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Introduction The Model Multiple Equilibria Climate Policy Conclusions

Motivation

Climate change has become a mainstream consideration
But: Why is green growth so slow? Why do green patents slow
down? Why are stranded assets still growing?
This paper: coordination failure in innovation may be the explanation
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This paper

develops a standard workhorse model of directed technical change
(DTC) with forward-looking innovators and shows:

investments by firms within a sector are strategic complements if
substitutability between sectors strong
leading to coordination failure and multiple equilibria both in the long
run and in terms of transition pathways
even under a Pigouvian tax, delayed transition and excess amount of
asset-stranding are possible
optimal policy requires in addition a separate coordination device

contributions
demonstrates that coordination failure is a common feature of DTC
models
provides a rational expectation based explanation for transition risk and
stranded assets
points out the limitation of relying on a carbon tax alone
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The model (1/2)

Household:

U = ln [(1 − D(S))C ] wtih C =
[
C

σ−1
σc + C

σ−1
σ

d

] σ
σ−1

supply inelastically one unit of labor (mobile among all sectors)

Climate externality
1 − D(S): climate damage
S: current carbon concentration, ∂S/∂Yd > 0 Detail

Final goods sectors
Technology: Yj = L1−α

j
∫ 1

0 qjixα
ji di , j ∈ {c, d}

qji : product quality
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The model (2/2)

Intermediate goods sector:
Per unit production cost: qji units of final goods j j ∈ {c, d}
In-house innovation to raise qji

Qj =
∫ 1

i=1 qji : sectoral knowledge stock

R&D
Research arbitrage: marginal benefit of innovation = wage of scientist

Equilibrium Innovation Regimes Steady States Overlap
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Strategic complementarity and self-fulfilling prophecies

∂πji/∂qji ∝ PjYj/Qj ∝ Qσ−2
j σ: elasticity of substitution

Innovation by an individual firm
raises overall revenue of the sector PjYj if σ > 1 and marginal profit of
other firms in the same sector ⇒ demand externality effect
but lowers other firms’ revenue share (1/Qj) ⇒ business-stealing effect

If σ > 2: strategic complementarity ⇒ coordination failure possible

Condition further relaxed to σ > 1 when social value of innovation is
internalized (i.e. monopoly power & research spillover corrected)
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Mutliple equilibria for both the long run and the transition
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Parameters: capital share α = 1/3, time preference ρ = 0.01, research produc-
tivity µc = µd = 0.08 (yielding an annual growth rate of 1.25%)
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Social optimum and Pigouvian carbon tax

A unique social optimum where innovation occurs only in the clean
sector in the long run

Pigouvian carbon tax = the marginal damage of carbon emission

Can the social optimum be implemented using a Pigouvian carbon
tax?
No!

Pigouvian tax eliminates long-run dirty equilibrium
But cannot pin down the transition trajectory towards long-run clean
equilibrium
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Calibration

Parameter Value Moment/Source

ρ (time preference) 0.01 Standard

α (capital share) 1/3 Standard

µj (research productivity) 0.08 baseline growth rate of 1.25%

σ (elasticity of substitution clean/dirty) 1.5 Assumption

θc,0 (initial clean sector share) 0.177 2019 global renewable energy share (IEA, 2022)

Qd ,0 (initial dirty technology stock) 23.57k 2019 world GDP p.c. of $11k constant 2015 USD (World Bank, 2022a)

ad (emission intensity) 0.198 tC/kUSD 2019 per capita carbon emission of 1.22 metric tons (World Bank, 2022b)

γ (damage parameter) 0.0002 Golosov et al. (2014)

ϕL (share of the permanent carbon) 0.2 Golosov et al. (2014), adjusted to annual frequency

ϕD (share of slow decaying carbon) 0.32 Golosov et al. (2014), adjusted to annual frequency

δ (geometric decay rate) 0.002 Golosov et al. (2014), adjusted to annual frequency

S0 (initial dirty technology stock) 877 GtC Golosov et al. (2014), updated to 2019

S̄ (pre-industrial carbon concentration) 581 GtC Golosov et al. (2014), updated to 2019
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Delayed transition and stranded assets under Pigouvian tax
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Welfare ranking of equilibrium paths under Pigouvian tax
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optimal transition may involve temporary dirty research when the
clean sector is very small
with a sufficiently large clean sector, fast transition is optimal
multiple equilibria exist even under a Pigouvian tax
coordination device necessary (e.g. emission trading, dirty R&D taxes)
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Conclusions

Self-fulfilling prophecies easily arise in standard workhorse model of
directed technical change with forward-looking innovators

Multiple equilibria exist both in the long run and in terms of
transition pathways

Even under a Pigouvian tax, delayed transition and excess amount of
asset-stranding are possible

Provides a rational expectation based explanation for transition risk
and stranded assets

Points out the limitation of relying on a carbon tax alone

Smulders and Zhou SFP in Clean Transition 12 May 2023 12 / 12



Reference I

Acemoglu, Daron, Philippe Aghion, Leonardo Bursztyn, and David Hemous, “The
Environment and Directed Technical Change,” American Economic Review, 2012,
102 (1), 131–166.

Benhabib, Jess and Roberto Perli, “Uniqueness and Indeterminacy: On the Dynamics
of Endogenous Growth,” Journal of Economic Theory, 1994, 63, 113–142.
and Roger E.A. Farmer, “Indeterminacy and increasing returns,” 1994.

, Kazuo Nishimura, and Tadashi Shigoka, “Bifurcation and sunspots in the
continuous time equilibrium model with capacity utilization,” International Journal of
Economic Theory, 2008, 4 (2), 337–355.

Boldrin, Michele and Aldo Rustichini, “Growth and Indeterminancy in Dynamic
Models with Externalities,” Econometrica, 1994, 62 (2), 323–342.

Bolton, Patrick and Marcin Kacperczyk, “Global Pricing of Carbon-Transition Risk,”
NBER Working Paper, 2021, No. 28510.

Bretschger, Lucas and Andreas Schaefer, “Dirty history versus clean expectations:
Can energy policies provide momentum for growth?,” European Economic Review,
2017, 99, 170–190.

Cozzi, Guido, “Animal spirits and the composition of innovation,” European Economic
Review, 2005, 49 (3), 627–637.



Reference II

, “Self-fulfilling prophecies in the quality ladders economy,” Journal of Development
Economics, 2007, 84 (1), 445–464.

Gil, Pedro Mazeda, “Animal spirits and the composition of innovation in a
lab-equipment R&D model with transition,” Journal of Economics, 2013, 108 (1),
1–33.

Golosov, Mikhail, John Hassler, Per Krusell, and Aleh Tsyvinski, “Optimal Taxes on
Fossil Fuel in General Equilibrium,” Econometrica, 2014, 82 (1), 41–88.

Hart, Rob, “To everything there is a season: Carbon pricing, research subsidies, and the
transition to fossil-free energy,” Journal of the Association of Environmental and
Resource Economists, 2019, 6 (2), 349–389.

Hassler, John, Per Krusell, and Conny Olovsson, “Directed technical change as a
response to natural-resource scarcity,” Journal of Political Economy, 2021, 129 (11).

Howitt, Peter W and R Preston McAfee, “Stability of equilibria with externalities,”
Quarterly Journal of Economics, 1988, (413), 261–277.

IEA, “Modern Renewables,” International Energy Agency Report ”SDG7: Data and
Projections”, 2022.

Lemoine, Derek, “Innovation-Led transitions in Energy Supply,” American Economic
Journal: Macroeconomics, 2022, (forthcoming).



Reference III

Millner, Antony and Hélène Ollivier, “Beliefs, politics, and environmental policy,”
Review of Environmental Economics and Policy, 2016, 10 (2), 226–244.

van der Meijden, Gerard and Sjak Smulders, “Carbon Lock-In: The Role of
Expectations,” International Economic Review, 2017, 58 (4).

van der Ploeg, Frederick and Armon Rezai, “The risk of policy tipping and stranded
carbon assets,” Journal of Environmental Economics and Management, 2020, 100
(17400), 102258.

World Bank, “CO2 emissions (kt),” 2022.
, “CO2 emissions (metric tons per capita),” World Bank Open Data
(https://data.worldbank.org/indicator/EN.ATM.CO2E.PC), 2022.



References

Atmospheric carbon concentration

St = S̄ +
∫ t

−∞

[
ϕL + (1 − ϕL)ϕ0(1 − ϕ)s−t]

adYd ,sds

St = S1,t + S2,t

S1,t = S1,t−dt + ϕL

∫ t

t−dt
adYd ,sdt

S2,t = (1 − ϕ)dtS2,t−dt + (1 − ϕL)ϕ0

∫ t

t−dt
(1 − ϕ)t−sadYd ,sds

Back
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Dynamics of the Model

Clean innovation regime: θ̇c = θc(1 − θc)(σ − 1)µc(LS − L)
L̇ = L

[
(αθc + 1)µcL − (µcLS + ρ)

]
ṁc=mc

[
αµcL(mc−θc)+µc(LS−L)(1−mc)

]
,

Dirty innovation regime: θ̇c = −θc(1 − θc)(σ − 1)µd(LS − L)
L̇ = L

[
(α(1 − θc) + 1)µdL − (µdLS + ρ)

]
ṁc=−(1−mc)

[
αµdL(θc−mc)+µd(LS−L)mc

]
,

Simultaneous regime θ̇c = θc(1 − θc)(σ − 1)αL(µc + µd)(θc − κc)
L̇ = L

[
(α + 1)κcµcL − (κcµcLS + ρ)

]
ṁc=0,



Equilibrium characterized in three variables

θc = PcCc
PC = Qσ−1

c
Qσ−1

c +Qσ−1
d

market share for clean goods → captures the relative advancement of
clean technology (the state of the economy)

L = Lc + Ld

total production labor → determines total available research labor

mc = λcQc
λcQc+λd Qd

relative market evaluation of clean investment (λjQj : market value of
the marginal unit of R&D investment in sector j)
mc ⋚ relative costs of clean innovation κc ⇒ 3 innovation regimes

Back



Innovation regimes
Three innovation regimes: dirty-only (sc = 0), simultaneous
(sc , sd > 0), and clean-only (sd = 0), separated by:

mc ⋚ κc ≡ 1/µc
1/µc + 1/µd

, (κc : relative costs of clean innovation)

The regime shift is governed by ṁc
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Innovation regimes and steady states

Three innovation regimes: dirty-only (sc = 0), simultaneous
(sc , sd > 0), and clean-only (sd = 0), separated by:

mc ⋚ κc ≡ 1/µc
1/µc + 1/µd

, (κc : relative costs of clean innovation)

The regime shift is governed by ṁc

Three steady states:
An unstable interior steady state with simultaneous R&D in both
sectors
Two saddle-path stable, asymptotic corner steady states with
innovation only in the dirty or the clean sector.
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Steady states

L

θc θc

La) Dirty-only Regime b) Clean-only Regime

1 1

1 1

L∗cL∗d

L̇ = 0 L̇ = 0

θ̇c = 0
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Three steady states:
An unstable interior steady state with simultaneous R&D in both
sectors
Two saddle-path stable, asymptotic corner steady states with
innovation only in the dirty or the clean sector.



The overlap and self-fulfilling prophecies

mc

θcκc

κc

Clean-only regime

Dirty-only regime

Simultaneous regime

θCSc θDSc

Overlap: a region of initial conditions (
[
θCS

c , θDS
c

]
) consistent with

both the clean and dirty equilibrium paths

For sufficiently large elasticity of substitution (σ > 2), an overlap
exists and its size increases with σ

Depending on σ, various types of transition delays possible
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