their project to determine the
rate rf + βΠ at which the expected net benefit must be discounted. The experience shows
that very few evaluators have tried to estimate the beta of their projects, even for those
costing tens of billion euros in public funds. They rather used a default beta of one, yielding
an implicit single discount rate of 4.5%. In Gollier (2021), the welfare cost of ignoring the
risk-adjustment in the discount rate has been estimated to be large, equivalent to 15% of
permanent consumption at least. It is time to propose an operational method of discounting
that has two properties: (1) approximate the efficient solution in a robust way, and (2) have
a better chance to be adopted by the public sector, i.e., be simple, transparent and intuitive.

The paper is organized as follows. We recall in section 2 the principles of the SDF approach
for public investment valuation. The basic stress discounting method with two scenarios is

3See Hagen et al. (2012) page 77: "Experience from previous practice with several risk classes suggests that
many project analysts have been uncertain about the technical criteria for choosing the risk class, and that
such choices may therefore at times seem somewhat arbitrary. These circumstances suggest that it may be
preferable to recommend simple and transparent rules that capture the most important aspects of the matter,
without being too complex to understand or to apply."
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explained, calibrated and illustrated in section 3. This latter section also provides some
benchmarking exercises by comparing the results and implications of this method with those
of the cutting-edge analytical methods (that depart from the classical Gaussian CCAPM in
order to explain the asset pricing puzzles). In section 4, we expand the approach to allow
for four scenarios, which is especially relevant for projects with a climate dimension. As an
illustration, we estimate the discounted social cost of carbon, i.e. the discounted expected
value of avoided damage when emitting one ton of CO2 less at a given horizon. Benchmarking
exercises are then provided using a numerical approach based on the DICE model. Section 5
presents an application on a French nuclear waste project.

2 Two equivalent valuation methods
In this section, we first summarize the SDF approach to asset pricing. We then recall the
methodology of the standard approach to value public investment and policies, stressing its
operational complexities.

2.1 Expected and contingent present values

There is a representative agent in the economy whose discrete flow of consumption is given by
the stochastic process (C0, C1, ..., Ct, ...). This agent extracts utility u(Ct) from consuming
Ct at date t. Social welfare at date 0 is measured by the discounted sum of temporal expected
utility, using a rate of pure preference for the present δ. Let’s consider an investment project
that generates a flow of net benefits (B0, B1, ..., Bt, ...) that are potentially correlated to
consumption.4

The Present Value (PV) of the project is defined as the sure monetary benefit received
today that has the same impact on social welfare as a marginal investment in that project.
In other words, PV equals

PV = 1
u′(C0)

∂

∂ε

∣∣∣∣
ε=0

+∞∑
t=0

e−δtEu(Ct + εBt). (2)

By definition, it is socially desirable to invest in the project if and only if PV is positive. This
condition can be rewritten as follows:

PV = E

[+∞∑
t=0

bt(Ct)e−rt(Ct)t
]

, (3)

where bt(Ct) is the expected benefit at date t conditional to Ct, and where the state-contingent
discount rate rt(Ct) is defined as

rt(Ct) = δ − 1
t

log
(

u′(Ct)
u′(C0)

)
. (4)

This means that the value creation of an investment project is the expectation of the contin-
gent present values ∑

bt exp(−rtt), using a stochastic discount factor exp(−rtt). We hereafter
4As is well-known, risks that are not correlated to aggregate consumption should not be priced. Therefore,

Bt should be interpreted as the expected net benefit at date t conditional to Ct.
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assume that the utility function u exhibits constant relative risk aversion γ. Let gt denote
the annualized growth rate of consumption:

gt(Ct) = 1
t

log
(

Ct

C0

)
(5)

Combining this definition with equation (4) yields the Ramsey rule:

rt = δ + γgt(Ct). (6)

The pair of equations (3) and (6) fully describes an evaluation procedure in which the
project analyst must perform three different tasks:

1. Characterize the flow of net expected benefits (b0, b1, ...) conditional to each growth
scenario;

2. Compute the contingent PV of this flow in each scenario, using the associated discount
rate;

3. Compute the expectation of the contingent PVs to obtain the PV of the project.

Each of these tasks is intuitive and simple. The complexity of the procedure may emerge
however if the number of scenarios to consider is large.

A special case is worthy examining in more details at this stage. Consider a risk-free
project, or a project whose net benefits are independent of economic growth. In that case,
equation (3) simplifies to

PV =
+∞∑
t=0

Bte
−rftt, (7)

where the risk-free discount rate rft is defined as follows:

rft = −1
t

log
(
Ee−rtt

)
. (8)

From this benchmark, one can observe that when projects are risky, their PV will be larger
or smaller than the risk-neutral PV depending upon whether their net benefits are negatively
or positively statistically linked to economic growth. More precisely, equation (3) directly
implies that

PV =
+∞∑
t=0

E
[
Bte

−rtt
]

=
+∞∑
t=0

(
E [Bt] E

[
e−rtt

]
+ cov(Bt, e−rtt)

)
≥

+∞∑
t=0

e−rfttE [Bt] (9)

whenever the net benefit of the project and the stochastic discount factor covary positively.
From the Ramsey rule (6), this is the case when the net benefit and consumption growth vary
in opposite direction, i.e., are anti-comonotone. Inequality (9) states that the project has a
negative risk premium in that case, i.e., its value creation is larger than if one would assume
independence between its net benefit and aggregate consumption. The opposite result holds
when they are comonotone.
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2.2 Lessons from the standard approach

The tradition in the asset pricing literature is to value an asset as the discounted sum of its
flow of expected benefits using a risk-adjusted discount rate:

PV =
+∞∑
t=0

E [Bt] e−ρtt (10)

This approach is compatible with the SDF approach described in the previous section if and
only the risk-adjusted discount rate ρt is defined as

ρt = −1
t

log
(

E

[
Bt

E[Bt]
e−rtt

])
(11)

Further simplifications can be obtained by making two additional assumptions. First suppose
that the net benefit of the project is linked to aggregate consumption through the following
functional form:

log
(

Bt

B0

)
= at + βt log

(
Ct

C0

)
+ ϵt, (12)

where we assume exogeneity, so that E [ϵt | Ct] = 0 for all Ct. Observe that we can interpret
the project-specific βt as the income-elasticity of its net benefit (at date t). Second, suppose
that aggregate consumption follows a discrete version of a geometric brownian motion so
that log(Ct/C0) is normally distributed with mean µt and variance σ2t. In that case, it is
well-known that the risk-adjusted discount rate equals

ρt = rf + βtΠ, (13)

with risk-free discount rate rf = δ +γµ−0.5γ2σ2 and aggregate risk premium Π = γσ2. This
is the standard CCAPM approach to discounting. Under that approach, the project analyst
has an a priori simple task to perform. The analysis requires estimating the income-elasticity
βt of the project to determine the risk-adjusted rate to discount the flow of expected benefits.

In spite of its apparent simplicity, this standard approach faces serious operational diffi-
culties. The most immediate one arises from the estimation of the beta. The flow of benefits
may include several distinct components (for example a financial one and some externali-
ties) each of them exhibiting an income-elasticity that requires estimation. The beta of the
project is then the sum of the of the income-elasticity of these components. In addition, the
income-elasticities need to be evaluated for each project. A difficulty that arises is due to
the asset pricing puzzles that the CCAPM generates. With a growth process calibrated with
growth rate µ = 2% and volatility σ = 3% and with a CRRA γ = 2, we obtain a risk-free
discount rate net of the rate of impatience of 3.82% and an aggregate risk premium 0.18%. In
particular this risk premium is so low that it makes sense in practice to discount all project
at the mean discount rate of 4%. Financial markets reveal much smaller interest rate on
average (risk-free rate puzzle, Weil (1989), and much larger risk premia (equity premium
puzzle, Mehra and Prescott (1985)). Over the last two decades, the asset pricing literature
has solved these puzzles by considering growth stochastic processes that fatten the tails of
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the distribution of future consumption.5 Bansal and Yaron (2004) has pioneered a new liter-
ature on "long run risks" in which trend of growth reverses to the mean and in which growth
volatility is itself stochastic.6 Rietz (1988) and Barro (2006, 2009) showed that the inclusion
of rare disasters in the growth process can also solve these puzzles.

These strategies to solve the puzzles of the standard CCAPM make it much more complex
to operationalize for project analysts. This is because the CCAPM formula (13) needs to be
revised when exiting the Gaussian world. Indeed, as shown by Martin (2013), the efficient
risk-adjusted discount rate becomes a polynomial function of the beta of the project, where
the coefficient associated to the nth power of β is proportional to the n + 1 cumulant of
the annual change in log consumption. This raises some complexity to the analysis. Another
source of complexity comes from the observation that the coherence of the calculation requires
the project analyst to estimate the flow of expected benefits EBt by using the complex growth
stochastic processes that have been used to estimate the risk-free rate and the aggregate risk
premium. In practice, this is infeasible without allowing some shortcuts that have not been
provided in the literature up to now.

3 Basic project evaluation: stress discounting with two states
of the economy

In the face of these complexities, should we go back to using a single discount rate? We
believe not, because the cost of ignoring the social cost of risk in the economy is potentially
large (Gollier (2021)). In this section, we develop an evaluation procedure based on the SDF
methodology presented in Section 2.1. This alternative procedure aims at two objectives.
First, we want it to be simple, intuitive and easy to operationalize. Second, we want it to
generate valuations that approximate well the true value of assets and investment projects.
Because these objectives goes in opposite directions, one should leave the precise procedure
to implement to national circumstances, based on the willingness of project analysts and
their principals to use a more complex procedure in exchange for more accurate results. The
calibration of the procedure that we use in this paper should be interpreted as an illustration.

Inspired by Barro (2006, 2009), we propose a procedure based on the SDF approach using
only two states or scenarios, a BAU scenario and a stressed scenario.

3.1 Projects maturing in one year

In this section, we limit our analysis to the evaluation of short projects, i.e., projects maturing
within one period (here, one year). For a one-period horizon, our two-state uncertainty is
characterized by three parameters: the growth rate gb in the Business-As-Usual (BAU), the
growth rate gs < 0 in the catastrophic state, and the probability π of the catastrophe. We
want to match three moments:

5Another path to solve the financial puzzle is to generalize the discounted expected utility framework into
its Epstein-Zin-Weil extension. This approach raises two issues. First, Epstein et al. (2014) have shown that
the calibration of EZW preferences necessary to solve the asset pricing puzzles generates a new puzzle, which is
related to the implausibly large value of an early resolution of uncertainty. Second, under the veil of ignorance,
risk aversion and the aversion to consumption fluctuations should be equivalent from a normative viewpoint.

6See Gollier (2018) for a discussion on the link between stochastic volatility and the fourth moment of the
distribution of consumption.
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δ 0 rate of pure preference for the present
γ 4 degree of relative risk aversion
rf 1.0% risk-free rate
Π 2.0% aggregate risk premium
gb 2.0% growth rate of consumption in the BAU scenario
gs -33.3% growth rate of consumption in the stress scenario
π 2.33% probability of the stress scenario
G 1.3% growth rate of expected consumption
rb 8.0% contingent discount rate in the BAU scenario
rs -133.4% contingent discount rate in the stress scenario

Table 1: Benchmark calibration of the evaluation model.

• The growth rate gb in the BAU. We assume a growth rate of gb = 2% per year on the
basis of the trend of growth in the western world over the last century.

• The risk-free rate rf . We assume a risk-free rate of rf = 1% corresponding to the
average real rate of return of Bills in the western world over period 1880-2005 (Barro,
2009).

• The expected rate of return of a claim on aggregate consumption (β = 1). (Barro, 2009)
documents an average real return on equity of 7.5%, whereas Bansal and Yaron (2004)
assume a CCAPM beta of equity equaling β = 3. This is compatible with an aggregate
risk premium Π around 2.17%. We calibrate our model to produce an aggregate risk
premium of Π = 2%. This means that the risk-adjusted discount rate for a share on
aggregate consumption is 3% under our calibration.

We follow Barro (2009) by assuming a degree of relative risk aversion equaling γ = 4,
which is an upper bound of what we recognize as a standard attitude toward risk. Finally,
for moral reasons, we assume no discrimination across generations in the welfare function
(δ = 0). There is no ethical argument to penalize individuals on the basis of the generation
to which they belong. It is in line with what was retained in Stern and Stern (2007) - a rate
very close to zero, equal to 0.1% -, but the French and British authorities have for their part
retained a rate equal to 1% and 1.5% respectively - cf. Quinet et al. (2013) and Treasury
(2020).

Using the framework presented in the previous section, it is easy to verify that matching
the above-mentioned moments univocally determines the remaining two parameters of our
two-state model: The probability of catastrophe must be equal to π = 2.33%, and the rate
of growth in the catastrophic state must be equal to gs = −33.3%. Observe that the values
of these two stress parameters are similar to those obtained by Barro (2009), as he estimated
from international data a probability of catastrophe of 1.7% and an expected drop in GDP
in that case of 29%. The efficient discounting system and its underlying economic context
that supports it is summarized in Table 1. The expected consumption grow at rate 1.3%.

We now show that adding some gaussian noise to the growth process does not add much
to the resolution of the asset pricing puzzle. Compared to our calibration for the 1-year
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risk free aggregate risk
rate premium

certainty 5.2% 0.0%
benchmark 1.0% 2.0%
benchmark with gaussian noise 0.7% 2.1%

Table 2: Effect of risk on asset prices. The "certainty case" corresponds to an economy
growing at the sure rate G = 1.3%. The benchmark case corresponds to the two-state growth
model described in Table 1. In the "benchmark with gaussian noise", I add to the benchmark
a gaussian noise in the BAU scenario of the benchmark model, with a standard deviation of
2%.

maturity, Barro (2009) has the additional ingredient of a gaussian noise around gb = 2%
in the BAU scenario. In his paper, the gaussian noise has a standard deviation of 2%. In
Table 2, I compare the risk free rate and the aggregate risk premium under three economic
growth process. The reference is an economy with no uncertainty at all, growing at the sure
rate G = 1.3%. In such an economy, the risk free rate equals 5.2%. We see that the two-
state uncertainty examined in our benchmark dramatically reduces this interest rate to 1%.
The addition of the gaussian noise with a volatility of 2% in the BAU scenario generates an
additional reduction of the risk free rate to 0.7%. Concerning the aggregate risk premium,
the two-state risk increases it to 2.0%, from 0 in the case of certainty. The addition of the
gaussian noise has the marginal effect to increase it to 2.1%. This illustrates the fact that our
two-state benchmark risk captures most of the asset pricing impact of the uncertainty of the
Barro’s model. In other words, removing the gaussian noise from the model has a marginal
impact in the evaluation of projects.

Going back to our benchmark model, we know that there are two approach to the evalua-
tion of projects. We support the simple SDF approach. Consider a 1-year project generating
an expected benefit bb

1 conditional to the BAU scenario, and an expected benefit bs
1 condi-

tional to the stress scenario. Using the exact Ramsey rule, we obtain the state-dependent
discount rates rb = γgs = 8.0% and rs = γθ = −133.4%, Using the associated SDF e−r, this
yields the simple pricing formula

PV = (1 − π)(0.92bb
1) + π(3.80bs

1) = 0.902bb
1 + 0.088bs

1. (14)

The strong asymmetry between the two state-dependent discount factors illustrates the val-
uation bonus for projects able to generate benefits in the stress scenario.

Let us compare this very simple valuation formula to what would be required in the
CCAPM approach consisting in discounting the expected benefit at a risk-adjusted rate. The
evaluator should first estimate the beta of the project. An estimation of this income-elasticity
of the benefit is given by the following equation:

β = Log(bb
1) − Log(bs

1)
gb − gs

. (15)

This allows the evaluator to estimate in turn the risk-adjusted discount rate (1 + 2β)%.
Finally, the evaluator must discount the expected benefit (1 − π)bb

1 + πbs
1 at this rate. This

is a long and obscure detour to produce a value for projects.
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SDF Approach
Present value PV=0.902 × 2 + 0.088 × 4 = 2.157
Discount rate (eq. (11)) ρ1 = − log(PV/Eb) = −5.25%
CCAPM approach
beta β = (log(bb

1) − log(bs
1))/(gb − gs) = −1.96

Discount rate (eq. (13)) ρ1 = (1 + 2β)% = −2.92%
Present value =e−R(0.9767 × 2 + 0.0233 × 4) = 2.107

Table 3: Two approaches to the estimation of the value of a one-year project with state-
dependent benefits (bb

1 = 2, bs
1 = 4) in the benchmark calibration of the two-state model of

Table 1.

Let me illustrate the SDF and CCAPM approaches with a simple example under our
benchmark calibration described in Table 1. We assume bb

1 = 2 and bs
1 = 4, which describes a

negative-beta project. The expected benefit of the project equals 2.047. Following the SDF
valuation rule (14), we immediately obtain a project value equaling 2.15. This is compatible
with a risk-adjusted discount rate of -5.25%. Under the CCAPM approach, we first use
equation (15) to obtain an estimation of the beta of the project. This gives β = −1.96, and
thus a risk-adjusted discount rate of -2.92%. This yields a present value of 2.11. Beyond
the unnecessary complexity of the CCAPM approach, notice the large discrepancy between
the two estimations in terms of the (implicit) discount rate. this CCAPM approach does
not generate an exact solution. Indeed, remember that the linear CCAPM discounting rule
rf + βΠ is exact only when the growth rate of consumption is gaussian, which is not the case
as soon as one recognizes the existence of fat tails or catastrophic events.

We have already explained that outside the gaussian world, the efficient risk-adjusted
discount rate is a polynomial function of the beta of the asset. Martin (2013) gives the
following exact rule:

ρ1 = δ +
+∞∑
n=1

κn

n! (βn − (β − γ)n) , (16)

where κn is the n-th cumulant of log consumption growth in the first period. The first
cumulants are familiar: κ1 is the mean, κ2 = σ2 the variance, κ3/Sigma3 the skewness,
and κ4/σ4 is the excess kurtosis of log(C1/C0). In the gaussian case, only the first term in
the summation operator of equation (16) is non-zero, which makes it equivalent to equation
(13). In all other cases, higher-order cumulants are non-trivial and the risk-adjusted discount
rate becomes a non-linear function of β. In our two-state benchmark, the log consumption
growth is heavily negatively skewed, whereas β3 − (β − γ)3 is convex in β, so that this term
introduces a concavity in the (1, β) relationship. In Figure 1, we represented the exact risk-
adjusted discount rate and its CCAPM linear approximation. The special case described in
Table 3 is illustrated in the left side of this figure.
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Figure 1: Risk-adjusted discount rate for a project with net benefit b1 = Cβ
1 as a function of

β in the benchmark two-state model calibrated in Table 1. The red curve is the exact rate
from equation (11), whereas the dashed line corresponds to its CCAPM approximation from
equation (13).

3.2 Multiple-year projects

In this section, we generalize our model to time horizons larger than one year. In Barro’s
model, the growth process is i.i.d. over time, so that a catastrophe can occur every year. One
advantage of this assumption is that the term structure of discount rates is flat, i.e., ρt is
independent of t. The disadvantage is that evaluators face a myriad of scenarios to examine
when considering long-lived projects. To keep our model as simple as possible, we continue
to assume that there are only two possible scenarios, with a stress scenario occurring with
probability π = 2.33%, and a BAU scenario occurring with probability 1 − π. {Cs

t } |t∈N
and {Cb

t } |t∈N describe the deterministic growth process of consumption in the stress and
BAU scenarios respectively. The state-dependent annualized growth rate of consumption is
denoted gi

t = (1/t) log(Ci
t/C0), i ∈ {s, b}. In this benchmark, we propose to select these two

state-dependent growth processes in such a way that the term structures of risk-free rates
and aggregate risk premia be flat, respectively at rf = 1% and Π = 2% as in the one-year
case. These two sets of conditions

rf = δ − 1
t

log
(
π exp(−γgs

t t) + (1 − π) exp(−γgb
t t)

)
(17)

rf +Π = δ−1
t

log
(
π exp((1 − γ)gs

t t) + (1 − π) exp((1 − γ)gb
t t)

)
+1

t
log

(
π exp(gs

t t) + (1 − π) exp(gb
t t)

)
,

(18)
for all t ∈ N/0 univocally determine our two-state growth process characterized by {(gs

t , gb
t )} |t∈N/0.

Of course, for t = 1, the solution is as described in the previous section, with gs
1 = −33.3%

and gb
1 = 2.0%. Consumption levels and annualized gowth rates in the two scenarios are de-

scribed in Table 4 and in Figure 2. In the stress scenario, the annualized growth rate increases
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t gs
t gb

t Cs
t Cb

t rs
t rb

t

1 -33.40 2.00 0.72 1.02 -133.00 -133.00
11 -6.07 1.27 0.51 1.15 -24.30 -24.30
21 -3.53 1.20 0.48 1.29 -14.10 -14.10
31 -2.49 1.18 0.46 1.44 -9.94 -9.94
41 -1.90 1.19 0.46 1.63 -7.59 -7.59
51 -1.52 1.20 0.46 1.85 -6.08 -6.08
61 -1.25 1.23 0.47 2.12 -5.01 -5.01
71 -1.05 1.26 0.47 2.45 -4.22 -4.22
81 -0.90 1.31 0.48 2.88 -3.60 -3.60
91 -0.78 1.35 0.49 3.43 -3.11 -3.11
101 -0.68 1.41 0.50 4.14 -2.71 -2.71
111 -0.60 1.46 0.52 5.05 -2.38 -2.38
121 -0.53 1.51 0.53 6.22 -2.11 -2.11
131 -0.47 1.56 0.54 7.72 -1.87 -1.87
141 -0.42 1.60 0.56 9.61 -1.67 -1.67
151 -0.37 1.65 0.57 12.00 -1.49 -1.49
161 -0.33 1.68 0.58 15.00 -1.34 -1.34
171 -0.30 1.71 0.60 18.80 -1.20 -1.20
181 -0.27 1.74 0.61 23.50 -1.08 -1.08
191 -0.24 1.77 0.63 29.40 -0.97 -0.97

Table 4: Growth process and state-dependent discount rates in our two-state benchmark
model. The state-dependent annualized growth rates gi

t and discount rates ri
t are expressed

in % per year. We assume γ = 4 and δ = 0. This yields a constant risk-free interest rate of
rf = 1% and a constant aggregate risk premium of Π = 2%, for all maturities.

over time. Consumption is at a minimum 30-50 years after the crash, a period during wich
consumption is 54% smaller than today. Two centuries after the crash, consumption remains
37% smaller than today. In the BAU scenario, consumption has an exponential trajectory,
but the annualized growth rate of consumption is hump-shaped, with a minimum annualized
growth rate at 1.2% around a time horizon of 20-50 years.

The corresponding efficient state-contingent discount rates are immediately derived from
the Ramsey rule:

ri
t = δ + γgi

t, (19)

for all t and for i ∈ {s, b}. Table 4 and Figure 2 describe the term structures of these two
state-dependent discount rates. The stress-specific discount rates has an increasing term
structure, but it remains negative for all maturities under consideration (200 years). The
term structure of the BAU discount rates is hump-shaped in parallel to the BAU annualized
growth rates.

The discounting system described in Table 4 provides an easy workplace for the evaluator,
who must estimate the flow of expected benefits {bs

t , bb
t} |t∈N/0 of the project under scrutiny
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Figure 2: State-contingent annualized growth rates (line 1), consumption levels (line 2) and
discount rates (line 3) in our benchmark model. This is a graphical representation of Table
4.

14



under the two scenarios. This allows the evaluator to compute the contingent PVs

PV i =
∑
t=0

bi
t exp(−ri

tt), (20)

and eventually the value of the project which is the expected PV πPV s + (1 − π)PV b.

4 When climate matters: Stress discounting with four scenar-
ios

In the context of climate change, future aggregate consumption will mostly depend upon
two sources of uncertainty: the growth of Total Factor Productivity (TFP), and the cli-
mate sensitivity. A large climate sensitivity will raise climate damages, and will therefore
adversely affect aggregate consumption. As discussed by Dietz et al. (2018), Cai and Lontzek
(2019) and Lemoine (2021), these two sources of risk imply opposite correlations between
consumption and the benefit of mitigation. If TFP uncertainty predominates, consumption
and mitigation benefits will be positively correlated, as a larger growth yields more emis-
sions and a larger marginal benefit of mitigation, assuming a convex damage function. If the
uncertainty affecting the climate sensitivity dominates, consumption and mitigation benefits
will be negatively correlated. Indeed, a larger climate sensitivity implies at the same time
a larger mitigation benefit and a smaller future aggregate consumption. This means that
the risk-adjusted discount rate to value mitigation efforts, i.e., to estimate the Social Cost of
Carbon (SCC), is highly sensitive to the way these two sources of risk. According to Dietz
et al. (2018), the so-called “climate beta”, is smaller tan 1, and has a decreasing term struc-
ture. Indeed, the risk of climate damage is increasing over time while negatively correlated
with economic growth. Consequently, the beta is decreasing over time, and could take low
or even negative values on the long term. This means that climate mitigation projects might
exhibit an insurance value over the long run.

In this section, we propose to re-examine these issue by considering two risks with two
possible outcomes each, i.e., a four-state structure of risk.

4.1 Methodology

Applying the stress discounting procedure to value an investment project requires more than
two scenarios to take into account both economic and climatic uncertainties. We follow Dietz
et al. (2018) who analyzes 10 sources of uncertainty and shows that the two prevailing ones
are shocks on TFP and climate sensitivity. Consequently, we consider two binary risks, that
of an economic disaster as before, and that of a climatic catastrophe corresponding to a very
high climate sensitivity. We combine these two sources of uncertainty, giving a total of four
possible scenarios.

One of the key outputs is the expected discounted value of carbon benefit. In practice,
the public authorities identify a tutelary value for carbon, that is a social cost of carbon path
SCCt, equal to the consumption-equivalent at time t of the damage induced by emitting one
more ton of CO2 at the same period. What matters here is the present social value of a
project avoiding carbon emissions. The evaluator can compute these values by discounting
the social cost of carbon, using the official discount rate r defined by the public authorities.
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This is what is shown in the left part of the following equation. In reality, the social cost
of carbon SCCt is not the same along the different states of nature (depending on growth g
and climate sensitivity S), and the exact calculation should compute the expected weighted
value, as shown in the right part of this equation:

e−rtSCCt ≃ E[u′(Ct(S, g))SCCt(S, g) | S, g]
u′(C0)

As explained in the previous section, when the avoided carbon emissions are proportional to
the consumption raised to the β power (as it would be the case for instance if they are linked
to a volume of passenger transport), the expected value of environmental externality is then

e−rtSCCtC
β
t ≃ E[u′(Ct(S, g))SCCt(S, g)Cβ

t (S, g) | S, g]
u′(C0)

where the right-hand side corresponds to the approximate method currently used and the
left-hand side gives the exact value when considering all the states of nature. The stress-
discounting method amounts here to do this calculation by considering only four states of
nature. It requires to provide the evaluator for each of the four scenarios with a social cost
of carbon path and a basic assumption on economic growth (that translates into a constant
discount rate). We will apply this method in section 5 but need first to calibrate then
benchmark it. This is done in the two following sections.

4.2 Calibration

Before anything else, general assumptions are needed on risks and on climate damage. Re-
garding environment-economy modelling, we use the DICE 2016R2, with slightly modified
parameters to allow easy comparisons with the analysis done in section 3.7 We also assume
that the environmental policy is set at a low level of ambition (which amount to stop all
emissions in 2080), and is not modified to take into account any surprises on growth or cli-
mate. This amounts to saying that we do not become aware until too late if the sensitivity
to the climate is much higher than expected (Pindyck (2021)) or if we enter in a period of
secular stagnation with very low economic growth.8

As previously mentioned, we also follow Dietz et al. (2018) who show that two main
sources of uncertainty matter, respectively on economic growth and on climate sensitivity,
and use their calibration. More precisely, they assume that the growth rate of the total
factor productivity (TFP) is driven by a fist-order autoregressive process with an uncertain
trend growth rate g0 that follows a normal law with mean 1.6% and standard deviation 0.9%.
Regarding climate sensitivity, Dietz et al. (2018) consider as in Dietz and Stern (2015) that
it follows a log-logistic function with a mean at 2.9C◦, a standard deviation equal to 1.4C◦,
truncated from below at 0.75◦.

As mentioned before, all these choices are only indicative - in particular, it is up to the
public authorities to choose these assumptions, and possibly use a more recent Integrated

7We choose as previously a pure rate of preference equal to zero, instead of 1.5% as originally in DICE,
and assume no deceleration of TFP, i.e. using the notations used in this model dela = 0 instead of 0.5%.

8In practice, this means that we maintain in these simulations the emission control rate (MIU parameter in
DICE) at its optimal level as calibrated in the base scenario (we assumed here that emissions cannot become
negative, following Anderson and Peters (2016)).
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Assessment Model. Similarly, regarding the scenarios, we arbitrarily choose to retain dis-
aster scenarios with a probability of occurring equal to 8%. Regarding climate, under the
assumptions defined in the previous paragraph, there is a probability equal to 92% that the
climate sensitivity is under 4.5◦ with a mean at 2.6◦, and otherwise above this threshold
with a mean at 5.7◦. We analyze growth distribution using Monte Carlo simulations, and
check that the average growth in the 8% worst case corresponds to a stressed scenario with
a sudden drop of 43% and a subsequent yearly negative TFP growth equal to −0.2%. The
average growth in the 92% remaining cases correspond to a TFP growth equal to 2.3%. We
check that the consumption growth is relatively independent of the climate sensitivity, and
equals respectively to 3.6% and −0.1% in the BAU and the stressed economic scenarios. We
thus obtain the following four scenarios :

• Good climate and BAU (probability 84.64%) : S = 2.6 and g = 3.6%;

• Bad climate and BAU (probability 7.36%) : S = 5.7 and g = 3.6%;

• Good climate and Stress (probability 7.36%) : S = 2.6 and g = −0.1% after 43% drop
of consumption;

• Bad climate and Stress (probability 0.64%) : S = 5.7 and g = −0.1% after 43% drop
of consumption.

We can then estimate the paths of temperatures and the social cost of carbon for the
four corresponding scenarios, as show in figure 3. As expected, in the scenario with an
economic shock, the SCC is higher at the beginning (before the sudden drop in consumption)
and lower later on after because it corresponds to the monetary equivalent of damage while
future generations are poor in those stressed scenarios.

Figure 3: Temperature and social cost of carbon for the four scenarios.

4.3 Benchmark comparison

We can then compute the expected discounted value of carbon benefit, as explained in pre-
vious section, and benchmark it to the exact value obtained by running 5000 draws of a
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Monte Carlo simulation. We also benchmark it to what would be obtained by using a single
discount rate and a single social cost of carbon path, corresponding to the average scenario.
The latter scenario is obtained by assuming a mean climate sensitivity equal to 2.9◦ and
taking the mean TFP obtained from the Monte Carlo simulation. This is close to assuming
that annual consumption growth is 2.7%, which corresponds to a non-risk adjusted social
discount rate equal to 3.915%. The result is shown in the left part of the figure 4. We see
that the value obtained using the stress-discounting method is very close to the exact value,
whereas the method based on a single growth scenario and a single discount rate provides
a value more than 50% too low. This shows that taking risk into account greatly raises the
carbon value (this point is discussed in more detail on an example in the next section) and
that limiting ourselves to four schematic scenarios is a good approximation. The graph on the
right hand-side provides the risk-free rates according to those three approaches, and shows
that the stress-discounting method provides, as seen in section 4, a declining term structure
close to the real value.

Figure 4: Discount rates and expected present carbon value obtained from a numerical estimation
(with 5000 Monte Carlo simulations), from the stress-discounting method and from an approximation
based on a single discount rate and a single carbon path (mimicking the method currently followed
by public administration).
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Another benchmark can be provided through the illustrative example of a project that
avoid emitting 1 ton of CO2 each year during 50 years starting from now. The expected
present value of such a project is presented in figure 5.

Figure 5: Valuation of a project avoiding 1tCO2 per year

We observe that

• The stress discounting method gives a very good approximation of the exact value,
whereas the official method is very wrong:

• The fourth scenario, despite his very low probability of occurrence, has a significant
impact. When both shocks are present, the discounted carbon value is very high because
of the high climate sensitivity and because future generations will be relatively poor.

5 Applications

5.1 Nuclear wastes

In France, the second generation of nuclear power plans (1970-2050) will produce a total of
83,000 m3 of nuclear wastes of high activity or medium activity/long life. The current policy
project is to build a geological repository at a depth of 500 meters in the French Ardennes.
The site will take 10 years to be built, and the wastes will progressively be transferred in
the repository over the next century, for a final irreversible closure around 2150. The flow
of gross costs associated to this project is described in Figure 6, with a non-discounted sum
of 25.5 billion euros. The code name of this project is Cigéo.9 Its management has been
delegated to ANDRA, the national agency in charge of nuclear waste management. There
exist various alternative solutions to Cigéo. Many are either not technologically mature or
prohibitively more expensive (Bouttes et al. (2021)). Let us examine the credible alternative
of a Permanent Surface Storage (PSS). The PSS strategy consists in periodically repackaging
the nuclear wastes to be stored on surface or subsurface, as currently practiced in all countries
producing nuclear electricity. For France, the annual gross costs of PSS strategy are estimated
at 100 million euros. Gross costs do not take account of the elasticity of these costs (of labour,
cement, land use, capital,...) to changes in GDP. Following (Bouttes et al. (2021)), we assume
an income-elasticity of these costs equal to 0.8. Notice that this implies that costs will be
larger in the BAU scenario than in the stress scenario, and that Cigéo has no macro-hedging
benefit if we limit the analysis to the income-elasticity of these costs.

9For "Centre Industriel de stockage GEOlogique" in French.
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Figure 6: Flow (to be extrapolated to infinity) of the gross costs (in euros per year) of
Cigéo (geological repository, plain curve) and PSS (surface storage, dashed curve). Source:
ANDRA.

contingent value expected
BAU stress value

PV Cigéo 10.61 47.00 12.43
PV PSS 4.68 163.69 12.63
PV PSS with damages 4.68 240.72 16.48

Table 5: Valuation (in billion euros) of Cigéo and PSS costs. In the last line, we add a
permanent flow of health and environmental damages x = 50 million euros/year materializing
in the stress scenario if the PSS option is implemented ex ante.

In Table 5, we summarize the stress discounting procedure to evaluate the competing
options Cigéo and PSS. In the BAU scenario, the contingent PV of PSS costs is much smaller
than the contingent PV of Cigéo costs. This is due to the observation that with a discount
rate as high as rb = 3.6%, the PSS option is very attractive given the postponment of
most expenditures. If one were sure that the BAU scenario would prevail, Cigéo should
not be implemented. But the opposite conclusion should be made contingent to the stress
scenario, because of the much smaller discount rate rs = 0.2% combined with the large penalty
∆ = 3.08 to be used when evaluating costs in that scenario. When taking the expected value
of these two pairs of contingent PV costs using the stress probability π = 5%, we obtain
basically the same PV of the costs, around 12.5 billion euros, with a small advantage for
Cigéo.

An important piece of the story is missing in this comparison of the two options to manage
nuclear wastes in the long run. The geological repository is used as a passive natural barrier
to radionuclides. On the contrary, the surface storage of nuclear wastes requires an active
maintenance to guarantee its safety. Cigéo has thus an important safety benefit compared

20



to PSS, in particular in the stress scenario. Such a scenario is likely to be associated with
a degradation of our democratic institutions and their ability to maintain the right level
of supervision, protection and maintenance of the surface storage, as well as cope with the
potential adverse consequences of a nuclear incident. To model this idea, let us assume that in
the stress scenario, a permanent flow B̄s of health and environmental damages is incurred by
the local population if the PSS option had been selected ex ante. The contingent PV of these
damages equals B̄s∆/(1 − exp(−rs)). Multiplying this contingent PV by the probability π of
the stress scenario yields the additional PV of costs of the PSS option. Suppose for example
a flow B̄s = 50 million euros of annual damages. The contingent PV of this flow in the
stress scenario is 77 billion euros. Consistent with equation (??), this adds 3.85 billion euros
to the expected PV costs, thereby inducing a strong preference for Cigéo. The safety issue
associated to the PSS option means that Cigéo is an insurance for future generations, and
Table 5 makes that apparent. Although the risk of a chaotic evolution of our society is small,
Cigéo should be implemented because of its insurance benefit against the large health and
environmental risk of the alternative option.

Imagine how the project analyst would have proceeded if asked to use the standard
CCAPM approach to evaluate Cigéo, using PSS as the default option. This analyst should
first estimate the CCAPM-beta of the net benefit of Cigéo. It would include the positive
income-elasticity of the costs and the negative beta associated to the safety issue examined
above. The global CCAPM-beta of Cigéo has a term structure, that should be used to
determine the maturity-specific Cigéo risk-adjusted discount rates using the term structures
of the risk-free rate and aggregate risk premia examined in Section 3. Then, the analyst
should estimate the flow of expected net benefits of Cigéo, using the information about
the distribution of future incomes and the income-elasticity of the costs that include health
and environmental damages. Finally, this flow should be discounted using the maturity-
specific discount rates. It will generate a positive NPV for Cigéo. However, this standard
approach is complex and does not provide the essence of the argument for why Cigéo should
be implemented.

5.2 Climate mitigation project ?

transportation project with strong climate mitigation impact, such as grand paris express ?

6 Conclusion
[TBD]
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