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Abstract

The energy transition requires replacing fossil-fuel-dependent capital with green alter-
natives, but doing so may leave previously productive capital economically unviable.
We embed putty-clay technology, where capital-fuel ratios are fixed ex post, within an
integrated assessment model to quantify how capital irreversibility reshapes climate
policy trade-offs. Four findings emerge. First, achieving given emissions targets re-
quires 55% higher carbon taxes than in standard models, as firms cannot adjust input
ratios of existing capital. Second, welfare gains from carbon taxation are substantially
smaller in our framework, due to the economic costs of stranding productive capi-
tal. Third, when future climate damages are uncertain, the welfare-maximizing fixed
tax rises because capital irreversibility makes a higher pre-discovery tax valuable as
insurance. Fourth, our framework can tangibly capture the decline in stranded asset
valuations, which decline by around 20% under an optimal carbon tax. Grandfathering
provisions (giving tax discounts to pre-existing capital) can avert these asset declines,
while having minimal impact on aggregate welfare. Our results demonstrate that cap-
ital irreversibility fundamentally alters the cost-benefit calculus of climate policy and
generates efficiency gains from targeted grandfathering.
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1 Introduction

Fossil fuels met nearly 80% of global energy demand in 2023 despite dramatic cost reduc-
tions in renewable technology over the past decade (International Energy Agency, 2024). A
fundamental barrier to faster transition is the existing stock of fossil-fuel-dependent capital,
such as coal-fired power plants, industrial facilities, and transportation infrastructure with
decades-long lifespans. As highlighted in IPCC AR6 (IPCC Working Group III, 2022), a
major concern about stranded assets is not only fossil fuel reserves becoming uneconomic,
but also the capital infrastructure (power plants, refineries, and industrial facilities) that
depends on them. This creates a central tension in climate policy: carbon taxes incen-
tivize green investment and reduce emissions, but may render substantial productive capital
economically unviable, with uncertain consequences for economic welfare.

In this paper, we examine how much harder and more costly the climate transition becomes
when capital is irreversible. More specifically, we analyze how the fixed nature of fossil fuel
reliance of parts of the capital stock alters the tradeoffs between achieving climate goals
and mitigating economic costs. We quantify what happens to stranded asset valuations,
utilisation patterns, and aggregate economic outcomes. Finally, we examine how carbon tax
policy should be designed to account for capital irreversibility.

We answer these questions by embedding putty-clay technology within an integrated assess-
ment model. We build on the IAM frameworks of Nordhaus (1977, 1992) and Golosov, Has-
sler, Krusell, and Tsyvinski (2014a), incorporating the putty-clay methodology of Gilchrist
and Williams (2000) and Wei (2003, 2013). In our framework, firms choose capital-fuel ra-
tios flexibly when investing (ex ante), but these ratios are fixed once capital is installed (ex
post). This contrasts with standard climate models where capital is malleable, so that input
ratios can be costlessly adjusted after investment. The putty-clay structure generates three
key features absent from standard models: meaningful distinctions between capital vintages,
variable capacity utilisation that declines with plant age, and differential short-run versus
long-run elasticities of substitution to input prices. These features allow us to coherently de-
fine and quantify stranded assets as capital that remains physically productive but becomes
economically unviable under climate policy.

Our main findings reveal that capital irreversibility fundamentally reshapes climate policy
tradeoffs. First, achieving a given emissions target requires substantially higher carbon taxes,
a b5% increase relative to the standard model. With fixed capital-fuel ratios, dirty energy
producers cannot adjust existing capital to become more fuel-efficient. Instead, they must
invest heavily in new efficient capital while continuing to operate pre-existing fuel-intensive
machines, slowing the emissions reduction. This asymmetry between short-run and long-
run adjustment possibilities means that the economy bears twin costs under climate policy:
resources must be diverted toward accelerated investment in replacement capital, while the
existing capital stock continues to generate emissions because it cannot be retrofitted. Stan-
dard models with malleable capital miss this distinction entirely, as they assume capital
can instantaneously adjust its input ratios, effectively giving the economy access to long-run
elasticities even in the short run.

Second, welfare gains are substantially smaller under the optimal carbon tax in the putty-



clay model. This divergence arises from the economic costs of capital stock transformation:
consumption declines significantly more under putty-clay as resources are diverted to replace
stranded capital, and a substantial portion of pre-existing dirty capital becomes unprofitable
to operate. The optimal level of carbon taxation is nonetheless only marginally smaller than
under the standard model, and grows over time with economic growth in a similar manner
to Golosov et al. (2014a). Optimally, the design of the tax still adds to the cost of fuel
usage regardless of the nature of the capital using the fuel, so these differences are due to
the different macroeconomic impacts of carbon taxes, rather than a different policy imple-
mentation. The putty-clay framework reveals a fundamental tension absent from standard
models: carbon policy creates value by reducing climate damages, but also destroys value
by rendering productive capital economically obsolete. This capital obsolescence channel
operates through newly unproductive capital being endogenously utilised substantially less
after policy implementation.

Third, we introduce climate damage uncertainty into the putty-clay framework. At any
date, there is a probability that the economy discovers climate damages are more severe
than previously understood, capturing the risk of climate tipping points. We find that this
risk raises both the level and the welfare gains of the best fixed carbon tax. The mechanism
is a form of capital-composition insurance: a higher tax chosen before the bad state is
revealed tilts the installed capital stock toward cleaner vintages, and these choices cannot
be reversed once damages escalate. This precautionary channel is stronger in the putty-clay
model than in standard frameworks precisely because vintage-level input ratios are locked
in at installation.

Fourth, our framework provides quantitative measures of stranded asset valuations. Under
the optimal fixed carbon tax (a 145% increase), the value of dirty capital installed before
policy implementation falls by 40% within seven years, with smaller declines of around 20%
under the optimal time-varying tax. Importantly, this decline occurs gradually rather than
abruptly. Old machines remain partially utilized in the near term before new capacity comes
online, potentially mitigating financial stability concerns. We further study how different
policy designs affect the distribution of transition costs across vintages of capital. These val-
uation losses naturally motivate the question of whether carbon tax policy can be redesigned
to protect pre-existing asset owners without sacrificing its environmental effectiveness.

Finally, we analyze grandfathering provisions that give carbon tax discounts to pre-existing
capital. Grandfathering is not something that is implemented under optimal taxation, but
when considering the fixed tax - which is more consistent with recent carbon policy im-
plementation - grandfathering marginally improves welfare. More importantly, this policy
preserves the profitability of inframarginal old machines, reducing the near-term investment
requirement and moderating consumption declines. As a result, valuations of stranded assets
can rise, rather than decline. This suggests that stranded asset concerns need not preclude
ambitious climate policy: pre-existing asset owners may experience attenuated capital losses
or even gains under appropriately designed carbon taxes, potentially improving political
feasibility while maintaining environmental effectiveness.

The U.S. electricity sector illustrates why capital irreversibility matters for the energy tran-
sition. As Figure 1 shows, the sector has been undergoing a substantial transition away from



coal-fired generation since 2000, with renewables growing rapidly. Despite these trends and
dramatic cost reductions in renewable technology, fossil fuels still dominate electricity gen-
eration. The transition is occurring, but it is slow, precisely because energy capital moves
slowly. Long-lived coal plants and industrial facilities cannot simply be repurposed; they
must either continue operating with their embedded fuel intensity or be retired entirely.
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Figure 1: Electricity Generation by Fuel Source, 1950-2022

This slow-moving nature of capital becomes visible when examining the flows of new in-
vestment and retirement. Figure 2 reveals a complete reallocation of capital flows: new
investment is now concentrated entirely in renewable capacity, while coal-fired capacity is
being actively retired. This is not a smooth transformation where existing plants gradually
adjust their fuel mix. Rather, the energy transition operates through two distinct margins.
New plants embody clean technology from the moment of construction. Old plants, un-
able to change their embedded fuel requirements, face a choice between continued operation
at their original intensity or retirement. The simultaneous observation of substantial new
construction and accelerating retirements reflects this fundamental asymmetry between the
flexibility available ex ante (when investing) and the fixity that binds ex post (once capital
is installed).

A third margin operates alongside construction and retirement: the utilisation of existing
capital. Figure 3 compares capacity utilisation for newer versus older coal plants. Older
plants exhibit substantially lower and more dispersed utilisation rates. Many operate at very
low capacity factors, suggesting they have become economically marginal even though they
remain physically productive. This age-utilisation gradient reflects the economic obsolescence
that fixed capital-fuel ratios create: as relative prices shift or regulations tighten, older capital
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Figure 2: Construction and Retirement of Electricity Generators, by Fuel Source

with higher embedded fuel intensity becomes increasingly costly to operate and is utilized
less intensively before eventual retirement.
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Notes: Distribution of capacity factors (annual generation divided by potential generation at full
capacity) for coal-fired electricity generators. Data from U.S. Energy Information Administration,
2015-2020 average. Left panel shows plants under 40 years old; right panel shows plants 40+ years
old. The age-utilisation gradient motivates the variable capacity utilisation margin in our putty-
clay framework.

Figure 3: Capacity utilisation Distribution for Coal Generators, by Plant Age

These patterns underscore that the energy transition operates through margins that are fun-



damental consequences of capital irreversibility: retirement of old assets, reduced utilisation
of assets that remain in place, and reallocation of new investment toward clean technology.
Standard climate models with malleable capital abstract from these mechanisms by assum-
ing capital can be costlessly adjusted, making vintage distinctions irrelevant and eliminating
the stranded asset problem. Our putty-clay framework explicitly models these adjustment
margins, calibrating the model to match the observed patterns of vintage-specific utilisation
and capital churning. This allows us to analyse questions that cannot be addressed in stan-
dard frameworks: how does the fixity of installed capital alter optimal climate policy? How
should carbon taxes be designed to account for the destruction of economic value in existing
capital? What are the distributional consequences across capital vintages, and can policy
design mitigate transition costs while preserving environmental effectiveness?

Related literature Our work connects to several strands of research in climate economics
and macroeconomics. The integrated assessment model framework we employ builds on the
foundational contributions of Nordhaus (1977, 1991, 1992), who introduced methods for an-
alyzing climate policy within dynamic general equilibrium models. Golosov et al. (2014a)
provided important analytical tractability to this approach for studying optimal carbon tax-
ation. Subsequent work has extended these frameworks in multiple directions: incorporating
endogenous technical change and directed innovation (Acemoglu, Aghion, Bursztyn, and He-
mous (2012); Popp (2002); Hassler, Krusell, and Olovsson (2021)), modeling spatial hetero-
geneity in climate damages (Cruz and Rossi-Hansberg (2024); Desmet and Rossi-Hansberg
(2015); Krusell and Smith (2022)), and characterizing the role of uncertainty and tail risks
(Weitzman (2009, 2014); Cai and Lontzek (2019)). Barnett, Brock, and Hansen (2020,
2022); Barnett, Brock, Zhang, and Hansen (2024) have further developed frameworks for
incorporating model uncertainty and ambiguity into climate policy analysis. For calibration
of climate damage functions and carbon cycle parameters, we draw on Folini, Friedl, Kiibler,
and Scheidegger (2024) and Dietz, Van Der Ploeg, Rezai, and Venmans (2021). Beyond the
more stylized IAMs developed in this literature and in this paper, a large suite of detailed
process-based IAMs with rich technological and sectoral structure, drawn upon in the IPCC
Sixth Assessment Report IPCC Working Group III (2022), underpin policy evaluation.

A related empirical literature has sought to quantify the economic impacts of climate change
and evaluate specific policy interventions. Contributions including Deschénes and Green-
stone (2012); Dell, Jones, and Olken (2012); Burke, Hsiang, and Miguel (2015); Nath, Ramey,
and Klenow (2024); Bilal and Kéanzig (2024) use climate variation to identify effects on eco-
nomic output and other outcomes. A range of empirical evidence more specific to the carbon
tax experiments we explore is developed by Metcalf and Stock (2023) and Kénzig (2023),
while Colmer, Martin, Muuls, and Wagner (2025) provide firm-level evidence on carbon
pricing effects. Aghion, Dechezleprétre, Hémous, Martin, and Van Reenen (2016) and Ace-
moglu, Hemous, Barrage, and Aghion (2019) provide evidence on directed technical change
in response to environmental policy.

Our framework departs from these models by incorporating capital irreversibility through
putty-clay technology, following Gilchrist and Williams (2000) and building on the original
framework of Johansen (1959). The approach of Gilchrist and Williams (2000) allows for



tractable analysis of both investment irreversibility and variable capacity utilisation, distin-
guishing it from alternative vintage capital frameworks (Atkeson and Kehoe (1999); Coo-
ley, Hansen, and Prescott (1995)). Applications of this methodology include Gilchrist and
Williams (2005) on investment under uncertainty, Gilchrist and Williams (2004) on postwar
transitions, and Hurst, Kehoe, Pastorino, and Winberry (2022) on labor market dynam-
ics. We extend the approach of Wei (2003, 2013), who model fuel as a variable input within
putty-clay production, to a multi-sector climate model. Recent work has begun incorporating
vintage structure into climate models: Meng (2022) and Lanteri and Rampini (2022) empha-
size technological lock-in and financing constraints, Hawkins-Pierot and Wagner (2024) study
technology choice with vintage capital, Capelle, Kirti, Pierri, and Villegas-Bauer (2023) doc-
ument within-industry heterogeneity in emissions driven by differences in capital vintages
across firms, and Finkelstein Shapiro and Metcalf (2023) show that endogenous green tech-
nology adoption by firms can substantially reduce the economic costs of carbon taxation.
Our contribution is to incorporate full putty-clay technology across all sectors in an IAM
framework, allowing us to analyze how capital irreversibility shapes optimal climate policy,
generates endogenous stranded assets, and affects the design of grandfathering provisions.

Our analysis of asset valuations connects to emerging work on climate-related financial risks.
Financial regulators and policymakers have raised concerns about potential asset revaluations
under climate policy (Carney (2015)), with scenario analyses suggesting substantial fossil fuel
reserves may become economically unviable under stringent climate targets. McGlade and
Ekins (2015) quantify unburnable fossil fuel reserves under 2°C warming scenarios, while
Dietz, Bowen, Dixon, and Gradwell (2016) develop a climate value-at-risk framework for
global financial assets. Our focus differs by emphasizing stranded capital, meaning the pro-
ductive assets that rely on fossil fuels, rather than the reserves themselves. Detailed IAMs
including REMIND), assessed in the IPCC Sixth Assessment Report IPCC Working Group
IIT (2022), have also examined stranded asset risks from stringent climate policy. A grow-
ing empirical literature documents how investors price climate policy risk, testing whether
carbon-intensive firms earn higher returns (Engle, Giglio, Kelly, Lee, and Stroebel (2020);
Bolton and Kacperczyk (2021); Berg, Kolbel, Pavlova, and Rigobon (2021); Hsu, Li, and Tsou
(2023); Eskildsen, Ibert, Jensen, and Pedersen (2024)). Recent macro-finance models show
that while asset prices can, in principle, replicate carbon-tax incentives, equilibrium pricing
of climate risk and green finance typically generates cost-of-capital effects that are too small
to substitute for explicit carbon pricing (Chittaro, Piazzesi, Sena, and Schneider (2025); Gar-
leanu and Pedersen (2024); Pedersen (2026)). Our framework provides micro-foundations
for valuation dynamics through capital-fuel complementarities, generating stranded assets
endogenously in a way that standard models with malleable capital cannot. This allows
us to study alternative carbon tax designs—including grandfathering provisions for existing
capital—that can reduce transition costs while maintaining environmental effectiveness.

Outline of paper The remainder of the paper proceeds as follows. Section 2 presents the
putty-clay integrated assessment model, detailing the three-sector structure, climate dam-
age specification, and household problem. Section 3 describes the calibration strategy and
parameter values. Section 4 analyzes the dynamic effects of carbon taxation, comparing
outcomes under putty-clay versus standard assumptions. Section 4.2 characterizes the opti-



mal carbon tax and examines grandfathering provisions. Section 5 quantifies stranded asset
valuations and their response to different policy designs. Section 6 concludes.

2 Model Description

The model is an integrated assessment model that incorporates the putty-clay technology
developed in Gilchrist and Williams (2000). The model has a final goods sector along with
dirty and green energy sectors. The final goods sector combines energy, labor and capital
to produce final goods. As in Wei (2003), dirty energy uses fossil fuel, labor, and capital
as inputs while clean energy uses only capital and labour. These two energy sources are
imperfect substitutes in the production of the energy input that is used by the final goods
sector.

Within each sector, output is produced using putty-clay technology. Capital goods take
the form of machines that are vintage-specific. Without loss of generality, each machine
is normalized to employ one unit of labor at maximum capacity. Machines are long-lived
and assumed to fully depreciate in any given period according to a Poisson process. The
putty-clay technology implies that capital-to-labor and fuel-to-labor ratios are chosen in
advance and fixed for the machine’s life. Once built, machines are fully utilized as long
as the revenue obtained from the machine exceeds the operating cost, which combines fuel
and labor costs. All machines within a vintage are identical ex-ante, but are subject to
idiosyncratic shocks that determine their productivity once installed. The realized level of
productivity is assumed to be permanent and thus embodied in the machine. New machines
embody new technologies that improve exogenously over time. Machine productivity may
also increase because of growth in disembodied technology. As productivity growth occurs,
the cost of operating a machine rises, so older machines are less likely to be utilized.

Following Golosov et al. (2014a), the climate block of the model adds a climate damage
function that reduces productivity in all sectors. Climate damage is a function of the carbon
stock that accumulates based on fossil fuel usage. The damages are external and hence are
not taken into account in the optimality conditions that govern production, investment, and
household supply of labor and capital. This section provides a complete specification of the
technology and optimality conditions for each of the three sectors: final goods, dirty energy
and clean energy, along with the specification of the household problem and the climate
damage function.

2.1 Energy sector

The energy sector consists of two types of energy producers. A dirty energy producer pro-
duces energy EP using capital, labour and fossil fuel, and a green energy producer produces
energy E¢ from renewable sources using only capital and labour.

Dirty and clean energy are assumed to be imperfect substitutes so that the total energy
input to the final goods sector is a CES aggregate of the two energy sources:

B - (EtDtJrEth > (1)
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Let P¢ and PP denote the price of clean and dirty energy. Input demands satisfy

EF PF\*
ft: (PtE> for k=G, D.
t t

The cost-minimizing energy bundle then implies the energy price:

PE = (PE"" 4 PP @)

2.2 Dirty energy sector

The dirty energy sector produces energy from vintage-specific machines that combine labour,
capital and fuel. Each machine employs one unit of labor at full capacity. For machines built
in period ¢ — j, the capital-to-fuel ratio k2 ; and the fuel-to-labour ratio f;_; are chosen upon
installation and hence fixed at time ¢ — j.

Technological change in the dirty energy sector reflects three forces: disembodied technol-
ogy and climate damages that affect machines of all vintages equally and vintage-specific
technology embodied in machines. Define aggregate disembodied productivity in the dirty
energy sector as Agq; = Zg; X Dy where Z;, denotes disembodied technology and D, denotes
damages from accumulated carbon stocks. Upon installation, machines are subject to an

idiosyncratic productivity shock Qﬂf ; drawn from a log-normal distribution:

1
109(61%71') ~ N(l09<9£j) - 5‘72&‘7?})

The mean of this distribution 6 ; = E(6],

i+—;) denotes the technology embodied in vintage
machines t — j.

Given the capacity constraint, L;;, ; < 1, a machine ¢ of vintage j at time ¢ produces dirty
energy according to the Leontief production function
D D . 1D D
Ez‘,t,t—j = Xi,t,t—j mm[Lz‘,t,t—j (Xi,t,t—j)v 1]
where machine labour productivity Xﬁt_ ; is a Cobb-Douglas function of technology, climate
damages, and the capital-to-fuel and fuel-to-labor ratios:

1—aP D D
D _ D D \\" ra
Xi,t,t—j - (Ad,tei,t—j> (kt—j) ft—j'

2.2.1 Machine utilisation

Let W, denote the wage rate and Ptf the price of fuel. The cost of operating a vintage t — j
machine at full capacity is W, + P/ f,_;. A machine is used (L(X3, ;) = 1) if machine

it t—j

revenue exceeds cost: PPXB, > (W, + P/ f,_;). Define the cutoff value

lztatij

1 1
Ztl?t—j = g log(W; + Ptfft—j) - log(PtDthfj) + 5‘712:) ) (3)



the proportion of machines in ¢ — j that are used in time ¢ is
PriPPXE, . > (W, + Pl fi)]=1-0(z5_,).

Let th_j =F (XZD“ ;) denote the unconditional mean of labour productivity in time ¢ for
machines built in period ¢ — j. Given the log-normal distribution of machine productivity,
the expected output of such a machine conditional on utilisation is

(1—®(Z£_j —O’D)) D
(I=2(z5,) 7

E[xh, IPPXE, ;> W+ P f)] =

2.2.2 Optimal Input Choices and Factor Shares

Dirty machines exogenously fail at rate §” per period. Expected net income at ¢ + s from a
machine that is installed at time ¢ is

Trt[j—st (1- 5D)8 ! {[1 - (ZtD-i-s,t )] P1§+5X£|—st [1 - (Zt+s t)} (Wt+s + Pt+sft)}
(4)
Define the (ex-dividend) expected market value of a vintage ¢t — j machine at time ¢ as the
present value of the expected profit stream 7rtD+Sﬂt, discounted using the household discount

fa:CtOI' mt7t+5:
oo

D _ D
‘/t,tfj = Z M ttsTtyst—j-
s=1

Machine producers choose kP and f; to maximize the expected discounted value of profits
of a new machine V£ . Owing to sector-specific adjustment costs in the production of new
investment goods, the price of a new machine, P}?t, may deviate from unity. The optimality
conditions for kP, f; may be expressed as

Plgktht - % mt,t-i-s(l - 6D)s_1 {)‘D {1 - (Ztlis,t - O-D)} PtlithD+s,t} (5>

s=1
M
PEEL fr =Y mupes(1 =62y H o 1= @ (28, — op)| PRXD,, — [1 = @ (:1.,)] Pt}
s=1
(6)
Free entry implies the zero profit condition:
M
PI?‘,/{;tht = Z Mihs(1 — 6D)s_1 Hl -0 (ng,t - UD)} ngngrs,t - [1 - (Zt+s t)} (Wt+s + Pt+sft)} .
s=1
(7)

Combining the optimality conditions with the free-entry condition delivers the following
labour and fuel share equations:

1— OéD — Zé\/ll my t+s(1 - 5D)s ! {[ (Zt-i-s t)} Wt-i—s}
Z =1 t+s 1 N 5D = {[1 (Zt-‘rst )} Pt?—sxg—s,t}
ol —\D — ZMlmtt+5(1— D)s 1{[ (Zt—i-st)} Pt+sft}

Zﬁ”l my t+s 1 - S ! {[1 (Zt+st )} Pt—l—th—i-s,t}
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Figure 4: Machine Distribution in Dirty and Green Energy Sectors

Because of the ex-post fixity of capital-to-energy and fuel-to-labour choices, the labour and
fuel input cost shares are determined by the ratio of the expected present value of input
costs to revenue.

2.2.3 Input Demands and Energy Output

Let QP ; denote the number of dirty energy machines installed at time ¢ — j so that (1 —
0P)71QP ; is the undepreciated stock of vintage t — j machines at time ¢. The total input
demand for labour LP and fuel F} in the dirty energy sector are obtained by summing the
utilisation-adjusted input requirements across vintages:

Le = {l-e ()]0 -07al) (8)
Fo= 2 (L= (a0)] x (1= 0"y7'QP fmy) (9)

Similarly, total energy output from the dirty-energy sector satisfies:

B2 =3 {10 (s - o0)] < (- Y@, XEL). 10

Jj=1

Figure 4 displays the steady-state distribution of machines for the dirty and green energy
sectors along with the steady-state cut-off value determined by W; + PF f, based on the
calibration chosen below. Machine revenue PP X is displayed along the horizontal axis. The
height of the curve is then determined by the number of undepreciated machines that remain
in steady-state for a given productivity X. To obtain this curve we need only to track the
steady-state values of [Qﬁ I xp j]io. The shaded area to the right of the cut off represents
the measure of machines that are utilized. As the economy grows, the wage rises and the
utilisation rate of less productive machines falls to zero. At the same time, new machines
with higher productivity are built, expanding the curve to the right. The second line captures
the effect of new investment on the machine distribution.

11



o o
In summary, given a sequence of prices [wt+5, PR, Ptﬁs} o and technological indices [Af i Qfﬂ} o’
along with the state variables [QtD_ I xp j} Cio that summarize the existing distribution of ma-
chines, the dirty energy sector can be fuliy characterized by equation 3, the static optimal
utilisation decision, the forward-looking equations 5, 6 and 7 that determine the optimal
choices for the capital-to-energy ratio and fuel-to-energy ratio, along with the free entry con-
dition and the backward-looking equations 8, 9 and equation 10 that sum over the existing

machine distribution to determine labor and fuel inputs along with dirty energy output.

2.2.4 Vintage Model

An alternative approach to respect the vintage structure of capital is the putty-putty frame-
work formulated by Solow (1959). In this formulation, output per vintage and capital per
vintage satisfy

D D D \\P aP-A\P D —aP
Et,t—j = Ad,tev,t—j(Kt,t—j> (Ft,t—j> (Lt,t—j)l
KL, = (1=6")y711p..

where I” ; are total capital expenditures for vintage ¢—j and 95’; is an index of the technology

embodied in the vintage t — j aggregate capital stock. Summing across vintages gives total

energy output from the dirty energy sector:
o0
D D
B = Z By
=1

Because labor and fuel productivity are equalized across machines both within and across
vintages, one can represent the vintage production structure in terms of a capital aggregate
that combines with labour, fuel, and technology in a Cobb-Douglas production function. In
particular, it is straightforward to show that the vintage model is equivalent to a model with
an aggregate capital stock K subject to investment-specific technological change:

K = (1= "KL, + (0717
and production function:

D

AP D_\D o
EP = AL (KP)" (F)*" (L) .

In contrast, in the putty clay model, machine productivities cannot be equalized either within
or across vintages. Hence there is no aggregate representation of the capital stock and we
o0
therefore need to track the entire distribution of machines through {Q?_ X2 j} o
J:

2.3 Green energy sector

The renewable/green energy sector produces green energy EX using only capital and labour,
and no fossil fuels, using putty-clay technology. This is the same as the original set-up of
Gilchrist and Williams (2000) with the addition of disembodied technological change along

12



with damages induced by carbon accumulation. The formulation thus mirrors the dirty
energy sector absent the fossil-fuel decision and use.

Given a capital intensity k& ; for vintage ¢ — j, a machine ¢ of vintage ¢ — j produces green
energy at time ¢ according to the Leontief production function:

EG

iztvtfj

= XG .min[Lgm,j (Xicitfj)? 1]

i7t7t7]

where X%t_ ; 1s labour productivity:

— (4,05 ),

th_j

XG

7/7t7t_j

Agr = Zy4Dy denotes disembodied total factor productivity inclusive of carbon damages,
and 0;,_; is an idiosyncratic draw from the sector-specific log-normal distribution

1
ZOQ(QiG,t—j) ~ N(log(etG—j) - 5021’ Ug';)-

Here 0% =k (th_ ;) indexes the level of technology embodied in green energy machines.

Projects with productivity PtGXﬁ,t_ ; = W, are used at full capacity, the rest of the machines
are left idle. The proportion of machines of vintage ¢ — 7 in use is therefore given by:

Pr(PEXS, > Wi W, PF) =1—-®(zf,_))
with ] ]
zftfj == [log(Wt) - logPtGthﬁ + 202] (11)

Expected profits at time ¢ + s from a machine built in time ¢ are
71-E&—s,t = (1 - 56‘)5—1 {[1 - (Zg—s,t - O-G)} Ptc—l;-lefcj-s,t - [1 - (Zt(is,t>} (VVH-S)} (12)

Define the (ex-dividend) expected market value of a vintage ¢t — j machine at time ¢ as the
present value of the expected profit stream 71'12_57“ discounted using the household discount

factor my s
(o)

a G
V;f,tfj = Z M ttsTiyst—j-
s=1

Machine producers choose k¢ to maximize V,§ resulting in the optimality condition for

G
R
capital intensity k¢

PEKE = f Mes(1 =69 A 1= @ (2, — 0c)| PEXT,,}- (13)

s=1

This optimality condition along with the zero profit condition

M
PIG,tktG = Z:lmt,tJrs(l - 5G)871 {[1 - (ZtG-i-s,t - UG)} Pﬁ-thG-&-s,t - [1 - (Zgi-s,t>} (Wt+8)}
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deliver the labour share equation:

¢ _ M My (1 — 69)5 { {1 - (Zt+s t)} Wt+s}
Zé\g My 4s(1 — 0G)s~1 {[1 - o (thr&t - U)} Pt—&-th—Q—s,t}.

11—«

Finally the total labour requirement and green energy output are:
G _ €] G\i—1 G
Lf=>{[1-® (5 ;) 1 -6%'Q7,} (15)

=S {[1- @ (s, - 0%)] x (1 - 0%y 1QE XE ) (16)

where Q¢ ; 1s the quantity of green energy machines of vintage ¢ — j.

2.4 Final goods producers

The final goods producers combine capital, labour, and energy to produce output that is
either consumed by households or used to produce new machines in the final goods or energy
sectors of the economy. The putty-clay version of the final goods problem follows closely
the set-up of the dirty energy firm. Let ktf gj and e{;" ; denote the capital-to-energy and
energy-to-labour intensities of machines of vintage ¢ — j.

A machine 7 of vintage t — j produces final goods at time ¢

v

where machine labour productivity XZ g 18

1- fa of
ij,ct,t - = (Afg tezt j) (kfgg)/\ geg—j-

with ]
log(#5,_) ~ N(log (6 ) — 5% 02)

Again, the mean of this distribution 0 ; = E(65,

i+;) denotes the technology embodied in
final goods machines of vintage ¢ — j.

The cost of operating a vintage ¢ — j machine at full capacity is W; + Pfe;_; Define the cutoff
value

1 . 1

A= or log(W, + Pfe,—;) — log(PUX]7_) + 57| (17)
g

the proportion of machines in ¢ — 5 that are used in time ¢ is

PriP/X],_ > (Wi + Pleij)) =1 ®(2]7_)).
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Let thff_j = E(Xi]fgt_j) denote the unconditional mean of labour productivity in time ¢
for machines built in period ¢ — j. The expected output of such a machine conditional on
utilisation is

(1 B (I)(ZZ? j UfQ)) fg
g
(1 - ({7 ) ’

B X[ IPPXTE > Wi+ Pley)| =

Given the failure rate 6/9 of final goods machines, expected net income at ¢t + s from a
machine that is installed at time ¢ is

W{—Est = ( - 5fg)5_1 {{1 - (Z{—gs,t - Ofgﬂ Pt+th+st [1 - (Zﬁs t)} (Wt+s + P;_Set)}
(18

Define the (ex-dividend) expected market value of a vintage ¢ — j machine at time ¢ as the
present value of the expected profit stream 7rtD+57t, discounted using the household discount
factor my s

vt

t—j th,ﬁsﬂtffs,t—j'

s=1
Machine producers choose k{ 9 and e; to maximize the expected discounted value of profits of
a new machine Vtﬁg. The optimality conditions for the input ratios k{ Y e; may be expressed
as

P Z my t-‘rS 1 - 6fg)s ! {)\fg [ - (thfr?s,t - Uf!])} Pt+th+s t} (19)
s=1
P f9e, Z My gys(1 — 679)51 {ozfg {1 —d (szs,t — afg)} Pt+5Xt+st [1 - o (sz&t)} Ptiset}'
s=1
(20)

Free entry implies the zero profit condition:

P Z my t+s 1 - 5f )8 ! {[1 P (Z{fs,t - O-fg)} Pt&]th]:gs,t - [1 - (Zlffr]s t)} (I/Vt-i-s + Pte—i-set>} :
s=1
(21)
We can again combine the optimality conditions for kic 9 and e; with the free entry condition
to obtain expressions for optimal input shares.

Let Qf g ; denote the number of final goods machines installed at time ¢ — j so that (1 —
67 g)j’le 7, is the undepreciated stock of vintage ¢ — j machines at time ¢. The total input
demand for labour L,{ 9 and energy F, in the final goods sector are :

M

Ly = ;{[1—<I>(ztff J)] =yl (22)
E, = Z{[ (Ztt ])} ( 5fg)] th j€t— j} (23)
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while total final goods output satisfies:

=3 (-0 (o) < - L) .

J=1

2.5 Climate Damage Function

In order to assess the welfare implications of imposing taxes and subsidies to reduce fossil fuel
usage, we introduce a climate block into the model which models the endogenous responses of
damages from climate change. We model the externality from climate change as reducing the
productivity, following the approach of Nordhaus’s DICE models. We adopt the tractable
approach to modelling the climate block of IAMs proposed by Golosov et al. (2014a). The
climate damages are a function of the stock of carbon S; that has been produced previously
by the fossil fuel usage of the dirty energy sector, subject to a reduced form representation
of how this stock is partly absorbed and depleted by the environment.

The damage function we use is:

o= (4(3)

This is similar to Golosov et al. (2014a), as the addition of cumulated emissions to the
atmospheric carbon stock (5;) reduces productivity. Note that this is specified as a function
of the industrial emissions, i.e. as deviations from the pre-industrial atmospheric carbon
stock and any non-industrial carbon emissions. We allow all sectors, not only the final sector,
to be subject to climate damages, with labour productivity reduced by A,{ 9 A% and A{ being
multiplied by D;. The degree to which the cumulated carbon stock damages productivity
is mediated by the parameter (, which we set to ensure the initial steady state damages
matches the current degree of damage in the economy.

To this, we add the exogenous process €);. This is designed to represent technology improve-
ments which allow the economy to adapt to climate damages in the very long run. This
is in the spirit of Barrage (2014)’s suggestion of a technology adjustment which neutralises
the emissions from coal use, but we apply this to the cumulated carbon stock rather than
the emissions. During the policy experiments, we hold €2; constant for an extended period.
We allow €); to grow at the rate of S; under the balanced growth path, so that damages in
the very long run do not continue to increase.! This allows the model to have a balanced
growth rate, but because the growth of €, is very delayed, it does not affect the near-term
macroeconomic dynamics. It also does not affect the optimal carbon tax, as by the time it
begins to decrease, discounting of future economic outcomes is very substantial.

The carbon stock S; in excess of pre-industrial levels accumulates based on past fossil fuel
use:

1Specifically, € is initially constant, and then the growth rate gradually increases over time according to
a logistic function of the form:
g = g % (1 — exp(—(Qu + Dy ¥ 1))
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t+T

St = Z(l - ds)Ft—s (26)

s=0

Here (1 — d;) reflects the depreciation of previous carbon stocks. We follow the depreciation
process and calibration of Golosov et al. (2014a), specifically:

1—ds=(1—wr)po+er(l—p1)°

where the share ¢ depreciates gradually by rate 1, 1 —¢ exits the atmosphere immediately,
and the remainder stays permanently in the atmosphere.

For some of the analysis, we explicitly distinguish between the gradual depreciation (S ;)
and permanent (Ss;) components of the carbon stock:

Si1=(1—¢1)S 11+ (1 —r)poF, (27)
Sto = gt—m + SDLFm (28)
Sy = Si1+ Sie, (29)

2.6 Households

There is a representative household who owns the capital, obtains utility from consumption
and disutility from supplying labour. The household can buy and sell sector-specific claims
on the portfolio of capital that pay out 7f in dividends each period for x = D, G, fg where
7y are total profits paid out across vintages in sector = at time ¢

Let s define the number of shares on the portfolio of claims to sector x held by the household,
and V;* the ex-dividend market value of this portfolio:

M
x T
Vii=2_ Vi
i=1
Households choose a sequence of consumption, labour and portfolio shares to maximize

> {1t

t=0 -

<(cil - Ly}

subject to

Cot > sipVia=Wili+ > si(m+(1-0)V)

z=D,G, fg z=D,G, fg
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The household optimality conditions may be expressed as

Cy

W, = 30
t= Py L, (30)

1 Ui(Ciir, Lisr)
m = = 31
T g U, (C, Ly) (31)

with rates of return on assets equalized across sectors:

1471 = ( Wi + i for x=D,G, fqg. (32)

ViE

2.7 Investment, fuel costs and the aggregate resource constraint

Absent adjustment costs, immediate changes in sector-specific technology or taxes imply
implausibly large investment and disinvestment patterns across sectors. To address this
concern, the model allows for adjustment costs when investment rises above past investment.
In particular, increasing investment in sector x relative to last period entails a per-unit of

investment cost: )
. [ o1 Iy
CY =min | — —1,0
t ( 2 \(T+gor +0a)I7,

where g, 1 is the steady-state growth rate of investment in sector z and sectoral investment
reflects both the number of machines and the quality of machines that are constructed:

I = QPkPf >0
If = Qikf 20
1 = Q°kl%e >0,

This specification implies that the marginal cost of investment is

]CL‘
P =1+ mi t
f +m1n<¢]<(1+gz,l+6z> f_1>’0>

so that there are zero adjustment costs at the steady-state that rise when investment exceeds
its steady-state level. The model also imposes a lower bound of zero on investment so that
the investment in past machines is irreversible. The asymmetric nature of the adjustment
cost is then consistent with the notion that capacity constraints on the production of new
investment goods bind during rapid expansions.

Fossil fuels are assumed to be abundant but costly to extract. In particular, a unit of fuel
can be extracted at a constant cost Pf in terms of current units of final goods output. These
assumptions imply that output in the final goods sector is used for consumption, investment
inclusive of adjustment costs, and fossil fuel extraction:

V,=C+ Y. (1+CHIf+P'F (33)
z=fg9,D,G
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3 Calibration

Table 1 displays the model parameters chosen for the calibration. The model parameters con-
tain macro parameters that govern household behavior along with parameters that determine
the importance of both fuel and energy for the aggregate economy, and the relevance of the
putty-clay mechanism. Household parameters include the discount factor [, the intertem-
poral elasticity of substitution 1/7, and the inverse-Frisch labor supply elasticity. These are
chosen to be 0.9925, 1, and 3, respectively, which are standard values in the literature. We
calibrate the trend growth rate of final output to two percent, with one percent per year
from growth in disembodied technology and one percent from technology embodied in new
capital goods. Maximum utilisation rates in the final goods sector are on the order of 0.88
which implies setting o, = 0.33.

Parameter Value Description
1—af@ 0.55 Labour share in final goods sector
\FG 0.37 Capital share in final goods sector
aF'G _ \FG 0.08 Energy income share in final goods sector
1—aP 0.17 Labour share in dirty energy sector
AP 0.10 Capital share in dirty energy sector
al —\P 0.72 Fossil fuel share in dirty sector
a% 0.6 Capital share in green sector
€ 2 Elasticity of substitution between energy types
§FG = §G 0.10 Depreciation in final goods sector
5¢ 0.01 Depreciation in green sector
5P 0.001 Depreciation in dirty sector
OFG 0.33 St dev. log productivity in final goods sector
oD 0.11 St dev. log productivity in dirty sector
oG 0.76 St dev. log productivity in green sector
¢ 4.35e-05  Climate damage in production function
ol 0.2 Carbon stock depreciation parameter
0 0.40 Carbon stock depreciation parameter
P! 0.0023 Carbon stock depreciation parameter
Qq 0 Adaptation process parameter
Qp 0.016 Adaptation process parameter
B 0.9925 Discount rate
1/n 1 Elasticity of intertemporal substitution (EIS)
© 3 Leisure preferences
god = Gog 1% Embodied growth in energy sectors
9zfg 1% Disembodied growth in final goods sector
9y 2% GDP growth

Notes: Parameter calibration for the model described in the text.

Table 1: Model Calibration

The depreciation schedule along with the rate of growth of embodied technology and the
dispersion in idiosyncratic project outcomes all influence the extent to which the model
displays putty-clay features. The depreciation rate in the final goods sector is set to 10
percent per year. The depreciation rate in the green energy sector is set to 1 percent per
year, and the depreciation rate in the dirty energy sector is set to 0.1 percent per year to
reflect the fact that fossil-fuel plants are longer lived than other forms of capital.

We calibrate o4, 0, and the growth rates of embodied technology in the energy sectors (these
growth rates are constrained to be greater than zero and, at most, equal to the growth rate
of final output) to match micro evidence on the utilisation-age schedule of plants in the US
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Figure 5: Model fit to age-utilisation microdata

energy sector. Figure 5 plots the fit of the model-implied age-utilisation schedule to the
microdata.

The final goods sector has a labor share 1 — of“ = 0.55, a capital share AF'¢ = 0.37 and
an energy share 1 — o' — \F'® = (.08. This energy share is consistent with BEA estimates
reported for the mid-2000s. Labour share estimates derived from the utility sector suggest
setting the labour share for dirty energy 1 —ay = 0.17. The capital share in the dirty energy
sector is AP = 0.10, which implies a fuel share in the dirty sector of a” — AP = 0.72.? We
calibrate the capital share in the green energy sector such that the labor share of (non fuel)
cost is the same as in the dirty energy sector, which gives o, = 0.6. Consistent with recent
data, the relative productivity of the dirty versus green energy sector is chosen so that green
energy accounts for 17 percent of total energy output.

To analyze green technology transitions, we calibrate a scenario using observed declines in
solar photovoltaic costs. Figure 6 shows the evolution of solar panel prices from 1975 to
2023, measured as the log-inverse price to highlight efficiency improvements. Solar efficiency
exhibited rapid growth of approximately 20% per year from 1975-1988, slower growth of 5%
annually from 1988-2008, and a renewed period of rapid growth at roughly 20% per year since
2008. This dramatic cost reduction—an 88% decline in the levelized cost of electricity for
utility-scale solar PV between 2010 and 2021—coincided with substantial increases in solar
capacity investment documented in Figure 2. We use these patterns to calibrate a green
technology improvement scenario that matches the post-2008 period of rapid cost decline.
The details of this green energy transition experiment are provided in Appendix B.

For the climate block, we closely follow prior literature, using the same carbon depreciation

2The calibration implies a fuel share of non-capital costs of 76%, consistent with EIA data (see
https://www.eia.gov/electricity /annual /html/epa_ 08 04.html). This calibration is determined jointly with
other energy sector parameters to match three moment conditions: green energy quantity share (17%), total
energy expenditure ratio (7.6% of output), and fossil fuel expenditure ratio (5.6% of output), as well as
age-utilisation profiles for both energy sectors.
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Figure 6: Solar Panel Technology: Log-Inverse Price, 1975-2023

parametrisation as Golosov et al. (2014a). We calibrate the damage function parameter ¢
such that climate damages initially reduce output by 3% prior to policy implementation,
a magnitude that is somewhat larger than the benchmark DICE calibration of Barrage
and Nordhaus (2024), broadly consistent with empirical estimates implying persistent level
effects of temperature on output of Nath et al. (2024), but substantially smaller than recent
macroeconomic estimates of Bilal and Kénzig (2024) that imply much larger long-run output
losses from global warming. The long-run adaptation process €); is initially 1, not affecting
GDP, and then grows as described in Section 2.5 according to a similar process to Barrage
(2014).

4 Impact of a Carbon Tax in a Putty-Clay framework

In this section we consider the effects of carbon tax policies that seek to reduce fossil-fuel
use. In all cases, revenues obtained from such taxes are rebated lump-sum to households.

4.1 A Fixed Carbon Tax

The first experiment considers the effect of an unanticipated carbon tax that permanently
doubles the price of fossil fuel. This is equivalent to a carbon tax of approximately USD $75
per ton of carbon emissions, well within the range considered in current policy discussions.

Panel A of Figure 7 displays the aggregate responses to this carbon tax. In the short run, the
tax causes a substantial contraction in economic activity. In the putty-clay model, output
falls by 3.5%, investment by 9%, and labour by 4.5%. In the putty-clay model, there is very
little short-run substitutability between energy and other inputs. As a result, total energy
only falls gradually in the short-run. As the economy adjusts, energy production continues
to fall while output, consumption and investment recover. Labour remains permanently
slightly below its initial steady-state however.
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Figure 7: Carbon Tax
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Figure 8: Carbon Tax: Putty-Clay Model

The lack of substitutability between fossil fuels and other inputs also implies sharp rises in
energy prices in both the dirty and green energy sectors, along with a gradual decline in
dirty energy investment and a shift towards green energy investment. The primary margin
of adjustment here is that new machines that are built in the dirty-energy sector reflect the
desired long-run fuel-to-labour ratio which falls 50 percent due to the doubling of the fossil
fuel price. Thus there are two forces at work to reduce fossil fuel usage: a switch in production
towards clean rather than dirty energy and new investments in the dirty-energy sector that
embody lower fossil fuel requirements.® To enable these transitions, Figure 8 shows how
at the machine level, utilisation declines in dirty sectors and new machines installed have
sharply lower fuel-labour ratios. Fossil fuel usage gradually declines as these transitions
occur.

In contrast to the putty-clay model, the fossil fuel usage and energy production exhibit
large immediate declines in the vintage model. The forty percent initial decline in energy
production is only a few percent greater than the long-run decline. Similarly, the initial
decline in fossil fuel usage is only a few percent above the eventual decline of sixty percent.
This adjustment occurs with less disinvestment in the dirty sector and less overall investment
in the green sector in comparison to the putty-clay model. Because fossil fuel usage and
energy production only adjust gradually in the putty-clay framework, the tax is much more
effective in reducing the carbon stock in the vintage model relative to the putty-clay model.

This raises the question of how much larger fossil fuel taxes need to be under the putty-clay
framework to achieve the same carbon stock reduction as under the vintage model. Figure

3This dynamic of investment shifting overall energy sector capital to be more carbon efficient in both
the carbon pricing and green technology improvement cases is consistent with our descriptive evidence and
other evidence, such as Bolton and Kacperczyk (2023) that newer capital vintages are more energy efficient.
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9 shows the result of a targeting exercise over a 25-year horizon. To achieve the same 2050
carbon stock, fossil fuel taxes need to rise by 55% more under the putty-clay framework.
Because the fossil fuel tax takes time to be effective, the near-term carbon stock is relatively
high, but converges to a lower level in the long-term as the putty-clay dynamics fade. The
economic effects of achieving this target are much more damaging. Output declines more
in the short-term and throughout the transition, under the putty-clay model. Consumption
declines by nearly 3pp more in the short-term, while investment also declines more sharply
and consistently.

4.2 Optimal Carbon Taxation

In the previous section, we outlined results for a fixed carbon tax. As discussed, we view
this a reasonable benchmark and approximation of carbon taxes implemented in practice
across those economies which have mature systems for pricing carbon emissions. However,
this tax is, of course, suboptimal. In this section, we derive the optimal carbon tax under the
putty-clay model and show how the macroeconomic impacts of this optimal tax compare.

Solving the planner’s problem results in the below optimality conditions for the carbon stock
(including its depreciating and permanent components outlined in Section 2.5):

o, oEP  OES

S Merort 42 A Mot =0
95, Tgs, Tt gg, T

St )‘;t - Et[ﬁ(l - 901))‘;1#1] — At =10

5% Ait —E[B(1 - 902)>\37t+1] — At =0

Where A.t, Ag¢, Ag are Lagrange multipliers on consumption, dirty energy and green energy
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Figure 9: Targeting 2050 carbon stocks
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respectively, Ag, AL 1 /\s , are Lagrange multipliers for the carbon stock and subcomponents.
See Appendix C for details. Combined, these show the dynamic trade-off between consump-
tion and energy outputs today, compared with the long-lasting productivity cost of carbon
damaging productivity. The optimality conditions for the dirty energy sector are:

oEP OF. , .
2 Adi 5 — et P 4 (1= wi)wohar s +wrdey)) 5 Wl — g
Rtt—j 2h_;
[ OEP
kD . Ac,tftQ? - Et Z /BkAd,t—i-kakt;k]
_k: 1
OEP OF
f: /\c,tktDQtD =E; 25 ( dt+k— (A7 af, +k (/\C7t+thJ;k + ((1 _WL)WO)\sl,Hk +wL)\82,t+k)) t+k
OEP OF, 1
QD : )‘C’tkgjft =& _kZ:% 5k (Ad,t+k(9Qt—tEk - >\c,t+th]ch GCZ
OF ik oL,

— (1 — wr)woAst sk +wr sz i k)

—— A __trs
aQtD l,t+kaQ3_8

These demonstrate key implications for an optimal carbon tax under a putty-clay framework.

Each firm decision that increases fossil fuel usage, namely =52, adjusting utilisation 9 b
020, " T of
increasing fossil fuel intensity of machines, and aaég’“ , increasing the number of dirty machines

have a shadow price: ((1 — wp)woAst p4k + WrAs2 14x). This shadow price does not depend
on the nature of the machine, purely the additional fuel used and resulting emissions. What
that means is that the optimal carbon tax does not vary across the distribution of machines
captured in the putty-clay framework; the putty-clay dynamics will impact the size of the
tax, but this does not need to be different across machines within a period. In addition, this
enters in the same manner as the fossil fuel price, so a carbon tax should be levied on fossil
fuel consumption in proportion to its emission intensity.

Given this, we can decentralise the planners solution using prices, including a carbon tax 7
of the form:

.- Yiis(1— FG PD ED (1 P PG EG (1 o
S Mupes(1 — dy | YL =a™) | PRER( = P) | PGB0 = o)
= Qt+8 Qt+8 Qt+8

Where M, ;. is the SDF of the representative household, (1 —d) is the carbon depreciation
process described in Section 2.5. As in Golosov, Hassler, Krusell, and Tsyvinski (2014b),
the tax grows with the size of the economy (here also taking into account damages in the
dirty and green energy subsectors). Our inclusion of the long-term adaptation process {2
means that in the (very) long run, the tax stabilises as technology growth to mitigate climate

25

O f

)



Carbon Tax Paths

160

150 -

140 -

130 |

120

Carbon Tax (% of Py)

110 -

PC Optimal
= == Best GF (new)
wr -~ e Best GF (GF)
== === Best Fixed (145

90

. . . . L .
10 20 30 40 50 60 70 80 90 100
Period ¢

Figure 10: Optimal carbon tax and alternatives

damages offsets future emissions. That said, we calibrate this process such that the medium-
term dynamics we explore in this paper are unaffected by the eventual long-run adaptation.

In our quantitative model, the behaviour of this optimal tax is shown in Figure 11. The
optimal carbon tax is initially 95% of the cost of fuel, then rising with economic growth
to over 150% of the fuel price by 100 years after implementation. To complement this
optimal tax, we compare two additional suboptimal rules, the dynamics and nature of which
in our view are better approximations of carbon tax policies put in place in the past two
decades. The first of these is an ‘optimal fixed’ carbon tax, so one which remains constant
rather than rising with economic growth. We find that an optimised level of a fixed tax
is 145%, higher than the benchmark 100% discussed in the previous section. A second is
where we ‘grandfather’ pre-existing assets, which are installed prior to policy implementation.
We discuss rationales for the latter further in Section 5. The initial fixed taxes, whether
grandfathering in pre-existing assets or not, are much larger initially than the optimal carbon
tax.

Figure 11 demonstrates how implementing the optimal tax alters macroeconomic dynamics,
the counterpart of Figure 7a’s 100% fixed carbon tax. An optimal fixed tax causes a large
decrease in output and consumption (larger than that in Section 4, as the optimal fixed tax
is larger than our 100% tax benchmark). As the optimal tax grows over time from a lower
level, the optimal tax causes a smaller near-term recession. Otherwise, most dynamics are
attenuated relative to under the optimised fixed tax. Grandfathering pre-existing assets,
which may be useful due to the alleviation of stranded asset issues as discussed in the next
section, has the effect of attenuating slightly the worst of the effect of the fixed tax, moving
dynamics more towards those of the optimal tax.

4.2.1 Welfare and policy implications

Next, we assess the welfare impact of fossil fuel tax policies. Figure 12 shows the change in
welfare under the range of optimal and suboptimal policies, under the vintage and putty clay
frameworks, expressed in consumption equivalent terms. The difference in welfare across the
two models is substantial. Under the more flexible, vintage model, the carbon tax improves
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Figure 11: Macro-economic dynamics under optimal policy, and after optimised fixed and
grandfathered taxes

welfare as the externality from climate change is reduced. In the putty-clay model, the
welfare improvement from carbon taxation is significantly smaller for all values of the tax,
and the optimal tax is much smaller. This is because there is a substantial portion of the
pre-existing dirty energy capital stock which is now not profitable to use. This represents a
large welfare loss from stranded assets which are mothballed in the aftermath of the policy
implementation.

Figure 12 further shows the comparison between different levels of fixed taxes, compared to
the optimal tax (which varies over time). A fixed tax is worse than the optimal tax, but the
differences between the nature of the tax implemented are marginal compared to the welfare
gain of imposing any tax. The consumption equivalent welfare increases just under 4.5%
under an optimal tax, compared with just under 4.45% under the optimal fixed tax.

4.3 Climate Risk

A growing body of climate science points to the possibility of tipping points, thresholds
beyond which climate damages escalate sharply and irreversibly (IPCC Working Group III,
2022). We capture this idea in reduced form by introducing a climate learning hazard. The
planner chooses a constant tax 7 at date 0. In each subsequent period there is a probability
pe that the economy discovers climate damages are far more severe than previously believed,
representing the realization of a climate tail risk such as a tipping point. If this discovery
occurs at date D, the damage elasticity is permanently scaled up:

NS t<D,
<t_{RH< oD, (34)
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where Ky > 1 governs the severity of the bad climate news. Expected welfare averages over
the stochastic discovery date D, which follows a geometric distribution with parameter p,.

Figure 13 plots consumption-equivalent variation (CEV) relative to no tax as a function of
7/ Py, for the deterministic case (p, = 0) and the climate-risk case (p, = 0.1, kg = 1.5).

Two features stand out. First, climate risk shifts the welfare curve upward: for any given
tax rate, a non-zero tax provides insurance against the possibility of severe future damages,
raising welfare relative to the deterministic case. Second, the welfare-maximizing tax rate
increases under climate risk. The best fixed tax rises because the precautionary motive,
lowering both the inherited carbon stock and the dirty-capital share before bad news arrives,
is stronger when there is a positive probability of transitioning to the high-damage regime.
In the putty-clay model this channel is particularly powerful. The planner values a higher
pre-discovery tax because it shapes the composition of the installed capital stock in a way
that cannot be replicated once the high-damage state is revealed, since vintage-level input
ratios are locked in at installation.

In ongoing work we are extending this analysis in two directions. First, we allow the planner
to adjust the tax rate conditional on realization of the climate damage revelation, so that
the policy response can differ before and after the tipping point is reached. Second, we
introduce the risk that a future policy maker removes carbon taxes altogether, capturing
political uncertainty about the durability of climate policy. Both extensions interact with
capital irreversibility in ways that are absent from the vintage model, and we expect them
to reinforce the finding that putty-clay frictions raise the value of early action.
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Figure 13: Welfare vs. fixed carbon tax in the putty-clay model: deterministic and climate-
risk scenarios.

5 Stranded assets

In this section, we study stock market responses to a carbon tax. A salient concern in the
policy debate on carbon tax implementation (Carney (2015), von Dulong, Gard-Murray,
Hagen, Jaakkola, and Sen (2023)) is the “stranding” of assets, untapped fossil fuel reserves,
and fuel-producing and -burning capital that would be rendered worthless (or at best much
less valuable) by taxation. The importance of stranded assets is often motivated by political
economy and distributional concerns or by implications for financial stability of large falls
in asset values. The concept of a stranded asset is not particularly concrete in a putty-
putty world, as we illustrate below. However, with putty-clay technology, we can study the
implications of this phenomenon. We focus specifically on capital which is reliant on fossil
fuels, the installed machines and infrastructure whose fuel intensity is locked in, rather than
unburnable fossil fuel reserves, as this is the dimension of stranding that our framework
captures.

We start by defining the value of capital installed prior to the policy change. This is the time
t value of the sector I capital stock installed before time ¢;, given by the aggregate present
discount value of the profits accruing to surviving capital vintages older than #;:

t—t1+M—1 oo )
Vt{,t = Z Z mt7t+57rtl+s,tfj (1 - 5I)j Ql,t—j> (35)

j=t—t1 s=1

where I € {D,G, fg}, and profits in the dirty, green and final goods sectors are given
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respectively by Equations 4, 12, and 18.

Figure 14 shows the transition path of the value of the capital stocks in each of the three
sectors in response to a fuel tax, in log deviation from the balanced growth path trajectory.
The upper panel shows the responses under the putty-clay model, and the bottom panel
shows the responses under the vintage model, in both cases discussing the impacts of the
optimised policies discussed in Section 4.2.

Valuation of the stranded assets in the dirty sector is clear in the putty-clay model. The
value of the dirty sector declines on impact, but this is not the peak response. This is because
the effect of the doubling of fuel prices on profits is initially offset by a jump in the dirty
energy price and a fall in the wage. Over time, dirty assets are stranded in the sense that
their value falls persistently, reaching a trough of just over -20% seven years after the initial
shock under the optimal tax, -40% under the fixed tax.

This occurs because old, dirty capital is more heavily dependent on heavily taxed fossil fuels.
Though dirty energy prices rise, the resulting rise in revenues is not sufficient to fully offset
the rise in costs, and so valuations decline. Because the cost margin on fuel has risen, a
portion of intra-marginal machines (which under the balanced growth path would have been
used for a more extended period) are switched off, and utilisation falls rapidly. However,
this process takes some time to take effect. In the near-term, when new green and more
energy efficient dirty machines have not yet been installed, dirty energy prices spike and
old dirty machines continue to be used. Once investment in new machines is underway,
utilisation drops more sharply, and in tandem, valuations drop further. For more discussion
of the underlying drivers and dynamics of the stock market response, see Appendix Section
D. These valuation impacts correspond, qualitatively, with findings in the climate finance
literature (e.g. Engle et al. (2020), Bolton and Kacperczyk (2021), Berg et al. (2021) and
Hsu et al. (2023)) on the response of stock prices to climate policy news and the resulting
equilibrium of higher returns in high emitting industries.

The value of the green sector jumps on impact due to the large increases in energy prices,
while their only variable input cost - labour - becomes cheaper. Valuation changes in the
final goods sector are modest. This is again somewhat consistent with evidence from Bolton
and Kacperczyk (2021). However, the perfect information transmission means this is because
the pass-through of higher fossil fuel costs is small; not because investors may only be paying
attention to scope 1 emissions or particular industries, in a manner perhaps more consistent
with imperfect market understanding of carbon risk exposure.

In the vintage model the valuation of old capital is relatively unaffected. This is because
assets are not really “stranded”; although their older technology becomes more out of date,
the fact at input ratios are not fixed means that the dirty energy sector is able to use old
capital in a more fuel efficient way. As a result, energy sector valuations only move slightly
and mirror each other. There is a small and transitory fall in value in the dirty sector,
and the opposite in the green. The value of the final goods sector also increases modestly,
because the negative effect of higher energy prices on profits is more than offset by a fall in
wages.
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Figure 14: Stock market response to fossil fuel tax

Grandfathering stranded assets To make the carbon tax more palatable by avoiding
these negative effects on valuations, one option is grandfathering; allowing capital installed
prior to policy implementation to have reduced or no carbon tax liability. The dotted
green lines in Figure 14 plots the responses of values in the putty-clay model, but using the
alternative tax policy in which vintages of capital installed before the tax is introduced pay
a 13% lower carbon tax rate. This results in the value of old vintages in the dirty sector
increasing on impact, so this alternative policy does not result in stranding of assets. Values
in the green and final goods sector respond similarly to the uniform carbon tax case (with
more muted responses in both cases). In addition to mitigating the stranded asset valuation
issue, there are small positive welfare effects of grandfathering relative to the uniform fixed
tax, as shown in Figure 12 and discussed in the previous section. This suggests that a carbon
tax policy that partially exempts existing dirty assets from taxation might be preferable from
both welfare perspectives and may be more politically feasible.

6 Conclusion

We propose a multi-sector integrated assessment model to understand the economic impacts
of a green transition. The key feature of our model is the use of putty-clay technology in each
of the sectors. This allows us to model the fixity and irreversibility of capital, producing a
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vintage structure and potential underutilisation of old capital. These features of the capital
composition are consistent with observations from the data on the energy sector in the US.

Using this model, we study the effectiveness of carbon taxes in reducing fossil fuel usage
and provide an explicit comparison to the standard model of capital accumulation that
treats fuel to capital ratios as malleable and is widely adopted in this literature. Imposing a
uniform carbon tax leads to a much greater contraction in output and consumption along the
transition path in the putty-clay model relative to the standard model. Moreover, to achieve
the same reduction in carbon stocks at a twenty-five year horizon requires 55% increase in
the tax on fossil fuels in the putty-clay model relative to the standard model. We then study
optimal policy and show that both the putty-clay model and the standard model imply a
gradual introduction of the carbon tax that rises slowly over time. This gradual introduction
offers a modest improvement on welfare relative to the gains achieved under the immediate
imposition of a uniform tax on fossil fuels.

Although a uniform carbon tax does well in terms of welfare, it also leads to a 40 percent
decline in the value of existing assets in the dirty energy sector in the putty-clay version of
the model. In contrast, there is almost no decline in the value of assets in the standard model.
In the putty-clay model, this decline in asset valuations occurs because capital in the dirty-
energy sector is stranded as rising costs of fossil fuel render existing assets unprofitable.
This stranding of existing assets does not occur in the standard model where capital is
malleable and hence not subject to abandonment. To the extent that policymakers are
concerned about such valuation effects, it may be desirable to consider carbon tax policies
that grandfather existing assets. Indeed, we show that a modest degree of grandfathering —
roughly a 13 percent discount on the carbon tax for existing assets relative to new assets —
achieves greater welfare gains than a uniform tax and causes the valuation of existing assets
in the dirty energy sector to rise rather than fall over time.
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A Energy Sector Data: Additional Details

This appendix provides detailed documentation of energy production and electricity gen-
eration trends in the U.S. economy from 1950-2022. All data are obtained from the U.S.
Department of Energy. These patterns complement the stylized facts presented in the intro-
duction and provide comprehensive context for our model calibration.

A.1 Aggregate Energy Production

Figure A.1 shows the evolution of energy production across four sources: coal, fossil fuels
excluding coal, nuclear and renewables over the period 1950-2022. The left panel plots
production in energy units (Quadrillion BTUs) while the right panel displays the same
information as shares of total energy produced.
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Figure A.1: Energy production, by fuel source

Energy production has expanded considerably over the 1950-2022 period with most of this
expansion due to an increase in energy production from natural gas which rose from 20 to 70
quadrillion BTUs during this time period. This expansion is especially rapid since the shale
boom in the mid-2000s. In contrast, energy production from coal rose gradually from 1950
to 2000 and has since fallen in absolute terms. Nuclear energy expanded in the pre-2000
period but has remained relatively flat since then. Finally renewables have grown gradually
in the early part of the sample and exhibit a rapid expansion since 2000.

These trends are seen more clearly in the energy shares plotted in the lower panel of Fig-
ure A.1. In the early 2000s, coal accounted for thirty percent of total energy production.
Electricity produced from coal has declined significantly as a share and now accounts for
only twelve percent. Energy production from fossil-fuels excluding coal has remained rel-
atively stable as a share of total production and currently accounts for seventy percent of
total energy. Nuclear energy and renewables combined have risen in importance over time
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and now account for 18 percent of total energy production with roughly equal shares at the
end of the sample period.
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Figure A.2: Shares of energy production in detail

Figure A.2 provides a more detailed breakdown of energy production by source. In particular,
renewable energy is broken out by hydro, geothermal, solar, wind and biomass. Among
renewables, biomass accounts for the largest share of energy production. Solar and wind are
a small but growing fraction of the total.

A.2 Emissions

Figure A.3 shows carbon emissions by fossil fuel source both in levels measured in million
metric tons and as a share of total emissions. Total emissions from petroleum has remained
relatively flat over time despite the expansion in petroleum use. Emissions from coal rose
steadily with production and have now declined while emissions from gas have risen over
time.

The emission shares are displayed in the lower panel of Figure A.3. Emission shares differ
from production shares due to the fact that fossil fuel emissions differ across fuel types. Emis-
sions from coal are nearly twice as large as emissions from natural gas. Thus, the reduction
in coal-powered electricity in favour of gas has had a sizeable effect on total emissions.

A.3 Electricity Sector

To see clearly the transformation from coal to natural gas along with the nascent adoption of
green energy it is useful to focus on electricity production. Electricity production accounts
for 34 percent of total energy production in 2022. The next largest sector, transportation,
accounts for 27 percent of total energy production. Industrial activity which also produces
electricity or heat from fossil fuel sources is the third largest sector and accounts for 24
percent. The importance of the electricity sector provides further motivation for describing
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additional details of its transformation over time. Moreover the forces that drive transfor-
mation in the electricity sector, namely technological change embodied in capital combined
with technological lock-in due to the irreversibility of existing capital choices are also highly
relevant for the industrial and transportation sectors.

Figure A.4 provides the breakdown of electricity generation by source over the period 1950-
2022. The left panel displays the total quantity of electricity measured in trillion kilowatt
hours. Again one can clearly see the expansion of electricity generated by coal through 2000
and the contraction in electricity produced from coal that followed. One can also clearly
see the rapid expansion in electricity generated from natural gas. The other categories of
interest are hydro which has remained stable since 1980 and nuclear which has remained
stable since 2000 following a rapid expansion over the 1970-2000 period. Finally electricity
produced from wind and more recently solar were negligible before 2005 but have expanded
rapidly since then.

In terms of shares, the electricity generated from fossil fuels has fallen from 75 percent to 60
percent of total electricity generation in the period 1980-2022. The rapid expansion in wind
and solar implies that these two green energy sources now account for twelve percent of total
electricity production, a share comparable to the electricity produced by nuclear energy.

A.4 Gas Technology Evolution

Within the dirty electricity sector, the primary source of technological change is the adoption
of more fuel-efficient gas technologies to produce electricity. Early gas-powered electricity
plants relied on relatively simple steam turbines that burn gas to heat steam and gener-
ate electricity. These technologies have a typical thermal efficiency of 30-40 percent. The
combined-cycle gas-powered electricity plants recapture heat exhaust and achieve efficiencies
closer to 60 percent.

Figure A.5 illustrates electricity production by gas technology. At the start of the 2000-2022
period, combined cycle generators accounted for fifty percent of gas-generated electricity.
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Figure A.4: Electricity generation, by fuel source

By the end of the sample period, they account for 85 percent. This expansion occurred as
combined-cycle generators replaced the capacity of steam turbines that were either retired

or used less intensively.

Gas Generation by Technology
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2005 2010 2015 2020

Figure A.5: Electricity Production by Gas Technology
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B Green Energy Transition

The first experiment considers the effect of technological change in the green energy sector.
In particular, we assume that growth in technology embodied in the green energy sector
rises persistently over a thirty-year period. This rise in the growth rate is chosen to match
the acceleration in growth exhibited in Figure 6 in the post-2008 period. Although Figure 6
applies directly to solar energy, similar rates of technological change in wind combined with
battery storage are leading to rapid gains in technology embodied in clean energy plants.
This experiment is therefore informative as to the likely effects of these combined sources of
technological change in the green energy sector.

Figure B.1 displays responses for both the putty-clay model (blue) and the vintage model
(red). The long-run cumulative effect of this persistent increase in the growth rate of green
technology is to cause a substantial increase in green energy machine efficiency. Panel A of
Figure B.1 displays the time path of aggregate variables. The increase in machine productiv-
ity leads to an expansion in aggregate output, consumption, and investment of approximately
eight percent after forty years. The long-run effect on aggregate output reflects two features
of the calibration. First, the overall energy share, at 7.5 percent, is relatively small. Second,
the initial share of clean energy in energy production is only 20 percent. Because the putty-
clay and vintage models share the same steady-state, the long-run effects of an increase in
technology are equivalent.

The effects on the energy sector are substantially larger — energy production rises by 180
percent, and since the long-run energy share of output is constant, this implies a decline
in energy prices that are equal in magnitude. This long-run transition also implies a shift
in production away from dirty energy towards clean energy. Fossil fuel usage declines 30
percent and the carbon stock declines 15 percent over a forty-year horizon. We emphasise
that both of these are relative to trend; in absolute terms, the carbon stock continues to
rise, but at a slower pace. Although these reductions in fossil-fuel use and carbon stocks
are sizeable, this experiment suggests that an increase in the rate of technological change in
clean energy as seen in recent experience is unlikely to bring the economy close to net-zero
fossil emissions over the next forty years.

Additional details of the reallocation from dirty to clean energy are shown in panel B of
Figure B.1. In the long-run, dirty energy production falls by thirty percent while clean
energy production increases by more than 400 percent (starting from an initial low level of
20 percent of total energy). Relatedly, clean energy prices fall by 60 percent while dirty
energy prices remain essentially unchanged. *

Short-run dynamics differ substantially from the long-run. Because productivity gains occur
in the future, there is a reduction in investment and output in the short-run along with a
modest rise in consumption. Differences between the putty-clay and vintage model are also
relatively minor due to the fact that the transition is gradual. The most distinct difference
between the two models is a sharper reduction in dirty energy investment and a smaller

4The modest increase of 1 percent in dirty energy prices displayed in panel B of Figure B.1 reflects the
imperfect substitutability between the two energy types.
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Figure B.1: Technological Change in the Green Energy Sector
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expansion in clean energy investment along the adjustment path for the putty-clay version.
These differences are most pronounced at the medium run horizon of ten to twenty years.
This investment pattern also implies less energy production at these horizons.

Panel C of Figure B.1 shows the time path of variables that are specific to the putty-clay
framework. utilisation rates in the green energy sector fall substantially as new machines
replace old machines. utilisation rates rise temporarily in the dirty energy sector to com-
pensate for the reduction in capacity due to the delayed investment in clean energy. The
putty-clay model also displays the phenomenon of capital widening vs capital deepening. As
exogenous machine productivity improves, the economy expands by increasing the quantity
of clean machines but reducing their quality as measured by the capital-labor ratio. Over
time, this process is reversed and the capital-labour ratio of new machines returns to its
long-run value.

In summary, a gradual but persistent improvement in green technology has sizeable effects
on energy production and leads to a sizeable reduction in fossil fuel usage. The effects on
the aggregate economy are modest due to the size of the energy sector. Most notably, one
would require much large gains in clean energy productivity for fossil fuel usage to become
inconsequential.

C Optimal carbon tax

This appendix presents the social planner’s problem and derives the optimal carbon tax. The
Lagrangian below is subject to the model’s equilibrium conditions (preferences, technology,
climate damage, and carbon stock dynamics) as outlined in the main text.

Social Planning Problem

The social planner maximizes household utility subject to resource constraints, labor alloca-
tion, energy aggregation (CES between dirty and green energy), sector-specific production
from putty-clay capital, and carbon stock accumulation. The carbon stock is decomposed
into fast-decaying (S}) and slow-decaying (S?) components of the carbon cycle.
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Planner’s problem:
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C.1 Optimality conditions

Taking first-order conditions with respect to each choice variable and state variable yields
the planner’s optimality conditions. These include standard conditions for consumption and
labor, Euler equations for the two carbon stock components, and sector-specific conditions
for utilisation, embodied capital, embodied fuel /energy, and investment in each of the three

sectors (final goods, dirty energy, green energy).

Aggregates and carbon stock:

C: Aoy = Ue(Cy, Ly)
L: Ay = Ul(Cy, Ly)
Y, OEP OES
: Aet— + A A
S tag, TS, Tt g,
St Ai,t —E[B(1 - 901)>‘i,t+1] — A5t =0
5% )‘g,t —E[B(1 — (:03)>‘§,t+1] — At =10

Dirty energy:
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Final goods:
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Energy bundle:

Optimality Conditions Given Functional Forms

We now rewrite the optimality conditions in terms of prices and the stochastic discount
factor. Define the stochastic discount factor M, ,, the wage w;, and energy prices PP, P,
and the aggregate energy price PF. The optimal carbon tax 7; equals the present discounted
value of marginal climate damages from an additional unit of fossil fuel use, accounting for
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the two-component carbon decay structure.

Defining:
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And the tax rate 7, as:
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The optimality conditions for each sector balance the cost of investment today against the
present value of future net revenues from the machine over its lifetime, accounting for de-
preciation, utilisation decisions, and climate damages.

Dirty energy:
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Energy bundle:

The above expressions are for a zero-growth economy. Under balanced growth, the optimal
Pigouvian tax that decentralizes the social planner’s solution is:

(1

Tt —

- @L)@oj\su + SOLS\sZt

: 36
» (36)

where tildes denote detrended variables. With long-run adaptation €2;, the tax rate is sta-
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tionary.

D Stranded asset valuation discussion

To complement Section 5 and Figure 14, Figure D.1 shows decompositions of sub-components
of the valuation of dirty machines which were installed prior to policy announcement. First,
we split the overall valuation (equation 35) into two broad components, revenues and costs:
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The dynamics of the discounted values of revenues and costs are in the first panel of Figure .
Both components rise, but the rise in the discounted value of costs outstrips that of revenues.
The second and third panels outline why; though dirty energy prices rise, they do not rise
sufficiently to offset the carbon tax imposed, and so the fuel cost margin rises substantially.
In response to this rise in cost, panel 4 shows how utilisation falls. Initially, this drop is
small relative to the balanced growth path, while new, energy efficient machines are being
installed. Once new capacity is added, utilisation falls more sharply. These utilisation
dynamics contribute to continued decline in valuations which troughs around 9-10 years
after policy implementation.
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Figure D.1: Decomposition of stranded asset valuation
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