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Carbon pricing : Cost-efficiency approach

Two approaches to carbon pricing:

P = PV of future climate damages (cost-benefit);
P = shadow price of the intertemporal carbon budget
(cost-efficiency).

Preference for the cost-efficiency approach:

Deep uncertainty surrounding the damage function;
Temperature target of 2◦C =⇒ Carbon budget of 800 GtCO2;
NDC are in quantities, not prices.

How should this carbon budget be intertemporally allocated?
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Social Cost of Carbon in the U.S.: Optimal Benefit-Cost

Year R=5.0% R=3.0% R=2.5%

2020 $12 $42 $62
2035 $18 $55 $78
2050 $26 $69 $95

Growth rate 2.57% 1.65% 1.42%

Table: Social cost of carbon (in 2007 dollars per metric ton of CO2) as a
function of time and of the discount rate R. Source: U.S. Interagency
Working Group on the Social Cost of Greenhouse Gases (2013, Revised
August 2016).
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Social Cost of Carbon in France: Cost-Efficiency

Boiteux Quinet 1 Quinet 2
(2001) (2009) (2019)

2010 32 32
2020 43 56 69
2030 58 100 250
2050 104 250 775

Growth rate 2.9% 4.9% 8.0%

Table: Social cost of carbon (in 2018 euros per metric ton of CO2)
recommended in France by three different commissions. Source: France
Stratégie.
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UK carbon prices for policy evaluations

Growth rate = 15% per year real terms!
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Hotelling’s rule under certainty

Normative approach: Along the optimal path, one should be
indifferent to a marginal reallocation of abatement effort.

Sacrifice 69 in 2020 to save 775 in 2050.
Indifference if 69 is the discounted value of 775 in 30 years,
i.e., if the real discount rate is 8% per year.

Hotelling’s rule: The growth rate of the carbon price should
be equal to the discount rate.

Determinants of the risk-free discount rate:

Intergenerational inequality (Ramsey rule);
Prudence (Drèze-Modigliani rule).

Positive approach: Consistency of carbon prices with the
system of assets prices.

A carbon permit is like a zero-coupon bond;
Its price should grow at the risk-free interest rate.
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The Carbon Pricing Puzzle: Growth rates of carbon price
in the IPCC 5th report
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Figure: Histogram of the annual growth rate of real carbon prices
2020-2050 from 356 IAM models extracted from the IPCC database
(https://tntcat.iiasa.ac.at/AR5DB). We selected the models that exhibit
a 450 ppm concentration target.

Mean: 7.90%; Median: 5.71%; St dev: 4.51%
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Uncertainties

Uncertainties affecting future abatement costs:

Green innovations: There remain deep uncertainties about the
emergence of new green technologies to ”save the planet”:
Backstop, solar, biomass, electricity storage, nuclear fusion,...
Economic prosperity: There are deep uncertainties about how
much carbon dioxide will be emitted in the BAU scenario, and
thus about how much of it will have to be abated.
Carbon budget: Because of the absence of any credible
long-term international agreement on climate, our national
carbon budget is deeply uncertain.

If one would know for certain that a low-cost low-carbon tech
will emerge for the future, a low price would be ok today.

But if there is some uncertainty about that... The Big Green
Bet.
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Uncertain MAC in 2030
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Figure: Histogram of the world marginal abatement costs for 2030
extracted from the IPCC database (https://tntcat.iiasa.ac.at/AR5DB).
We have selected the 374 estimates of carbon prices (in US$2005/tCO2)
in 2030 from the IAM models of the database compatible with a target
concentration of 450ppm.
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Early abatement as a hedge against collective risks

Suppose that in 2030, larger Marginal Abatement Costs
(MAC) will materialize when consumption is lower.

Normative: Early abatement provides a hedge against the
macro risk:

Early abatement has a larger social value.

Positive: Banking permits for the future has a negative beta.

The benefits of early abatement should be discounted at a rate
smaller than the interest rate.
To restore indifference, the expected price of carbon should
grow at that rate.

Bottom line: Large current carbon price, and low growth rate
of this price.

This paper: Estimation of the risk profile of MACs and
implication for intertemporal carbon pricing.
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Insuring green investors?

Industry claims no carbon price uncertainty would be
acceptable to expand their business.

Insuring green entrepreneurs is not a good idea if done
through price stickiness.

Carbon price flexibility is necessary to send the right price
signal in continuous time.
Risk can be hedged at market price.

If investing in low-carbon production is risky, compensate the
entrepreneurs by adjusting their expected return with a risk
premium.

Risk-adjusted discounting issue.

Bottom line: The growth rate of carbon price should be
coherent with the price dynamics of other assets in the
economy.
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Recent literature on the growth rate of carbon price

Cost-benefit approach: Van der Ploeg and Withagen (2014).

Hotelling’s model: Chakravorty, Magné, Moreaux (2006),
Chakravorty, Moreaux, Tidball (2008), Schubert (2008),
Baumstark and Gollier (2010).

Policy: Quinet’s Reports (2008, 2019), U.S. Interagency
Working Group (2016), Metcalf and Roberton (2017), Aldy
(2017), Metcalf (2018).

All these contributions above assume certainty.

Beta of climate damages: Dietz, Gollier and Kessler (2018).
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Outline

1 A CCAPM model of carbon pricing with a carbon budget

2 The determinants of the risk profile of MACs

3 Calibration of a two-period model
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Asset pricing

Let {Ct}t≥0 denote the random flow of aggregate
consumption along the optimal path.

Consider a marginal project that yields a cost I0 today and
generates a single benefit Bt at date t.

At the margin, investing in this project raises the discounted
expected utility of the representative agent by

∆V = −I0u′(C0) + e−ρtE [Btu
′(Ct)] = u′(C0)× NPV ,

NPV = −I0 + e−rt tE [Bt ]

e−rt t = e−ρt
E [Btu

′(Ct)]

u′(C0)E [Bt ]
.

rt can also be interpreted as the equilibrium expected return
of the asset.
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Application 1: The CCAPM interest rate

Consider an asset that generates a sure benefit at date t.

Its equilibrium rate of return is the interest rate rft .

exp(−rftt) = exp(−ρt)
E [u′(Ct)]

u′(C0)
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Application 2: The CCAPM risk premium

Consider a claim on aggregate consumption at date t:
Bt = Ct .

Its equilibrium expected rate of return is equal to rct , with

exp(−rctt) = exp(−ρt)
E [Ctu

′(Ct)]

u′(C0)E [Ct ]
.

The aggregate risk premium is the difference between this rate
and the interest rate:

πt = rct − rft .
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Application 3: The Euler equation for carbon pricing

Finally, consider abatement frontloading: Increase abatement
at date 0 by ε, and reduce abatement by exp(−δt)ε at date t.

{A′t}t≥0 denotes the random flow of marginal abatement
costs along the optimal path.

Parameter δ is the rate of natural decay of CO2 in the
atmosphere.

Abatement frontloading preserves the carbon budget.

The growth rate of expected carbon price
gt = t−1 log(EA′t/A

′
0) is also the return of abatement

frontloading.

exp(−gtt) = exp(−(ρ+ δ)t)
E [A′tu

′(Ct)]

u′(C0)E [A′t ]
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The growth rate of carbon price and the interest rate

gt = δ + rft −
1

t
ln

(
E [A′tu

′(Ct)]

E [A′t ]E [u′(Ct)]

)

Proposition:

gt > δ + rft if the marginal abatement cost and aggregate
consumption are comonotone.

gt < δ + rft if the marginal abatement cost and aggregate
consumption are anti-comonotone.
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The C-CAPM calibration: Lucas meets Hotelling

CRRA γ.

Exogenous dynamics of (ct , a
′
t) = (log(Ct), log(A′t)):

dct = µcdt + σcdzt

da′t = µpdt + φσcdzt + σwdwt .

Equilibrium interest rate

rft = rf = ρ+ γµc − 0.5γ2σ2c .

Equilibrium systematic risk premium

πt = π = γσ2c

Equilibrium growth rate of expected carbon price

gt = g = δ + rf +φπ
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Discussion

g = δ + rf + φπ

The income-elasticity φ of marginal abatement costs is the
CCAPM beta of abatement frontloading.

It is the OLS estimator of the regression of log(A′t) on log(Ct).

The growth rate of expected carbon price is larger than δ + rf
if marginal abatement costs and consumption are positively
correlated.

This model says nothing about this correlation. Let us now
focus on the determinants of φ.

A′t and Ct are endogenous. So is φ!
Endogenizing these variables requires solving the intertemporal
mitigation problem.

Estimate φ with carbon market data?
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A simple two-period model: Making φ endogenous

Yt : production

Kt : abatement

At(Kt): abatement cost

Qt : carbon intensity of production

T : intertemporal carbon budget

Optimize abatement effort under uncertainty about (Y1, θ,T ):

max
K0,K1

H(K0,K1) = u (Y0 − A0(K0)) + e−ρE [u (Y1 − A1(K1, θ))]

s.t. e−δ (Q0Y0 − K0) + Q1Y1 − K1 ≤ T ,
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A negative φ story: The technological channel

Suppose that green technological progress be the main source
of uncertainty in the economy.

Suppose that green innovations be stronger than expected.

This reduces total and marginal costs more than expected.

Consumption is larger in the second period because of the
reduced cost of mitigation.

Thus, a negative income-elasticity φ of marginal abatement
cost.

The growth rate of expected carbon price should be smaller
than δ + rf in that case.
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A positive φ story: The growth channel

Suppose that the future prosperity of the economy be the
main source of uncertainty in the economy.

Suppose that production Y1 be larger than expected.

This yields emissions under BAU larger than expected, so that
it requires more abatement in the second period.

Because the abatement cost function is convex, this yields a
larger marginal abatement cost.

Thus, a positive income-elasticity φ of marginal abatement
cost.

The growth rate of expected carbon price should be larger
than δ + rf in that case.
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Calibration of the two-period model

Two periods of 15 years: 2021-2035 and 2035-2050.

A crucial contribution of this analysis comes from the
consistency between carbon pricing, financial incentives and
asset prices.

A problem arises with the standard asset pricing puzzles on
the underlying CCAPM that we use in this paper.

We solve them by using the Barro’s approach of introducing
potential macro catastrophes:

log

(
Y1

Y0

)
=

15∑
i=1

xi

xi ∼ (hbau, 1− p; hcat , p)

hbau ∼ N(µbau, σ
2
bau)

hcat ∼ N(µcat , σ
2
cat).

p = 1.7% µbau = 2% σbau = 2% µcat = −35% σcat = 25%
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Carbon intensity and emissions in the BAU

EU-28 currently emits 4.4 GtCO2e per year. Over 15 years: 66
GtCO2e under the BAU.

Current annual GDP: 19,000 GUS$. Assuming a growth rate
of 1.4% per year, this implies a GDP of 315,000 GUS$ in the
first period.

This yields Q0 = 2.10× 10−4 GtCO2e/GUS$.

IPCC (2014): The carbon intensity of GDP has decreased
over the period 1970-2010 at a rate of 0.8% per year.

This implies Q1 = 1.85× 10−4 GtCO2e/GUS$.

Given economic growth, this implies an expected emission of
72 GtCO2e in the second period under the BAU.

Cumulated expected emissions 2021-2050 EU-28 BAU: 138
GtCO2e
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Natural decay

No consensus.

Highly non-linear dynamics of the carbon cycle involving the
atmosphere and different layers of oceans.

The existing literature on the half-life of carbon dioxide offers
a wide range of estimates, from a few years to several
centuries.

I conservatively assume a rate of natural decay of CO2 in the
atmosphere of 0.5% per year.

Cumulated expected emissions 2021-2050 EU-28 BAU, net of
natural decay: 133 GtCO2e
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Carbon budget

∆T ≤ 2◦C ⇒ max concentration of 450 ppm.

This leaves us with a carbon budget of 750 GtCO2e for the
planet.

EU-28 is home for 7% of the world population.

Assuming an egalitarian allocation of the carbon budget and
assuming that one-fifth of the budget needs to be reserved for
after 2050, this implies a carbon budget of T = 40 GtCO2e
for EU-28 for the two periods.

We assume uncertainty: T ∼ N(µT , σ
2
T ) with

µT = 40 σT = 10.
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Abatement costs

We assume a quadratic abatement cost function:

At(Kt) = atKt +
1

2
bK 2

t .

Slope b: The MIT-EPPA has developed computable general
equilibrium models with a very detailed energy sector. They
have estimated the shadow price of carbon associated to
various carbon budgets for different regions of the world,
thereby generating regions-specific MAC curves. For EU, we
obtain b = 1.67 GUS$/GtCO2e

2.

MAC today-BAU: a0 = 23 US$/tCO2e (current price on
EU-ETS).

MAC in the future in the BAU is uncertain a1 = θ.

From R5-WG3-IPCC, I have collected the 374 estimations of
carbon prices for 2030 that are in line with the objective of not
exceeding 450ppm over the century.

28 / 37



Uncertain MAC in 2030
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Figure: Histogram of the world marginal abatement costs for 2030
extracted from the IPCC database (https://tntcat.iiasa.ac.at/AR5DB).
We have selected the 374 estimates of carbon prices (in US$2005/tCO2)
in 2030 from the IAM models of the database compatible with a target
concentration of 450ppm.
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MAC in the second period under BAU

We use this sample to estimate the standard deviation of
a1 = θ.

We also assume a 20% reduction in the expected MAC
compared to the first period.

We assume a lognormal distribution for the MAC under BAU.

log(θ) ∼ N(2.30, 1.212)

Eθ ' 18US$/tCO2
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Benchmark value of the parameters

Resolution of the model by Monte-Carlo simulations with
100.000 random draws of the triplet (Y1, θ,T ).
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Positive φ
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Optimal solution in the benchmark

variable value description

K0 31 optimal abatement in the first period (in GtCO2e)
E [K1] 66 optimal expected abatement in the second period (in GtCO2e)
p0 75 optimal carbon price in the first period (in US$/tCO2e)
g 3.47% annualized growth rate of expected carbon price
rf 1.14% annualized interest rate
π 2.42% annualized systematic risk premium
φ 1.04 OLS estimation of the income-elasticity of MAC

Table: Description of the optimal solution in the benchmark case.
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The growth rate of carbon price is uncertain
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The welfare cost of delaying action

p0 E [p1] g K0 E [K1] Welfare loss

23 179.85 13.71 0.00 95.16 1.044
30 173.36 11.69 4.19 91.27 0.970
40 164.08 9.41 10.18 85.71 0.886
50 154.80 7.53 16.17 80.16 0.826
60 145.53 5.91 22.16 74.60 0.785
70 136.25 4.44 28.14 69.05 0.765
75 132.00 3.76 31.10 66.30 0.763

Table: Cost of delaying the abatement effort. The initial price p0 is
arbitrarily selected between the BAU level (23 US$/tCO2) and its
efficient level (75 US$/tCO2). The welfare loss measures the reduction
(in %) in the constant welfare-equivalent consumption level compared to
the no-abatement strategy.
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Sensitivity analysis
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Take-home message: Are we serious about the 2◦C target?

The intertemporal optimality of the allocation of the carbon
budget requires a schedule of carbon prices that increases at
the risk-adjusted discount rate.

Marginal abatement costs are positively with aggregate
consumption along the optimal path, so that postponing
mitigation is no big deal.

Low initial carbon price, large growth rate of this price (3.5%).

This is vastly smaller than the 8% recommended by the IPCC
and other public institutions.

This is not serious.
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