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Abstract

Sectoral shifts require costly labor reallocation, fueling concerns about how
quickly they occur. We study how the pace of sectoral shifts affects the earn-
ings distribution among workers initially attached to declining sectors. We
develop a life-cycle model with skill heterogeneity, directed search and job-
ladders in which labor demand gradually rises in one sector and declines in
another. The model reveals three insights. First, workers’ lifetime earnings
are strongly non-linear and even non-monotone in the horizon over which the
transition unfolds. Second, accelerating the transition creates a trade-off be-
tween benefiting more workers on the extensive margin, and thickening the
tail of losses on the intensive margin. Third, labor market frictions are im-
portant to quantify these non-linearities. We apply our model to the climate
transition and find substantial earnings losses from a baseline transition end-
ing in 2060. Completing the transition in 2050 reduces average losses but has

substantial distributional effects.
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1 Introduction

Secular changes in economic activity often require substantial labor reallocation
from declining sectors to growing ones. These sectoral shifts are ubiquitous and
include the contraction of manufacturing and the rise of services, sectoral realloca-
tion following a trade liberalization, or transitions where a vintage technology is
replaced by a newer one.! A particularly relevant example for today is the climate
transition, during which economic activity will shift from polluting to clean indus-
tries. The labor reallocation that accompanies these sectoral shifts is often costly
for workers attached to the declining sector, who forgo specific human capital and
experience periods of unemployment over the transition, with lasting effects on
their earnings (Jacobson et al., 1993; Davis and von Wachter, 2011). These realloca-
tion costs fuel concern about how quickly these transitions take place. For instance,
survey evidence and voting behavior suggests that labor market concerns are a sig-
nificant obstacle to public support for climate action (Dechezleprétre et al., 2025;
Bombardini et al., 2025). Despite the important political economy ramifications,
we know surprisingly little about how workers” outcomes depend on the timeline
over which sectoral shifts unfold.

This paper studies how the pace at which a sectoral shift occurs affects the earn-
ings distribution among workers initially employed in the declining sector. For
instance, in the climate context, we study how completing the energy transition
by 2060, 2050, 2045, etc. affects the distribution of earnings losses among work-
ers initially attached to polluting industries, who are most at risk of displacement
and most likely to oppose the transition. While much of the literature focuses on
particular historical transitions, we conduct a counterfactual analysis asking how
workers” earnings distributions would change were the government to intervene
to accelerate or slow a transition.? Our goal is to develop general conceptual in-
sights that are portable to a variety of sectoral shifts, and apply these insights in a
particularly policy-relevant context for today: the climate transition.

We develop a model that captures the displacement and reemployment expe-

1 Other examples include the decline of physical retail and the surge in warehousing jobs support-
ing online retail or situations where a burgeoning private sector takes over public activities in a
formerly planned economy (Atkeson and Kehoe, 1996; Boeri, 2000).

2 See Traiberman (2020), Caliendo et al. (2019), Dix-Carneiro (2014), and Adao et al. (2024) among
others for papers who study one particular realized transition.



rience of workers initially attached to a declining industry. The model features
finitely-lived workers with heterogeneous skills. As the old sector declines, work-
ers may look for employment in this shrinking sector, transition to a new and rising
sector, or claim an outside option which captures the rest of the economy or early
retirement. Although our full model features a realistic frictional labor market, en-
dogenous skill accumulation, and gross flows between sectors, we momentarily
abstract from these features to develop clear conceptual insights.

Changes in preferences and technology induce a transition of economic activ-
ity away from the old sector towards the new sector. The government can ac-
celerate or slow down this transition by implementing sector-specific subsidies
financed by lump sum taxes on workers, thereby shifting the path of marginal rev-
enue products of labor (MRPL) across sectors. These paths of MRPL are sufficient
statistics for sectoral labor demand that entirely determine workers’ labor market
outcomes. We thus study how exogenous perturbations in the paths of MRPL —
corresponding to more or less ambitious timelines and reflecting different govern-
ment subsidies — affect the distribution of workers” present discounted value of
future earnings or “lifetime earnings.”>

Three conceptual insights emerge from our analysis. First, workers’ lifetime
earnings are highly non-linear or even non-monotone in the horizon of the transi-
tion. The non-linearity implies that accelerating a transition by 1, 5 or 10 years
has dramatically different implications for workers. Under a status quo transition,
workers experience a given shift in labor demands by the time they retire. A faster
transition not only means that they will be exposed to this shift for longer; it also
exposes them to a larger shift which they otherwise would not have experienced
before retirement. These two effects reinforce one another and imply that a faster
transition has a non-linear effect on lifetime earnings. Extrapolating from small
changes around a status quo transition can thus be very misleading.

Workers” earnings changes can even be non-monotonic in the pace of the transi-
tion: some workers suffer at first when the transition accelerates, but may benefit
from an even faster one. This non-monotonicity results from the tension between

two opposing forces: a faster transition displaces workers faster from the old sec-

3 A second, complementary question is: what is the fiscal cost of implementing a particular path
for the MRPL in each sector? This question is of course essential to conduct optimal policy anal-
ysis. However, answering it requires knowledge of a number of additional parameters that are
difficult to estimate and is thus outside the scope of this paper, which focuses on labor markets.
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tor, worsening earnings losses early in the transition; at the same time, it creates
more good, high-paying jobs in clean sectors before they retire. We show analyti-
cally that the relative importance of the second effect grows as the transition accel-
erates. In particular, workers generally suffer the most for medium-speed transitions
where the transition is fast enough that the worker experiences all of the earnings
drop in the declining sector, but slow enough that they retire before sufficiently
benefiting from growth in the rising sector.

The second insight is that the government faces a trade-off as it accelerates the
transition: on the one hand, a faster transition increases the mass of workers who
gain at the extensive margin; on the other hand, it thickens the tail of large earnings
losses at the intensive margin. These results have important political economy im-
plications when it comes to the support for various transition timelines. We also
tind that older workers — who are more likely to participate in the political process
(Census Bureau, 2025) — are less likely to benefit from a faster transition at the ex-
tensive margin, as they have a shorter horizon over which to recoup the short-run
losses incurred after being displaced from the old sector.

We first establish these results analytically in a frictionless model where la-
bor markets are perfectly competitive. We then develop a quantitative version
of our model that nests the frictionless benchmark as a limit and takes into ac-
count important features of the data that can affect earnings losses over the tran-
sition. First, unemployment spells and job ladders are crucial to explain workers’
earnings losses after separation in practice (Jacobson et al., 1993; Huckfeldt, 2022;
Jarosch, 2023). We therefore allow for involuntary unemployment due to search
frictions and a job ladder arising from on-the-job search (Menzio and Shi, 2011),
which generates unemployment scarring as workers fall from the ladder. Second,
human capital depreciation has long been recognized as another important source
of unemployment scarring (Ljungqvist and Sargent, 1998). We therefore suppose
that workers have multi-dimensional skills, which they accumulate on-the-job and
dis-accumulate off-the-job (Guvenen et al., 2020; Lise and Postel-Vinay, 2020). Fi-
nally, there are large gross flows between industries (Pilossoph, 2014) and job-to-
job switches often entail wage cuts (Sorkin, 2018). Accordingly, we assume that
workers face a noisy discrete choice across labor markets so that their job search is
partially directed across jobs.

Our third finding is that labor market frictions are important determinants of



the effects of a faster transition. We repeat our counterfactual analysis in the quan-
titative model and find workers” earnings remain highly non-linear in the transi-
tion horizon. We decompose the contribution of each additional quantitative fea-
tures by adding them one-by-one to the frictionless model, until we reach the full
quantitative model. We find that search frictions and on-the-job search (i.e., the job
ladder) are the two key additions. Search frictions matter because filling a vacancy
is costly, as it is in the data (Gavazza et al., 2018; Muehlemann and Strupler Leiser,
2018). Vacancy creation in the new sector only picks up meaningfully once the
transition is rapid enough that it raises firms’ productivities sufficiently to recoup
this hiring cost — thereby introducing non-linearities of its own. Meanwhile, the
presence of a job ladder means that workers slowly climb their way towards good
and high-paying jobs in the old sector initially. As the transition accelerates, these
jobs are no longer posted, resulting in large and permanent losses for workers
who keep searching for jobs in the old sector because they do not have appropriate
skills in the new sector. Overall, we conclude that policymakers should take labor
market frictions into account when considering the effect of a faster transition.

After developing conceptual insights that apply to any shifts in economic activ-
ity where one sector expands at the expense of another one, we turn to a particular
and concrete application: the climate transition. This application is especially rele-
vant for today’s policymakers: it concerns a substantial share of the workforce, i.e.,
10-15 million workers, roughly the size of manufacturing employment in the early
2000s; its pace is partly under the control of the government; and most of the transi-
tion has yet to take place. Of course, the prospective nature of our analysis means
that there is substantial empirical uncertainty about long-run outcomes, particu-
larly when it comes to employment in clean and polluting sectors several decades
away. We thus consider a menu of scenarios, in the range of existing predictions
(Mayftield et al., 2023; Finkelstein Shapiro and Metcalf, 2023; IRENA, 2023).

Our next step is to estimate the distribution of these endowments in the par-
ticular context of interest. We develop a novel structural estimation strategy that
leverages the block recursivity of competitive search equilibria, which allows us
to solve for workers’ policy functions independently from the distribution of skill
endowments. The timing with which workers reallocate between dirty and clean
sectors in the early part of the climate transition for which we have data allows us
to trace the distribution of skill endowments non-parametrically. We also estimate



the rate at which workers accumulate specific skills by comparing the extent to
which young and old workers reallocate — given that old workers had more time
to accumulate specific skills in the polluting sector.

In our main scenario, we find that 80% of workers initially attached to pollut-
ing industries (or 5% of the US workforce) lose from the climate transition. These
workers lose on average 5.5% in lifetime earnings, with some workers losing by
more than 10%. These numbers lie in the range of estimates available in the con-
text of trade liberalization and import competition from China (Dix-Carneiro, 2014;
Traiberman, 2020; Autor et al., 2016). We then use our model to ask how changing
the pace of the remaining transition affects workers” earnings. We find that a slight
majority of workers would prefer to accelerate the transition so it ends in 2050 or
2040 instead of 2060. Consistent with our conceptual insights, we find that poli-
cymakers face a tradeoff when accelerating the transition: doing so creates more
winners at the extensive margin; at the same time, it thickens the tail of earnings
losses at the intensive margin, with some workers losing an additional 3% relative
to the baseline transition ending in 2060.

Our work connects to a literature studying historical transitions associated to
particular labor demand shocks. Dix-Carneiro (2014) estimates a dynamic equi-
librium model with sector-specific human capital to quantify the impact of trade
liberalization in Brazil. Traiberman (2020) argues that import competition led to
a loss in occupation-specific human capital, which generated substantial welfare
costs for workers in Denmark. Caliendo et al. (2019) study the effect of trade lib-
eralizations in a rich setting in which workers face fixed costs of moving across
sectors and regions, but without heterogeneous skill endowments or skill accu-
mulation and without involuntary unemployment or job ladders. Braxton and
Taska (2023) find that workers incur substantial earnings losses when technologi-
cal changes make their skills obsolete. Addo et al. (2024) show that that the adop-
tion of new technologies takes more time when workers do not possess the right
skills to operate these technologies. In contrast to this literature, we do not study
one particular historical episode. Instead, we ask a counterfactual question: how
large would earnings losses be if we accelerated a given transition?

We also contribute to a literature asking whether policymakers should slow
down the adoption of technologies. Guerreiro et al. (2021), Costinot and Wern-
ing (2023) and Lehr and Restrepo (2023) argue that taxing new technologies can



be optimal to mitigate the distributional consequences of automation. Beraja and
Zorzi (2024) show that the pace of technological transitions is inefficiently fast
when workers are unable to smooth consumption upon displacement. Braxton
and Taska (2024) investigate the role of retraining subsidies to insure workers
against technological change. Much of this literature focuses on the benefits of
slowing transitions. Relative to this literature, we uncover strong non-linearities
and non-monotonicities in earnings losses as transitions get faster and argue that
there could be benefits to both accelerating and slowing transitions. We clarify the
structural objects that underlie these effects, argue that the set of workers who win
from a transition changes as it accelerates more and more, and that accounting for
involuntary unemployment and earnings scarring is important to capture these
non-linearities. We apply these lessons in the context of the climate transition.
Our climate application contributes to a growing body of work on the costs and
benefits of the energy transition. A large literature documents substantial societal
gains from a fast climate transition (Barrage and Nordhaus, 2023; Bilal and Kéanzig,
2024; Nath et al., 2024). At the same time, Bilal and Stock (2025) note that there
has been comparatively little work on the labor reallocation and earnings losses
associated with this transition, which motivates our application. Empirical work
documents the ongoing reallocation of workers towards green industries (Curtis
and Marinescu, 2023; Curtis et al., 2023). Consoli et al. (2016) and Bassanini et al.
(2024) argue that green jobs require on average more education, more training, and
a more intensive in cognitive skills. Walker (2011, 2013) and Kénzig (2023) docu-
ment substantial and long-lasting earnings losses due to environmental regulation,
confirming that workers’ skills are imperfectly transferable to clean industries.* In-
stead, our analysis estimates the distribution of earnings losses associated with this
transition, studies how the set of winners and losers changes endogenously as the

transition accelerates, and emphasizes the importance of non-linear effects.

2 Frictionless Benchmark

This section considers a frictionless benchmark economy to transparently illustrate

the core economic mechanisms at play. Section 5 extends the model to allow for

4 A complementary set of papers studies how policy can influence the speed of this transition
(Acemoglu et al.,, 2012, Acemoglu et al., 2016, Acemoglu et al., 2023).



realistic frictional labor markets; the model studied here is nested in the full model.

Time is continuous and indexed by t > 0. There are three sectors k. With an
eye to our application, we label k = C for “clean” or “creating”, k = D for “dirty”
or “destroying/declining,” and k = O for an “outside” option, which represents
early retirement and other sectors unaffected by the transition, such as manufac-
turing workers seeking jobs outside of services. The transition is a scenario where,
relative to trend, labor demand declines in the D sector and rises in the C sector.
The outside option is unaffected by the transition.

2.1 Workers

Demographics and preferences. Workers, indexed by i, live for | periods and are
replaced by new ones upon retirement. Workers supply labor and consume in
ages j € [0, J]. Their preferences are represented by

]
EO[K;exp(—¢ﬁ)u(q)dt 2.1)

where ¢; is consumption of numeraire, u(c) = ¢'77/ (1 — ) is the flow utility
function, and 0 < p < oo is the discount rate. We let T denote a worker’s birth

date, or cohort, so that incumbents” age as of period 0 is —T.

Skills. Workers have heterogeneous labor productivities in each k. Let ¢ denote
the units of human capital that the worker supplies if employed in sector D, and ¢
denote a worker’s relative skill in sector C. Workers may transfer a share ° >0
of their skills in the declining sector to the outside option. Therefore, a worker’s
productivities may be summarized by

n if k=D
h(p,g,k) =S wx¢p ifk=C (2.2)
Py x bk ifk=0

We assume that all workers are endowed with ¢ = 1 and draw an endowment
of ¢ from a distribution G (¢). In the simple model studied here, we assume that
these productivities are fixed over a worker’s life, and we relax this assumption in



the quantitative model of Section 5.

2.2 Firms

All firms are owned by a continuum of infinitely-lived, risk-neutral entrepreneurs

who discount at rate p.

Final good. A representative competitive final goods producer combines the output
of the creating and destroying sectors to produce according to Y; = Z;F; (XP, Xf),
where Z; is aggregate TFP, and X¥ are intermediate goods produced in sector k.
The aggregator F; has constant returns-to-scale and is weakly concave in each ar-
gument.” We consider the case where the two intermediates are (not necessarily
perfect) substitutes, e.g., EVs and ICEs.

Intermediates. The two intermediate goods X¥ are produced by combining a contin-
uum of mass 1 of varieties x¥ using a CES aggregator with elasticity of substitution
larger than one. These firms produce using labor services xf = akg¢* (n’t‘) , where
af are labor productivities, n* = [._, i (1, ;, k) di is the amount of labor services
employed in k, and ¢ (-) is an increasing function which captures returns to scale
in sector k production. Firms are price takers in the labor market but compete mo-
nopolistically in product markets, and sell their output to the final goods producer

at price pf in a symmetric equilibrium.

Productivities. Entrepreneurs who own the intermediate goods firms can invest
resources to improve their productivity a¥ thus increasing profits. We allow for
technological spillovers across sectors and technological depreciation as in Eaton
and Kortum (1999). Our specification ensures that the economy admits a long-run
balanced growth path (BGP) where output of all sectors grows at rate g* > 0. As
we explain in Section 3.1, our results do not depend on the exact specification for
the evolution of Z; and af.® We therefore relegate the exposition of these features

to Appendix B.2 to economize space.

> We assume F; has bounded derivatives so goods prices are finite when the transition begins.
Otherwise, the marginal revenue product of labor in C would be so high the clean sector is in its
infancy that workers would jump to the clean sector in ¢ = 0, which is clearly counterfactual.

6 Appendix B.2 shows that our conclusions hold if climate damages endogenously affect Z;.



2.3 Government and Markets

Labor Markets. In this frictionless benchmark economy, labor markets are perfectly
competitive. Workers may supply their labor to intermediate goods producers in
sector k at a competitively determined wage per efficiency unit w¥. They may also
take the outside option, in which case they receive a flow endowment of numeraire

h (y,4,0). Workers freely choose which sector to work in at every instant.

Government. The government has two instruments to influence the transition af-
ter it begins in t = 0. First, the government can introduce a subsidy or tax T} on
the purchase of intermediate goods, e.g., a subsidy on EV sales. Second, it can use
subsidies g’t‘ on innovation (or investment) in each sector, e.g., a subsidy on R&D to
develop efficient battery cells. We suppose that the government balances its bud-

get in every period using lump sum transfers to workers.

Financial Markets. Financial markets are incomplete with respect to the aggregate
shock, i.e., workers did not preemptively write contingent contracts against the
path of the climate transition. Our main analysis focuses on the case with risk-
neutral workers (o = 0) as is standard in much of the labor search literature (Men-
zio and Shi, 2011; Bilal et al., 2022; Braxton and Taska, 2023). Our object of interest

is the present discounted value of earnings.

24 Equilibrium

We define equilibrium formally in Appendix B.3. Appendix B.5 proves that the
equilibrium admits a balanced growth path in which all worker and firm values
grow at the same rate ¢* and scale linearly with the reference skill 1. A transition
between the sectors may occur either due to changes in the final goods production
technology F; (-) (e.g. due to shifts in preferences), changes in physical productiv-
ity in the sectors af, or due to government tax and subsidy policy (f,¢F). Next,
we describe how the transition unfolds.



3 Status Quo and Counterfactual Transitions

The government can use its instruments to change the pace of the transition. This
section describes the set of allocations that the government can implement with its
policy tools, discusses the status quo transition that would prevail without further

intervention, and explains the counterfactuals that we conduct.

3.1 Implementable Allocations

Our goal is to study how workers’ lifetime earnings change as one changes the
pace at which the transition unfolds. Doing so seems a daunting task, as it ap-
pears to require a number of difficult-to-estimate parameters, such as how pref-
erences across the two goods F; () change over time, the returns to scale in each
sector gk (), and parameters governing innovation such as cross-sector knowledge
spillovers and the innovation production function. To make progress, we leverage
two convenient features of our model, which both carry over to our full model of
section 5. First, define the marginal revenue product of labor (MRPL) in sector k as

MRPLf = (1 + Ttk> afpkg™’ <nlt‘> (3.1)
Then the following two properties hold:

Proposition 1. The government can implement any arbitrary path of marginal revenue
products of labor MRPLY in each sector using its instruments. Furthermore, labor market
outcomes depend exclusively on sequences of MRPLY,

We prove this proposition in the context of our full model, which nests the
frictionless benchmark, in Appendix B.7. The first property is that the government
can implement any arbitrary path of MRPLs using its subsidies on intermediates tf
and subsidies on innovations ¢k, even if prices, innovation and spillovers respond
endogenously: that is, there is a complete mapping between tax policy and MRPLs.

Second, marginal products of labor are sufficient statistics to characterize work-
ers’ labor market outcomes. Therefore, one does not need separate knowledge of
the innovation process, nor the functions F; (-) or ¢g* (+) to study labor outcomes.
This holds trivially in the frictionless benchmark with competitive labor markets

since wages in sector k are equal to marginal revenue products in equilibrium, but
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it will also hold in the model with search frictions. Along a balanced growth path,
these MRPLs grow at the same rate g¢* as the economy at large; it is therefore suffi-
cient to consider de-trended marginal revenue products

AK = MRPLE/ exp (¢71). (3.2)

These two results imply that policymakers can proceed sequentially when de-
ciding how to manage a transition. In particular, they may separately answer two
distinct questions. First: What are the distributional labor market consequences
of different paths for the marginal revenue products of labor Af across sectors?
Then: conditional on these labor market consequences, what are the fiscal costs
and benefits of implementing a particular path of AF?”

This paper is concerned with answering the first question. This is the first step
for policymakers: how expensive would it be to compensate workers who suffer
from the climate transition for given paths of A¥? Given that the government can
implement any path of A, this question is orthogonal to the production side of the
economy and, in particular, the difficult-to-estimate parameters listed above. The
paths of A¥ are all one must know to characterize workers’ outcomes.

The second question is much more difficult to answer, as doing so requires
knowledge of all the parameters governing innovation, changes in preferences,
and the efficacy of government policy tools. These empirical challenges deserve
their own paper.

Our goal is thus a positive analysis: how do different paths of MRPLs associated
to accelerating or slowing a sectoral shift affect its distributional consequences. To
that end, we henceforth focus on the labor market block of the model and exoge-
nously feed in paths of A¥. However, the innovation and production blocks pro-

vide guidance on reasonable shapes for the transition to follow, as we now discuss.

7 We take as given that the government may have some motive to intervene in the transition.
Motives for intervention could include redistribution or to correct perceived inefficiencies. For
example, in the climate context, the government may wish to accelerate the transition to miti-
gate climate damages, while one could imagine external returns to scale in the structural change
context, or terms of trade manipulation in a trade context. We are agnostic about these precise
motivations; our goal is to characterize the labor market effects of managing these labor demand
movements.
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3.2 Model Exercises

Status Quo Transition. Consider first the status quo transition that prevails with-

out further government intervention.®

The period before t = 0 corresponds to
our initial balanced-growth path in which all sectors grow at rate ¢*, so A¥ is con-
stant. We assume there is no demand for the creating sector good along this initial
balanced-growth path, so its employment is zero before t = 0. The transition is
initiated in t = 0 by a change in F; in favor of the good produced in the creating
sector, reflecting either a change in government mandates or a change in prefer-
ences (e.g., increased awareness on climate issues). Thus, the price of the creating
sector good — and thus AS — becomes positive in t = 0. A transition then ensues
during which MRPLs rise in the C sector and decline in the D sector, following
sectoral innovation, labor reallocation and any further changes in preferences.’

An example of such a transition is depicted in the left Panel of Figure 1. The
solid black line plots a path of A¢ in the creating sector, and the dashed line shows
a path for AP in the declining sector. We normalize the initial value of A} = 1 as
the scale of the economy without loss of generality. The level of A§ in the creating
sector when the transition begins is not separately identified from the mean of the
distribution of skill endowments G, since workers could be productive in the clean
sector on average either because A§ is high or because they have high skills there.
Thus, we also normalize Ag =1.

We assume that the post-transition BGP shares the same growth rate ¢* as the
initial BGP, as implied by our innovation block. Thus, A¥ converge to some finite

A¥,. We parameterize the paths of marginal revenue products of labor as
Af = A+ 3 (1) x (4L - af) (3.3)

under the status quo transition, where Af and A%, are the start and end values
of labor productivity. We assume AS, > A§ and AL, < Af.!! The timing of this

8 The government might have already intervened under the current policy regime, e.g., there are

subsidies to innovation and to EV adoption, etc.

In effect, we focus on workers who are initially employed in the declining sector, who are most

exposed to the transition. Focusing on an initial steady state where the creating sector is absent

additionally eases calibration of steady state parameters, as discussed in Section 5.2.

10 The presence of technological spillovers along the initial balanced-growth path implies that the
initial physical productivity af is positive in the clean sector, despite the lack of direct innovation.

1 That the old sector is declining relative to trend does not imply the old sector is declining in
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Notes: This figure illustrates the path of marginal revenue products of labor in the two sectors (A ;)
under various transition scenarios. The black curves correspond to our baseline transition with
7 = 1. The solid and dashed curves indicate the creating and destroying sector, respectively. The
left panel plots labor productivity of a worker with i < 1 in the creating sector in gray. The gray
curves in the right panel correspond to a faster transition # > 1.

sectoral shift is parameterized by the increasing functions & : R — [0, 1], which
represent the share of the transition that is completed as of period t. Let Ty denote
the period in which the transition completes (i.e. @ (Ty) = 1 for both k); we call
Ty the “transition horizon.”

A natural example to consider is that the productivities A¥ follow S-shaped
curves over the status quo transition. S-shapes are characteristic of innovation and
technology adoption (Griliches, 1958), and are a good fit in the climate context
(Shepherd et al., 2012). As we explain in Appendix B.6, the S-curve in the creating
sector reflects higher returns to innovation in that sector early on, followed by
smooth convergence to a new balanced growth path in the long run; the opposite
happens in the declining sector. The S-shape is not crucial to our analytical results,
but we will maintain it throughout our illustrations.

All workers have ¥ = 1 throughout their lives, and thus produce AP labor
services in the D sector and A4 labor services in the C sector. Therefore, the pro-
ductivity of workers in the C sector will follow the path of A¢ scaled down by their
specific skills ¢. This is depicted by the gray line in the left panel of Figure 1.

absolute terms, rather that it grows at a slower rate over the transition than previously.
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Counterfactual Transitions. We consider counterfactuals in which, starting from

some data f, A’t‘ evolves according to
AR = Ak 4+ @k <t0+17(t—t0)> X <A’§O—A’5>, fort>ty, 7 >0.  (34)

The parameter 7 governs the speed of transition. The paths of A¥ align exactly with
the benchmark transition when 17 = 1. Increasing 17 compresses the timeline of the
transition such that future events arrive sooner: the transition accelerates. A higher
1 implies that the transition completes at some counterfactual horizon T < Ty. We
have argued that the government can implement any arbitrary path of A given
its instruments. A higher 7 therefore reflects more aggressive government inter-
vention early during the transition; e.g., the government subsidizes EV purchases
early during the transition. Our counterfactuals focus on temporary interventions
which hold fixed the long-run balanced growth path and levels of AX,.1? The gray
curves in the right panel of Figure 1 illustrate one such counterfactual transition
associated to some 7 > 1 supposing intervention begins today.
For each counterfactual, we compute changes in workers’ lifetime earnings as

. R Wiy (jfli”s)‘ﬂ=’7
Vb =) = G591

where Wy, (7, ¢, s) ‘17:17 corresponds to a worker’s value function (Appendix B.1)

1, (3.5)

evaluated in fy when the transition speed is 7. In other words, we compute ex-
pected earnings changes from the transition from ty onward, relative to the sta-
tus quo transition. In Section 6.3, we additionally conduct a retrospective exercise
where we compare workers’ values as of tp under the baseline transition with = 1

relative to no transition at all.

Climate Application. While our conceptual insights apply to multiple transitions,
it is useful to specialize equations (3.3)-(3.4) to our climate application to fix ideas.
The most important early climate agreement was the Kyoto Protocol, which es-

tablished binding reduction targets for greenhouse gas (GHG) emissions for the

12 For instance, suppose that the government eventually reverts to the same long-run subsidies
(or taxes) that prevail at the laissez-faire. In this case, our innovation process ensures that the
level of the long-run balanced-growth path is unchanged. As an extension, we also consider
counterfactuals in which both 77 and the long-run levels A, change.
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192 countries that ratified it, including the US. The Kyoto Protocol was adopted in
1997 and entered into force in 2005. We therefore choose our period ¢t = 0 to be
the year 2005. The most important following accord was the Paris Climate Agree-
ment of 2015 which pushed most developed countries to target net-zero emissions
by the year 2050.13 The US, however, pulled out of the Paris Agreement and is
not currently on track to meet this target by 2050. The median response in a re-
cent survey of US energy CEOs suggest that 2060 is a more realistic timeline (Bain
& Company, 2025). We therefore assume that the baseline status quo transition in
our model runs from 2005 to 2060 (as depicted by Ty = 55 in the left panel of Figure
1). For concreteness, we refer to these dates throughout our analysis. Our counter-
factual analyses consider speeding up these transitions starting in ¢y = 2025: the

exercise that is most relevant to policymakers today.

4 Economic Mechanisms

We first study the economic mechanisms in the frictionless benchmark. Through-
out, workers are assumed to be active from 25 to 65 years of age (] = 40) and,
unless otherwise stated, we set b° < AL so that no worker is employed in the
outside sector. The next section studies the extent to which labor market frictions

quantitatively affect our core insights.

4.1 Non-Linear Effects of Transition Horizon

The left panel of Figure 2 plots the path of earnings over time for a particular
worker with § < 1 under the status uqo transition (7 = 1). The worker initially
supplies labor to the declining sector. At every instant, they compare their earnings
in that sector AP to their potential earnings in the creating sector A%¢ and supply
labor in the creating sector if and only if ) > AP/AS¢. The right-hand side of
this inequality shrinks over time. Therefore, a worker remains in the declining
sector until a switching time #* () > 0 which depends on their relative skill ¢,

and switches to the creating sector thereafter.'* A worker switches sector if their

13 See Naser and Pearce (2022) for more on the history of international climate accords.
14 Formally, * (¢) is the solution to the equation ¢ = Ag(@ /Atc*(li}), with t* () = 0or t* () = o0
if no solution exists and the worker either switches immediately or never at all.
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Figure 2: Lifetime Earnings Losses From Transitions of Various Speeds
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Notes: The left panel plots a worker’s earnings over time in the Walrasian limit of our model, for
various productivities ¢ in the clean sector. The right panel indicates lifetime earnings changes in
the status quo transition with # = 1 and how they change as the transition accelerates to end 15
years earlier.

stopping time occurs during their life span: £* () < | + .

Workers’ earnings decline following the path of AP while they remain in the
declining sector. Earnings rise with A¢ after they switch sectors. Those with a
higher relative skill { (dashed) switch earlier and benefit more in the long-run.

The effect of the status quo transition on workers’ lifetime earnings is given
by the area between their realized earnings path and A] = 1, discounted at rate
p until retirement. This is depicted by the gray shaded area in the right panel of
Figure 1. Workers with imperfectly transferable skills (¢ < 1) lose from the early
phase of the transition since the productivity gap between sectors opens up slowly.
Thus the gray area is likely negative for many workers.'?

Now consider an accelerated transition, depicted by the checked region in the
right panel of Figure 2. A faster transition has two opposing effects on a worker’s
lifetime earnings. On the one hand, it steepens the fall in income while the worker
remains in the declining sector. On the other hand, the worker switches to the
creating sector sooner, earnings grow faster after the worker switches and a larger
share of the transition is completed before retirement.

The interplay of these two forces generates our first key insight: lifetime earn-

ings changes are highly non-linear or even non-monotonic as a function of the

15 Section 6.3 estimates the distribution of these gray areas in the climate context.
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A Lifetime earnings (r.l.t. baseline)

Figure 3: Average lifetime earnings changes
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Notes: The left panel plots workers” average lifetime earnings changes in the Walrasian limit of

our model as a function of the transition horizon T, for various values of the productivity ¢ in the
creating sector. All earnings changes are relative to the baseline transition ending in 2060, and faster
transitions are parameterized as in equation (3.4). The horizontal axis corresponds to the end date
of the transition considered. All workers have 20 years remaining in their careers (median age).
The right panel repeats the same exercise for various ages as of 2025, when fixing the productivity
i = 0.86 in the creating sector. We suppose all workers are born at 25 years old and retire at 65.

horizon over which the transition unfolds. This is illustrated by Figure 3, which
plots changes in lifetime earnings as a function of the year when the transition is
complete. We scale the transition speed such that it represents the end date of the
transition T, which we plot on the horizontal axis; that is, if the status quo transi-
tion ends in a period Tp, then 7 = Ty /T. For each of these transitions, we compute
the change in lifetime earnings (from 2025 onwards) relative to the baseline tran-
sition ending in 2060 — thus all lifetime earnings changes are zero for a transition
ending in 2060 by construction. Moving to the right on the plot represents slowing
down the transition. The left panel repeats this experiment for workers with vari-
ous relative productivities ) and who have 20 years of work remaining, while the
right panel repeats the exercise for workers of different cohorts with i) = 0.86.
Non-linearities. Changes in lifetime earnings can be very non-linear in the speed
of transition. Some workers gain from a faster transition while others lose. How-
ever, these marginal changes vary sharply as the transition accelerates. For in-
stance, a worker with ) = 0.86 is mostly indifferent to small accelerations relative
to 2060, but benefits more and more as the pace of the transition accelerates further.
Accelerating the transition by 1, 5, or 10 years will therefore have vastly different
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impacts on workers’ lifetime earnings. Policymakers should be cautious about ex-
trapolating from small changes around the 2060 timeline.

The non-linearity arises because changing the transition horizon non-linearly
changes the area of earnings losses, as well as due to discounting. This is true
even for workers who will never or always switch to the creating sector regardless
of the transition speed and even if the transition ®F (-) were itself linear, as we
prove in Appendix A. Consider, for instance, the case of the worker with ¢ =
0 who will never switch to the C sector regardless of the transition speed. For
relatively slow transitions, worker’s earnings loss is given by the discounted area
of a triangle, whose base is the worker’s remaining lifespan, and whose height is
the total decline in AP by the time of the worker’s retirement.!® Let A be the value
of AP at the time of the worker’s retirement. An accelerated transition induces two
effects on workers’ earnings: not only do they reach A sooner and so spend more
time at that low level of income before retirement, they are also exposed to an even
larger decline in income before they retire. These effects reinforce one another and
translate into non-linear lifetime earnings effects.!”

Non-monotonicities. Our second key insight is that earnings changes can even
be non-monotonic in the pace of transition: some workers who initially lose from
a faster transition end up benefiting from an even faster one. For instance, the
worker with i) = 0.84 would benefit from either a slower or a faster transition than
the status quo. For this worker, a medium-speed transition that ends 2060 represents
the worst of all worlds: it is sufficiently fast that they experience all declining sec-
tor losses, but sufficiently slow that they retire before their earnings recover from
growth in the creating sector.!®

A simple way to understand the U-shape is by considering a worker who re-
tires at exactly the moment they would have switched to creating sector under the

baseline transition (t* (1[3) = [+ 1).1 This worker spends their whole career in the

16 1f the transition finishes before the worker’s retirement, the earnings loss becomes the area of a
trapezoid, yielding an additional non-linearity.

17 These results are easiest to see with the realistic feature of finite lives, but this logic also holds if
workers are infinitely lived but discount the future at a positive rate. One could also understand
this result by noting that changing the transition horizon has a non-linear effect on the total
decline in AP by a worker’s retirement.

18 Graphically, this occurs when the area in the gray triangle in Figure 2 is maximized — this is the
case when the worker’s switching time t* () is close to their retirement age.

19 The U-shape can survive with standard discounting rather than retirement; however, the model
with retirement is both realistic and most transparently illustrates the economics.
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declining sector and thus clearly prefers a slower transition. But they may also pre-
fer a faster transition, as they now switch to the creating sector during their career
and benefit from the productivity increases there. This gives rise to the U-shape.

Non-monotonicities occur for any worker with intermediate relative produc-
tivities  who would switch sectors during some period 0 < t < oo under some
transition speed, as we prove formally in Appendix A. These are exactly the work-
ers who form the bulk of the cross-sector reallocation.?”

Initial age also matters by affecting workers” horizon. The right panel of Figure
3 repeats the same exercise for various ages as of 2005, fixing the relative productiv-
ity ¢ = 0.86. The magnitude and shape of these non-monotonicities are sensitive
to a workers” age because older workers have a shorter remaining horizon over
which to experience earnings changes. In the example depicted here, older work-
ers spend less time in the clean sector receiving earnings gains. As a result, they
are more likely to experience a decrease in overall lifetime earnings as the transi-
tion accelerates. Therefore, both workers’ skill i) and cohort T are crucial inputs to
their earnings losses from transitions of different speeds.

The introduction of an outside option does not change these qualitative in-
sights. If the worker can always receive a constant b° in the outside option, their
earnings profile features a flat region at b° whenever AP < b° < AS4. Acceler-
ating the transition still steepens the initial earnings decline, which is still traded
off against potentially larger gains after switching to the C sector. Thus the non-
linearity and non-monotonicities emphasized above survive. Of course, the earn-

ings floor at b° affects the model quantitatively, as explored in section 5.

4.2 Political Economy Implications

An important corollary of the non-monotonicity is that the set of workers who
would prefer a faster transition changes with its speed. Figure 3 plots isoquants
of lifetime earnings changes relative to the status quo transition in the space of
relative productivities i) and the end date of the transition. The region to the left

20 Workers who either switch sectors immediately or never switch have a monotonic earnings pro-
file over time. Therefore, they always gain or lose from a faster transition. We prove that there
are two cutoffs ¢ < ¢ such that all workers with ¢ < ¢ are strictly worse off as the transition ac-

celerates, those with i > ¢ are strictly better off, while all the workers with ¢ € {f, l/_J} workers
have earnings losses which are U-shaped in the speed of transition.
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Productivity in clean sector ¢

Figure 4: Lifetime earnings change isoquants
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Notes: The left panel plots isoquants of lifetime earnings changes in the space of productivities in
the clean sector i and the speed of the transition 7. All earnings changes are relative to a base-
line transition ending in 2060, and faster transitions are parameterized as in equation (3.4). The
horizontal axis corresponds to the end date of the transition considered. All workers have 20 years
remaining in their careers (median age). The right panel illustrates how the distribution of earnings
changes as the transition accelerates with # = 1.5 or § = 2 when assuming that ¢ is distributed
normally with mean 0.85 and standard deviation 0.05. Again, all earnings changes are relative to
the baseline transition with 7 = 1.

of 2060 represents a faster transition. Darker colors indicate larger losses from the
transition, while lighter colors correspond to smaller losses or even gains relative
to the status quo. The left panel plots these isoquants for workers with 20 years of
remaining work life, while the right panel repeats the exercise for older workers
with only 10 years of working life remaining. Intuitively, high i workers benefit
more from (or are hurt less by) a faster transition than are low ¢ workers.

The figure reveals four interesting patterns. First, observe that the set of work-
ers who would prefer a marginally faster transition as one accelerates the pace of
transition — that is, any worker who crosses from a dark region to a lighter region
as we move left on the plot — changes as the transition accelerates. Therefore, on
the extensive margin, the set of workers who would vote for a marginally faster
transition is sensitive to its pace.

Next, one can see this especially starkly by studying the dashed line on the
plot, which divides the set of workers who prefer a given transition speed to the
status quo transition ending in 2060. High i) workers benefit from faster transitions

while low ) workers benefit from a slower transition. This dividing line is upward-

20



sloping, which means that a larger share of workers win on the extensive margin as
we accelerate the transition more and more. Importantly, some workers —such as a
worker with ) = 0.82 and 20 years remaining — switch from “losers” to “winners.”
The set of people who benefit from the transition depends on its speed.?!

Third, observe that the darkest colors on the plot are in its bottom left corner:
accelerating the transition creates a thicker and longer tail of earnings losses. In-
deed, a faster transition presents a trade-off: while it increases the mass of workers
who benefit from the transition on the extensive margin, it also generate a thicker
tail among those who lose from it on the intensive margin. This trade-off has im-
portant political economy considerations if voters are strongly motivated by their
anticipated labor market outcomes and presents a conundrum for policymakers.

Finally, comparing the left and right panel reveals that old and young workers
are differentially affected by changing the transition speed. Accelerating a tran-
sition redistributes between workers of different skill transferabilities i) and age.
The relative voting behaviors of these groups therefore has repercussions for pub-
lic support for rapid transitions. This may be particularly salient in the case of the

climate transition (Dechezleprétre et al., 2025).

4.3 Summary and Discussion

Our model reveals two novel conceptual insights. First, the labor market con-
sequences of a technological transition are highly non-linear in the horizon over
which it takes place: completing a transition by 1, 5, or 10 years will carry dras-
tically different consequences for workers’ earnings. Indeed, lifetimes earnings
changes can even U-shaped in the transition horizon: some workers suffer the
most from medium-speed transitions that displace them early from the declining
sector without improving their prospects sufficiently in the creating sector before
retirement. These non-monotonicities arise for any marginal worker who switches
sectors for some 0 < t < oo, and their degree is determined by workers’ relative
skills and age. Third, a faster transition generally increases the mass of workers
who benefit from the transition, but generates a thicker tail among those who lose,

presenting a trade-off for policymakers. As we will soon see, labor market frictions

21 The region to the right of 2060 represents a slower transition than baseline. Slowing down the
transition also changes the share of winners and losers, as well as the degree to which they lose,
reflecting that those who would prefer a faster transition are also locally harmed by a slower one.
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amplify these findings.

These insights are applicable to settings in which demand falls for one set of
jobs and rises for another. Our setup nests scenarios where one technology be-
comes obsolete and is taken over by another more productive one (Aghion and
Howitt, 1992; Violante, 2002), or trade shocks that induce a reallocation of labor
(Dix-Carneiro, 2014; Dix-Carneiro et al., 2023; Traiberman, 2020), and our concep-
tual insights appear portable to these contexts.

These conclusions are unaffected by whether workers anticipate the future path
of AF. In this frictionless benchmark, workers make decisions based solely on the
current level of A’t‘ . Thus, the non-monotonic relationship between lifetime earn-
ings and the transition horizon will continue to hold qualitatively even if agents
are uncertain about the future path of A¥.

While we have focused on the role of the transition horizon T, similar eco-
nomics hold if government intervention also affected AX,. Broadly, three objects
matter for a worker’s lifetime income: the scale of the earnings decline experi-
enced in the D sector, the scale of the earnings increase in the C sector, and the tim-
ing the worker switches sectors. If intervention amplifies the difference between
AL and AS,, this would affect the path of A in a similar manner to increasing 7 in
the short-run, and so generate similar effects on lifetime earnings as changing the
transition horizon.

Before proceeding, it is worth discussing the interpretation of our A¥. The paths
of AF reflect firms’ incentives to employ workers using the creating and declining
technologies, respectively. Empirically, these two technologies might co-exist in
the same industry. For instance, a manufacturer of ICE vehicles may begin produc-
ing EVs and the two technologies can co-exist within the firm. In practice, technol-
ogy adoption leads to substantial worker displacement even within the same firm:
the transition from ICE towards EVs requires substantial retraining among auto
workers and has already resulted in layoffs at auto manufacturers.?” Braxton and

Taska (2023) find that technology adoption leads to displacement and substantial

22 Conventional cars use many components that are not present in EVs and vice versa, such as
catalytic converters, fuel tanks, engines, and batteries, which all rely on skills that are not di-
rectly portable between EVs and ICEs. See, for example, the substantial layoffs at Ford, while
Volkswagen workers are being retrained to build EVs. Meanwhile, the European Association of
Automotive Suppliers projects half a million jobs will be lost from an EV transition, while the the
Economic Policy Institute similarly projects large layoffs in the US (accessed July 2, 2025).
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earnings losses for incumbent workers who do not possess the right skills; Kogan
et al. (2020) document a higher separation risk in industries that innovate more,
as workers’ skills become obsolete more rapidly. This dynamic also appears to
play out in the climate context: climate-friendly regulations lead to layoffs (Green-
stone, 2002; Walker, 2011) and green jobs tend to require more cognitive skills and
experience (Consoli et al., 2016; Marin and Vona, 2019).

Overall, the evidence supports that the labor reallocation across technologies
is costly as we have assumed in our setup, including for the climate transition.
One can think of the Af as the penetration of each technology in the economy and
the incentives to hire workers to operate these technologies, and ¥ as the relative
ability of workers to operate these technologies. Our model captures the idea that
workers with a high ¢ are more likely to operate the C technology by switching
employers. The same would be true if the firm could choose to reallocate workers
to the C technology on-the-job.?*

5 The Role of Labor Market Frictions

This section shows that labor market frictions quantitatively amplify the labor mar-
ket effects of accelerating a transition. We therefore augment the model of section
2 with a realistic labor market block and calibrate it to match a number of steady
state moments. We maintain the preferences, technologies, government, and fi-

nancial market specifications of section 2; only the labor market block changes.

5.1 A Realistic Labor Market

Skill accumulation. Workers have multi-dimensional skills that accumulate endoge-
nously. There is a general skill ¢©, which applies to all pursuits, and specific skills
P and ¢ which apply to one sector only. Workers’ overall productivities in de-
clining and creating sectors are ¥ yP and pC¢C, respectively. Workers are en-

dowed with a unit of general skill ¢ = 1 at birth and one unit of specific skill

23Tt is costly for the firm to familiarize the worker with the clean technology and production process
regardless of whether the worker is reallocated on-the-job or is hired from outside the firm. These
costs are a large component of a workers” hiring v in practice (Muehlemann and Strupler Leiser,
2018). Whether the switch takes place within or across firms is irrelevant if reallocation within
the firm requires an internal job posting with the same matching technology f.
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P = 1in the declining sector. They are endowed with a heterogeneous C-specific
skill at birth $© ~ G. After this initial endowment, workers accumulate the gen-
eral skill ¢© at rate 5].+ when employed in the declining or creating sectors, 5]@ in
the outside sector, and 6/ < 0 when unemployed. Specific skills ¥ and ¢* grow
at rate 6 when employed in the corresponding sector. In the following, we will
establish that we can keep track of a reference skill ¢ = ¥y and a relative skill
P = ¢ /P instead of P, p© and ¥° separately. Workers’ productivity & (v, §, k)
is then defined as in equation (2.2).

Labor services. A continuum of atomistic firms in each sector each hires one worker
to produce labor services. They sell their labor services to intermediate goods firms
at price Pf which they take as given. The labor services produced by a firm is equal
to the skill of the worker that they hire I (1, 1, k). The total labor units sold to sec-
tor k is given by nf = [h (¢, ¢, k) duf (y, §) where puf (¢, ) is the measure of
workers employed in a sector k labor services firm in period t with skills (¢, ).

Directed search. Workers and labor services firms search for each other in frictional
labor markets. Search is directed, as in Menzio and Shi (2011), within and across
sectors. Workers search for jobs with intensity AY > 0 off-the-job and AF > 0 on-
the-job, giving rise to a job-ladder in the polluting and clean sectors. Labor markets
in the declining and creating sectors are indexed by a worker’s age j, their skills
(p, 1), the sector k, and the wage rate w that workers and firms agree on through-
out the duration of the match. We abstract from renegotiation in w since wages
rarely fall on-the-job in practice (Grigsby et al., 2021) and discussions about pay
cut rarely take place even if they could save jobs (Davis and Krolikowski, 2025).%4
The wage rate w is paid for each unit of effective labor & (i, {, k) that they sup-
ply, and effective wages are indexed by the growth rate ¢* that prevails along the
balanced-growth paths. Employed workers therefore earn wh (1,9, k) exp (g*t)
and firms claim the rest of revenues.

To rationalize the fact that job switches often entail wage cuts (Sorkin, 2018) and
there are gross flows across occupations and sectors (Moscarini and Thomsson,
2007; Pilossoph, 2014; Caliendo et al., 2019), we allow for search to be imperfectly

24 Wage rigidities are an important feature to explain employment dynamics during sectoral real-
locations (Rodriguez-Clare et al., 2025).
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directed, as it is in practice (Wu, 2024). Accordingly, we suppose that a worker of
type x = (j, ¢, ) in market s = (k, w) searches in a market s’ with probability

— Wi (x5)] /0)
— Wi (x,9)] /)’

exp (f (6 (x,8")) [W; ( 5/2 (5.1)

pi(shixs) = Yeexp (f (0 (x,8)) [W; (/X' )

where the sum is over the sectors k = D, C and wages w € {wy,...,wn}, as well
as the outside sector O and unemployment U.?> Worker are more likely to search
in a given market s’ if the expected improvement in its value is larger. This search
behavior can be microfounded by introducing idiosyncratic amenity shocks that
are distributed i.i.d. according to a Type-1 Extreme Value distribution with scale
parameter { (Artug et al., 2010) or by assuming that workers have to acquire costly
information about the jobs that they apply to (Matéjka and McKay, 2015).2° The
parameter { captures the degree to which search is directed: search is purely di-
rected as { — 0 as in canonical directed search, and purely random when { — c0.?”

Matches are destroyed exogenously at rate x > 0.

Firm entry. A constant returns to scale matching function yields a job-finding prob-
ability for workers f(0) within each market, where 6 is market tightness defined
as the ratio of vacancies to job-seekers and f is increasing and concave. The corre-
sponding job-filling probability for firms is q (f) = f (6) /0 which decreases with
0. Let V; (j, 1, 9, s) denote the value to a firm employing a worker of age j and with
skill in market s. Firms post vacancies for a worker with reference skill ¢ at a cost
vipexp (g*t) > 0, where v represents both a vacancy and expected hiring cost. This
cost grows at rate ¢g* to ensure that the economy admits a balanced-growth path.

There is free entry in each market s so that

q(0: (v, 4,5)) Vi (o 9, s) < vipexp (g*t) (5.2)

25 We discretize the grid for wages, for numerical convenience. The continuous case obtains when
N — +oo. We allow for a relatively fine grid for wages in our numerical implementation. We
suppose that workers only search in markets with positive vacancies.

26 The first formulation would increase workers’ values by allowing them to enjoy job-specific
amenities. On the contrary, the second would decrease them by assuming that workers have to
acquire costly information. We follow Traiberman (2020) and do not include the amenity value
or information processing cost in workers’ values since we focus on earnings changes.

27 Firms know the characteristics of the worker they are matching with, which preserves the block-
recursive nature of the equilibrium (as in Menzio and Shi, 2011).
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in every period t, with equality if a positive measure of vacancies are posted.

Outside sector and unemployment. The rest of the economy is unaffected by the tran-
sition. Workers receive an income of b° exp (¢*t) of final goods in the outside
option, and of b exp (¢*t) when they are unemployed, for b > 0 capturing
unemployment benefits. We think of the outside option as capturing retirement
and jobs that workers can find relatively easily with limited scope for professional
progression. For this reason, we assume that jobs in the outside sector have an ex-
ogenous job-finding probability of f© conditional on search and we abstract from
the job-ladder in this outside option. Workers can freely transition to unemploy-

ment when given a search opportunity. New cohorts (T > 0) are born unemployed.

Recursive Formulation and Equilibrium. We state workers” and firms” values recur-
sively in Appendix B.1. We define the equilibrium formally in Appendix B.3. The
labor market block of the model satisfies a block recursive equilibrium as is stan-
dard in this class of directed search models (Menzio and Shi, 2011). Finally, we
establish in Appendix B.4 that the values are linear in ¢ exp (¢*t) which allows
us to track only the relative skill ) = p©/y¢P as an explicit state variable when
characterizing values, making the model and its estimation computationally man-
ageable.?® We continue to focus on the case with risk-neutral workers. The search
decisions made by workers, and thus the total earnings impact of the transition,
would be the same if workers were risk-averse (o > 0) but faced complete mar-
kets for idiosyncratic risk: that is, they could trade contingent securities against all
idiosyncratic risks of job-finding or separations. In both cases, workers value the
present discounted value of earnings, which will be our main object of interest.
The frictionless economy of section 2 is obtained as a limit of this model in
which search is perfectly directed ({ — 0), vacancy posting is free (v — 0), unem-
ployment pays less than employment (bY < AD) and skills are fixed over workers’
lives (5;r = 5](-3 = oY = § = 0). Proposition 1 continues to hold in this economy, as

we prove in Appendix B.7.

28 Economizing the state variable 1 is possible because the vacancy posting costs scale with .
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Table 1: External calibration

Parameter Description Value Source
J Lifespan 40 Career length
Iy Discount rate 0.03 3% Interest Rate
o Elast. of matching function 1.45 Schaal (2017)
5j+ General Skill Accum. Wage Profiles CPS ORG
su Skill Decum.: Unemployed —0.096 Schmieder et al. (2016)
50 Skill Accum.: O sector 0 Growth of Economy

5.2 Calibration

External Calibration. A unit length of time corresponds to a year. Workers live for
40 years (] = 40) and we set the discount rate p = 0.03. Following Den Haan
et al. (2000), we parameterize the matching function so that the job-finding and
job-filling rates are given by f(8) = (1+60%)"1/* and g(8) = (1 + 6*)~ /%, re-
spectively, with & = 1.45 as in Schaal (2017).

Turning to skill accumulation, we directly measure the rate (5;r + 4 in the CPS
using on-the-job wage growth among workers attached to polluting sectors before
the transition starts. Workers’ in the outside income see income increases at the
same rate the economy grows, so we set (5]0 = 0. Finally, we let (5].U = —0.096, cor-
responding to a 0.8% loss in human capital per month of unemployment following

evidence from Schmieder et al. (2016).

Internal Calibration. The search intensity for unemployed workers AY targets a
monthly UE rate of 25% (Shimer, 2005), while the search intensity for employed
workers AF targets a monthly EE rate of 2.5% (Fujita et al., 2024). The degree of
noise in search ( replicates the fact that 30% of job-switchers experience a wage
cut (Grigsby et al., 2021).2 We obtain a standard deviation of 0.075, which is small
relative to average flow wages.

We set the vacancy posting cost v to match an average markdown of 20%,
(Berger et al., 2022). This is a natural moment to target: if vacancy posting costs are
high, firm values must also be high for the free entry condition (5.2) to hold, which
pushes for a higher markdown. The markdown plays a key role in the model: it

29 Tjaden and Wellschmied (2014) and Sorkin (2018) report very similar numbers.
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Table 2: Calibration

Parameter Description Value Moment Source Target Model
Search
AU Search intensity (U)  5.974 UE rate (M) Shimer (2005) 25% 25%
AE Search intensity (E) 1.185 EE rate (M) Fujita et al. (2024) 2.5% 2.5%
4 Search Directedness  0.035 Share of wage cuts Grigsby et al. (2021)  30% 30%

Job creation & destruction

v Vacancy post. cost 0.437 Average markdown Berger et al. (2022)  20% 20%

X Job destruction rate 0.07 Unemployment rate - 5% 5%
Benefits and Skill

bo Benefit in O 0.642 Wage change (EUO) CPS ORG -16% —16%

b Benefit in U 0.343 Average Ul replac. US Ul rules 40% 40%

) Specific Skill Accum. 0.0012 NetReall. D — C by age CPS - -

determines the profitability of each job, and hence firms’ incentives to create va-
cancies and fire workers along the transition. We obtain a vacancy posting cost of
16.5% of annual output, which is around the estimate of Shimer, 2005. We choose
the separation rate x to match a steady state unemployment rate of 5%.

The unemployment benefit b is chosen so that workers who get laid off have
an average replacement rate of 50% as a share of their previous wage, reflecting
a mix of home production and unemployment insurance. We obtain bY = 0.350
which reflects the fact that workers” wages are less than 1 in equilibrium.

The two remaining parameters will be application-specific, and we choose them
to be in line with our climate application of section 6. We choose the flow payoff of
the outside option b° by targeting the mean wage change of workers initially at-
tached to dirty industries who undergo an E-U transition followed by a U-E transi-
tion to any outside sector in consecutive years of the CPS Outgoing Rotation Group
(ORG) supplement. Workers on average experience a 10% decline in hourly wages
and 22% decline of weekly earnings following such a transition; we target the mid-
point of this range: —16%. This leads us to estimate b° = 0.538, and motivates why
we set AD = 0.84 in our baseline scenarios so that workers are indifferent, on av-

erage, between the outside option and the D sector in the long-run. Finally, we
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choose the rate at which workers accumulate specific skills = 0.0012 to match
the age gradient of net reallocation of dirty-attached workers to the clean sector
over time, as described in depth in section 6.2. Section 6 provides more details on

the climate application, including how we define clean and dirty sectors.

5.3 The Role of Frictions

The left panel of Figure 5 recreates the analysis of Figure 3 in our full model for
different levels of endowed §.°* One can see that the strong non-linearities and
non-monotonicities emphasized in section 4 survive in the full model. Comparing
the magnitudes of the earnings changes from transitions of different speeds with
those in Figure 3, one can see that earnings changes are often quite different in the
full model than in the frictionless limit.

The right panel of 5 explicitly compares the earnings losses in the full model
(solid black line) against a benchmark Walrasian model with skill accumulation
(solid gray line) for a worker with endowed i = 0.84 and 20 years of remaining
working life. Comparing these two solid lines reveals that labor market frictions
substantially reduce the gains from accelerating the transition relative to the status
quo for this worker: while a transition ending in 2040 would increase this worker’s
lifetime earnings by around 1.5% in the frictionless model, it only marginally in-
creases lifetime earnings in the full model. Indeed, the sign of the earnings change
even flips for some transition speeds. In other words, the additional features of
our full model — namely, search frictions, gross flows, job-ladders, and outside
options — are important to assess the labor market implications of accelerating a
technological transition.

The frictionless benchmark is nested in the full model when workers labor mar-
kets are not frictional, search is perfectly directed, there are no job-ladders, and the
outside sector is not valuable. The right panel of Figure 5 decomposes the forces
introduced by the full model by progressively adding these features to the model,
starting from the frictionless benchmark.>! There are four lines in addition to the

30 Since workers of a given age and skill may be employed in multiple different markets, we must
choose an initial market to construct this plot. Here we assume workers enter 2025 unemployed.
We produce this plot averaging over the equilibrium distribution of employment in Appendix
Figure 15, after we have estimated the distribution of skill endowments G (§°"4°%) for our cli-
mate application.

31 Appendix Figure 11 repeats this decomposition for workers with ¢ = 0.76 and 0.86.
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Figure 5: The Role of Labor Market Frictions
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Notes: The left panel plots workers” average lifetime earnings changes in 2025 in our full model
as a function of the transition horizon, for various values of the productivity ¢ in the clean sector.
All earnings changes are relative to the baseline transition ending in 2060, and faster transitions are
parameterized as in equation (3.4). The horizontal axis corresponds to the end date of the transition
considered. All workers have 20 years remaining in their careers. We consider workers who are
unemployed as of January 2025. The right panel decomposes these earnings changes for a worker
with productivity ¢ = 0.84 in the creating sector. The solid gray line corresponds to our frictionless
benchmark from Section 2, augmented with skill accumulation. The other lines add one feature
after another until we obtain our full model corresponding to the solid black line.

frictionless benchmark, reflecting the four reasons why the full model may differ.
First, the model with labor market frictions introduces the possibility of struc-
tural unemployment. This is isolated by the gray dash-dot line, which adds a sim-
ple frictional labor market: search is perfectly directed by unemployed workers,
but there is no outside option or on-the-job search (i.e. AY > 0, but { — 0,Af =
0,b° = 0). Firms only post vacancies if they expect to recoup the costs of doing so.
Therefore, job-finding rates gradually fall in the D sector, and fall faster if the tran-
sition accelerates. This decline is offset by increases in vacancy posting in the cre-
ating sector. However, vacancies are only posted in the C sector for those with the
skills to work in that sector. Therefore, low-1) workers face an unpleasant choice:
they may either search for a shrinking set of jobs in the declining sector, or they
can seek a near-unattainable job in the growing sector. These workers may thus
experience long-term structural unemployment and large lifetime earnings losses,
which are compounded by loss of general human capital while unemployed. On

the other hand, high i) workers see ever-growing job finding rates in the clean sec-
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tor, and thus spend less and less time unemployed as the transition continues. Ac-
celerating the transition thus generates different effects on high and low i workers
through this unemployment margin, which introduces its own non-linearities.

Second, workers’ search behavior differs in the full model due to partially di-
rected search and gross flows. Comparing the dash-dot to the dotted line, which
adds partially directed search and thus gross flows (¢ > 0), isolates the role of gross
flows and finds it to be minimal. Although gross flows are substantially larger than
net flows in both model and data, the effects of accelerating the transition are not
strongly impacted by gross flows.

Third, labor market frictions generate endogenous movements in the wages of
employed workers due to workers” ability to climb the job-ladder. The dashed line
adds on-the-job search to the model (A > 0), giving rise to a job-ladder. As the
transition unfolds, not only do firms post fewer vacancies in D in total, but they
particularly post fewer vacancies at high wages. As a result, it becomes increas-
ingly difficult to find high-wage jobs in the declining sector. On the other hand,
tirms become gradually more willing to post high wage jobs in the creating sector,
at least for workers with high ¢. These dynamics endogenously determine the ease
with which workers can climb the job-ladder in each sector. The more rapid the
transition, the more rapidly will the job-ladder collapse in the declining sector and
expand in the creating sector, which amplifies the losses for low ¢ workers and
gains for high 1) workers. This force appears quantitatively important in Figure 5.

To visualize these job-ladder effects, the top row of Figure 6 plots the job-
tinding rate across the wage distribution in the declining (left column) and creating
(right column) sectors in the full model for a worker with 20 years of working life
remaining and § = 0.84. The four lines indicate the job finding rates in different
years over the course of the status quo transition, beginning from the beginning
of the transition in 2005 (solid black line) to the year of government’s first inter-
vention in 2025 (dashed line), a later year in the transition 2040 (dotted line) and
in the final steady state of 2060 (dash-dotted line). The figure shows that the job-
finding rate falls in the declining sector at every wage level. But the decline is
most pronounced in high wage markets, with the top markets closing entirely. The
opposite occurs in the creating sector, with expanding vacancy posting at every
wage, especially at the top.

Movements in these job-finding rates and workers” optimal search behavior

31



Figure 6: Job finding rates and the wage distribution
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Notes: The first row plots the job finding rate as a function of the wage posted by firms in various
periods, for workers born with relative productivity = 0.84. The second row plots the equilib-
rium distribution over such wages, for the same periods and the same relative productivity. The
first column corresponds to the dirty sector, and the second to the clean sector.

yield the wage distributions plotted in the bottom row of Figure 6. Over time, the
wage distribution shifts left in the declining sector, and right in the creating sector.
Furthermore, workers gradually leave the D sector to join the C sector, as can be
seen by the declining mass of workers in D and rising mass in C.

Accelerating the transition causes these shifts to occur faster, both because A’t‘
shifts faster, and through anticipation effects as workers and firms anticipate future
job search, vacancy posting, and human capital accumulation.’> Whether these
effects lead to larger or smaller costs of accelerating the transition depends on a
worker’s skill i) and the amount of time left to climb the ladder before retirement.

The final force in the full model is the presence of an outside option. Moving
from the dashed to the solid line in the right panel of Figure 5 shows that the out-
side option (b° > 0) mitigates the losses associated with a rapid transition. This is
because the outside option is unaffected by the transition. Thus, as good jobs be-

32 The strength of this anticipation effect would be muted if there was uncertainty about the future
path of A¥. However, the forces arising from the level of Af apply regardless of uncertainty.
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come harder to find in the declining sector, more workers take the outside option
which remains steadily available, mitigating the prevalence of structural unem-
ployment. Although this outside option sector itself brings potentially substantial
losses, it is better than the alternative of prolonged structural unemployment, and
so mitigates the costs of accelerating the transition. Indeed, the lowest 1[3 workers
eventually become relatively insensitive to the transition speed, as they will seek
employment in the outside option immediately irrespective of marginal changes
in the transition horizon.

Overall, our full model offers an additional conceptual takeaway relative to the
frictionless benchmark: labor market frictions are a key determinant of the earn-
ings effects of the transition. Since firms only post vacancies in the clean sector if
workers are sufficiently productive to help them recoup their hiring and operat-
ing costs, workers with low skill in the clean sector will experience larger earnings
losses than predicted by the frictionless model both due to structural unemploy-
ment and a declining job ladder. Along with the conceptual insights established in
section 4, the takeaways of this section appear portable to a variety of transitions.

6 Application to the Climate Transition

Studying how the pace of the transition affects workers is especially important in
the context of the climate transition. A faster transition carries direct environmen-
tal benefits which increase the incentives to accelerate it, and our paper studies
on the labor market implications of doing so. The transition will also be sizable,
affecting 10-15 million workers in dirty industries, and quick relative to other tran-
sitions such as the structural transformation from manufacturing to services, as it

is expected to unfold over 35 years or so.

6.1 Sector Definitions and Path of MRPLs

Sector Definitions. We follow the 2024 OECD employment report (Bassanini et al.,
2024) in defining “Dirty” industries as 6-digit NAICS industries in the top decile of
emissions intensities. Examples of industries classified as dirty include “Petroleum
refineries” and “Industrial gas manufacturing.” Using this definitions, 11.4 million

workers were employed in the dirty sector as of 2004Q4, according to the Quarterly
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Census of Employment and Wages (QCEW). We define dirty-attached workers as
those employed in the Dirty sector for the entirety of their first 4-month wave in
the Current Population Survey (CPS).

We define clean sectors as those that produce green goods following Bonta-
dini and Vona (2023). This approach only permits goods-producing sectors to be
clean. Therefore, we supplement this output-based approach with the task-based
approach employed by the US Energy Employment Report (Granholm, 2024) and
additionally consider sectors to be clean if a majority of its workers are engaged
in green tasks according to the BLS” Green Goods and Services (GGS) survey. Ex-
amples of clean industries are “Materials recovery facilities” (i.e. recycling) and
“Primary battery manufacturing.” Appendix D provides more information on all

aspects of our sector definitions.>?

Paths of AF. We parameterize the transition function ®*(t) as truncated normal
CDFs with mean u and standard deviation o. We fit 4 and ¢ to match data and
forecasts from the U.S. Energy Information Administration (EIA) on the share of
power generated by fossil fuels and renewable sources between 2005 and 2050. As
Appendix Figure 10 shows, the estimated curve fits the raw data well.

It is worth reiterating that our analysis is prospective. There is thus uncertainty
regarding long-run changes that have yet to occur. We test the sensitivity of our
results under a menu of scenarios for long-run labor demands AX;; no individual
estimate should thus be taken as definitive. Our baseline scenario assumes sym-
metric 16% changes in productivity, such that workers are indifferent between the
outside sector and the dirty sector in the long run: AS, = 1.16 and AL = 0.84.

6.2 Estimating the Skill Distribution

Applying our framework to a particular episode requires one additional input rel-
ative to the steady state calibration of Section 5.2: the distribution of skill endow-
ments G (1pc) 3* We now estimate the set of skills that best matches realized reallo-

33 In the CPS, we attribute a share of dirty manufacturing to clean over time in proportion to the
share of cars sold which use alternative fuels. We do this both to capture technology adoption
over time, and because the CPS has less granular industry codes than 6-digit NAICS.

34 Since all workers are endowed with one unit of general and polluting sector skill, one can equiv-
alently conceptualize G () as the distribution of relative skill { at birth, which we term 4w,
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cation of workers in the early phase of the transition, conditional on the assumed
scenario for labor demands Ay ;. More details are provided in Appendix D.

Identification. We identify the distribution of skill endowments non-parametrically
by matching the observed labor reallocation between the dirty and clean sectors
over the period 2005-2025. The idea is best understood by inspecting the left panel
of Figure 2. In the frictionless benchmark of Section 4, workers reallocate only
if ) > AP/ AS, so the share of workers who have already switched by period ¢
is 1 — G (AP/Af). Labor reallocation over time therefore allows us to trace the
distribution G (¢) non-parametrically given the paths for AF.3> Of course, the
process of labor reallocation is richer in our full model: workers differ in their
employment statuses and skill accumulation histories, reallocation is frictional and
search is imperfectly directed.’® However, the same principle applies in our model,
allowing us to estimate the endowment distribution G.

To disentangle the distribution of endowments G (-) from skill accumulation
5, we compare two cohorts born in different periods. The older cohort has spent
more time in the dirty sector by 2005, and thus will have accumulated more skills
specific to D. As a result, they have lower §’s and reallocate to the clean sector

slower, as in the data.

Threats to Identification. In our model, workers reallocate on the basis of their rela-
tive productivity § and the sectoral productivities A¥. One possible concern is that
workers could also reallocate for amenity reasons: they enjoy supplying labor to
the clean sector. We argue that this distinction is unimportant in our context. To
understand why, consider the frictionless model of section 4, augmented to allow
for amenities. Specifically, suppose that the flow payoffs from working in the clean
sector are AS A&, where & is an idiosyncratic component of the relative amenity
and A; is an aggregate component of the relative amenity. Workers supply labor to

35 We consider a menu of terminal values A%, in our analysis. Different terminal values generate
different paths for relative productivities A/ A%, which in turn changes the estimated distri-
bution G (¢) in order to match the data. However, we only match reallocation patterns from
2005-2025 for estimation of G (-). The long-run behavior of reallocation will still depend on the
exact choice of AL, given our time-invariant estimated distribution of skill endowments.

36 Absent noisy search, workers with skill ¢ below a certain cutoff do not reallocate by 2025; as a
result, the distribution would not be identified below this cutoff. The presence of amenity shocks
circumvents this issue by assuming that all workers have a positive probability to reallocate.
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the clean sector if and only if the product of their idiosyncratic productivity ¢ and
their relative amenity ¢ in the clean sector are sufficiently large relative to the rel-
ative sectoral productivities and the aggregate amenity, i.e., ¢ > Ap;/ (AtAcy).

This condition is isomorphic to the one in Section 4, when setting
P =P and AL = A AL

Accordingly, the paths of A¥ also reflect the relative amenity value of supplying
labor in the clean sector. Given this path, our estimation backs out the distribution
of ¢ which determines workers’ incentives to reallocate and values.

The dynamic is more complicated in the full model, where agents are forward-
looking and labor markets are frictional, but the same economics hold: if workers
prefer to work in the clean sector, they accept lower wage payments. This leads
to higher firm values, exactly as if they were more skilled in that sector. Thus the
distinction between amenities and productivity is not crucial for understanding
the labor market effects of the climate transition in our context, so long as one is
willing to interpret our estimates as a broader measure of worker well-being which
includes amenities. Besides amenities, our estimates of 1/3 also capture other forms
of reallocation costs, e.g., due to geographic mobility between employers.

Estimation. The estimation problem is to choose a distribution G and rate of specific

skill accumulation é to solve

2025 1 R 2
minZ/z (Z%e;ta _ /O Z{[r}todel (lpendow; 5) G (dlpendow)) dt, (6.1)

G, < J2005

data
T,t

cated between period 0 and ¢ and z?}fdel (1/3e“d°W; 5) is the share of workers in the

where z79? indicates the empirical share of workers in cohort T that have reallo-
same cohort and endowed with skill (°"4°" that have reallocated over the same
period in the model.?” The latter is a function of specific skill accumulation 4. We
measure z?ita as the share of workers initially attached to dirty industries that real-

located to the clean sector in the CPS, relative to the share of employment in clean

37 Comparing wages in the model and in the data would necessitate tracking workers’ absolute ad-
vantage 1p, since wages in the data are subject to composition effects. Studying wages would thus
necessitate estimating a joint distribution of " and ¥, drastically complicating the estimation.
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or dirty in 2005.%

We leverage the block recursivity of our directed search model (Menzio and
Shi, 2011) to solve problem (6.1) efficiently. This property allows us to solve work-
ers’ reallocation shares zpdel (pendow; 5 independently from the distribution G.*
Problem (6.1) thus amounts to solving for the distribution G given these optimal
policies and a guess of 4, then updating our guess of § until convergence. We
provide more details in Appendix C.

The distribution of skills G (¢) is chosen to match the average reallocation of
workers who were between the age of 25 and 40 years old when the transition be-
gan in 2005. The approach is illustrated by the left panel of Figure 7. The empirical
reallocation of workers attached to dirty sectors is depicted by the solid black line.
Roughly 10% of these workers had reallocated to clean industries by 2025. Each
of the dotted lines correspond to model-implied net reallocations of workers with
a different endowment of ¢, fixing a value of 4. Block recursivity implies that the
reallocations of each § can be solved for independently. The reallocation patterns
of workers with different i) have different shapes and do not overlap; thus one
can identify the share of workers within each bin. The estimation problem then
consists of choosing the weights on the dotted lines in order to best match, which
can be done efficiently by projecting the model reallocations onto the data with an
OLS regression that constrains the sum of coefficients to 1.

Note that workers with extremely low § will never reallocate. All such workers
have identical earnings losses from the transition regardless of its speed. We thus
normalize the level of i for these never switchers to 0 and choose the mass of
these “never-switchers” such that employment in C is twice that in D in the long-
run steady state, which is in line with the wide range of estimates in the literature,

and test sensitivity to this choice.*’

38 The CPS does not allow us to track workers over long periods. We therefore weight individuals
in later waves of the CPS by the probability that they would have been attached to the polluting
sector in the pre-2005 period according to their observables. Appendix D provides more details.

3 Recall that general equilibrium effects on, say, innovation rates or the relative price of clean
sector goods are accounted for by the path of AF and can be freely counteracted by appropriate
government policy (Proposition 1).

40 In brief, IRENA (2023) estimates that, by 2050, between 27.9% and 85.8% of energy sector will
be “clean” depending on what one assumes about the other transition-related sectors such as
grid improvement. Other studies by McKinsey & Company (2022) and Mayfield et al. (2023)
estimate numbers within this range. Most studies find only small impacts on the total level of
employment in the economy (Finkelstein Shapiro and Metcalf, 2023; Borgonovi et al., 2023)
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Figure 7: Estimation of the skill distribution
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are attached to the polluting sector, based on their observables and pre-2005 relationship between
those observables and the likelihood of being attached to the polluting sector. We pool the two
cohorts used for the estimation (born in 1960 and 1975) for legibility. The solid curve is the data from
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under the estimated 6. The dashed curve corresponds to the model-generated reallocation when
using the estimated distribution of $*"4°". The right panel plots the cross-sectional distribution of
relative productivity ¢ in the population in 2025.
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We repeat this exercise for a variety of values for 6 and choose the value that
best matches the reallocation patterns of the workers aged 25-30 years old versus
35-40 years old as of 2005, which we plot in Appendix Figure 13. Model-implied
reallocation under the estimated distribution matches the data well, as can be seen
by the dashed line in the left panel of Figure 7.

The right panel of Figure 7 plots the cross-sectional distribution of relative skills
i as of 2025 induced by our estimates of G and 4, conditional on ¢ > 0. The dis-
tribution generally shows two types of workers. First, there is a mass of workers
who have relatively high skill in the clean sector (above 0.95). These are the work-
ers who reallocate quite quickly in the data. There is also a mass of workers with
substantially lower skill in the clean sector who are much less likely to reallocate
given the productivity gap across sectors. The estimation requires a mix between
these two types to rationalize the slow start in labor reallocation and its recent
uptick. Roughly 55% of workers are never-switchers.

Aside from the many steady state moments discussed in section 5.2, the model
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replicates a number of features of labor markets specific to the climate application.
The model is able to reproduce the reallocation to C of workers attached to the
dirty sector, both overall and by cohort. It additionally replicates flows of these
workers to the O sector: net flows to the C sector are much smaller (less than 1%
per year) than gross flows between sectors (around 2.5% per month) in both data
and model. In the model, the probability of experiencing an E-E switch from the
dirty to the outside sector is 0.3% per month in steady state and 0.5% in 2025. In
the data, those numbers are 0.4% before 2005 (specifically 1996-2005) and 0.5% in
2025. Thus our model matches flows between C, D and O well.

6.3 Earnings Losses from the Climate Transition

Losses under status quo transition. We first compute the distribution of lifetime earn-
ings changes, starting from 2025, arising from a baseline climate transition ending
in 2060 relative to a no-transition scenario (i.e. Ax; = 1 forever in both sectors).*!
The left panel of Figure 8 plots this distribution for incumbent workers who were
alive in 2025. Most workers initially attached to dirty industries lose from the
status quo transition, i.e., the gray area in Figure 2 is negative for them. Our esti-
mates unsurprisingly suggest that most workers initially attached to dirty indus-
tries have relative productivity < 1 in the clean sector, while only a few workers
accumulate sufficient skills in the clean sector to benefit from the transition.

The average worker loses 4.3% of lifetime earnings as a result of the status
quo transition unconditionally, and 5.5% of lifetime earnings conditional on being
hurt by the transition. However, some workers experience substantially larger
losses, on the order or 10 — 20% of remaining lifetime income. Importantly, these
tigures correspond to ex ante changes in expected lifetime earnings, i.e., the change
in workers’ values. Some workers will experience even larger earnings changes ex
post if they are displaced. These large labor market costs rationalize the opposition
to the climate transition in some quarters (Dechezleprétre et al., 2025).

As a point of comparison, the earnings losses that we estimate over the early
phase of the transition are of a similar order of magnitude to those documented

in the influential literature on import competition from China. Autor et al. (2016)

41 This distribution is computed by simulating the model forward from 2005 to 2025 to estimate the
distribution of employment, age and skills as of 2025.
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Figure 8: Changes in expected lifetime earnings under the baseline transition
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Notes: This figure plots the cross-sectional distribution of changes in lifetime earnings from climate
transitions of different horizons. The left panel reports changes associated to the status quo transi-
tion that ends in 2060, relative to no transition at all. We report ex ante expected earnings changes
as of 2025. The right panel reports changes associated to transitions ending in 2050 (in gray) or 2040
(in white) relative to the status quo transition.

estimate that workers’ earnings fall by around 3.9% if exposed to a $3,000 increase
in imports per worker.*> Traiberman (2020) and Dix-Carneiro (2014) document
similar costs following trade liberalization in Denmark and Brazil, respectively.*3

For additional context, Davis and von Wachter (2011) estimate that workers see
lifetime earnings declines on the order of 18.6% if they experience job loss during
an economic downturn, which matches our setting in which the sector employing
a worker disappears. Given this number, roughly one-in-four workers would need
to be displaced by the transition in order to rationalize an average loss of 4.3% if
each displacement led to an 18.6% earnings loss.

Compensating workers who lose from the transition would be relatively ex-
pensive. Given that average annual earnings in dirty industries is $39,000 in the
QCEW in 2004, the average dirty-sector worker loses $24,474 in present value earn-
ings as a result of the status quo transition.** Multiplying this figure by 11.4 mil-

42 The discussion in section 4.4 of Autor et al. (2016) suggests workers lose $515 of earnings against
a base of $40,000 from a $1,000 increase in imports per worker.

43 Dix-Carneiro (2014) finds that intersectoral mobility costs are between 1.4 and 2.7 times annual
average wages. This translates to roughly 3.5% — 6.75% when spread over a 40-year career.

4 These numbers account for workers’ remaining life by multiplying each worker’s remaining
lifetime earnings by their earnings loss to calculate a dollar-weighted average earnings loss. Ap-

40



lion — the number of workers attached to these industries in 2004 — implies com-
pensating these workers would cost more than $279 billion in present discounted
terms, or $13.1 billion per year in our model. For comparison, the U.S. Congress
budgets roughly half a billion per year for the Trade Adjustment Assistance for
Workers (TAA), a program that assists workers who lost their job to foreign com-
petition. While expensive, these numbers appear small relative to the larger esti-

mates of the social cost of carbon in the literature (Bilal and Kénzig, 2024).

Counterfactual Transitions Speeds. We now turn to our counterfactual analysis. The
right panel of Figure 8 plots the distributions of earnings losses from accelerat-
ing the transition such that it ends in 2050 (in gray) or 2040 (in white), relative to
maintaining the status quo transition. Two main features stand out. First, earn-
ings changes are indeed non-linear in the speed of the transition: the distribution
associated to the 2040 transition is not simply a linearly “stretched” version of the
2050 transition. In particular, the left tail gets thicker as the transition accelerates:
a transition ending in 2040 leads some to lose an additional 2.5% of lifetime earn-
ings relative to the baseline transition ending in 2060. It is worth reiterating that
these numbers reflect earnings changes in expectation. Some workers can experi-
ence much larger changes ex post if they get displaced.

Second, 45% of workers would prefer the transition to end in 2050 rather than
2060, but this share increases as the transition accelerates. This echoes the insight
of section 4.2: policy makers face a tradeoff between having more winners on the
extensive margin and a thicker tail of losers on the intensive margin. Workers on
average gain around 0.3% of lifetime earnings as from the 2050 transition, and 0.8%
from the 2050 transition. It may thus be feasible to compensate workers who lose
from a faster transition, but distributional effects remain a concern.

Appendix E conducts a number of additional analyses of the quantitative model.
First, Figure 15 reports average changes in lifetime earnings by age, which do in-
deed increase non-linearly as the transition is accelerated. Next, Figure 16 presents
the share of workers who experience a U-shape in lifetime earnings as one acceler-
ates the transition from 2060; that is, what share workers whose lifetime earnings
initially fall as the transition accelerates from 2060 begin to prefer faster transi-

tions at each transition horizon. When the transition is accelerated to end in 2050,

pendix Figure 14 reports the distribution of losses for young and old workers separately.
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around 16% of workers who initially preferred a slower transition will have ex-
perienced the trough in their earnings and would prefer an even faster transition,
while 9% of workers have more than overcome that initial decline in lifetime earn-
ings; these numbers grow as the transition is accelerated further. Finally, Figure
17 reproduces Figure 6 for the quantitative model, integrating over the estimated
distribution of . Overall, we find that accelerating the climate transition to end
in 2050 has modest effects on worker incomes on average but significant distribu-

tional consequences, and many workers have U-shaped lifetime earnings profiles.

Sensitivity. As discussed above, we conduct a prospective analysis which comes
with a substantial empirical uncertainty. We therefore explore the sensitivity of
our results in Appendix Figure 18. Specifically, we consider a variety of alternative
values for A, and a range of targets for long-run employment shares. The dis-
tribution of losses from both status quo and counterfactual transitions are largely
unchanged, reflecting the fact that changing AX, leads to different estimates for ¢

to rationalize realized net reallocation.

7 Conclusion

This paper studies the labor market consequences of changing the pace of a sec-
toral shift. We develop a life-cycle model in which workers with heterogeneous
skills direct their job search across a sector whose labor demand declines and a
sector that grows over time. The speed of these labor demand movements gener-
ally has non-linear or even non-monotonic effects on workers’ lifetime earnings.
Policymakers face a trade-off between increasing the share of workers who bene-
tit from the transition and thickening that tail of workers who lose from it. Labor
market frictions amplify both the level and non-linearity of earnings losses of ac-
celerating a transition, due to the response of structural unemployment and the
job-ladder. These findings apply to general settings in which labor demand grad-
ually declines for one set of jobs and rises for another.

We apply the model to study the labor market consequences of accelerating
the climate transition. We estimate the joint distribution of skill and age using
a novel estimation technique leveraging the block recursivity of directed search
models, and find that workers attached to polluting sectors lose about 5% of life-
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time earnings on average from a baseline climate transition ending in 2060 with
substantial heterogeneity. Accelerating the transition to complete by 2050 will lead
many workers to be better off, but exacerbate the losses suffered by those with the
least transferable skills. Compensating workers who lose from a faster transition
would cost in the hundreds of billions of dollars. Future work should study opti-
mal policy taking into account these labor market costs when the transition speed
is endogenously determined by market forces and fiscal policy, and to explore the

quantitative role of uncertainty for these transitions.
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A Frictionless Benchmark

In this appendix, we establish formally that workers” earnings change non-linearly
and potentially non-monotonically as a function of the horizon over which the
transition unfolds. In other words, completing the transition 5 or 10 years earlier
has a very different effect on workers; and some workers who lose at first from a
faster transition may benefit from an even faster one. We show that these results
hold for a wider class of transitions than the ones considered in Section 4.

In the following, we index workers by their relative skill ¢ in the new sector and
their birth date 7. We denote today’s period by ty > 0. We let t* ({, T;77) de-
note the optimal time at which a worker switches to the new sector, where 7
parametrizes how quickly sectoral MRPLs change. Finally, we define A (t,17) =
Ac (t,n) /Ap (t, 1) as the relative MRPL between the new and old sectors, where
we have made the dependence on calendar time t and 7 explicit. We impose min-
imal regularity assumptions on A (t,7) at this point: the function is continuous
in both arguments; it increases with time t and the pace 7; and it converges to
its long-run level A (t,77) — A for all t as the transition becomes infinitely fast
7 — +oo. We let A;) = A (to,7) for any 7 denote the relative MRPL that prevails
today in period ¢y, i.e., the comparative statics starts at a fixed level in period ¢t as
we did in Section 4. Similarly, we let Ao, = lim;_o A (t,7) for any # denote the
tinal relative MRPL.

A.1 Always, Never and Occasional Switchers

Before explaining why workers’” earnings are non-linear and even non-monotonic
in the transition horizon, it is useful to first partition the set of workers into three
groups based on their reallocation pattern: always switchers reallocate immedi-
ately to the new sector, regardless of how early the transition ends; never switch-
ers never reallocate to the new sector; and occasional switchers reallocate during
their lifetime only when the transition is sufficiently fast relative to their remaining

lifespan.
Lemma 1. The set of workers (T, ) can be partitioned into:

1. Always switchers with § > f\t_o U who move immediately to the clean sector so
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t* (P, T;11) = to irrespective of T and 1.

2. Never switchers with () < AZ! who never move to the clean sector so t* ({;17) =

oo irrespective of T and 1.

3. Occasional switchers with § € (Ao_ol, At_()l) who potentially move to the clean
sector if they are sufficiently young and the transition is sufficiently short. For these
workers,

t* (¢, ;1) = min {max {f (;7) ,to}, ] + 1} (A1)
where the cutoff t ((; 17) satisfies

S AT 1
P =A(E(Pin) ) (A2)
and is therefore strictly decreasing in , strictly decreasing in 17, and satisfies F ({; 1) —
Oasn — —+oo.

Proof. A worker supplies labor to the new sector if and only if

PAc () > Ap (t1) or $> A(t,n)™ (A3)

during their lifetime. Note that the relative MRPL A (t, 17)_1 decreases over time
since the MRPL increases over time in the new sector and decreases in the old
sector. Workers with ) > Ay, always supply labor to the new sector for any ¢ > f,.
On the contrary, those with) < AZ! never supply labor to the new sector. For
any intermediate value § € <Ag01, A, 1), there exists a cutoff f (§;77) that satisfies
(A.1) since A (t,7) is a continuous function of t. Workers supply labor to the old
sector until f (¢f;7) and then supply labor to the new sector. The higher the relative
productivity ¢, the smaller the cutoff since A (¢, 7) ~! decreases over time. In turn,
a faster transition implies a smaller cutoff since A (t,7) ~! decreases with the pace
of the transition. Furthermore, the cutoff f ({;77) — 0 as 5 — +oo since p > Al
and A (t, 17)_1 — AZl forall t as 7 — +oco. Finally, a worker only switches in their
lifetime if the cutoff f (§; 17) occurs before they retire in period ] + T, which yields
the switching time (A.2).% m

45 Since we work in continuous time, it is without loss of generality to assume that a worker who
never switchers does, in fact, switch at the exact time of their retirement | + 7.
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A.2 Non-Linearity of Lifetime Earnings

We now establish that earnings changes are non-linear for always and never switch-
ers as a function of the horizon over which the transition is completed. In other
words, workers are affected non-linearly as the transition ends 5, 10 or 15 years
earlier, and extrapolating from small changes can be misleading. We will turn our
attention to occasional switchers later in this appendix.

A worker’s lifetime earnings starting from today’s period ty are given by

W (lp, T;U) _ /tt*(lp/T;U) e_p(t—t+(’r))AP (tzﬂ) dt

+(1)

o rltT

v [ e @) Ac (1) dt, (A.4)
t(,in)

where 7 (T) = max {7, t} is the first period where worker is present after today
and t* (¢, T;17) still denotes the period when the worker switches to the clean sec-
tor. We focus on incumbent workers so T € (ty — ], to]. We start by inspecting
always switchers. In this case, lifetime earnings become

R LT
W () =9 . e Pt=t) Ac (t,17) dt (A.5)

Starting from a baseline horizon that ends Tj periods from today, we are inter-
ested in characterizing changes in lifetime earnings as a function of the horizon T
over which the transition is completed. As in Section 4, we therefore set 7 = Ty /T.
Figure 9 illustrates the path of earnings for an always switcher worker with ) = 1.
The left panel corresponds to the baseline transition. With our climate application
in mind, we suppose that the first period t = 0 corresponds to 2005 and today’s pe-
riod ty corresponds to 2025. The baseline transition ends in 2060. As a convenient
benchmark, we suppose that the transition is linear over time and we relax this
assumption later. The shaded gray area corresponds to workers’ lifetime earnings
(A.5) in the case where there is no discounting, i.e., o = 0.6 The right panel of Fig-
ure 9 considers a faster transition starting from today’s period ty. This transition is
completed T < Tj periods from today. In the following, we let AT = Ty — T. The

46 The gray area extends down all the way to zero. We truncated the plot to improve readability.
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Earnings;

Figure 9: Non-linear earnings changes

Baseline transition A faster transition

1.08 -

Earnings;

2005 2025 2045 2065 2005 2025 2045 2065

Notes: This figure plots the path of earnings over a time for an always switcher worker with ¢ = 1.
The left panel illustrates a baseline transition ending in fp 4+ Ty or T periods from today. The
shaded gray area corresponds to lifetime earnings when there is no discounting, i.e., p = 0. The
right panel illustrates a faster transition ending in ¢ty + T with T < Ty. The shaded gray and red
areas correspond to lifetime earnings in this case.

sum of the shaded gray and red areas correspond to lifetime earnings in this case.

Lifetime earnings can be expressed as

O | - To
W(.)_W+1p><§><(]—|—r tO)XQX—TO—AT’ (A.6)

for two constants W and Q). Theterm W = (] + T — tg) X Ac (to, 1) corresponds to
the shaded gray area that appears in both panels of Figure 9. In turn, (] + 7 — fp) is
the basis of the triangle on top of this rectangle, while the term Q) = (] + T — #p) x
[Ac (J+7,1) — Ac (t9,1)] corresponds to its height under the baseline transition
when T = Ty or AT = 0. Finally, the term Ty/ (Top — AT) stretches the height of
this triangle as the transition is completed earlier.

The expression (A.6) is convex in AT, i.e., workers are affected non-linearly as
the transition is completed 5, 10 or 15 years earlier. This result is intuitive: com-
pleting the transition one year earlier only means accelerating it by a fraction 1/ Ty
at first; as the transition accelerates and ends earlier, every additional AT = 1 year

represents a larger and larger share 1/T of the remaining horizon T < Tj; eventu-
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ally, the line in Figure 9 becomes extremely steep as AT shrinks towards Ty.*” This
result can also be understood geometrically: lifetime earnings increase by the two
shaded red triangles on the right panel of Figure 9 as the transition accelerates.*®
The area of the bottom triangle scales linearly with AT. On the contrary, the area
of the top triangle grows non-linearly with AT since its base is linear and AT but
its height increases too.

The case where the worker is a never switcher is symmetric so we omit it. Fi-
nally, it is worth noting that the transition above made two assumptions to convey
the insights transparently. First, we abstracted from discounting. Of course, expo-
nentially discounting can reinforce the non-linearities documented above. Second,
we consider a linear transition. Naturally, non-linearities in the functions ®f them-
selves in expression (3.4) , e.g., coming from S-curves, can further strengthen the

non-linearities in earnings.

A.3 Non-Monotonicity of Lifetime Earnings

We now establish that earnings changes are non-linear for occasional switchers as
a function of the horizon over which the transition is completed. This result can be

shown quite generally, with weak restrictions on the paths of MRPLs.
Assumption 1. Let marginal revenue products of labor across sectors satisfy:

1. A (t,)and Ai(y7) = Ac (t,17) / Ap (t, 1) are twice differentiable in t and  almost

everywhere,
2. 0tAps(17) <0 < 0tAc(1), 040t Act(17) > 0,040t Aps(17) < 0 forall t and 1,
3. limy o0 A (t,17) = limy_,e0 Ac (t) / Ap (t) for all t, and
4. 0¢Aps(0) = 0tAct(0) =0

The first assumption means that the transition is smooth almost everywhere.
The second assumption defines the kinds of transitions that we consider, i.e., the
old sector declines (relative to trend) while the new sector grows. A larger 7 speeds
up the transition in that it implies a faster MRPL growth in the new sector and a

47 Of course, workers’ earnings are bounded by the flat region in Figure 9, which might itself intro-
duce additional non-linearities.
48 By construction, the shaded gray areas are the same in the two panels of Figure 9.
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faster decline in the old sector. The third assumption states that, in the limit as
1 goes to infinity, the relative MRPL instantly jumps to its long run level. On
the contrary, there is no transition at all if # = 0.Overall, this set of assumptions
is strictly weaker than those imposed in Section B.4, i.e., the non-monotonicity
property does not dependent on the particular transition that we assumed in that

section.

Proposition 2. Suppose that Assumption 1 holds, then lifetime earnings W ({, T;17) are

1. Increasing in 1 for the always switchers with ¢ > A7,
2. Decreasing in 1 for the never switchers with § < ALl

3. U-shaped in 1 for the occasional switchers with § € (Agol,At_o 1). Formally,
for each relative productivity  and birth date T, there exist critical speeds 0 <
m (P, t) < (P, 7) < oo such that W ((,T;n) is decreasing in n for n <
i (§, T) and increasing in n for 1 > ny, (P, T).

Proof. First, consider the always switchers. These workers switch immediately to
the clean sector, regardless of how when the transition is completed, i.e., t* (¢7, 17) =
to for any 7. Their earnings increase over time, so they are trivially made better off
when the transition is completed faster. On the contrary, never-switchers stay put
in the polluting sector, i.e., *(i;77) = oo for all 7. Their earnings decrease over
time, so they are made worse off by a faster transition.

Consider now an occasional switcher with 1/3 € <A0_01, AE) 1) . For these workers,
we claim that there exists some 7, such that 0,V (7, ;) > 0 for all > 1, and
some #7; < 1, such that 9,V (7, ;) < 0 for all 7 < #;. That is, these worker’s
welfare decreases at first as the transition is completed earlier, and eventually in-
creases.

We first consider an incumbent worker born in T € (tg— J,to]. Note that
t*(4; ) is continuous and decreasing in 7 since A; (t,7) is continuous and increas-
ing in 77. Under Assumption 1 and by the intermediate value theorem, there exists
some 7; for which t* (§;7;) = ] 4+ T so the worker switches to the new sector ex-
actly at retirement. That is, the worker never switcher in their lifetime if the tran-

sition is slow enough that 7 < 7; and the worker is made worse off in this region
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as the transition accelerates. Now, consider a pace 1 with 0 < t* (zﬁ, 17) < J+T,
i.e., the worker switches at some point before retirement. In this case, the change

in lifetime earnings is

~

dw(T, ;) e AP (k1)
VLY / et g
dn 0 o1
T 90AC (t, 1)
I ePt gy (A7)
Y £ (i) o1

We will show that there exists some #;, > 7; such that this expression is positive
forally > #y,.

First, note that the second term of the right-hand side of (A.7) is positive since
A€ (t,77) increases with 7. So it suffices to show that

(i) _pt 0AT (t,1)

A T a0
Then, note that
I D AT / i ), (A.9)
0 N 0 dn
since AP (t,n7) decreases with #. Furthermore,
/Ot ($m) aAaf 17(17) e % /Of ($i) AP ()t (A.10)

since t*(1p;17) decreases with 7. Then, note that

d

—/W"") AP(n)dt < 0 (A.11)
on Jo f

both because t* (1, 77) and A" (t,7) decrease with 7. However, it must be that
S R LS S
lim = / AP()dt = 0 (A12)

Suppose by contradiction that expression (A.12) does not hold. Then, for each 7,

there exists an € < 0 and an infinite number of subsets with positive measure in
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(77, 00) such that
9
o

for each # in these subsets. Then

(o)
/ " AP ()t < € (A.13)
0

oo [ g ,t(Pi7)
= AP (7 dt A.l4
. {817 /0 ¢ (7)d }dn (A14)

— o (A.15)

which yields the desired contraction. Therefore, expression (A.12) holds.
Combining expressions (A.7), (A.9)-(A.10) and (A.12),

aw(t, ¢; T A€
lim —( ) > lim et ! (n)
1j—+00 dn = " Jex (i) d1

dt > 0, (A.16)

which show that there exists indeed a pace #;, > #; above which these workers
benefit from a transition that ends sooner. Thus, welfare is non-monotone in the
transition horizon for these incumbent workers.

Having established the desired result for incumbent cohorts, we now consider
a future cohort who is born in T € (tp,+00). Proceeding as above, there exists
some other #; for which t* (;7;) = ] + T so the worker switches to the new sec-
tor exactly at retirement. For these new cohorts, there exists some other 7, for
which #* (§;77,) = T so the worker switches to the new sector at birth. That is,
the worker never switches to the new sector during their lifetime if the transition
is slow enough that 7 < #; and the worker is made worse off in this region as the
transition ends sooner. On the contrary, the work switches immediately to the new
sector if the transition is rapid enough that 7 > #;, and the worker is made better
off in this region as the transition ends even sooner. Then, for all 7 < #;, the worker
remains in the old sector for their whole career and are made worse off by a faster
transition, while for all # > #;, they remain in the new sector their whole career
and are made better off by a fast transition. Thus, welfare is also non-monotone in

the transition horizon for these new cohorts. O]
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B Full Model

This appendix provides additional derivations and proofs for our full model intro-
duced in Sections 2 and 5. Section B.1 states workers” and firms’ values recursively.
Section B.2 characterizes firms” optimal choices of production and innovation. Sec-
tion B.3 defines the equilibrium formally. Section B.4 shows that values satisfy
some homogeneity property that allows us to characterize these values in terms
of de-trended marginal revenue products of labor A¥, and not to keep track of a
worker’s overall skill ¢ in our state space. Section B.5 characterizes the balanced-
growth path of the economy before the transition begins. Section B.6 shows that
the sectoral marginal revenues of product tend to be S-shaped along the status quo
transition. Section B.7 proves the implementability result (Proposition 1) in our full

model. Finally, Section B.8 extends our model to allow for climate damages.

B.1 Workers’ and Firms’ Values

Skill accumulation. Before stating workers” and firms’ values, it is useful to perform
a change of variable and define the “reference” skill ¥y = ¢Sy and the “relative”
skill = ¢©/¢P. Using the laws of motions that we described in Section 5, the
reference skill i grows at rate

5 +6 ifk=D
57 (k) = 4 67 ifk=C (B.1)
ot ifk=0,U

depending on the worker’s employment status. In turn, the relative skill grows at

rate
—6; ifk=D
(k=44 ifk=C (B.2)
0 ifk=0,U
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In the following, we let

¥ ifk=D
h(, k) =Swx(p ifk=C (B.3)
px b ifk=0,U

denote a workers’ total productivity across sectors. After this change of variable,
workers are indexed by five states: their age j; their reference skill i; their relative
skill in the clean sector 1/3; their employment status e = E, O, U; and, if employed,
their sector k and their wage w. The last three states can be combined into a single
state s which corresponds to a market (k, w) when the worker is employed, or to
O or U when the worker claims the outside option or is unemployed.

Worker values. The value of an employed worker of age j with skills i and ¢ that is

currently in submarket s satisfies

oW: (j, . §,5) = w (s) b (9, k (5)) exp (g1) (B.4)
+ﬁZhM¢L%&®f@Uwﬁ#DU%Uwﬁﬁﬁ—mﬁw@ﬁﬂ

+x0 [We (, w0, §, U) = Wi (j, o, 9,5)]

g (e vew (3 (6)<) bew (5 (1<) )

e=0

for each age j € [0,]), where W; (j, 1,9, U) is the value of being unemployed,
which is defined below. Workers discount flows at rate p. When employed, they
earn w (s) for each productive unit of labor & (1, 9,k (s)) exp (gt) that they pro-
vide, with 1 (-) given by expression (B.3).*) Workers have the opportunity to
search for another job at rate AF. They search in submarket s’ with probability
pt (57,9, 9, s) given by expression (5.1). The match is dissolved exogenously at
rate xo. Finally, there is a drift in the reference and relative skills ¢ and ¢ at rates
(B.1)-(B.2, in age, and over time.”’ The boundary condition is W; (], 9, ,s) = 0
upon retirement at age j = J. The terminal conditions are similar for the the val-

49 As discussed in Section 5.1, workers’ wage compensation grows at rate ¢ on-the-job to ensure
that wages w admit a stationary distribution along a balanced-growth path.
%0 These drifts are characterized by the single index e.
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ues below so we omit them for concision. It is worth noting that workers might
receive transfers for the government. These lump sum transfers do not distort
workers’ labor supply decisions when workers are risk-neutral (or have access to
perfect borrowing), as we assume in this paper. Therefore, we exclude these trans-
fers from workers’ values, allowing us to interpret them as the present discounted
value of future earnings — the object of interest in this paper.

In turn, the value of the outside option satisfies

pWe (7,9, $,0) = h (¢, $,0) exp (gt) (B.5)
+AEY pe(s:5,9,9,0) £ (6: (9, 9,9)) [We (o9, ,5) — Wi (, ¢, $,O)]

+xo0 [We (.9, 9, U) — Wi (1, 9, 4, O)]

+ e (j+epexp (57 (0)€) ,9,0)

e=0

for j < J, since they receive benefits h (¢, 1, O) exp (gt), and search for jobs with
intensity AE. Workers separate from the outside option exogenously at rate xo.
There is a drift in the general and hence reference skill, in age, and over time.

Similarly, the value of an unemployed worker satisfies

oW (j, g, %, U) = h (¢, $, U) exp (gt) (B.6)
+AYY pe (s, 0.9, U) £ (0 (o, dis)) [We (G, b, s) — Wi (9, , U |

d N
+ T Wiie (j+ € pexp (37 (U)€), §,5)
e=0

for each age j € [0, ]), since they receive benefits (1, , U) exp (gt) and search for
jobs with intensity AY. There also is a drift in the general and hence reference skill,

in age, and over time. Given these values, workers’ search probabilities are given

by
() = XU (B ) [ (6,) = i 3,5)] /0
T Ysexp (f (6 (x,9)) [Wr (x,8) — Wi (x,5)] /2)’

where x = (j, ¢, ) denotes a worker’s state excluding its current market s.

(B.7)
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Firm values. The value of a filled job in submarket s is given by

oVi (i 9,s) = (PE —w(s)) i (9,,k (s)) exp (gt) (B8)
— xoVi (1, ¢, §,5)
R MICIAR RN PACTTBNA R

b e (i e e (5 (9)<) dexp (3 () )

e=0

foreachagej € [0, J), where P} denotes the de-trended prices of labor services pro-
vided in the polluting or clean sectors given by the equilibrium conditions (B.15)
below. The boundary condition is V; (], P, 1/3,5) = 0 when the worker retires at
age j = J. Firms discount flows using the equilibrium interest rate r = p.°! The
match is dissolved either exogenously at rate x(, or because workers voluntarily
quit due to on-the-job search. The opportunity for on-the-job search arrives at rate
AE and the probability of separating conditional on searching is given by f (6:(-))
in each market s/, weighted by the probability that the individual searches there
pt (s';7,¢,4,5). The firm’s value also features a drift in workers’ skills, in their

age, and over time.

Tightnesses. There is free entry in each market so equilibrium tightnesses 6; (j, , §, s)
satisfy

q(0: (j, 0, 9,5)) Ve (., ,5) < vipexp (gt) (B.9)

in every period t and market s, with equality if a positive measure of vacancies
are posted. Firms post vacancies for a worker with reference skill i at a cost
vipexp (gt) > 0, where v captures both the cost of posting the vacancy and hir-
ing the worker. This cost grows at rate ¢ to ensure that the economy admits a
balanced-growth path.

> The equilibrium interest rate is r = p since entrepreneurs have linear utility.
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B.2 Production, Innovation and Government

Production. The representative final good producer combines the goods produced
by the declining and the increasing one using the technology

Yi=F (XP, XE) (B.10)

As usual, the technology (B.10) can alternatively be interpreted as workers’ prefer-

ences over these two goods.

Innovation. Entrepreneurs who own the firms producing intermediate goods can
invest resources to improve their productivity af, thus increasing profits. Their
productivity evolves according to da¥ = (z’t‘ — Skak) dt, where zF is gross invest-
ment and &% is the rate at which a firm’s technology becomes obsolete relative to
newer ideas (Caballero and Jaffe, 1993; Akcigit et al., 2022). Following Eaton and
Kortum (1999), we allow for technological spillovers

zf = ;[Sﬁ, X {/tm exp (—[Sﬁ, (t— s)) X L (If) ds] x ¥ dt, (B.11)

where { reflects decreasing returns to innovation.’> We use If to denote the invest-
ment rate on each technology, so the level of investment is I¥af; this investment is
expressed in terms of a bundle of intermediates with constant-returns-to-scale. In
turn, the coefficients ,B,’i, > 0 capture the innovation spillovers across sectors, and
v reflects decreasing returns in R&D investment. We suppose that the spillover
coefficients are positive, symmetric and satisfy Y i B, = 1. As we show in Ap-
pendix B.5, this specification ensures there exists a balanced-growth path where
output in the clean and polluting sectors grow at the same rate ¢ > 0. In this initial
balanced-growth path, there is little demand for the good eventually produced in
the new sector; the price of this good is therefore very low, and so is its productiv-
ity since there are no incentives to innovate. We model sectoral shifts as transitions

that affects the level of economic activity and its allocation across sectors, but not

52 Alternative and multiplicative formulations are sometimes used in the literature, e.g., Acemoglu
(2002). In our context, these formulations have the disadvantage that they allow laggard sectors
to bring down the rest of the economy; this feature is particularly problematic since we consider
an initial balanced-growth path where the climate sector is not active yet (Section 3).
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the long-term growth rate of the economy. We place appropriate restrictions on
the innovation technology : and B, to ensure that the economy converges to a new

balanced-growth path that grows at the same rate ¢ as the initial one.>®

Equilibrium prices and innovations. The final good producer chooses its demand for

intermediates so that P
k

Pk = o 2R (Xt X ) (B.12)

for each sector k = D, C, where Pz‘ is the purchase price of intermediates. In turn,

the supply of intermediates is

Xt = afy* (nf), (B.13)

where
nf = /1{k(s)—k’}h (Y, 9§, k() du (j, ¢, 9, 5) (B.14)

is the labor supply in a sector k/, with k (s) denoting the sector that a given worker
in market s is employed in. The previous expression uses the fact that there is a
continuum of monopolistic firms of mass 1 which produce each type of intermedi-
ate. In turn, the optimal demand for labor services coming from these monopolistic

tirms implies that

(14+7F) iy () = 55

A firm which uses more labor services raises its output by an amount which de-

1 PFexp (gt) (B.15)

pends on the sectoral TFP af and the marginal product y* " (n ) sells these units at
price P, and also earns a subsidy tf from the government. At the same time, using
more labor services comes at a cost PF. At optimum, firms equalize these quanti-
ties up to a constant markup. The prices Pf are de-trended using the growth rate
g. As we show in Appendix B.5, this normalization ensures that the prices Pf are

stationary along a balanced-growth path.

53 While we interpret the stock as af as intangible capital, it could alternatively be interpreted as
tangible (or physical) in the case with no technological spillovers. The initial and final growth
rates are ¢ = 0 in this case.
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Turning to the innovation problem, entrepreneurs solve

fmax [ exp (ot [ (14 4F) Phatyt () = (1= cF) ¢ (PP, ) 1]

s.t. daf = <z’; - (5{;a’;) dt, (B.16)

zF = ;ﬁ,’@ X [/tw exp (—ﬁ,’@ (t —s)) X L (I§/> ds} x ¥ dt

in each sector k = D, C, given some initial condition for alé and taking innovations
I¥ and technologies a¥ as given in the other sector k' # k. The unit cost function
C (PP, Pf) is homogeneous of degree 1 and reflects the constant-returns-to-scale
bundle that firms use to innovate (Section 2.2). By the Principle of Optimality,
entrepreneurs can choose their investment rate I and stock a¥, keeping fixed their
optimal labor demands 7n¥. In equilibrium, these labor demands coincide with
aggregate sectoral labor supplies.

Investing resources If allows firms to improve their productivity af and hence
their revenues, but is comes at a cost. At optimum, the marginal benefit of invest-

ing equals the marginal cost
—+00
/ (If‘) /0 pu(t+s)BE x exp (—ﬁﬁs) X af, s = (1 — g'{) C (PP,PE) af, (B.17)

where y (t) is the multiplier on the law of motion for af, and the marginal benefits

reflect changes in revenues
(1 + rﬁ) Pyk (n’;) - (1 . g’;) C (PP,PE) I¥
+ (,Bﬁ X /_too exp (—,B’,ﬁ (t — s)) X 1 (I;‘) ds — 5’;) u(t)=ru(t)—pn(t) (B.18)

This system characterizes the optimal solution to the problem (B.16), together with
the law of motion
dak = <z’; - 5§a’;) dt (B.19)

with

zF = ;ﬁﬁ, X {/_too exp <—[3§, (t — s)) X L (If) ds] x ¥ dt (B.20)
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and the initial condition for a’(‘).

Government. The government chooses a path of subsidies {Ttk, ¢k} and sets lump

sum taxes to balance its flow budget

L=y (Tthi‘ + g’;ll‘a’;) (B.21)
k

B.3 Equilibrium Definition and Block-Recursivity

In this appendix, we define an equilibrium formally.

Definition 1. Given a path of government subsidies {f, ¢k}, an equilibrium con-
sists of sequences of workers” and firms’ values W; (j, ¢,4,s) and Vi (j, ¢, §,s),
search probabilities p; (s; j, ¢, ¢, s), tightnesses 6; (j, ¢, ¢, s), adistribution y, (j, ¥, §,s),
sectoral outputs X¥, sectoral labor supplies nf, prices of intermediates P}, prices of
labor services Ptk, sectoral TFPs a’t‘, and lump sum taxes T; such that:

1. Workers’ values satisfy (B.4)—(B.6) in Appendix B.1
2. Firms’ values satisfy (B.8) in Appendix B.1

3. The search probabilities satisfy (B.7) in Appendix B.1
4. The tightnesses satisfy (B.9) in Appendix B.1

5. The distribution is consistent with the flows implied by workers” and firms’
values (see Appendix C.3)

6. Sectoral outputs are given by (B.13) in Appendix B.12

7. Sectoral labor supplies are given by (B.14) in Appendix B.12
8. The price of intermediaries satisfies (B.12) in Appendix B.12
9. Sectoral TFPs satisfy (B.17)—(B.20) in Appendix B.12

10. Lump sum taxes balance the government’s flow budget (B.21) in Appendix
B.12
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Our equilibrium satisfies two obvious properties. First, workers’ labor market out-
comes are entirely pinned down by the paths of de-trended MRPLs A¥ given by
(3.2) in the text. Second, given these MRPLs, the labor market satisfies the usual

block-recursivity property of directed search models (Menzio and Shi, 2011).%*

Lemma 2. Workers’ labor market outcomes — i.e., the probability that they are em-
ployed in a given sector, their position in the job ladder — depend on endogenous prices
and government subsidies exclusively through the sequences of de-trended marginal rev-
enue products of labor AX. Furthermore, the labor market equilibrium is block-recursive
given paths for A, i.e., the values W; (j, 1, §,s) and Vi (j, ¢, 9, s), search probabilities
pt (', v, ¢, s) and tightnesses 0; (j, , 9, s) can be characterized independently from the
evolution of the distribution p, (j, 1, {,s).

Proof. 1t is clear from the equilibrium definition that workers” and firms” values
are entirely determined by a closed system that is parametrized exclusively by the
normalized prices of labor services PF. In particular, this closed system does not
depend on the distribution g, (j, 4, ,s). Using the definition of marginal revenue
products of labor (3.1)—(3.2) and the equilibrium condition (B.15), we have

Pf= (1+7F) ak P/ exp (1) = Af (B.22)

Therefore, workers” outcomes can be expressed exclusively as a function of the

marginal revenue products of labor A¥. O

Finally, we show in Appendix B.4 that the equilibrium can be characterized

without keeping track of the state 1 which allows us to solve for it more efficiently.

B.4 Normalized and De-Trended Values

This appendix establishes that workers” and firms’ are linearly homogenous in

pexp (gt), where g still denotes the rate at which output grows in the polluting

>4 Of course, these MRPLs might themselves depend on workers’ labor supplies (due to decreasing
returns, innovation, etc.) which could affect the baseline transition that the economy starts from.
See Section 3 for an explanation of the counterfactual exercises that we conduct.
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and clean sectors in the long-run. This homogeneity property offers two bene-
fits. First, it allows us to characterize de-trended values that are constant over a
balanced-growth path, which is required for our numerical implementation. Sec-
ond, it allows us not keep track of the overall skill ¢ in our state space, making
our analysis computationally feasible. Formally, we will show that workers” and

tirms’ values satisfy

Wi (j, 9, §,5) = pexp (8t) W (j, ¢, 5) (B.23)
Vi (j, ¢, ,5) = pexp (gt) Vi (j, §,5) (B.24)

for some W} and V;* that do not depend on workers” overall skill { and depend
on time only through the price of labor services PF, which are constant along a
balanced-growth path (B.5). While establishing this property, we will also show
that

0c (o, ,5) = 67 (jobss) o pe (s s) = pi (5, 9rs) (B25)

for some 6 and p; that do not depend on workers” overall skill ¢ and whose
dependence on time is only due to changes in prices over the transition. In the
following, we use the fact that h (¢, 9, k) = ph* (, k) with h* (¢, k) = h (1,9,k)
using the definition (B.3).

Note that workers” and firms’ are interdependent. We will therefore guess and
verify that the properties (B.23)—(B.25) hold jointly. First, consider the value of a
worker employed in market s. Using the definition (B.4), the law of motion of ¢,

the two properties above and expanding the time derivative with respect to €, we
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obtain

Wi (. ¢, §.s) _

poxp (s O IEE)

+AF L pi (i pos) £(0F Gopos)) [WE (o) = WE (i prs)]

+x0 (Wi (i, U) = Wi (. §s)

. . .
+(g+0% (k(s))) Wi (j, §,5) + 9o (k (S))a_lpwt (- $.s)

. . 3 ..
+a_]Wt* (]/170/5) _'_th (]IIP/S)I (826)

which confirms that W; (j, ¢, 9, s) indeed scales with i exp (gt), and hence satisfies
expression (B.23). Therefore, the normalized and de-trended value evolves as

O*WE (j, d,s) = w (s) ™ (§,k (s))
AEZPt (%7, 9,8) £ (65 (G 8")) (Wi (o rs') — Wi (. )]

+XO[ Wi (o, U) = Wi (i, s)]

- o 9
+ 6% (k(s)) W} (j, ) + 937 (k (s ))awwt (7. ¢s)

3 . SR
Wi (i 9s) + Wi (i 9s) (B.27)

where p* = p — g. Proceeding similarly for the values (B.5)-(B.6) also confirms
that W; (j, ¢, 4, 0) and W (j, 9, §, U) scale with pexp (gt) and yields the law of
motions for the normalized values, which we spell out explicitly in Appendix C.1.

Turning to firm’s values (B.8), following the steps above confirms our guess.
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The normalized and de-trended value evolves as

PV Giges) = (P —w(s)) 1 (K (s)
— xoV¢ (], 1;’/5)
— AR SO G0 ) vt (5 5) Vi (i)

0" (k () Vi (i) + 957 (k) 55V G hrs)
0 A 0 /. ~
+a—].Vt* (j, P.s) + 5V ADF (B.28)

where r* = r — g with r = p in equilibrium. We will establish in Appendix B.5 that
the price of labor services Pf given by (B.15) is constant along a balanced-growth
path.

Having verified the properties (B.23), we now show that the properties (B.25)-
(B.25) also hold. Using the free entry condition (5.2) and the fact that the vacancy
posting costs scale with ¢ in Section 5,

065 G,95)) Vi (1:8,5) < b (§,k(5)) (8.29)

with the usual complementary slackness condition, which confirms that 6; (j, 9, s)
depends neither on the overall skill ¢ nor the growth rate g. Proceeding similarly,
the search decisions

5,0) = SR 0 (%) W0 (5,5) ~ Wi (%
Teexp (f (6 (%,9)) W (x,6) — W (x

do not depend on these objects either, with X = (j, ).

J/¢) (B.30)

The homogeneity property (B.23) implies that we can economize one state vari-
able when computing workers” and firms” values or iterating on the distribution
of workers’ states (Appendix C). In particular, none of the moments that we target
in Section 5.2 depend on the level of the overall skill . In Section 6.3, we compute
workers” earnings losses in 2025 under the baseline transition (Figure 8). In this
case, the level of ¢ and its evolution are relevant; we use stochastic simulations to

track the workers’ states over time.

68



B.5 Balanced-Growth Path

In this appendix, we establish the growth rates at which various quantities and
prices must grow along a balanced-growth path. We are interested in characteriz-
ing workers’ outcomes as the economy transitions from one balanced-growth path
to another after the clean sector effectively emerges (Section 3).

Lemma 3. Consider a balanced-growth path where government subsidies T and ¢~ are
constant over time. Then, the amount of intermediates X' and X© produced in the pollut-
ing and clean sectors and aggregate output Yy grow at the same rate g > 0. The normalized
prices of labor services P defined in Appendix B.2 are constant.

Proof. We guess and verify that, along a balanced-growth path, the productivities
af and the outputs of intermediaries X¥ and aggregate output Y; grow at rate g,
while the normalized prices of labor services P and sectoral labor supplies nf are
constant.

Starting with the firms’ vacancy posting and workers’ labor supplies, note that
workers’ equilibrium labor supplies are entirely determined by the coupled sys-
tem of partial differential equations that define workers” and firms’ values (B.27)-
(B.28), together with the free entry condition (B.29), and the search probabilities
(B.30). This is a closed system: it does not depend on the rest of the economy,
except for the prices of labor services PF. If prices are constant along a balanced-
growth path, then sectoral labor supplies nf are as well.

Turning to the production of intermediates, if technologies af grow at rate g and
sectoral labor supplies 1 are constant, then the technology (B.13) implies that the
outputs of intermediaries X¥ indeed grow at rate g. Furthermore, if productivities
af grow at rate g, then the labor demands (B.15) imply that the normalized prices
of labor services Pf are indeed constant.

Considering final good production, if the output of intermediaries X¥ grow at
rate g, then the technology (B.10) implies that aggregate output Y; indeed grows
at rate g. Similarly, the demand for intermediaries (B.12) implies that the price
of intermediaries Pf indeed grows at rate —zg, since the first derivatives of F; are
homogeneous of degree 0 by Euler’s theorem, and Z; is homogeneous of degree
—z.

Finally, we turn to the innovation choices. Suppose that the prices of the final

goods P/ and P¢ grow at rate —zg, that sectoral labor supplies n¥ are constant,
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and that If/ is constant and a]t‘/ grows at rate g in the other sector k' # k. Then,
we can guess and verify that If is constant and af is constant using the optimality
conditions (B.17)—(B.20).

In summary, we have established what rate quantities and prices must grow at
along any balanced-growth path. We do not establish formally the existence and
stability of a balanced-growth path since this is not the goal of our paper. However,
it is worth noting that spillovers in the innovation process (B.11) ensures that the
asymptotic growth rate of productivities a¥ must be the same across sectors. To see
that, suppose by contradiction that the polluting sector grows faster asymptotically

than the clean sector, i.e., ¥ > g¢. Then, at/ exp (g't) — 0 ast — +oo, so that

C t

Z c / ( c ) ( P> P

————~ — Bp X exp (—Bp(t—s)) xu(lg )ds| xa;dt
exp (g—pt) ﬁP { e % ﬁP( ) s t

using the innovation process (B.11). Therefore, productivity in the clean sector

must grow at the same rate as in the polluting sector, which yields the desired

contraction. The argument is symmetric if the clean sector were to grow faster. [

B.6 S-Shaped Transitions

Our model naturally generates S-shaped transitions for the marginal revenue prod-
ucts of labor A¥. This type of S-curves are characteristic of innovation and technol-
ogy adoption (Griliches, 1958; Shepherd et al., 2012).

Accordingly, we will show below that the paths for A¢ is S-shaped and the path
of A? is inverse S-shaped when the intermediates are sufficiently substitutable,
and technological spillovers, climate damages and government subsidies are not
too large.”® To do so, we proceed in several steps. First, we consider a limit econ-
omy where intermediates are perfectly substitutable, and there are no technologi-
cal spillovers, climate damages or government subsidies. Using this economy, we
show that the levels of A® and A! are higher and lower, respectively, along the fi-
nal balanced-growth path compared to the initial one. We argue that the transition
between these stationary levels is indeed S-shaped or inverse S-shaped. The final
step appeals to the continuity of the equilibrium with respect to its parameters to

show that the S-curves are preserved away from the limiting economy, i.e., when

% These conditions ensure that the MRPL in the two sectors do not co-move too strongly.
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allowing for imperfect substitutes, some spillovers, climate damages, etc.

Limiting economy. We momentarily consider the limit where the intermediates are
perfect substitutes in the technology (B.10), there are no technological spillovers
[:ik, — 0 for kK # k, there are no climate damages so Z; — 1 and z — 0 in expres-
sion (B.33), and there are no policy interventions 7} = ¢¥ = 0 for each k = P, C and
all +.°° In the following, we will use the fact that ¢* = (1 — z) § = ¢ in this limit.

Step 1 (long-run levels). We have shown in Appendix B.5 that A¥ is constant along a
balanced-growth path. Starting with the initial balanced-growth path, there is no
demand for the intermediate produced by the clean, so the demand for intermedi-
ates (B.12) implies that PtC = PC = 0. The innovation choice (B.17)—-(B.20) implies
that there is no investment in the clean sector, so a$/ exp (gt) — 0. Therefore,
AS = aPC/exp (gt) — 0. Furthermore, PP = PP > 0 in the polluting sector so
firms innovate and AP’ > 0 along the initial balanced-growth path.

The transition starts with a change in F; in favor of the good produced in the
clean sector. The demand for intermediates (B.12) implies that PtC = PC > 0, where
the equality holds in the limit where the intermediates are perfect substitutes and
there are no climate damages (by assumption). There are thus incentives to invest
in both sectors. The innovation choice (B.17)-(B.20) implies that af/ exp (gt) > 0
along the final balanced-growth path. Therefore, A = a“PC¢/ exp (gt) > 0.

As shown at the beginning of this section, the A¥ terms determines workers’
incentives to supply labor across sectors. At least some workers will supply labor
to the clean sector since A > 0 and G has full support. Therefore, n& > 0 along
the final balanced-growth path, and n! is lower in the polluting sector than it used
to be along the initial balanced-growth path. Furthermore, the demand for inter-
mediates (B.12) implies that Ptp = PP is unchanged in the limit where the inter-
mediates are perfect substitutes. The innovation choice (B.17)—(B.20) implies that
al’ / exp (§t) > 0 must be lower than along the initial balanced-growth path since
the number of employed workers n! is lower. Therefore, A¥ = al’ P"/ exp (gt) > 0
decreases between the initial and final balanced-growth paths.

% Spillovers remain positive as we take this limit, so the economy still admits balanced-growth
paths where the two sectors grow at the same rate (Appendix B.5). Of course, the level and
transition between these balanced-growth depend on the strength of these spillovers.
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In summary, the levels of A¢ and Al are higher and lower, respectively, along
the final balanced-growth path compared to the initial one.

Step 2 (transitions). The only way for AS = a¢P¢/ exp (gt) to reach its higher level
is for at to rise at a rate higher than g initially and then a lower rate. After de-trending
at rate g, the path of AS must therefore be S-shaped in the clean sector. The oppo-
site happens in the polluting sector and the path of Al is inverse S-shaped.

Step 3 (continuity). By continuity of the equilibrium with respect to its parameters,
the paths of AF are still S-shaped or inverse S-shaped away from the limit that we
took above, i.e., even if we allow for imperfect substitutability, some spillovers, etc.

B.7 Proof of Proposition 1 in the Full Model

We start by showing that sectoral productivities af and the price of intermediates
P can be expressed exclusively in terms of marginal revenue products of labor A
and innovation subsidies ¢f.

Lemma 4. Productivities af and intermediate prices PF can be expressed exclusively in
terms of marginal revenue products of labor A¥ and innovation subsidies ck.

Proof. The inventors” optimal innovation choice (B.17)—(B.20) that determines pro-
ductivities af depends on four objects: the marginal revenues products of labor
Ak = (1+ Ttk) Pkak/ exp (gt); sectoral labor demands 7¥; the subsidies ¢¥; and the
unit cost C (PF, PF) of innovation. By Lemma 4, sectoral labor demands nf are
entirely determined by the sequence of A¥. Furthermore, the demand for inter-
mediaries (B.12) imply that the prices of intermediates Pf can also be expressed in
terms of the outputs of intermediates X¥, which themselves depend only on af and

nk using the technology (B.13). Putting all these elements together, productivities

af can be expressed solely as a function of the marginal revenues products of labor

AF and the subsidies k. The same is true for the intermediate prices Pf. O

Combining Lemmas 2—4, we now show that the government can choose appro-

priate subsidies to implement any arbitrary paths of A¥.

72



Proof of Proposition 1. Suppose that the government seeks to implement arbitrary
paths of marginal revenue products of labor A = { A¥} and subsidies on innova-
tion ¢ = {g’t‘} By Lemma 4, sectoral productivities af and PF can be expressed
directly as a function of these two sequences A and ¢. By definition (3.1)—(3.2), the
sequence of distortionary subsidies on purchases of intermediates

k_ Afexp((1+2)8t)

T, = —1 B.31
"= (Ae) BF(A) (3D

implement the path in equilibrium A, where we have made the dependence of
the numerator on A and ¢ explicit. Therefore, the government can indeed im-
plement any path of marginal revenue products it desires. Finally, the govern-
ment chooses lump sum taxes to balance its budget. As discussed in Appendix
B.2, these taxes are non-distortionary and do not affect workers’ labor supplies or
equilibrium quantities or prices. O]

B.8 An Extension With Climate Damages

The full model that we presented in Sections 2 and 5 is purposefully general so it
can be applied to various sectoral shifts, e.g., structural transformation from manu-
facturing to services, the transition from retail to warehousing, etc. In Section 6, we
apply our model to the climate transition. One feature that sets this transition apart
from other sectoral shifts is the presence of climate damages. In this appendix, we
show how such damages can be incorporated in our analysis and we establish that
our implementability result (Proposition 1) carries through in this case.

Climate damages. The representative final good producer uses the technology
Y = ZiF (X7, X5), (B.32)

taking the climate damages

7= 7" ({ X2, XS }M) (B.33)

as given. The function Z* is allowed to depend on the entire history of sectoral
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productions (possibly with some decay) and decreases in its arguments. To ensure
that the economy admits a balanced-growth path despite these climate damages,
we suppose that Z* is homogenous of degree —z where z € (0,1) controls the ex-

tent to which climate damages reduce long-term growth.

Implementability result. ...

C Computational Appendix

C.1 Workers’ and Firm’s Values

In this appendix, we formulate workers” and firms’ values recursively.

States. Workers are indexed by their age j; their relative skill ¢ in the clean sector;
and their employment state s (Section B.1). As shown in Appendix B.4, we do not
need to include workers” overall skill ¢ in our state space. To save on notation,
welet Wi (j, §,s) = Wy (j, §, s) denote workers” normalized values defined in Ap-
pendix B.4. We define the functions V;, Oy, 0;, prand h and the constants 5].+, 5j and
p similarly, dropping the * superscript relative to Appendices B.1 and B.4.

Workers. The value of an employed worker satisfies

oW (j,,s) =w(s)h (P, k
P (

(s))
AL (7 905) £ (0 (o pos')) [We G 9s') = We )]

+ xo [We (j, &, U) — Wi (j, §, )]

A o 0 A
+6j (k () Wi (j, ,5) + 0; (k (s)) a5 (i .5)
d . d . a
+ a_]wf (]/ ¢/S) + &Wt (]/ 17b/ S) (C]-)

for all ages before retirement j € [0, ), relative productivity ¢ in the clean sector,
and markets s = (k, w). The probability that a worker searches in market s’ when
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they receive a search opportunity and are employed in sector s is

e (O G ps) G s) — Wi (,8,5)] /2)
P 0S) = e O G 8) WG9 8) WG s /)2

In turn, the value of a worker employed in the outside sector is

W (j.$,0) =1 (¢,0)
+AEYpe (537, $.0) £ (01 (i, rs)) [We (o s) = Wi (., O)]
+xo [We (7,9, U) = Wi (j, $,0)]
5, (0)W: (j, $,0) + %wt (:$,0) + 2 Wi (/$,0),  (C3)
Finally, the value of an unemployed worker satisfies
eWe (., U) = 1 (§,U)
AN Y P (s:7,0,U) £ (0 (G os)) [We (. rs) = Wi (o, U))]

oA 0 A 0 A
+0; (U) W (j, 9, U) + 5V (9. 1) + =i (7, 9, U) (C4)

The boundary conditions associated to the workers’ values are

Wi (J,,8) =W (J,$,0) = W; (J,,U) =0 (C.5)

for all workers (1, s) when they retire at age j = J.

Firms. The value of a firm V; (j, 1, s) determines the equilibrium tightnesses 6; (j, §, s).
The value of a firm, excluding vacancy-posting and current operating costs, satis-
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fies

Vi (i ps) = (A —w(s)) h($,k)
= xoVi (j )
S AEF (0 e (550, 9,9) Ve (i)

oA A 0 oA
+6; (k(s)) Ve (ju ,s) + oj (k (5)) aTBVt U s)
0 A 0 R
+ a_]‘/t (]/ 170/ S) + &‘/t (]/ 1/]/5) 7 (C6)

for all ages before retirement j € [0, ), relative productivity ¢ in the clean sector,
and markets s = (k, w), where r = p is the interest rate. The expression above uses
the fact that P¥ = Af, as we have shown in Appendix B.3. The boundary condition
associated with (C.6) is

Vi (], ,5) =0 (C7)

for all workers (1, s) when they retire at age j = J.

Free entry. The equilibrium tightnesses 6 (j,9,s) are pinned down by the firms’
free entry condition

7.(6 (7, 9,5) Vi (j, §,5) = v (C8)

if this equation has a solution, and 6; (j, ,s) = 0 otherwise.

C.2 Solving for Workers” and Firms” Values

Discretized system. We start by discretizing the differential equations of Appendix
C.1. We let A denote the time step between periods t and ages j, and A denote
the distance between grid points for the relative skill . We let A = 1/4 so each
period corresponds to a quarter. Our finite difference scheme is implicit in markets
s,i.e., we evaluate the continuation values associated to changes in s in period t. As
usual, the coefficients in front of these continuation values are evaluated in  + A to
obtain a linear system in the current values. On the contrary, our scheme is explicit
in the relative skills ¢, which allows us to parallelize computation over i to speed

up our code. As usual, the scheme is explicit in age j and time ¢, i.e., we evaluate
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the continuation values associated to aging or the passing of time.

After discretization, the value of being employed becomes

pWita (j, ,8) = w (s) 1 (§,k (s))
+AEY pria (854 8,9,8) f (0rsa (j+4,9,5))

x (Wi (j,9,8") = Wi (j, ,s)]
+xo0 (Wi (b, U) — Wi (j, §,5) ]
+6; (k(s)) Wi (j, §,5)
- 1/35]' (k(s)) Weta (j+A,1/3+A (k(s)),s) = Wiza (j+ A, 9,5)

A (k(s))
Wica (j+8,9,5) = Wi (j, §,5)
- A

(C.9)

for all markets s = (k, w) excluding the outside sector and unemployment, where
A > 0 denotes the time step. In turn, the step A for the relative skill () depends on
which sector the worker is employed. With an abuse of notation, we let A (k (s)) =
A when k(s) = C and  increases and A (k(s)) = —A when k(s) = P and ¢
decreases.

In turn, value of being employed in the outside sector O satisfies

pWeia (7, $,0) = h (,0)
+ A Y pria (57 +8,9,0) f (6ea (j+4,9,5))

x [We (j, §s) — Wi (j, $,0)]
+ X0 [We (j, , U) — Wi (j, $,0)]

Wiia (j+4A,$,0) — Wi (j,$,0)

+8;(0) Wi (j,,0) + A

(C.10)

and the value of being unemployed satisfies
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PWiia (j P, U) = bY
+ AUZPHA (s;7+8,9,U) f(04a (j+A,¢,5))
S

< [We (j, $,5) — Wi (j, , U)]
Weia (j+0,$,U) — W (j,$,U)

+6; (U) Wi (j, , U) + A

(C.11)
Finally, the value of a firm becomes
.oA k A
Vira (i ,5) = (A5 —w(s)) 1 (§,k(5))

— X0Vt (j, ¥,5)
—AEY f(Oia G+ A,9,8") proa (57 +A,8,8) Vi (j, ) 9)

+6j (k(s) Vi (j, 5
35 (k) Viea (+8,§+A(k(s)),5) = Viea (j + A, ¢,5)

A (k (s))
Vs G+8.9,5) = Vi (i, s)
- ,

(C.12)

for all markets s = (k, w).

Workers” and firms’ values are characterized by the system (C.9)-(C.12) to-
gether with the boundary conditions (C.5) and (C.7), the search probabilities (C.2),
and the free entry condition (C.8) that pins down 6;. Note that this system is inde-
pendent of the distribution of workers’ states — this is the block-recursive property
of directed search model (Menzio and Shi, 2011).

Numerical solution. We explain below how we solve for workers” and firms’ values.

Algorithm. Solve for workers” and firms’ values.

Step 0. Let the terminal values for workers Wr (], §,s), Wr (], 4, 0) and Wr (], 4, U)
and firms Vp (], P, s) satisfy the boundary conditions (C.5) and (C.7) at retirement
at age J. Initiate the recursion by setting the time index to t = T — A and the age
indextoj =] —A.

Step 1. Compute the search probabilities piia (s';j+ A, §,s) using (C.2), and the
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tightnesses ;. (j + A, §,s) using (C.8).

Step 2. Solve for workers’ values:

Solve for the values

Wi (i 9) = D{B: (ji ) + [Mipa (j+8,9) + A]Wera ()}, (C13)

where the vector W, (j, ) contains workers’ values, the matrix M5 (j + A, §)
captures workers’ transitions across states that are part of the implicit scheme,
the vector B; ( ], 1[3) contains workers’ flow earnings and the transitions that
are part of the explicit scheme, and the matrix A captures discounting and
the evolution of the overall skill ¢ which we do need keep track of in our

state space. Formally, workers’ values are

Wi (7, §) o = Wi (. s), (C.14)

Bl,l’ (]/lﬁ) A1 0 0
B: (j, ) = | Boy (j, 9) , A=|0 A 0 (C.16)
Bs: (7, ) 0 0 As

We start by describing the terms involving workers employed in the pollut-

ing or clean sectors, i.e., s # O, U. We define the square matrix

Ml,l,t (],1/3) [s,5'] = /\EPt+A (S/}j + A, lf’,S) f (9t+A (] + A, EB,S/))
+ N (]/ lﬁ) [5,5] (C17)
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with

—AEY piia 57+ A0, 9,8) f (Bsa (j+D,9,8)) ifs’ =s
N: (. ) [5,8'] — —xXoF*E) (Viga (j+ A, ¢,5)) ’

0 otherwise

and the column vectors

Mot (i §) (1) =A Pren (011 +8,9,5) (C.18)
Mis: (7, §) (s,1] =AFpria (U;j+ A, 9,s) (C.19)
+ X0F ) (Vega 7+ D,9,5))
where we have used the fact that workers can transition instantaneously to

the outside sector or unemployment if they are given the opportunity to

search. We also define the column vectors

w(s)h (,k(s))
+ 38 (k(s)) Wisa (j+8,9+ A (k(s),s) = Wira (j +4,9,5)

A (k (s)) '
(C.20)

Bl/t (]’ 4\7) [S,H

and the diagonal matrix

(C.21)

A B %—kéj(k(s))—p ifs' =s
1fs,s'] — )
0 otherwise

We now turn to workers employed in the outside sector, ie,, s = O. We
define the row vector

Mo (j, ) s = AEpiia (5;7+8,9,0) f (6ra (j+D,9,5)), (C.22)
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the scalar

Mooy (j,9) = Afpeea (055 + A, 9,0)
—AEY pria(s;i+A,,0) f (0a (G +A,9,5))
S

— XxoF (C.23)
with F denoting the exogenous separation hazard in s = O, and the scalar
Mz (j, ) = APpipa (Usj+ A, ,0) + xoF. (C.24)
We also define the scalars

By (j, ) = h ($,0) (C.25)

and ,
Ay = At 5 (0) —p (C.26)

Finally, we consider unemployment workers, i.e., s = U. We define the row

vector

Ms, e (o §) (g = A Prea (557 + A9, U) f (Ben G+ 8,9,5)),  (€C27)

the scalar

M3,2,f (]/ ll/}) — )\upt+A (O/] + A/ ll/}/ U) ’ (C28)

and the scalar

Mzt (j, ) = Apipa (U;5 + A, $,U)
—AYY b (si+ AP U) f(Orya (j+D,9,5)) . (C29)

We also define the scalars
By, (j, ) = bY (C.30)
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and
A3 = —+ 5j (u) —p. (C.31)

Step 3. Solve for the firms’ values:

Solve for the values by inverting the system

Vi (i $) = A{D: () + [Pria +8,9) +C] Veia (i 9)}, (€32

where the vector V; (j, ) contains firms’ values, the matrix Py a (j + A, )
captures workers’ transitions across states that are part of the implicit scheme,
the vector Dy (j, ) contains firms’ flow profits and the transitions that are
part of the explicit scheme, and the scalar C captures discounting and the
evolution of the overall skill ¢ which we do need keep track of in our state
space. Formally, the firms’ values are

Vi () = Vi (09), )

with the square matrix

“AEY . f (Oria G+ D6,8) proa (87 +8,¢,5) ifs' =s
Pr(ji9)e; =94 —X0F (Viea (j+A,1,5)) ,

0 otherwise

the column vector

D; (ff¢)[s,1] - (AI;(S) —w(s )) ($,k(s)) = x00ea (j+ A 9, 5)
i +AK(s)),s) = Viea (. 95

+ 6 (k(s)) AG() , (C.34)

and the scalar

L (k(s) —r ifs =
C[ss/}{A+]( D e (C.35)

0 otherwise

Step 4. Set the age j/ = j — A, repeat Steps 1-3, and continue until j = 0.
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Step 5. When solving for transitions, set ' = t — A, repeat Steps 14 in that period,
and continue until + = 0. This last step is redundant when solving for steady state
values.

In principle, the finite difference scheme described above could become unstable
if the diagonal elements of A X Myia (j+ A, ) and A x Pyip (j+ A, ) exceed 1
in absolute value. This occurs, for instance, if the worker is fired with probability
1 but can also perform a job-to-job transition. To address this issue, we truncate
the diagonal elements to ensure that they are bounded by 1 and re-scale the off-

diagonal elements proportionately to make sure that the rows sum up to 0.

C.3 Distribution of Workers’ States

We denote the density of workers’ states by i (x). This density is a continuous
function of age j and the relative productivity in the clean sector ¢, and a discrete
function of the sector k. While the wage w is a continuous variable, only a subset of
markets are active in equilibrium. Therefore, the distribution admits mass points
along this continuous dimension. Accordingly, we define an integral of the form
[ f(s,x_1) pt (ds,x_1) as a discrete sum over markets s = (k,w) with positive
mass, where x_; denotes the other states. As in Appendix C.1, we do not keep
track of a worker’s overall skill i when iterating over the distribution.

As usual, the law of motion of the distribution is closely related to the recur-
sive formulation of workers’ values (Appendix C.2). In fact, the matrix M; (j, w)
encodes the information required to iterate on the distribution. This is intuitive:
this matrix captures the outflows from the current state and the inflows into sub-
sequent ones. The only flows that are not captured by M; (j, w) are the changes in
the relative productivity in the clean sector ¢ that are included in By (j, 1) as part
of the explicit scheme.

Abstracting momentarily from changes in ), the law of motion for the distribu-
tion is P

e ) = Mi 1,0’ (19) (€36)
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for all ages j € [0,] — A), where

Het (j, ‘/AJ) [s1] = Pt (j, HZ’IS) ket (j, ¢’> lend-1,1] — Ht (j/ 1,5,0)

- . (C.37)
pe (7 9) lend,1] = Ht (. ¢, U)
Integrating (C.36) over a short time interval A,
e (o) = e (= B, 9) exp (M: (j,9)' 8, (C38)

where exp (X) = Y22, 1/k!X* is the matrix exponential. We iterate on (C.38) sepa-
rately over consecutive intervals of length A over which the transition matrices are
kept constant. The non-linear formulation (C.38) is computationally more inten-
sive compared to a simple linear approximation of expression (C.36). However, it
allows us to compute workers’ values over relative long time intervals, e.g., quar-
terly A = 1/4, while still accounting for multiple, high-frequency changes in em-
ployment status that occur over these intervals or shorter ones. Doing so is impor-
tant to ensure that our model-simulated moments (such as monthly job flows) are
consistent with their empirical counterparts measured in the CPS (Appendix C.4).

As mentioned, the law of motion above does not account for changes in the
relative productivity § in our explicit scheme. We adopt a simple approach to
account for these transitions. We let

e (9) = LQ (B 9) i (1= P exp (M (,9)'8), (€39)
¥

where the sum is over the initial relative productivities . The matrices Q (¢, )
are diagonal and the elements s, s] indicate whether 1 changes or not depending
on workers’ current employment status s. If the worker is employed in the clean
or polluting sectors, i.e., k (s) = P, C, then the relative productivity evolves deter-
ministically by & (k (s)) A after a time step A. When this new value does not fall on
a grid point for §, we allocate the corresponding mass to the neighboring points
following the non-stochastic simulation method of Young (2010). Accordingly, we
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set the diagonal elements to

1 g (§,§:5) 9= o ()
Qi (B F) g = Salhibs)  ifh=i (s, (C40)
0

otherwise

where ¢y (1, s) is the largest point on the grid for relative productivities that is
smaller or equal to § + J (k (s)) A and ¢y (§,¢,5) = o (P,s) + A is the smaller
point that is strictly larger than it, and g (¢, §,s) = (¢ — ¢ — 6 (k(s))) /A assigns
masses in inverse proportion to the distance between § + 6 (k (s)) A and the closest
grid points. All the off-diagonal elements are zero.

An alternative approach would be to extend the law of motion (C.38) by stack-
ing the vectors p; A (j, ) for all values of i, and define a larger transition matrix
that also accounts for flows between values of §. This approach turns out to be
computationally demanding since this new transition matrix is very large and the
formulation prevents numerical parallelization. The only difference between our
approach (C.39) and this alternative one is that we suppose that the state § evolves
only once at the end of the time interval A, whereas the alternative approach ac-
counts for its evolution over this interval.

Finally, the law of motion (C.39) has a boundary at age j = ] when workers

retire. The flow of retirees, and hence newborns, is

u5==/:/;u_A(Ld¢wk) (C.41)

Newborn workers are endowed with an overall skill y = 1 and a relative skill
P ~ G. Accordingly, the distribution of workers’ states among newborn workers

1S

R 5N ifs —
g x G (dp) ifs=U (C.42)

ﬂdaﬁﬂ={

0 otherwise

Stationary distribution and transition. The economy starts from a stationary distri-
bution where the clean sector is absent, i.e., A© = 0. We normalize the stationary
distribution so it has a unit mass.
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C.4 Calibration

We discretize our continuous time model into short periods corresponding to a
quarter, i.e., A = 1/4. We explain below how we compute the moments that we

use in our steady state calibration (Section 5.2).

State space reduction in initial steady state. First off, it is useful to note that our initial
steady state does not depend on the distribution G of relative skill ¢ in the clean
sector, since that sector is effectively absent with AC = 0 (Section 3.2). This prop-
erty can easily be shown by guessing and verifying that W; (j, §,s) = W; (j,s) and
Vi (j,9,s) = Vi(j,s) for any § and employment state s at the initial state, since
the worker never supplies labor in the clean sector.”” The derivation is similar to
Appendix B.4, so we omit it here. Furthermore, the initial steady state does not
depend on 5]~ directly, only on (5;“ + Sj which we directly measure in the data (Sec-
tion 5.2). When it comes to our steady state calibration, we can therefore normalize
$ = 1and set & = 0, without loss of generality, as we discipline ten parameters
internally. Once these parameters are calibrated, we can structurally estimate the
distribution G and the rate  using reallocation flows over the transition. As we ex-
plain in Section 6.2, this structural estimation involves simulating the initial steady
state, accounting for the endogenous evolution of ¢ which is relevant for the sub-

sequent transition, and then simulating workers forward over this transition.

Employment flows. We compute the EE, EU and UE probabilities over one month,
i.e.,, T = 1/12. When doing so, we account for the possibility that workers might
experience multiple job transitions within the same month. For instance, a worker
who first experiences an EU transition followed by an UE one during the same
month will be counted in the EE probability, which ensures that our moment is
comparable to the EE probability as measured in the CPS.

To compute the EU probability, we use the law of motion (C.38) since we do
not account for changes in § within a month. We make two changes compared to

this law of motion. First, we initialize it using the distribution of states conditional

%7 When doing so, we use the fact that: 1 (¢, s) = h (s) does not depend on § whenever the worker
; B%Wt (j,,s) = 0for
all employment states since W; (j, ,s) = W (j,s) under our guess; and 6; (j,s) = 0 and hence
£ (6: (j,s)) = 0in the clean sector since A¢ = 0.

is employed in the polluting sector or the outside sector, or is unemployed
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on employment u,f instead of the unconditional distribution p. Second, we set
the time step to T = 1/12 instead of A = 1/4. We use this new law of motion
for all ages j and productivities ¢. The EU probability corresponds to the mass of
workers with state s = U after a month. We proceed analogously to compute the
UE probability.

Similarly, we combine two moments to compute the EE probability over a
month: the probability that an employed worker is again employed in a month
in any market (computed in a way that is similar to the one described above); and
the probability that the worker stays in their current job.”® The EE probability is the
difference between the these two quantities. To compute the second moment, we
use the same law of motion as before, except with an alternative matrix Mt ( J, 1[3) in
which all the inflows, i.e., the negative terms, are all zero. This matrix lets workers
“flow out” of the system as they move out of their current job. The mass of work-
ers who remain after a month is the probability that a worker stays in the current
job.

Elasticity of the separation probability w.r.t. output change. We compute the elastic-
ity of the separation probability following an idiosyncratic, permanent and unan-
ticipated decrease « € (0,1) in a firm’s output. We compute this elasticity over
the year following the shock to be consistent with our empirical target (Chan et
al., 2023). This is a partial equilibrium exercise that only affects one firm and its
worker. All aggregate quantities remain unchanged and so are workers” outside
options. We then compute the average response across workers whose firms is
subject to this change.

The first step consists of computing alternative values for the workers Wi (. ¥,s)
and firms V; (j,1,s) that are subject to this shock. These new values satisfy re-
cursions similar to the ones of Appendix C.2 with a few differences. First, out-
put is now (1 —a) A];(S)h (,k (s)). Second, the continuation values W (j,9,s) in
other markets (or employment states) are treated as exogenous in expression (C.9)
and evaluated at steady state since the outside options are unchanged.”® The
worker’s job finding probabilities f (6 (j,1,s)) are also exogenous. In contrast,

8 A worker who leaves their current job for unemployment and then moves back to the same
market (but a different job) is still counted in the EE probability to be consistent with the data.
% However, the continuation values associated to changes in § are endogenous.

87



Table 3: Internal calibration

Parameter Description Walras  + Unempl  + Gross + OJS + Outside
Search
AU Search intensity — 9.332 8.492 8.280 5.973
U)
AE Search intensity — 0 0 1.569 1.185
(E)
4 Search — 0 0.023 0.023 0.035
Directedness
Job creation & destruction
v Vacancy post. cost — 0.932 0.879 0.382 0.437
¢ Job destruction — 0.072 0.073 0.071 0.070
rate
Benefits
bO Benefit in O — 0 0 0 0.642
b Benefit in U — 0.354 0.354 0.351 0.343

the search behavior of employed workers and p; (s';j, §,s) and firms’ firing de-
cisions F (V; (j, §,s)) are endogenous. In our comparative statics, we consider a
permanent productivity change of « = 0.1.

The second step consists of computing the average separation probability at the
annual level (T = 1) associated to these values. This moment captures any separa-
tion that occurs during the year — either when a firm lays off a worker, or when
a worker moves to another employer. This probability is given by one minus the
probability that a worker stays in their current job. This moment is computed as
we described above, except that account for changes in the relative skill ¢ over
this longer period by using the law of motion (C.39). Finally, we compare this new
separation probability to the one that prevails in steady state and we express this
change as an elasticity in terms of 1 — a.

Calibrated parameters. Table 3 describes the calibration across models.
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D Details on Climate Application

D.1 Sector Definitions

As discussed in the main text, there have been many attempts to define clean and
polluting industries. Our baseline sector definitions use data from the US Environ-
mental Protection Agency (EPA), Bureau of Labor Statistics (BLS) and the OECD’s
list of green goods and services. To define dirty industries, we use data on emis-
sions intensity — measured as the kilograms of CO2-equivalent gas emissions per
dollar of output — by 6-digit NAICS industry codes from the Supply Chain Green-
house Gas Emission Factors published by the Environmental Protection Agency
(EPA), which accounts for emissions produced throughout the supply chain of
production of each commodity. An industry is deemed to be dirty if it is in the
top decile of emissions intensities, weighted by employment. Employment infor-
mation comes from the Quarterly Census of Employment and Wages (QCEW),
which is a quarterly census of the total total employment and average wages of all
establishments in the United States.

These emissions data do not provide information on emissions in the energy
sector and are missing for some other key sectors. Some sectors are not pollut-
ing themselves, but produce polluting output. We therefore handcode some ad-
ditional sectors as polluting. These sectors are: “Fossil fuel electric power genera-
tion,” “Crude Oil & Natural Gas Extraction,” various coal mining sectors (NAICS
212114, 212115, 213111, 213112), “Manufacturing of oil and gas field machinery,”
“Pipelines for oil and gas,” “Petroleum product manufacturing,” “Petroleum mer-
chant wholesalers,” “Construction of oil and gas pipelines,” “Pipelines for oil and
gas,” and “Coal and other mineral merchant wholesalers.”

To define “clean” sectors, we combine two approaches as described in the main
text. First, we follow the output based approach of Bontadini and Vona (2023), who

find that 95% of the production of “green goods”®’

is concentrated in just 13 out
of 119 4-digit European NACE industries and that green and polluting production

does not occur in the same sector. We classify these 13 European sectors — Bicycle

60 The list of green goods employed by Bontadini and Vona (2023) is based on the Combined List of
Environmental Goods (CLEG) of the OECD and considers goods which are useful for the green
transition. For instance, solar panels and wind turbines are classified as “green goods” even if
their production is emission-intensive, since the goods themselves are green by nature.
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manufacturing, manufacture of railway locomotives, manufacture of steam gener-
ators, shaping and processing of flat glass (which is used for solar panels), man-
ufacture of electricity distribution and control apparatus, manufacture of instru-
ments and appliances for measuring/testing, manufacture of cooling/ventilation
equipment, manufacture of engine and turbines excluding aircraft and gasoline
engines, manufacture of electronic components, manufacture of electric lighting
equipment, manufacture of non-electric domestic appliances and installation of
industrial machinery and equipment — as clean. Examples of the 54 NAICS sec-
tors that are green by this definition include “Automatic environmental control
manufacturing,” “Electric power and specialty transformer manufacturing,” and
“Turbine and turbine generator set units manufacturing.”

We supplement this output-based approach with the task-based approach em-
ployed by the US Energy Employment Report (Granholm (2024)). We use data
from the 2012 Green Goods and Services (GGS) survey produced by US Bureau of
Labor Statistics (BLS) to study the share of workers employed in each industry that
are engaged in green tasks and define a sector as clean if at least 50% of their em-
ployees work on green tasks. The BLS GGS surveys workers in 325 6-digit NAICS
industries and encodes green activities as either 1) producing energy from renew-
able sources (60 sectors), 2) energy efficiency (132 sectors), 3) pollution reduction
and removal, greenhouse gas reduction, and recycling and reuse (122 sectors), 4)
natural resource conservation (74 sectors), or 5) environmental compliance, edu-
cation and training, and public awareness (45 sectors; sectors can belong to more
than one category). Finally, we handcode battery manufacturing as green, since
this is a crucial input to electrification of transport, and is not included in these
other definitions.

Table 4 reports the 5 largest polluting and clean sectors according to 2019 em-
ployment. The largest polluting sectors are gas stations, sectors related to delivery,
air travel and plastic product manufacturing. The largest clean sectors are semi-
conductor manufacturing (a key input to solar panels), other motor vehicle parts
manufacturing (which includes car batteries), and recyclable material merchant
wholesalers. Around 12 million jobs remain in the polluting sectors as of 2019,
suggesting substantial scope for job displacement still to come.

To calibrate the shape of the S-curve for productivity ®(t), we use data from the
US Energy Information Authority (US EIA), who provide information and pro-
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Table 4: Largest Polluting and Clean Industries

Industry 2019 Employment (000s)

Polluting
Gasoline stations with convenience stores 840.4
Couriers and express delivery services 707.0
General freight trucking, long-distance 524.2
Scheduled passenger air transportation 447.5
Plastics product manufacturing (other) 306.8
TOTAL 11,945

Clean
Semiconductors and related device mfg. 184.6
Other motor vehicle parts mfg. 156.1
Search, detection, and navigation instruments 133.9
Recyclable material merchant wholesalers 103.1
Remediation services 91.7
TOTAL 2,280

jections on energy production by type from 2005 to 2050. We assume ®P (t) =
1 — &€ (t) so the transition is symmetric. We calculate the share of energy pro-
duced by fossil fuels and renewable sources in every year. We then normalize the
share of the transition that is complete as of 2005 to be 0, and then assume that
the projected shares in 2050 constitute 90% of the transition being completed. This
yields the data points in Figure 10. We then fit a normal CDF, truncated between
2005 (year 0) and 2060 (year 55). We estimate that the mean of the underlying nor-
mal distribution is 29.8 (i.e. half of the transition will be completed by the year
2035) and the standard deviation is 13.42.

91



Figure 10: Estimated S-curve of energy generation transmission
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Notes: This figure plots the estimated ®F (t) in equation (3.3), which is assumed to take truncated
normal CDFE. Data come from the US Energy Information Administration (EIA)’s. Dashed lines
indicate projections through 2060.

D.2 Current Population Survey — Cleaning and Targets

The source of many of the moments used in our calibration is the Current Pop-
ulation Survey (CPS), which is a large, nationally-representative survey of U.S.
households. The CPS has a rotating panel structure whereby households enter the
sample for a four-month rotation, before leaving for 8 months and returning for
a subsequent four months. All individuals within a household are surveyed, and
one can link individuals through time so long as they remain at the same address
throughout the sample period. In addition, respondents are asked additional ques-
tions about their usual weekly earnings and hourly wage in the final month of each
rotation (month 4 and 8 in the sample). We use the IPUMS sample produced by
Flood et al. (2024). We restrict attention to those aged 25 to 65 in surveys years 2000
through 2025, and use the survey to measure employment in clean and polluting
sectors, as well as wage changes as one switches from polluting to other sectors.
To construct these moments, we must merge our sector definitions with the in-
dustries in the CPS. The CPS uses Census industry codings, which are generally at
a coarser level of granularity than 6-digit NAICS codes. We use Census industry to
NAICS crosswalks provided by the Census, available here. We assign CPS indus-
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try codes a polluting versus clean status iteratively. We first merge our CPS data,
which now include NAICS codings, with our classifications at the 6-digit level. Of
the 10,949 unique industry x year codings present in the CPS, 901 merge at the 6
digit level. We then progressively merge at coarser levels. At each coarser level,
we assign clean vs polluting vs other status according to the classification of the
majority employment at the 6-digit NAICS within the coarser level. For instance,
suppose there is a 5-digit NAICS code which contains two 6-digit NAICS codes,
one of which is clean and the other of which is polluting. If the 6-digit NAICS
code associated with the clean sector is larger (smaller) than the 6-digit NAICS
associated with polluting, then the 5-digit NAICS code will be coded as clean (pol-
luting). Employment data from this procedure come from the QCEW. Proceeding
in this way merges 2,016 industry-years at the 5-digit level, 6,691 industry-years
at the four-digit level, 1,329 at the 3-digit level, and 307 at the 2-digit level. The
remaining unmerged industries are all in the public sector and dropped from the
analysis.

At this stage, there remain a couple of industries that remain uncoded, because
it does not have a majority of employment in either clean, polluting or other (e.g.
1/3 of the broader sector is in each of the three categories). These we handcode as
follows. We define the industry “Cycles and misc. transportation equipment” as
clean, supposing that a climate transition may involve more clean commuting.®!
We define the “Sanitary Services” industry as clean, since it includes some recy-
cling and sanitation services and does not have polluting subindustries.

Given the industry groupings, we must then define polluting-attached work-
ers. In the 1995 through 2004 period — the pre-transition period — we call an indi-
vidual “attached to the dirty sector” if they are employed in the polluting sector
for four consecutive months during the first rotation. By this metric, 4.4% of work-
ers qualify as attached to D before 2005. To calculate the moment used in our
calibration of b® — the average wage change of an individual going from pollut-
ing to unemployed to outside — we first measure the real wage of such workers in
the final month of their first rotation. We then condition on individuals appearing

as unemployed at some point in their second rotation, before being employed in

61 Indeed, the largest subindustry of this industry group is bicycle manufacturing, but this is offset
by a variety of military industries such as tank manufacturing, which are likely not subject to the
climate transition.
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an outside sector in the final month of the second rotation, when we measure their
real wage again.®? All wages are deflated by the CPI-U. By focusing on individuals
who have at least one spell of unemployment before joining the outside sector, we
remove individuals who might switch to the outside sector due to an unmodeled
career opportunity in that sector.

Of course, focusing solely on individuals who remain employed in the pollut-
ing sector for the first rotation would introduce substantial composition bias as
the transition gets underway. We therefore instead weight individuals by the like-
lihood that they are polluting-attached based on their observables. To do so, we
tirst recode the provided education, race and marital status variables so that the
education groupings are High School or Less, Some College, Bachelor’s Degree,
and Master’s Degree or Higher, the race groupings are White, Black, or Other,
and the marital status variable is an indicator for being married. We addition-
ally use geographic information, which the CPS partially provides down to the
county level. The Census Bureau has changed confidentiality rules regarding in-
dividuals living in small geographic areas over time. As a result, some counties
and metro areas appear in some waves of the CPS but not others. In order to
have a consistent probability of being polluting-attached, we require consistent
geographic codings over time. To harmonize geographic codings, we therefore fo-
cus on county and metropolitan statistical area (MSA) codes that are present no
fewer than all but one in every year from 2000 through 2025.%® This yields 194
counties and 209 metro areas. State information is included for all years. We then
compute the probability of an individual i being polluting-attached given a vec-
tor of observables (education x race x marital status x sex x geography) X as
Pr; = E [1{i is polluting-attached } | X] in the pre-transition period. We apply this
same probability to all individuals with the same vector of observables X during
the early transition years (2005-2025). In effect, we study the effect of the transi-
tion on people who, based on observable characteristics, are likely to have been
working in the polluting sector were the transition not to have occurred. Since

62 We target a wage cut of 24%, consistent with the behavior of hourly wages. Weekly earnings fall
an average of 35.5%. Targeting a smaller wage cut makes the outside sector more attractive in
the calibration and thus provides a conservative of the cost of the transition.

63 Many counties appear only in 2004 when a recode in the CPS occurred. We continue to include
these counties since we can use information aggregated from the full pre-transition sample to
construct polluting-attached probabilities.
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Table 5: Characteristics of Workers Holding Clean and Polluting Sector Jobs

Polluting Clean
2006 2024 2006 2024
% < High School 644 58.1 494 422
% Some College 243 26.3 312 292
% Bachelor’s 94 141 16.6 227
% > Bachelor’s 19 15 28 59

% Age: 45+ 493 51.0 47.7 499
% White 86.2 945 85.8 82.8

some combinations of observables do not exist in all years, we begin by calculat-
ing Pr; using the most granular geographic level to the coarsest (county — MSA —
state — national). While the unconditional probability that a worker is polluting-
attached is 3.9%, some individuals having a 100% probability of being polluting-
attached given their observables. These individuals are located in traditional min-
ing communities (parts of Texas and West Virginia), are lower education and male.
The median observation in our sample has a 1.8% chance of being old-attached,
while 25% of individuals are assigned a zero likelihood of being old attached and
are thus dropped from our analysis.

Table 5 reports the characteristics of probabilistically D-attached workers who
hold jobs in polluting sectors and clean sectors as of 2006 and 2024. The workers
holding polluting jobs are substantially less educated than those holding clean jobs
in both periods, suggesting that high human capital workers join the clean sector.
In addition, those working in clean sectors are younger than those in polluting
sectors.

We then calculate the share of individuals are employed in the clean or the
polluting sector at every point in time, weighting by the product of their survey
weight and probability of being attached to the dirty sector. To correct for misspec-
ification from overly coarse industry classifications and within-industry shifts in
technology, we ascribe a fraction of polluting manufacturing employment to clean

and polluting sectors.** We do so based on the share of cars sold that run on alter-

64 We maintain the following four manufacturing sectors as polluting over the full transition:
Petroleum products (NAICS 3241), Petrochemical manufacturing (NAICS 3251), Oil and gas
field machinery and equipment (NAICS 333132) and Motor vehicle gasoline engine and parts
mfg (NAICS 336310).
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). This correction has the

native fuel (hybrid, plug-in hybrid, electric, or biofuel
added benefit of partially accounting for within-industry transition: the industry
classifications associated with motor vehicle manufacturing do not distinguish be-
tween internal combustion engine and EV vehicles, despite the fact that the skills
needed to produce those two types of cars may be quite different and those two
subindustries will be subject to very different paths of labor demand. Finally, we
extract the trend component of employment shares by taking the moving average
over 12 quarters before and after a target date. We then target the share of em-
ployment in either clean or polluting sectors that is in clean sectors as part of our

estimation in Section 6.2.

E Additional Quantitative Results

Figure 11: Counterfactual earnings changes
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Notes: This figure plots workers’ lifetime earnings changes in 2025 across models as a function of

the transition horizon. All changes are relative to the baseline transition ending in 2060, and faster

transitions are parameterized as in equation (3.4). The horizontal axis corresponds to the end date

of the transition considered. All workers have 20 years remaining in their careers (median age). The

left panel corresponds to a worker with ¢ = 0.76 and the right panel to a worker with ¢ = 0.86.

% To calculate these shares, we use data from the US Bureau of Transportation on total car sales by
year, available from here, and on alternative energy vehicle sales, available here (both accessed
June 3, 2025). Total car sales data go through 2021 while alternative-fuel sales go to 2024. We
therefore extrapolate total car sales assuming a constant log-linear trend.
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Figure 12: Counterfactual earnings changes
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Notes: This plot reproduces Figure 5 in the main text, this time averaging across employment states
using the distribution that prevails in 2025 under the baseline transition. The left panel plots work-
ers” average lifetime earnings changes in 2025 in our full model as a function of the transition hori-
zon, for various values of the productivity i in the clean sector. All earnings changes are relative to
the baseline transition ending in 2060, and faster transitions are parameterized as in equation (3.4).
The horizontal axis corresponds to the end date of the transition considered. All workers have 20
years remaining in their careers (median age). The right panel decomposes these earnings changes
for a worker with productivity ¢ = 0.84 in the clean sector. The solid grey line corresponds to our
frictionless benchmark from Section 2, augmented with skill accumulation. The other lines add one
feature after another until we obtain our full model corresponding to the solid black line.
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Figure 13: Labor reallocation by cohort
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Notes: This figure plots the share of workers employed in the clean sector, expressed as a share of
workers initially employed in the dirty sector. Workers are weighted by the probability that they
are attached to the polluting sector, based on their observables and pre-2005 relationship between
those observables and the likelihood of being attached to the polluting sector. The solid curves are
the data from the CPS. The dashed curves correspond to our model, given the estimated rate of
specific skill accumulation 4.

Figure 14: Lifetime earnings change by age
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Notes: This figure plots the distribution of earnings losses in 2025 for young and old workers. Young
workers are defined as those who are less than 45 years old (i.e., j < 20) in 2025, while old workers
are the rest.

98



Figure 15: Counterfactual lifetime earnings change by age
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Notes: This figure plots average lifetime earnings changes in 2025 in our full model as a function of
the transition horizon, for various ages. All earnings changes are relative to the baseline transition
ending in 2060, and faster transitions are parameterized as in equation (3.4). The horizontal axis
corresponds to the end date of the transition considered. We average workers within each age
using the distribution that prevails in 2025 under the baseline transition.

Figure 16: Share of workers who experience non-monotonicities
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Notes: This figure plots the share of workers who experience non-monotonic changes in lifetime
earnings in 2025 as a function of the transition horizon. This share is expressed relative to workers
who lose at first when accelerating the transition, starting from the baseline one ending in 2060.
The solid black curve indicates the share of workers who experience a U-shape as the transition
accelerates, i.e., those who gain at the margin relative to their trough, and the dashed grey curve
indicates the share of workers who gain relative to the baseline transition, i.e., those who gain in
level compared to the 2060 transition.
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Figure 17: Job finding rates and the wage distribution
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Notes: This plot reproduces Figure 6 in the main text, this time averaging across relative productiv-
ities ¢ at birth using the distribution G estimated in our application (Section 6). The first row plots
the job finding rate as a function of the wage posted by firms. The second row plots the distribution
of workers over such wages. The first column corresponds to the dirty sector, and the second to the
clean sector.
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Figure 18: Sensitivity analyses
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Notes: This figure corresponds to three sensitivity analysis. The first column corresponds to the
case where the final productivity in the clean sector is Ac, = 1.1 instead of 1.6 in our baseline
scenario. The second column corresponds to the case where Ac o = 1.25. And the third column
corresponds to the case where we target a 1:1 ratio of labor supplies in the clean sector relative
to the polluting sector, instead of 2:1 in our baseline scenario. In turn, the first row plots to the
distribution of workers’ relative productivities in the clean sector in 2025. The second row plots to
the distribution of earnings losses in 2025 from the baseline transition ending in 2060. The third
row plots the distribution of counterfactual earnings changes from transitions ending in 2050 and

2040.
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