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Abstract

How should the government respond to automation? We study this question
in a heterogeneous agent model that takes worker displacement seriously. We
recognize that displaced workers face two frictions in practice: reallocation
is slow and borrowing is limited. We first show that these frictions result in
inefficient automation. Firms are effectively too patient when they automate,
and (partly) overlook the time it takes for workers to reallocate and for the
benefits of automation to materialize. We then analyze a second best prob-
lem where the government can tax automation but lacks redistributive tools
to fully overcome borrowing frictions. The equilibrium is (constrained) ineffi-
cient — automation and reallocation impose pecuniary externalities on work-
ers. The government finds it optimal to tax automation while labor reallocates,
even when it has no preference for redistribution. Using a quantitative version
of our model, we find that the speed of automation at the second best is con-
siderably lower than at the laissez-faire. By slowing down automation, the
optimal policy improves aggregate efficiency and achieves welfare gains of
around 4%.
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1 Introduction

Automation technologies — like Al and robots — raise productivity but disrupt la-
bor markets, displacing workers and lowering their earnings (Graetz and Michaels,
2018; Acemoglu and Restrepo, 2018). The increasing adoption of automation has
fueled an active debate about appropriate policy interventions (Acemoglu et al.,
2020; Lohr, 2022). Despite the growing public interest in this question, the litera-
ture has yet to produce optimal policy results that take into account the frictions
that workers face in practice when they are displaced by automation.

The existing literature that justifies taxing automation assumes that worker re-
allocation is frictionless or absent altogether. First, recent work shows that a gov-
ernment that has a preference for redistribution should tax automation to mitigate
its distributional consequences (Guerreiro et al., 2017; Costinot and Werning, 2018;
Thuemmel, 2018; Korinek and Stiglitz, 2020). This literature assumes that automa-
tion and labor reallocation are instrinsically efficient, and that the government is
willing to sacrifice efficiency for equity. Second, an extensive literature finds that
a government should tax capital — and automation, by extension — to prevent
dynamic inefficiency (Diamond, 1965; Aguiar et al., 2021), or address pecuniary
externalities when markets are incomplete (Lorenzoni, 2008; Conesa et al., 2009;
Davila et al., 2012; Davila and Korinek, 2018). This literature abstracts from worker
displacement and labor reallocation.

In this paper, we take worker displacement seriously and study how a govern-
ment should respond to automation. In particular, we recognize that workers face
two important frictions when they reallocate or experience earnings losses. First,
reallocation is slow: workers face barriers to mobility and may go through unem-
ployment or retraining spells before finding a new job (Jacobson et al., 2005; Lee
and Wolpin, 2006). Second, credit markets are imperfect: workers have a limited
ability to borrow against future incomes (Jappelli and Pistaferri, 2017), especially
when moving between jobs (Chetty, 2008). We show that these frictions result in
inefficient automation. A government finds it optimal to tax automation — even if
it has no preference for redistribution — when it lacks redistributive instruments
to fully alleviate borrowing frictions. Quantitatively, we find large welfare gains
from slowing down automation.

We incorporate reallocation and borrowing frictions in a dynamic model with



endogenous automation and heterogeneous agents. There is a continuum of occu-
pations, and workers come in overlapping generations. Firms invest in automation
to expand their productive capacity. Automated occupations become less labor in-
tensive, which displaces workers. These workers face reallocation frictions: they
receive random opportunites to move between occupations, experience a tempo-
rary period of unemployment or retraining when they do so (Alvarez and Shimer,
2011), and incur a productivity loss when reallocating due to the specificity of their
skills (Adao et al., 2020). Workers also face financial frictions: they are not insured
against the risk that their occupation is automated and face borrowing constraints
(Huggett, 1993; Aiyagari, 1994) which can prevent consumption smoothing.

We have two main theoretical results. Our first result shows that the interac-
tion between slow reallocation and borrowing constraints results in inefficient au-
tomation. Displaced workers experience earnings losses when their occupation is
automated, but expect their income to increase as they slowly reallocate. This cre-
ates a motive for borrowing to smooth consumption during this transition. When
borrowing and reallocation frictions are sufficiently severe, displaced workers are
pushed against their borrowing constraints.! This drives a wedge between the
(intertemporal) marginal rate of substitution of displaced workers and the equi-
librium interest rate that firms face when they automate. Effectively, firms are
excessively patient when they automate. They (partly) overlook the time it takes
for labor to reallocate and for the benefits of automation to materialize.

Our second result characterizes optimal policy. In principle, the government
could restore efficiency without taxing automation if it was able to fully relax bor-
rowing constraints using redistributive taxes and transfers. In practice, the gov-
ernment is unlikely to have access to this rich set of instruments.? This motivates
us to study second best interventions, where the government can tax automation
and (potentially) implement active labor market interventions but is unable to fully
alleviate the borrowing constraints of displaced workers by redistributing income.

We find that the equilibrium is generically (constrained) inefficient, as defined

by Geanakoplos and Polemarchakis (1985). Automation and reallocation choices

! This is consistent with the empirical evidence. Displaced workers borrow to smooth consump-
tion when they are able to (Sullivan, 2008). Many workers are constrained and are either unable
to borrow or forced to delever their existing debt (Braxton et al., 2020).

2 The absence of (targeted) lump sum transfers is precisely what motivates the literature on the
taxation of automation. We allow for various forms of social insurance in our quantitative model.



impose pecuniary externalities on workers. Firms do not internalize that automation
displaces workers and lowers their earnings, and workers do not internalize how
their reallocation affects the wage of their peers. These pecuniary externalities do
not net out when displaced workers become borrowing constrained.

We then show that the government should tax automation on efficiency grounds
— even when it has no preference for redistribution. The reason is that the output
gains from automation are back-loaded, since they materialize slowly as more work-
ers reallocate. The government values less future gains than firms do as it recog-
nizes that the equilibrium interest rate is lower than the (intertemporal) marginal
rate of substitution of the average worker. In other words, automation imposes
adverse pecuniary externalities on displaced workers early on in the adjustment
process, precisely when these workers are borrowing-constrained. As a result, the
government should slow down automation while labor reallocation takes place. The
optimal policy improves aggregate efficiency (Bhandari et al., 2021) by preventing ex-
cessive investment in automation and raising consumption when displaced work-
ers value it more. However, the government should not intervene in the long-run
once reallocation is complete and workers no longer have a motive to borrow.>

We then consider an intermediate case where the government is able to tax au-
tomation (ex ante) but is unable to intervene in the labor market (ex post). This
extension is motivated by an extensive empirical literature that finds that these
active labor market interventions have mixed results (Card et al., 2018) or unin-
tended consequences for untargeted workers (Crépon and van den Berg, 2016). In
this case, the government also uses its tax on automation as a proxy for the labor
market interventions it cannot implement directly. We show that this can reinforce
or dampen the government’s desire to tax automation, depending on the average
duration of unemployment / retraining spells. If these spells are short, workers
rely excessively on labor reallocation as a source of insurance. As a result, the
government taxes automation more than it would have with active labor market
interventions. The opposite occurs if spells are long and the government taxes less.

We conclude the paper with a quantitative exploration. We extend our baseline
model along various dimensions that are important for welfare analysis. In partic-
ular, we introduce gross flows across occupations (Moscarini and Vella, 2008) and

uninsured earnings risk (Floden and Lindé, 2001). These two features are impor-

3 Our quantitative model features uninsured income risk, so constraints bind in the long-run too.
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tant in the data and affect the ability of displaced workers to self-insurance against
automation through mobility and savings. We also introduce progressive income
taxation (Heathcote et al., 2017) and unemployment benefits (Krueger et al., 2016)
to account for existing sources of insurance that can benefit displaced workers.

The constrained efficient intervention slows down the speed of automation
substantially compared to the laissez faire — even absent any equity considera-
tions. A government that only values efficiency should tax automation so as to re-
duce its half-life by a factor of 2 at least. This policy achieves sizable welfare gains
of about 4% in consumption equivalent terms. The gains are even larger (around
6%) for a utilitarian government that values redistribution too. By slowing down
automation, the government improves not only aggregate efficiency but also eq-
uity. Moreover, the gains from slowing down automation remain high even when
allowing for richer forms of social insurance and active labor market interventions.

Our paper relates to several strands of the literature. Our results show that op-
timal policies can improve both efficiency and equity — while there is necessarily
a trade-off in the efficient economies studied in the literature on the taxation of
automation (Guerreiro et al., 2017; Costinot and Werning, 2018; Thuemmel, 2018;
Korinek and Stiglitz, 2020). In this literature, taxing automation results in produc-
tion inefficiency (Diamond and Mirrlees, 1971). On the contrary, optimal policy
preserves (or restores) production efficiency in our model.

The rationale we propose for taxing automation also complements a large liter-
ature on capital taxation due to equity considerations (Judd, 1985; Chamley, 1986),
dynamic inefficiency (Diamond, 1965; Aguiar et al., 2021), or pecuniary externali-
ties when markets are incomplete (Aiyagari, 1995; Conesa et al., 2009; Davila et al.,
2012; Déavila and Korinek, 2018). Optimal policies in our model also address pe-
cuniary externalities. However, these externalities are distinct from the type en-
countered in the incomplete markets literature. In particular, the externalities in
our economy rely neither on the presence of uninsured idiosyncratic risk, nor on
endogenous borrowing constraints. Instead, they occur when firms and work-
ers make technological choices in the Arrow-Debreu construct — such as automa-
tion or reallocation — and borrowing constraints distort the (shadow) prices that
these agents face. In addition, the literature on pecuniary externalities has almost
exclusively studied static (or two-period) models or long-run stationary equilib-
ria. Therefore, the timing of pecuniary externalities (i.e., how front- or back-loaded



they are) plays no role for optimal policy. In contrast, the rationale for intervention
that we propose applies during the transition to the long run, and the timing of
pecuniary externalities is central to optimal policy.

Methodologically, our quantitative model borrows from three literatures: (i)
the one studying reallocation and wage dispersion using island models (Alvarez
and Shimer, 2011); (ii) the one concerned with the impact of technological innova-
tions and trade using dynamic discrete choice models with mobility shocks (Ar-
tug et al., 2010); and (iii) the one interested in consumption and insurance using
heterogeneous-agent models (Huggett, 1993; Aiyagari, 1994). Moreover, our anal-
ysis contributes to the public finance literature studying optimal taxation (Conesa
and Krueger, 2006; Heathcote et al., 2017) and social insurance (Imrohoroglu et al.,
1995; Golosov and Tsyvinski, 2006) in dynamic models with heterogeneous agents.

2 Model

Time is continuous, and there is no aggregate uncertainty. Periods are indexed by
t > 0. The economy consists of a continuum of workers, a continuum of occupa-
tions indexed by i = [0,1], and a final goods producer. In this section, we spec-
ify the technologies, preferences, reallocation frictions, and resource constraints of
this economy. We will describe assets, incomes, and borrowing frictions in Section

4 when discussing the decentralized equilibrium.

2.1 Technology
Occupations use labor as an input. Final goods are produced by aggregating the

output of all occupations.

Occupations. Occupations are indexed by i = [0, 1]. They use a decreasing returns
to scale technology

vt =F" (), 1)

where uf' denotes effective labor.

Technology adoption. Each occupation becomes partially automated in period t = 0



with probability ¢. The degree of automation is a.* The occupations’ outputs are

P = F(;a) if automated ’ 2.2)
F(") otherwise

where F (-) and F (+) are neoclassical technologies. By definition, F (-;0) = F ()
absent automation. Automated occupations are less labor intensive than non-
automated occupations —i.e., lfy (1; &) decreases with a. Automation can increase
productivity and raise output directly, but it also comes at a cost. The technol-
ogy has to be maintained: it requires some continued investment which diverts
resources away from production. The technology F (-;«) implicitly captures these

output gains and costs.” We will impose some regularity assumptions later on.

Final good. Aggregate output is produced by combining the output y" of all occu-
pations with a neoclassical technology

Y, =G ({y?}) (2.3)

In the following, we suppose that these inputs are complements. Moreover, we
impose some symmetry across occupations.

Assumption 1 (Symmetry). The technology of the final good producer G (-) is continu-
ously differentiable, additively separable and symmetric in its arguments.

This assumption together with the strict concavity of G (-) ensure that the economy
behaves as if there were only automated (h = A) and non-automated (# = N)

occupations. This allows us to define the aggregate production function
G (ma) =G ({Fh (yh) }) (2.4)

where p = (u, ) are the flow of workers employed in each automated and
non-automated occupations, with the degree of automation « being implicit in
{F" (u")}. The technology G* (-) is total production net of automation costs. For
concision, we refer to it as output in the following.

* For now, automation is chosen once and for all. We introduce gradual investment later on.
> The production function (6.1) in our quantitative model (Section 6) provides a microfounded
example for F (-;a) (see footnote 29).



2.2 Workers

There are overlapping generations of workers who are born and die at a constant
rate x € [0,4+00). A worker is indexed by four idiosyncratic states: their initial
occupation of employment (/); their age (s); their productivity (¢); and their em-
ployment status (e). In the following, we let x = (h,s, ¢, e) denote the workers’

idiosyncratic states and 7t denote the associated measure.

Preferences. Workers consume, and supply inelastically one unit of labor when

employed. Workers’ preferences are represented by

Uy =Ep {/ exp (—pt) u (ct) dt (2.5)

for some discount rate p > 0 and some isoelastic utility u (c) = Cl;jgl with o > 0.
Reallocation frictions. We assume that the process of labor reallocation is slow and
costly. Reallocation is slow for three reasons. First, existing generations of work-
ers are given the opportunity to reallocate to another occupation with intensity A.6
Second, workers who reallocate across occupations enter a temporary state of non-
employment which they exit at rate k > 0.” This state can be interpreted either
as involuntary unemployment due to search frictions or a temporary exit from the
labor force during which workers retrain for their new occupation. Third, new
generations of workers enter the labor market gradually at rate x < A, at which
point they can choose any occupation.® Finally, reallocation is costly for two rea-
sons. First, workers do not produce while not employed. Second, they incur a
permanent productivity loss 6 € (0, 1] after they have reallocated to a new occu-
pation, i.e. h; # h. This productivity loss captures the workers’ skill specificity,
i.e. the lack of transferability of their skills across occupations. Thus, workers’

® That is, workers’ mobility decision is purely time-dependent, which delivers tractable expres-

sions. We allow for state-dependent mobility in our quantitative model (Section 6).

This assumption follows Alvarez and Shimer (2011). Empirically, reallocation across occupa-
tions/sectors raises unemployment (Lilien, 1982).

We introduce overlapping generations because young cohorts account for a substantial share of
labor reallocation across occupations (Addo et al., 2020). We assume that new generations enter
at a sufficiently low rate for existing workers to reallocate in equilibrium.



productivity evolves as

lime Cr ifhi(x)=h

Gt =1ge=1G¢ with (= (2.6)

(1 —-0) xlimy; {r otherwise

with {; = e¢; = 1 at birth. In turn, the employment status switches to e; = 0 upon

reallocation and reverts to e; = 1 upon exiting unemployment.

Occupational choices. Occupational decisions for existing or new generations consist

of choosing the occupation with the highest value

v (X (W 2.7
werany ! (x' (H;x)) (2.7)

where V/' () denotes the continuation value associated to automated and non-
automated occupations. For existing generations, the state x’ (h';x) captures the
unemployment / retraining spells that displaced workers go through and the per-

manent productivity loss they experience. Newborns are subject to neither.

2.3 Resource Constraint

The occupation outputs are given by

i =F"' (/ 1{h(x):h}5dﬂt) (2.8)

for each occupation h. Finally, the aggregate resource constraint is

¢ ({u}) = [ edm (2.9)

where ¢;(x) is the consumption of a worker with idiosyncratic state x.

3 Efficient Allocation

We now characterize the set of efficient allocations. The planner faces two choices:
how to reallocate labor and assign consumption after automation has taken place

(ex post); and the degree of automation (ex ante).



In the following, we impose regularity assumptions to rule out corner solu-
tions. These are needed for a meaningful discussion of automation and realloca-
tion. First, we assume that the cost of automation is such that there is positive but
partial automation at the first best.” Second, we suppose that parameters govern-
ing reallocation costs (1/x and 6) are small enough that reallocation takes place.

Assumption 2 (Interior solutions). The direct effect of automation G* (u, u'; ) is con-
cave in « and satisfies 0,G* (u, u'’; )| ,_g > 0 and limy_, 4 00 0, G* (u, p'; &) = —o0 for
any 0 < p < land p’ > 1. Finally, the average unemployment duration (1/x) and the
productivity loss (0) are sufficiently small so that

(1-6) /0+°° (1—exp (—xt)) ZNdt > 74

where Z o and {Zy +}, defined in Appendix A.1, are positive and independent of (6, «).

3.1 Efficient Labor Reallocation

We start with the efficient allocations of labor and consumption after automation

has occurred. The planner solves

VEB (a;m) = max Z(,bh /_J:o nh /OJFOO exp(—(p+x)t)u (c’;t> dtds (3.1)

{Ctzmtrmtzﬂt}go h
subject to the constraints (3.2)—(3.7) below. Here, c?/t denotes the consumption in
period t of the generation born in period s and initially located in an occupation
h € {A,N}, ¢ = ¢ and ¢V = 1 — ¢ denote the mass of automated and non-
automated occupations, and = {7"} are the Pareto weights on workers based

on their birth period and, for initial generations s < 0, their initial occupation too.

An allocation must satisfy the resource constraint
Cr =G (ps ) (3.2)

where
C=) ¢ X (—xs)clds (3.3)

9 The first part of Assumption 2 is satisfied whenever the cost of automation F (1) — F (1;a) is
sufficiently convex — i.e. more and more resources are diverted as automation increases.

9



denotes aggregate consumption. The laws of motion for effective labor supplies
pe = {pf', ui' } are

dui = — (Amy + xoiy) pirdt - with  pdt =1 (3.4)
in automated occupations 1 = A, for some my, 1i1; € [0,1], and

dulN = —%d;{f —djiy —0dp;  with  u)l =1 (3.5)

in the non-automated occupations i = N, with

djiy = ()\1 g_b qutyf‘ — (k+ x) ﬁt) dt  with jfip=0 (3.6)

dﬁt = (Kﬂt - Xﬁf) dt with ﬁo =0 (37)

for each t > 0. From (3.4), we see that labor reallocation happens through two
margins: the reallocation of existing generations (at rate A) or the entry of new
generations (at rate x). The planner chooses the shares m; and ri1; of each of these
workers to reallocate. From (3.6), we see that existing generations who reallocate
enter a temporary pool of unemployed which they leave gradually — either their
unemployment spell ends (at rate x) or they are replaced by a new generation (at
rate x). At that point, they become active in their new occupation (3.7) but incur a
productivity loss (0 > 0) and are replaced gradually (at rate x). From (3.5), we see
how the effective labor supply in non-automated occupations evolves, capturing

unemployment and productivity losses from reallocation.

Proposition 1 (Efficient labor reallocation). The efficient reallocation of labor is charac-
terized by two stopping times (T§B, TFB). All workers from existing generations reallocate
to non-automated occupations until TS® whereas all new generations reallocate until TP
The stopping times satisfy the smooth pasting conditions

e / N A
- B (n)u' (Cr) Adt =0 and yTlFB — yr{B (3.8)
0

where YI' = 1/¢"9,G* (us; &) is the marginal product of labor, the effective discount

10



factor By (n) is defined in Appendix A.1, and

M=exp(—x){ (1-0) (I—exp(—x(t-T))IN-VA} (39
—_——— —— -~
OLG Productivity cost Unemployment spell

for all t > TLB denotes the response of output to labor reallocation.
Proof. See Appendix A.1. O

Automation drives a wedge between the marginal productivities of labor in
the two occupations. The planner reallocates workers between those to close this
wedge and increase output over time. The planner displaces (existing) workers
until the marginal benefit of doing so is zero. Reallocating workers helps close the
wedge in marginal productivities (ytN > y;“) but comes at the expense of a pro-
ductivity loss (6 > 0) and the foregone production while unemployed (1/x > 0).
The planner reallocates new workers until the marginal productivities are equal-
ized, which takes time since new generations arrive slowly (1/x > 0).

The benefits and costs of reallocating displaced workers are expressed in the
output response A;. The left panel of Figure 3.1 illustrates these flows for the case
of no overlapping generations (x — 0). When unemployment / retraining spells
are short (1/x — 0), the flows A; are front-loaded: they are initially positive and
then gradually decline as more workers enter non-automated occupations. On
the contrary, they are back-loaded when unemployment spells are sufficiently long

because, at short horizons, displaced workers do not produce while unemployed.

Figure 3.1: Impulse responses of output to reallocation and automation

Reallocation Automation

A A7
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To complete the characterization of the first best, labor allocations are

]/tf1 = exp (—/\ min {t, TgB} — )(t) (3.10)

N _ ¢ 4 _ A ¢ _ _
pp =1+ _(P(l 9)(1 ptt)+1_¢9{1 exp (—xt)} (3.11)
forall t € [0, TP) with no unemployment or retraining, or as (A.9)-(A.12) in the
general case. After T{ P, the planner allocates new generations across occupations

so as to keep the marginal productivities equal across those.

3.2 Efficient Automation

We now turn to the efficient automation decision. The planner solves

VEB (a; 3.12
i .

FB

Proposition 2 (Efficient automation). The degree of automation x*° is unique and in-

terior. A necessary and sufficient condition is

—+00
| B (coagar =0 6.13)
where 3
F= aG* (i) (3.14)

for all t > 0 denotes the response of output to automation.
Proof. See Appendix A.2 O

Automation expands the production possibility frontier as labor reallocates be-
tween occupations, but it comes at a resource cost. The planner maximizes the
present discounted value of the additional output that this reallocation allows,
given reallocation frictions and the cost of automation. The time profile of these
benefits and costs depends on the complementarity between automation and re-
allocation. We maintain the assumption below throughout. It ensures that the
gains from automation are realized gradually, as workers reallocate to occupations
where their marginal product is higher. It is satisfied in our quantitative model un-

der standard functional forms. The right panel of Figure 3.1 shows that the returns

12



on automation A; are back-loaded in this case. Automation crowds out consumption

early on but eventually increases output (and consumption) as labor reallocates.

Assumption 3 (Complementarity). Automation and labor reallocation are complements.
That is,
G(pa)=G (u,1+0(1—p);a)

has decreasing differences in (u, ) forall y € (0,1) and ® € (0,1].

4 Decentralized Equilibrium

We now turn to the decentralized equilibrium. We first describe the problem of
a representative firm which chooses automation and labor demands. We next de-
scribe the workers’ problem, including the assets they trade, the frictions they face

and their sources of incomes. Finally, we define a competitive equilibrium.

4.1 Firms

The representative firm chooses the degree of automation a and labor demands

to maximize the value of its equity

~ N Foo
max V(e) with Vi(a)= Qi () dt (4.1)
o> 0

where {Q;} is the appropriate stochastic discount factor,'” and

A

I () = max G* (i) — ppawf’ = (1 - ¢) ™y’ (42)

are optimal profits given equilibrium wages {w!'}.

4.2 Workers

We now specify the assets that workers trade and the constraints they face.

10 Equity is implicitly priced by workers who are marginally unconstrained.

13



Assets and states. Workers save in bonds available in zero net supply. We suppose
that financial markets are incomplete: workers are unable to trade contingent se-
curities against the risk that their occupation becomes automated.!! We suppose
that workers initially employed in automated occupations form a large household.
This allows them to achieve full risk sharing against the risk of being allowed to

move across occupations (at rate A) or not.'?

Workers trade annuities against the
risk of their death. Workers are now indexed by five idiosyncratic states: their
holdings of bonds (a); their initial occupation of employment (); their age (s);
their productivity (§); and their employment status (e). We let x = (a,h,s,¢,¢)

denote the vector of states and 7t the associated measure.

Budget constraint. Worker’s flow budget constraint is
day (x) = (Vi (%) + (re +x) ar (x) — ¢ (x)] dt (4.3)

where )} is total income consisting of labor income, profits and taxes, r; > 0 is the

return on savings, and ¢; is consumption. The initial condition is a5 (x) = a® (x)

at birth, where P (x) is the stock of inherited assets.

Borrowing frictions. Workers are subject to borrowing constraints
at(x) > a (4.4)
where the borrowing limit is a < 0.

Income and occupational choice. Total income consists of effective labor income yft,

profits IT; and lump sum taxes T; (x). That is,

Vi(x) =Pl +11L — Ty (x) (4.5)

1 We rule out complete markets for two reasons: financial markets participations is limited in prac-
tice (Mankiw and Zeldes, 1991); and workers’ equity holdings are typically not hedged against
their employment risk (Poterba, 2003). The absence of contingent securities (or lump sum tran-
fers) is precisely what motivates the literature on the regulation of automation. The equilibrium
would be efficient if workers could trade contingent securities before automation risk is realized.

12 This assumption prevents an artificial dispersion in the distribution of assets and implies that
a worker’s reallocation history is irrelevant. It allows us to retain tractability and abstract from
insurance considerations at this point. We relax this assumption in our quantitative model.

14



Profits are

x . / Lp—pn AT
II; =G ([J,t;lX) — /1{h(x)_h}€wlt1d7rt with Iui‘ = f{(P—h}

For simplicity, we suppose that profits are claimed symmetrically — all our re-

(4.6)

sults carry through if we assume that automated workers claim no profits. To
retain tractability and prevent a source of dispersion in the wealth distribution,
we suppose that the returns on annuities are taxed lump sum by the government
T; (x) = xa; (x) and rebated to new generations at birth 2", We relax this in our
quantitative model. Finally, workers still face the occupational choice (2.7).

4.3 Equilibrium

The resource constraint is still given by (2.8)—(2.9) and wages are

wf =1/¢"9,G* (ps; ) (4.7)

All agents act competitively. We choose the price of the final good as numeéraire.
We define a competitive equilibrium below. We characterize the equilibrium in
Appendix A.3.

Definition 1 (Competitive equilibrium). A competitive equilibrium consists of a
degree of automation «, and sequences for effective labor supplies {y? }, consump-
tion and savings functions {c; (x), a¢ (x) }, interest rate, wages, profits and incomes
{ry, {wh} ,11;, {Y* (x)} }, and distributions of states {7; (x)} such that: (i) automa-
tion and labor demands are consistent with the firm’s optimization (4.1)—(4.2); (ii)
consumption and savings are consistent with workers” optimization; (iii) interest

rates ensure that the resource constraint is satisfied

/ ct (x)dmr = G* (pi; ) ; (4.8)
(iv) wages, profits and incomes are given by (4.5)—(4.7); and (v) the distribution of
states is consistent with workers’ choices and the productivity law of motion (2.6).

We now present the first main result of this paper: the equilibrium is ineffi-
cient when reallocation and borrowing frictions are sufficiently severe. Section 4.4

elaborates on the source of the inefficiency.

15



Proposition 3 (Failure of First Welfare Theorem). The laissez-faire equilibrium is in-
efficient if and only if reallocation frictions (A, x, x) and borrowing frictions (a) are such
that a* (A, x, x) < a < 0 for some threshold a* (-) defined in Appendix A.4. The threshold
satisfies a* (A, x, x) < 0 — i.e., inefficiency can occur — if and only if labor reallocation
isslow1/A >0o0r1/x>00r1/x < +o0.

Proof. See Appendix A 4. O

The left panel of Figure 4.1 illustrates this result in the space of reallocation
frictions (1/A) and borrowing frictions (a). This space is partitioned in two main
regions. The equilibrium is efficient as long as the frictions fall in the white region
where a < a* (). This occurs when either reallocation is sufficiently fast or bor-
rowing constraints are sufficiently loose. In constrast, the equilibrium is inefficient

when the frictions fall into either one of the colored regions where a > a* (-).!3

Figure 4.1: Laissez-faire: distorsions and labor incomes
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To understand this result, the right panel of Figure 4.1 depicts the paths of the
average earnings for workers initially employed in each occupation, i.e., born in

periods s < 0.'* Their earnings are

Mass of workers who reallocate Self-insurance through reallocation

N\

™~ 7~

Vi =wi + (1—exp (—Amin{t, To})) [@t (Ax)x (1=0)w) —wf| (49

131t should be noted that the threshold a* (1) is non-monotonic in its arguments. In particular,
limj /) 10 @* (A) = 0 when existing workers never reallocate (as in Guerreiro et al., 2017).

14 Workers born in s > 0 all earn the same wage yft = wg\] since they are allowed to choose their oc-
cupation and never reallocate subsequently. New workers never become borrowing constrained

in this version of the model.
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where ©; (A, k) captures the share of workers who exited unemployment or re-
training (Appendix A.3). When reallocation is slow, automation decreases the in-
come of workers displaced by automation. This decrease is not fully persistent
though. Their income slowly rises after they reallocate (or their peers do) and in-
creases from w{ to (1 — 0)w} over time. Therefore, these workers wish to borrow
while they slowly reallocate. The following remark states this insight.

Remark 1. Workers displaced by automation expect their income to partially recover as
they slowly reallocate. This creates a motive for borrowing.

When reallocation and borrowing frictions are sufficiently mild, workers are
never borrowing constrained and the equilibrium is efficient, i.e., the white region
in the left panel of Figure 4.1. As the frictions become more severe, borrowing
constraints eventually bind a > 4%, i.e., the blue and red regions. In this case, con-
sumption choices become distorted, and so do reallocation choices if the frictions
are even more severe a > 4. Proposition 9 in Appendix B formalizes this discus-
sion. As we show in the next section, automation becomes inefficient whenever

workers are borrowing constrained.

4.4 Why Is Automation Inefficient?

To understand why automation is inefficient, we compare the private and social

incentives to automate!®
o ()
(LF) exp (—pt) Afdt = (4.10)
0 u <c(1)\,]0)
MA?dt =0 (4.11)

where A} is the response of output to automation in (3.14), as depicted in Figure
3.1. Firms — just like the government — increase automation until the marginal

returns A} are zero in present discounted value. The (intertemporal) marginal rate

15 To obtain (4.11), we use Proposition 2 and the envelope condition (A.41) in Appendix A.4. This
expression holds for any weights 7 that the planner assigns to workers.
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of substitution (MRS) that they internalize are potentially different, however. Ab-
sent borrowing constraints, all workers share the same MRS — which is inversely
related to the gross interest rate. In this case, the private and social incentives to
automate coincide, and the equilibrium is efficient. When workers in automated
occupations become borrowing constrained, their planning horizon is effectively
shorter than their peers’ in non-automated occupations. Thus, binding borrowing
constraints drive a wedge between the interest rate that firms face when they au-
tomate and the MRS of workers displaced by automation.!® In this case, private
and social incentives to automate differ. The following remark states this insight.
In Section 5, we further show that automation is excessive when automation and
labor reallocation are complements (when the gains from automation are realized

gradually as more workers reallocate).'”

Remark 2. The degree of automation is inefficient when borrowing constraints bind.
Firms are effectively too patient and (partly) overlook the time it takes for labor to real-
locate and for the benefits of automation to materialize.

Efficient special cases. The existing literature on the regulation of automation focuses
on two efficient benchmarks that obtain as two limit cases in our model. Suppose
first that labor reallocation is instantaneous (1/A — 0,1/x — 0and 1/x — +o0)
as in Costinot and Werning (2018). In this case, the model is static Tp, T; — 0.
Workers initially in automated occupations reallocate immediately so as to ensure
(1-0)w)N = w{'. Workers initially in non-automated occupations earn w} in-
stead. Automation has distributional effects but there is no motive for borrowing
since income changes are fully permanent. As a result, borrowing frictions are
irrelevant and the equilibrium is efficient. This explain why slow reallocation is

necessary for inefficiency. Suppose instead that reallocation is slow but there are no

16 This wedge would occur even if the sequence of interest rates is fixed (as in a small open econ-
omy). Beyond this wedge, automation is distorted for two additional reasons in general equilib-
rium: (i) the MRS of unconstrained non-automated workers (or the interest rate that firms face)
changes; and (ii) so do wages (and hence) profits.

171t is worth noting that the economy can be inefficient while still achieving production efficiency
(Diamond and Mirrlees, 1971). This is the case when borrowing and reallocation frictions are
sufficiently severe to distort consumption choices, but not sufficiently so to distort the realloca-
tion choices — i.e., the blue region in the left panel of Figure 4.1. In this case, the distorsion
in automation simply affects the timing of the output and consumption stream {C;} and the
economy moves along its production possibility frontier (as opposed to inside).
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borrowing frictions (2 — —o0) as in Guerreiro et al. (2017).!® Wages remain higher
in non-automated occupations until the gap closes in period t = T;. Therefore,
automation has distributional effects and creates a motive for borrowing, but there

is no wedge between the MRS of automated and non-automated workers.

The mechanism in practice. Our mechanism relies on displaced workers becoming
borrowing constrained while they slowly reallocate. Empirically, workers who
loose their job indeed attempt to borrow to smooth consumption (Sullivan, 2008),
but are often unable to do so or are even forced to delever their existing debt (Brax-
ton et al., 2020). While we abstract from ex-ante heterogeneity across workers, our
mechanism is more likely to be relevant when automation affects workers with
small liquidity buffers. For example, industrial robots tend to displace low-to-
middle income routine workers who are more likely to be hand-to-mouth. In
contrast, artificial intelligence software for natural language processing tends to
affect higher income skilled workers for which borrowing frictions are less severe.
Finally, it is worth noting that our mechanism might, in theory, also apply to tech-
nological innovations that increase labor demand in certain occupations / sectors
and cause labor to reallocate to those.!” Automation is special in that it displaces
workers, lowers their earnings and forces them into unemployment. Borrowing
frictions are more likely to bind as a result.

5 Optimal Policy Interventions

We now discuss optimal policy. In Section 5.1, we state the general Ramsey prob-
lem, discuss policy instruments that implement a first best, and then consider a
constrained Ramsey problem of a government that has a more restricted set of in-
struments. In Section 5.2, we show that the equilibrium is generically constrained

inefficient. In Section 5.3, we show that the government should tax automation on

18 In Guerreiro et al. (2017), reallocation taking place (entirely) through new generations 1/ <
+oco. That is, existing generations are not allowed to move in their model. In our model, this
corresponds to the case where workers never receive reallocation opportunities 1/A — +oo or
unemployment spells 1/« are prohibitively long (Assumption 2).

19 Workers could become borrowing constrained due to anticipatory effects: they expect higher
earnings in the booming sector. This type of anticipatory effect is likely to be quantitatively small
(Poterba, 1988). The effect might actually be the opposite: borrowing constraints are relaxed as
their future earnings increase (Jappelli, 1990).
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efficiency grounds. Section 5.4 presents extensions and connects to the literature.

5.1 Ramsey Problem

We suppose at this point that the government has access to a set of taxes {7}.
This set includes a distorsionary tax on automation {7*}, and arbitrary taxes and
transfers to redistribute income such as very rich lump sum tranfers {Tth}, non-
linear income taxes {7; ()}, severance payments {g}, etc. For tractability and to
obtain more compact expressions, we assume in the following that workers cannot
borrow a — 0 and abstract from overlapping generations 1/xy — +co. All the
insights carry through in the general case with 1/ < +-co.
The government chooses these taxes to solve

non [T h
max ;cp n /0 exp (—pt) u (ct) dt (5.1)

for a given set of Pareto weights 7, subject to the following implementability con-
straints. First, consumption and reallocation choices are consistent with workers’
optimization, i.e., equations (A.20)-(A.24), (A.28) and (A.30) in Appendix A.3 aug-
mented with taxes. Second, effective labor supplies are given by equations (A.9)-
(A.12). Third, automation is consistent with firms’ optimality condition (A.38)
given taxes. Finally, wages and profits are given by (A.31)-(A.32) and earnings
are given by (4.9).

5.1.1 Implementing a First Best

The inefficiency that we document operates when displaced workers become bor-
rowing constrained. Trivially, if the government has access to a sufficiently rich
set of redistributive tools to fully undo borrowing frictions, efficiency can be re-
stored without taxing automation directly. To see this, consider the wedge between
the optimality conditions for automation at the laissez-faire (4.11) and the first best
(4.10)

+oo u' (! u' (et
= ep (e | - EC;;; - EC;;; A*dt (5.2)

This wedge corresponds to the linear tax on automation that would implement
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a particular first best. When the government can relax borrowing constraints by
redistributing income directly, the MRS of automated and non-automated work-
ers coincide: a first best can be implemented without taxing automation (7% = 0).
Three interventions could in principle achieve this outcome. We allow for a form
of each of these three interventions in our quantitative model (Sections 6-7).

First, targeted lump sum tranfers {Tth} (indexed by worker and time) could im-
plement any efficient allocation.?’ The informational requirements to identify dis-
placed workers directly make these tranfers infeasible in practice, however. This
is precisely what motivates a large literature on optimal income taxation (Piketty
and Saez, 2013) and the existing literature on the regulation of automation. Target-
ing displaced workers indirectly through unemployment insurance or active labor
market interventions comes at a cost in practice (Crépon and van den Berg, 2016).

Second, the government could undo workers” borrowing constraints via sym-
metric transfers {T; }. Effectively, the government would borrow on behalf of work-
ers in the short-term and repay its debt later on by taxing them — a temporary
form of negative income tax or Universal Basic Income. In practice, the future tax
burden would tighten borrowing constraints (Aiyagari and McGrattan, 1998) and
carry potentially large distorsions (Guner et al., 2021), limiting or entirely negat-
ing the benefits of the transfers. The fiscal cost is also likely to be prohibitive. The
payments need to be generous enough to ensure that no worker is constrained — a
scenario that the literature on heterogeneous agents has not seriously considered.
The size of transfers is further limited by the fact that future higher taxes could
push the poorest workers into default..

Finally, a non-linear income tax 7; (-) (Mirrlees, 1971; Atkinson and Stiglitz,
1976) or unemployment insurance could help relax borrowing constraints too.
However, they would not implement a first best in practice, as they reduce labor
supply and distort incentives to reallocate between occupations. In addition, non-
linear income taxes are a particularly blunt tool to redistribute across occupations

when incomes substantially vary within occupations due to idiosyncratic shocks.

20 A version of the Second Welfare Theorem holds in our model (Proposition 10 in Appendix B).
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5.1.2 Constrained Ramsey Problem

We now assume that the government cannot fully alleviate borrowing frictions and
implement a first best. We also abstract from social insurance programs altogether
at this point and re-introduce them later in our quantitative model. Instead, the
government has access to a simple set of instruments that depend on calendar time
alone: a linear tax on automation 7%, and active labor market interventions (Card
et al., 2018) that tax or subsidize labor reallocation {g;}.?! These instruments are
already used in many advanced economies and do not require the government to
know which occupations are automated or which workers are displaced.??

The government effectively controls two choices with its instruments: the de-
gree of automation «; and the reallocation of displaced workers Ty. All other
choices must be consistent with workers” and firms” optimality. The government’s

constrained Ramsey problem reduces to the following primal problem.

Lemma 1 (Primal problem). The government’s problem reduces to

h, h h
max ex t ¢} ) dt
X L 20" / p (—pt)u <t>

subject to the laws of motion for effective labor

uft =exp (—Amin {t, Tp})
_ ¢
e 1+q( —9)<1—V24)

and the consumption allocations

ch =1/¢"9,G* (us; ) + (1 —exp (—Amin {t, To})) T + G* (us; & Zy 0,G* (pt; ),

J/ [\ J/ [ J/

-~

Initial wage Reallocation gains Proﬁts

2l We assume that the large family (Section 4.2) reimburses any reallocation subsidies. These can
take the form of credits for retraining programs or unemployment insurance (when positive), or
penalties such as imperfect vesting of retirement funds (when negative).

22 Tax codes already treat various forms of capital differently. In particular, the U.S. tax code favors
investment in automation over investment in labor-augmenting capital (Acemoglu et al., 2020).
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where reallocation gains are
I7=(1-0)1/¢"0,G* (us;a) — 1/ 04G* (us; o)

for each occupation h € {A, N}, in the particular case without unemployment / retraining
spells (1/x — 0). The general case is similar but involves the laws of motion for effective
labor (A.9)—(A.12) and reallocation gains (A.26)—(A.27) in Appendices A.1 and A.3.

5.2 Constrained Inefficiency

We now show that the government should intervene even when its instruments
are limited. Formally, Appendix A.5 establishes that the laissez-faire is generically
constrained inefficient in the sense of Geanakoplos and Polemarchakis (1985).

To see this, compare the private and social incentives to automate and reallocate

/O+oo exp (—pt) (céﬂ) Afdt = —* (ocSB, TgB;n>

—+00
/T o P (—o0) ! (cfy) et = —@ (o, T5% n)
0 N

J/

. J WV

pecuniary externalities

-
laissez-faire

where the terms ©* () and @ (-) capture the pecuniary externalities that automation
and reallocation impose on workers — which we define in Appendix A.5. The
government takes into account that an increase in automation («) reduces wages
in automated occupations, but increases profits that benefit all workers (or some
workers when profits are not claimed symmetrically).?* Similarly, the government
internalizes that an increase in reallocation (Tj) reduces wages in non-automated
occupations, but lifts wages in automated occupations. Firms and workers do not
internalize these effects. We show that these pecuniary externalities do not net out
at the laissez-faire in presence of reallocation and borrowing frictions.

This finding echoes the constrained-inefficiency results in the incomplete mar-
kets literature (Lorenzoni, 2008; Davila and Korinek, 2018). The nature of the in-

efficiency is different, however. Constrained inefficiency occurs in our economy

23 Again, all our results carry through in the case where displaced workers do not claim profits.
Assuming that profits are claimed symmetrically is conservative, if anything, since the increase
in profits partly compensates for the decline in labor income experienced by displaced workers.
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despite the absence of uncertainty and incomplete markets, or endogenous bor-
rowing constraints. Instead, it occurs when firms and workers make technological
choices, and borrowing constraints distort the (shadow) prices that these agents
face.”* Tt is well-known that technological choices can result in inefficiencies by
themselves (Acemoglu, 2009). However, our model is set up so that they are a source

of inefficiency only when borrowing constraints bind.

5.3 Taxing Automation on Efficiency Grounds

We now present the second main set of results of this paper, which signs optimal
policy interventions. We show that the government should tax automation on ef-

ficiency grounds — even when it does not have a preference for redistribution.

Pareto weights. Taxing automation has two effects. The first effect is aggregate: it
generates an intertemporal substitution between current resources (the automa-
tion cost, or investments more generally) and future output. The importance of
this effect for welfare depends on the distribution of marginal utilities over time
— the intertemporal MRS. The second effect is distributional: some workers benefit
more from this intervention than others through the pecuniary externalities we dis-
cussed above. The importance of this second effect depends on the distribution of
marginal utilities and Pareto weights across workers. The two effects correspond
to the aggregate efficiency and redistribution components of the decomposition in
Bhandari et al. (2021).2°

To highlight the new rationale for policy intervention that we propose, we ini-
tially abstract from equity altogether — the second effect. We suppose that the
government intervenes exclusively to improve aggregate efficiency (the first effect).
This is achieved by choosing Pareto weights 7°ffic so that the distributional effects

net out.? In particular, these efficiency weights imply that the government values

24 Labor reallocation — just like automation — is isomorphic to a technological choice in the Arrow-
Debreu construct. Each worker owns a firm that chooses the type of labor services to provide.

25 Bhandari et al. (2021) decompose the welfare effects of policy changes into gains in: (i) aggregate
efficiency from changes in total resources, (ii) redistribution from changes in ex ante consumption
shares, and (iii) insurance from changes in consumption risk. In our baseline model, taxing
automation affects welfare via (i) and (ii) alone. In our quantitative model, (iii) is also present.

26 See Appendices A.6-A.7 for details. The weights are inversely related to the workers’ marginal

utilities. Absent borrowing constraints, they take the familiar form 1/7¢fi¢/ oc 1/ (c’é) .
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displaced workers less compared to a utilitarian government that values equity.

We reintroduce equity considerations in Section 5.4.

5.3.1 With Active Labor Market Interventions

For now, we continue to allow for ex post interventions in the labor reallocation
process. The following result shows that the government should curb (or tax) au-
tomation on efficiency grounds.

Proposition 4 (Second best). Suppose that the government controls automation, as well
as labor reallocation. Then, curbing automation is optimal.

Proof. See Appendix A.6. O

To understand the result, compare the private and social incentives to automate

! N
(LF) /0 ™ exp (—pt) MA?&H —0 (5.3)

! N

+o0 . u’ Ch
(SB) / exp (—pt) Zqﬁ%efﬁcM Afdt =0 (5.4)
0 I

1 [ Ak

where A} is the response of output to automation and is given by (3.14). Both
the firms and the government increase automation until the returns A} are zero in
present discounted value. Their effective (intertemporal) marginal rate of substitu-
tion (MRS) are different, however. The reason is that the government takes into
account the welfare of all workers. In contrast, the firm’s decisions are based on
the equilibrium interest rate which reflects the welfare of unconstrained workers
who were initially employed in non-automated occupations. In other words, firms
are excessively patient compared to the government.

The direction of the intervention depends on the time profile of A}. We have as-
sumed that automation and reallocation are complements (Assumption 3). There-
fore, the flows A} are back-loaded (as in right panel of Figure 3.1). The firm initially
incurs a resource cost when adopting automation technologies (A} < 0 for small
t), and the benefits are realized gradually (A} > 0 for small t). The government
is effectively more impatient than the firm and prefers a flatter time profile of A}.
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Formally, the left-hand-side of (5.4) is negative when evaluated at the laissez-faire.
The optimal tax on automation improves aggregate efficiency (as defined by Bhan-
dari et al. (2021)) by changing the time profile of aggregate consumption: it reduces
the resource cost of automation in the short-run at the expense of smaller produc-

tivity gains in the long-run. The following remark summarizes these insights.

Remark 3. Taxing automation improves aggregate efficiency. This is achieved by pre-
venting excessive investment and raising consumption early on in the transition, precisely
when displaced workers are borrowing-constrained.

5.3.2 Without Active Labor Market Interventions

In practice, ex post policies can be difficult to implement. Active labor market in-
terventions often produce mixed results (Card et al., 2018), or have unintended
consequences for untargeted workers (Crépon and van den Berg, 2016). For in-
stance, this would be the case with gross flows between occupations, as in our
quantitative model. For this reason, we now suppose that the government con-

trols automation (ex ante) but is unable to control labor reallocation (ex post).

Proposition 5 (Second best — ex ante only). Suppose that the government only con-
trols automation — but labor reallocation Ty must be consistent with workers” optimiza-
tion. This reinforces the government’s desire to curb automation when unemployment /
retraining spells are short (1/x — 0). On the contrary, this reduces the government’s
desire to curb automation when they are long (1/x > 1/«* for some threshold 1/x* > 0)

Proof. See Appendix A.7. O

Again, it is useful to inspect the social incentives to automate

e i u' (Chf )
(B) | exp(—pt ;cphnhﬂ“ﬁx
{A;+¢AAexp <—AT0 (a53)>1t>TO(WSB)T5 (ocSB> At}dt —0, (55)

and compare them to the private incentives (5.3). Here, A; denotes the response
of output to reallocation, and is defined by (3.9). Missing active labor market in-

terventions provide an additional motive for policy intervention. The government
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internalizes the indirect effect of automation on output A; due to the reallocation
it induces T} (-) > 0, in addition to the direct effect. Workers’ reallocation at the

laissez-faire satisfies

+o00 u' <Cét>
(LF) / L exp (—pt) — L A= 0 (5.6)
TO

! A

Absent borrowing constraints, all workers share the same MRS. In this case,
the indirect effect of automation A; is no cause for intervention either, given (5.6).
When borrowing constraints bind, the private and social incentives to automate
differ due to both the direct effect A} and the indirect effect A;. The government
should curb automation based on the direct effect (Section 5.3.1). The sign of the
indirect effect depends on the duration of unemployment / retraining spells.

When unemployment spells are short 1/x — 0, the flows A; are front-loaded (see
Figure 3.1). Workers enjoy a higher wage after they reallocate Ag > 0, but their
new wage declines gradually as more workers enter non-automated occupations
lim;, 1 At < 0. Constrained workers put an excessive weight on early, positive
payoffs: binding constraints incentivize them to rely on mobility to self-insure.
This indirect effect reinforces the government’s desire to curb automation.

When unemployment spells are sufficiently long, the flows A; are back-loaded
instead. Workers’ earnings decrease during unemployment Ay < 0, before they
are paid the wage in their new occupation. Constrained workers put an excessive
weight on early, negative payoffs: binding constraints limit their ability to use mo-
bility to self-insure. The indirect effect dampens the government’s desire to curb

automation, and could in principle lead the government to stimulate automation.?”

5.4 Extensions

To conclude this section, we consider a number of extensions of our baseline model.
This allows us to clarify the economic mechanisms at play as well as our contribu-
tion relative to the literatures on the taxation of automation on equity grounds and

on long-run capital taxation.

27 The average duration of unemployment spells 1/« is bounded above by Assumption 2. As such,
this case might not present itself. Quantitatively, the relevant case is the one where the govern-
ment taxes automation even without active labor market internvetions (Section 6).
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Equity Concerns. We now introduce equity concerns in our model. Proposition 8 in
Appendix A.8 shows that a government with a preference for redistribution curbs
automation in an efficient economy. Figure 5.1 illustrates this result schematically
and connects back to our previous results.

Figure 5.1: Second best with efficiency (a — —o0) and inefficiency (a — 0)

 Efficiency
MRS" = MRS" LF = SBeff Futilit

Automation |

—_—

SBcﬁic

» Equity

Automation has distributional effects: it reduces equity at the laissez-faire (LF)
compared to the first best of a utilitarian planner (FButlity Displaced workers are
worse off and their marginal utility is (persistently) higher than other workers’
MU# > MUY, In an efficient economy (in blue), the intertemporal marginal rates
of substitution of displaced workers coincide with the equilibrium interest rate
faced by firms who automate MRS? = MRSY. The government does not inter-
vene (LF = SB®i) unless it has a preference for redistribution (SBY1), in which
case it taxes automation and sacrifices efficiency to improve equity. This is the
canonical trade-off emphasized in the literature on the regulation of automation.
In an inefficient economy, there is a wedge between the (intertemporal) marginal
rate of substitution of displaced workers and the equilibrium interest rate faced by
firms MRS? > MRSN. Firms are effectively too patient: automation is inefficient.
The government can improve both efficiency and equity by taxing automation —
there is no trade-off.

Gradual Investment in Automation. An extensive literature on capital taxation with
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incomplete markets argues that capital should be taxed to improve insurance (Aiya-
gari, 1995; Conesa et al., 2009; Dévila et al., 2012) or dynamic efficiency (Aguiar
et al., 2021). These two rationales share two features: they rely on the presence on
uninsured idiosyncratic risk and optimal policies affect investment in the long-run.

The rationale that we propose is conceptually distinct. First, we find that taxing
automation is optimal even absent idiosyncratic uncertainty. Second, our mecha-
nism implies that the government should slow down automation only during tran-
sition while labor reallocation takes place and workers are borrowing constrained,
but has no reason to tax automation in the long-run. To clarify this last point, we
extend our model and allow for automation to take place gradually. In particular,
we assume that the law of motion of automation is da; = (x; — da;) dt for some
depreciation rate J and gross investment rate x;, and that changes in automation

are subject to a convex adjustment cost. The proposition below states the result.

Proposition 6 (No intervention in the long-run). A (utilitarian) government does not
intervene in the long-run. That is atf /afB — 1ast — +oo.

Proof. See Appendix A.9. O

The Direction of Investments. Firms in our baseline model can only invest in au-
tomation technologies. As a result, the optimal tax on automation unequivocally
reduces the level of investment in new technologies. We consider now an extension
where firms can also invest in a technology that is Hicks-neutral. In particular, as-

sume that aggregate output is now given by
G* (ww, A) = AG (m;a) — p(a) — P(A),

and that firms choose both the degree of automation a and the Hicks-neutral pro-
ductivity A in order to maximize the present discounted value of profits.
Hicks-neutral investments do not cause worker displacement. The economy’s
adjustment is instantaneous and workers are not borrowing constrained. There-
fore, the optimal policy now involves changing the direction of investments: taxing
automation but subsidizing Hicks-neutral investments. In practice, this policy can
be implemented by discriminating between automation and more traditional types

of capital, similar to how many countries’ tax various forms of capital differently.
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6 Quantitative Model

In the remaining of this paper, we quantify the welfare gains from optimal policy
interventions. To this end, we enrich our baseline model along several dimensions
that are potentially important for optimal policy. Section C in the Supplementary

Material provides further details on the quantitative model.

6.1 Firms

Production. Occupations produce intermediate goods with technology

v = F (lal) = A" (ghal 4 ) 6)

for some elasticity 7 € (0,1) and productivities A", 9" > 0.28 We set 94 > 0 in
automated occupations and goN = 0in non-automated occupations. The aggregate
technology has a constant elasticity of substitution

v

G ({yig}) = (;‘Ph (y’?y;l)%l 6.2)

for some elasticity v < 1. Automated occupations rent the stock of automation on

spot markets (Guerreiro et al., 2017) at rate {7} } from a mutual fund.

Investment. A mutual fund invests workers’ savings in government’s bonds and

automation. The law of motion of automation is
dﬂét = (xt — 5061}) dt, (63)

where J is the rate of depreciation, and x; is the investment rate. Investment is sub-
ject to quadratic adjustment cost Q) (x;; a;) = w (x4/a; — 8)* ;.2° The government
taxes automation linearly at rate {7} and rebates the proceedings to the mutual

fund. The mutual fund is competitive so that it earns the return on bonds {r;}.

28 That is, labor and automation are perfect substitutes. Each occupation can be interpreted as a
task in the model of Acemoglu and Restrepo (2018).
29 This specification provides a micro-foundation for the cost of automation in our baseline model.

The production function net of investment is F (y; ) = A ((pAa + 1) " _ su at the steady state.
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6.2 Workers

There are still overlapping generations of workers that are are replaced at rate .
A worker is indexed by five states: their asset holdings (a); their occupation of
employment (h); their employment status (e); a variable that indicates whether
they ever switched occupations (¢); and the mean-reverting component of their

productivity (z). Welet x = (a, h, e, {, z) be the workers’ states and 77 its measure.

Assets and constraints. Workers invest in the mutual fund with return {r;}. In
addition, they have access to annuities which allows them to self-insure against
survival risk. Financial markets are otherwise incomplete: workers cannot trade
contingent securities against the risk that their occupation becomes automated,
against the risk that they are not able to relocate, against unemployment risk, or

against idiosyncratic productivity risk. Workers now face the budget constraint
day (x) = [ VP (x) + (re + x) ar (x) — ¢ (x)] dt (6.4)

where Yt (x) denotes net income and 7; is the return on the mutual fund. Work-
ers still face the borrowing constraint (4.4). They hold a®™" (x) = 0 assets at birth.

Occupational choice. Workers choose their first occupation of employment at birth.
They supply labor and are given the opportunity to move between occupations
with intensity A. Moreover, workers are subject to linearly additive taste shocks
when choosing between occupations. These taste shocks are independent over
time and distributed according to an Extreme Value Type-I distribution with mean
0 and variance 7y > 0, as is standard in the literature (Artug et al., 2010). In partic-

ular, workers choose a non-automated occupation with hazard>

VN (x'(N;x
(1 - g exp (F2572)
St (X) - Vh’ " /
oo (T

(6.5)

where V" (-) denotes the continuation value associated to automated (h = A) and

30 Our focus is on the reallocation process between automated occupations or non-automated occu-
pations. Therefore, we abstract from gross flows within those.
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non-automated (h = N) occupations, and the parameter y governs the elasticity of
labor supply. Workers who reallocate still go through unemployment / retraining
spells which they exit at rate x, and experience a productivity loss 0.

Income. Employed workers (e = E) earn a gross labor income
ViPor (x) = Cexp (2) w}, (6.6)

with the productivity consisting of a permanent component (¢) and a mean-reverting
component (z). The permanent component captures the productivity cost (2.6)
that workers incur when reallocating between occupations. The mean-reverting
component evolves as

dzy = —pzzdt 4 0,d Wi (6.7)

with persistence p; ! > 0 and volatility o; > 0. Following Krueger et al. (2016), we
suppose that unemployed workers (e = U) receive benefits that are proportional
to the gross labor income they would have earned if they had remained employed
in their previous occupation. The replacement rate is b € [0,1], and we assume that
these earnings take the form of home production (Alvarez and Shimer, 2011).%!
We suppose that workers claim profits in proportion to their idiosyncratic (mean-
reverting) productivity, as in Auclert et al. (2018).3> Workers net income is

ytnet (X) =T; (ytlabor (X) +exp (Z) Ht)
where T; (y) = y — o,y ¥ captures progressive taxation (Heathcote et al., 2017).

6.3 Policy and Equilibrium

The government’s flow budget constraint is

dBt = (Tt + TtBt - Gt) dt (68)

31 This last assumption is mostly innocuous. Its only purpose is to avoid introducing an additional
motive for distorsionary taxation to finance unemployment insurance.

32 This assumption implies that workers claim labor and profit income in proportion to their pro-
ductivity (abstracting from the permanent productivity cost 6). This assumption is the most neu-
tral possible, as it ensures that the government has no incentives to tax (or subsidize) automation
to reduce the effective income risk that workers face.
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where B; is the government’s asset holdings, T; is total tax revenues and G is

government spending. The resource constraint is now

/at (X) dﬂt = —Bt (69)

The wages are still given by (4.7). The rental rate of the stock of automation adjusts
so that the firm’s demand for automation &' equals the supply a; from the mutual
fund. All agents act competitively. We normalize the price of the final good to 1

(numeéraire). A competitive equilibrium is defined as before.

7 Quantitative Evaluation

We now calibrate the model and use it to evaluate the importance of our mecha-
nism and perform various optimal policy experiments. Section 7.1 discusses the
calibration. Section 7.2 describes the laissez-faire convergence to the long run.
Section 7.3 discusses second best policy interventions. Finally, Section D in the

Supplementary Material provides details about our numerical implementation.

7.1 Calibration

We parameterize the model using a mix of external and internal calibration. We in-
terpret our initial stationary equilibrium (before automation) as the year 1970 and

the final stationary equilibrium as 2020. Table 7.1 shows the parameterization.

External calibration. External parameters are set to standard values in the literature.
The initial labor share 1 — 7 is 0.64 based on BLS data. We pick ¢ = 0.3/0.7 so that
30% of tasks (or activities) within automated occupations effectively become auto-
mated. The depreciation rate J is 10%, as in Graetz and Michaels (2018). The elas-
ticity of substitution across occupations v is 0.75, in between the values in Buera
and Kaboski (2009) and Buera et al. (2011).% The inverse elasticity of intertempo-

ral substitution ¢ is 2. We set the replacement rate x to obtain an average active

33 We interpret automated occupations as routine-intensive ones which are well represented in
manufacturing. Accordingly, we set the elasticity of substitution between automated and non-
automated occupations to that between manufacturing and other sectors. The structural change
literature strongly suggests that the these occupations are gross complements.
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life of 50 years. We pick the unemployment exit hazard parameter x to match the
average unemployment duration in the U.S., as measured by Alvarez and Shimer
(2011). The productivity loss 8 when moving between occupations is set to match
the earnings losses in Kambourov and Manovskii (2009). As in Auclert et al. (2018),
we rule out borrowing a = 0. We use the annual income process estimated by
Floden and Lindé (2001) using PSID data and choose the mean reversion p, and
volatility o, in our continuous time model accordingly. The replacement rate when
unemployed b is 0.4, following Ganong et al. (2020). Government spending rela-
tive to consumption G;/C; is 50% at the initial steady state. The progressivity of
the tax schedule ¥, is 0.181, as in Heathcote et al. (2017). We choose the intercept
of the tax schedule ¥y so that the government can finance G;/C; = 0.5 at the initial
steady state. Finally, the ratio of liquidity to GDP —B;/Y} is 0.75 at the initial and
tinal steady states, which lies between the values used by Kaplan et al. (2018) and
McKay et al. (2016). During the transition, we let the supply of liquidity converge
exponentially to its long run level with a half-life of roughly 15 years, following
Guerrieri and Lorenzoni (2017).

Internal calibration. We calibrate seven parameters internally: the discount rate
(p); the mobility hazard (A); the Fréchet parameter (7y); the occupations’ produc-
tivities (Ah) ; the adjustment cost for automation (w); and the share of automated
occupations (¢). We pick these to jointly match seven moments. The discount rate
targets an annualized real interest rate of 4 percent. We adjust the mobility haz-
ard to match an occupational mobility rate of 10% per year, which corresponds to
the U.S. level in 1970 in Kambourov and Manovskii (2008). The Fréchet parameter
targets an elasticity of labor supply of 2 for the stock of workers (i.e. all genera-
tions) following Hsieh et al. (2019).>* The occupations’ productivity { Ah} are such
that output is 1 and wages are identical across occupations in the initial stationary
equilibrium. The mass of automated occupations ¢ targets an employment share
of 56% in routine occupations in 1970 (Bharadwaj and Dvorkin, 2019). Finally, we
choose the investment adjustment cost w so that automation converges to its long-
run level with a half-life of 20 years. This half-life corresponds to half of the time

between the initial period in our simulations and the final stationary equilibrium.

34 We compute this elasticity in our model by simulating a 10% wage increase in one of the occupa-
tions and leaving the others unchanged.
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Table 7.1: Calibration

Parameter Description Calibration Target / Source

Workers

0 Discount rate 0.102 4% real interest rate

o EIS (inverse) 2 -

X Death rate 1/50 Average working life of 45 years
a Borrowing limit 0 Auclert et al. (2018)
Technology

A4, AN Productivities (0.938,1.157) Initial output (1)

1-—9 Initial labor share 0.64 1970 labor share (BLS)

) Depreciation rate 0.1 Graetz and Michaels (2018)

¢ Fraction of automated occupations 0.546 Routine occs. share in 1970

@ Automation productivity 0.43 Fraction of automated tasks

w Adjustment cost 4 Half-life of automation

v Elasticity of subst. across occs. 0.75 (Buera and Kaboski, 2009; Buera et al., 2011)
Mobility frictions

A Mobility hazard 0.312 Occupational mobility rate in 1970
1/x Average unemployment duration 1/3.2 Alvarez and Shimer (2011)

0 Productivity loss from relocation 0.18 Kambourov and Manovskii (2009)
0% Fréchet parameter 0.052 Elasticity of labor supply
Government

Uy Tax intercept 0.35 BEA

2] Tax elasticity 0.181 Heathcote et al. (2017)
—B/Y Liquidity / GDP 0.75 Liquid assets / GDP (Kaplan et al., 2018)
Income process

o Mean reversion 0.0228 Floden and Lindé (2001)

o Volatility 0.1025 Floden and Lindé (2001)

b Replacement rate 0.4 Ganong et al. (2020)
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7.2 Automation, Reallocation and Inequality

We start by simulating the transition of our economy to its long-run steady state
with automation. The economy is initially at its steady state without automation.
In period t = 0, automation becomes possible (¢p” > 0) which initiates the con-
vergence to the long-run steady state with automation. We interpret the first year
of our simulation as 1990 and choose the initial stock ag to be 1/10 of its long-run
laissez-faire level *®

Figure 7.1 illustrates the transition at the laissez-faire (solid lines). Automation
converges to its steady state with a half-life of 20 years. The rise in automation dis-
places workers and reallocates labor away from automated occupations. Despite
this reallocation, wages decline gradually in automated occupations (red line) but
increase in non-automated occupations (blue line) since the two occupations are
gross complements. Inequality rises substantially even at short horizons: the rel-
ative wage in automated occupations is about 35% lower after 15 years compared
to its steady state level. Finally, workers initially employed in automated occupa-
tions are more likely to become hand-to-mouth than their peers in non-automated
occupations. The reason is that they borrow to smooth consumption and expect
that their future reallocation will improve their earnings in the medium-run.®® Ef-
fectively, workers initially employed in automated occupations are more impatient
than their peers in non-automated occupations. That is, there is a wedge between
their intertemporal marginal rates of substitution (MRS). The same figure illus-
trates the effect of slowing down automation (dashed lines). The sequence of dis-
tortionary taxes on automation {7;'} that we feed in are such that the half-life of
automation increases to roughly 25 years. As expected, labor reallocation slows
down and so does the fall in wages in automated occupation. Finally, the rise in
the share of hand-to-mouth workers in automated occupations is much less per-

sistent, so the wedge between MRSs closes faster.

% This exercise is rather conservative. Automation in 1990 was roughly 1/5 of its level in 2020
(Acemoglu and Restrepo, 2020). If anything, choosing a lower share dampens our mechanism
by limiting the consequences of automation early on during the transition.

36 The share of hand-to-mouth workers is roughly 18% at the initial steady state, which is somewhat
lower than the estimates found in the literature on heterogeneous agent models (Kaplan et al.,
2018). A lower share of hand-to-mouth workers is conservative with respect to our mechanism
since it reduces the share of displaced workers who become borrowing constrained.
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Figure 7.1: Allocations

Automation Share of workers in h = A
Laissez-faire
251 _ _ Automation Tax _- \
- 0.5F \M
- N
7 - N
7 N N
< N
7 N

1.5 7

5 , 1 N

s 0.4} N
Ve N
, N
s S
-, ~
7 ~
e T~ -~

5k - 4 ~ -

051 2~ , 03t , =5
0 25 50 0 25 50
Year Year
Relative wages Share of HtM
N~
=~ Automated

0sl Non-Automated |

0.6

0 25 50
Year Year

Notes: Solid curves correspond to the laissez-faire. Dashed curves correspond to the equilibrium
when automation is taxed. Red curves denote workers initially employed in automated occupa-
tions. Blue curves denote those those in non-automated occupations. Relative wages are wages
normalized by their level at the initial steady state.

7.3 Second Best Policies and Welfare

We now solve for the optimal policy and quantify welfare gains. The government

maximizes

Wm = [ [ 60 v (x) ) e 7.1)

where VP (x) is the value of a worker born in period t that draws a state x, and
1t (x) are Pareto weights. The government maximizes this objective by choosing
taxes on investment {7} } and rebating the proceedings to the mutual fund.

As in our tractable model, we work with the primal problem. Solving for the

exact sequence of {a;} is computationally challenging and beyond the scope of
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this paper. Instead, we restrict our attention to simpler (or arguably more realis-
tic), parametric perturbations of this sequence. Details are provided in Appendix
C.3.37 For each of these perturbations, we compute the transition dynamics and
evaluate welfare (7.1). We then find the second best sequence of automation {a?8}
and calculate welfare gains AV (in consumption equivalent terms) relative to the
laissez-faire. We repeat this exercise using efficiency and utilitarian weights 7; (x)
(Appendix C.3). Efficiency weights are chosen so that the government has no pref-
erence for redistribution, whereas utilitarian weights introduce such motive.

Table 7.2 reports our findings. In our benchmark calibration, the government
tinds it optimal to slow down automation substantially on efficiency grounds alone.
The optimal half-life is about 47 years — more than double the half-life at the lais-
sez faire — and this policy achieves sizable welfare gains of roughly 4%. The gains
are even larger with utilitarian weights (roughly 6%) since slowing down automa-
tion improves not only efficiency but also equity. The optimal policy turns out to
be similar in both cases because the additional incentives to redistribute are small
when automation takes place sufficiently slowly. As anticipated in Remark 3, we
tind in our simulations that these welfare gains are achieved by raising consump-
tion early on during the transition when displaced workers value it more.

Sensitivity analysis. We consider two alternative calibrations of our model. The
goal is to explore how the results depend on two important features discussed in
our theoretical analysis. Our first alternative calibration focuses on the average
duration of unemployment / retraining spells upon reallocation (Section 5.3.2).
We increase their average duration (1/x) to 2 years with the idea that workers
displaced by automation could take more than the 3 months needed by the typ-
ical U.S. worker to exit unemployment (or retrain).*® Our benchmark calibration
with shorter unemployment / retraining can also be interpreted as one where the
government adopts active labor market interventions that facilitate retraining. We

find that the optimal half-life of automation increases to 52 years with longer un-

% In particular, we do not constrain automation to converge to its laissez-faire level in the long-
run. The reason is that our quantitative model also features uninsured idiosyncratic risk which
introduces an additional motive for intervention. It is well known that a long-run tax (or subsidy)
on capital can be optimal when markets are incomplete (Section 5.4). However, we find that long-
run interventions produce modest improvements in the government’s objective (7.1).

38 For each of these two alternative calibrations, we re-calibrate the rest of the parameters to match
the same moments than in our benchmark.
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Table 7.2: Second Best Interventions

Benchmark Long unempl. UBI
AW Half-life AW Half-life AW Half-life

Laissez-faire - 20 yrs - 20 yrs - 20 yrs
Efficiency (SB) 3.8% 47 yrs 3.5% 52yrs 3.5% 46 yrs
Utilititarian (SB)  5.9% 48 yrs 57% 52yrs 54% 47 yrs

Note: ‘Benchmark’ corresponds the calibration described in Section 7.1. ‘Long unempl.” and ‘UBI’
denote alternative calibrations with 1/x = 2 and transfers of $12k per year to all workers, respec-
tively. ‘Laissez-faire” is the allocation without policy intervention, while ‘efficiency” and “utilitarian’
(SB) are the second best allocations associated to the two sets of Pareto weights of interest (Ap-
pendix C.3). AW are welfare gains relative to the laissez-faire (in consumption equivalent terms).
‘Half-life’ is the time when automation completes half of its convergence to its long-run level.

employment / retraining as a larger share of displaced workers become borrowing
constrained during their long reallocation spells. We find that welfare gains from
slowing down automation are comparable to those obtained with shorter unem-
ployment / retraining. This suggests that slowing down automation is optimal
even when the government facilitates retraining.

Our second alternative calibration focuses on the degree of social insurance
(Section 5.1.1). We consider an economy where social insurance is particularly
generous: all workers receive transfers equivalent to $12k per year — the size of
current proposals for Universal Basic Income (UBI).*’ As expected, the welfare
gains are slightly lower compared to our benchmark calibration. However, the
government still finds it optimal to slow down automation substantially despite

the generous social insurance.

8 Conclusion

We presented two novel results in economies where workers displaced by au-
tomation face reallocation and borrowing frictions. First, automation is inefficient

when these frictions are severe. Second, absent redistributive tools that fully al-

3 See Kearney and Mogstad (2019) for a survey. We assume that the average earnings in our econ-
omy (at the initial steady state) corresponds to $65k (Kaplan et al., 2018). The UBI program is
financed using a tax that is proportional to workers’ productivity z (like we assumed for profits).
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leviate borrowing frictions, the government should slow down automation while
displaced workers reallocate. The optimal policy addresses pecuniary externalities
that firms impose on borrowing-constrained workers when they automate and that
workers impose on their peers when they reallocate. This efficiency rationale for
slowing down automation adds to (but is distinct from) the redistributive ratio-
nale for taxing automation in efficient economies (Guerreiro et al., 2017; Costinot
and Werning, 2018) and the arguments for taxing capital in inefficient economies
(Davila et al., 2012; Dévila and Korinek, 2018; Aguiar et al., 2021). Quantitatively,
we found that policies that combine a tax on automation with some redistribution
can achieve substantial welfare gains.

To derive sharp results and clarify the mechanisms at play, our model neces-
sarily abstracted from many features. Some of these are worth discussing now.
Tax-codes often subsidize capital and R&D expenditures on the grounds that firms
face credit constraints or that there are externalities involved — features that our
analysis has ignored. Thus, our results should not be interpreted as saying that
automation ought to be taxed on net. Instead, they imply that subsidies on invest-
ment in automation should be lowered temporarily while the economy adjusts and
displaced workers reallocate.

Our quantitative model points to two directions for future work. First, we
found that optimal policy is crucially determined by the speed of worker reallo-
cation and the duration of unemployment and retraining spells. It would be inter-
esting to measure these for workers displaced by automation, and compare them
to the estimates for the average U.S. worker used in our quantitative exercises.
For instance, reallocation could be slower for workers in automated occupations
if their skills differ more from those used in other occupations. Or, it could be
faster if it is easier for automated workers to find a new job within the same firm.
Second, the quantitative model is rich enough to tackle other optimal policy ques-
tions where the dynamics of labor reallocation and asset markets imperfections are

relevant, such as how governments should manage declining cities and regions.
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Online Appendix for:

Inefficient Automation

This online appendix contains the proofs and derivations of all theoretical results
for the article “Inefficient Automation.” The end of this appendix contains addi-

tional results referenced in the main article.

Any references to equations, figures, tables, assumptions, propositions, lemmas,

or sections that are not preceded “A.” or “B." refer to the main article.



A Proofs and Derivations

A.1 Proof of Proposition 1

The proof consists of two steps. In the first step, we decompose the problem (3.1)—
(3.7) into a dynamic problem and a sequence of statics ones. In the second step, we
characterize the efficient allocation of labor across occupations and the associated

level of consumption.

Objective. The planner’s problem is equivalent to

“+o00
max exp (—pt) U; (Cy) dt Al
{Ct,Qt,mt,mt,yt}tZO /0 p ( % ) t ( t) ( )

s.t. (3.2) — (3.7)

with the felicity function

—+o00

exp (—pt) Ur () = max x ¢! | e (— o+ u () s a2

n [T h
st.Cr=x)_¢ /0 exp (—xs) cids
T

Here, ¢! = ¢/ _, denotes the consumption in period t of the generation born in

period t — s and initially located in occupation k. Solving the static problem,

1

g (17_s exp (—ps))* c A3)
XEn¢" o exp (—x7) (7} exp (—p7)) " dT
and the felicity function U; (+) is given by
Ut (Cr) = Be () u (Ci) (A.4)
+00
Brm)=x [ iesexp(—p(s—1) —xs) x (A5)
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Labor allocation. Fix some period T > 0. Consider the planner’s decision to
reallocate workers employed in automated occupations, i.e. the choice of {m;}
and {;}. Using a standard variational argument, it is optimal to reallocate all
members of existing generations (m; = 1) if and only if the present discounted

value of the marginal labor productivities is higher in non-automated occupations

/T T exp (—p (= T)) UL (Cp) Avdt > 0, (A.6)
where Ay = exp (—xt) ((1—0) (1 —exp (—x (t —T))) YN — V{!) captures the marginal
increase in output from reallocating an additional worker. This term reflects the
difference in marginal productivities {y[l}, the productivity loss 0, the average
duration of unemployment spells 1/x, and the share exp (—xt) of the marginal
workers that survive. The planner reallocates none of these workers (m; = 0) if
and only if the inequality (A.6) is reversed.*’ Here, similarly, the planner reallo-

cates all members of entering generations (7f1; = 1) if and only if

[ ep (ot =Ty U e (~x (- T) [N - yA]ar =0, (a7
reallocates none of them (ri1; = 0) if and only if the inequality is reversed. The
planner chooses an interior solution (#; € (0,1)) otherwise. By Assumptions 1-2,
there exists some T;P > 0 such that the planner reallocates all members of existing
generations (m; = 1) for all t € [0, TtP). In period T = T}P, the left-hand side
of (A.6) is zero. Inspecting (A.6)—(A.7), the planner continues to reallocate enter-
ing generations. That is, there exists some TiP with 0 < T§® < TIP such that the
planner reallocates all members of new generations (1f; = 1) for all t € [0, T{P).
Furthermore, TI® < +o0 since the technologies F () and F (-) satisfy Inada con-
ditions. From t = TiP onward, the left-hand side of (A.7) holds with equality
and the planner chooses 71; € (0,1) to ensure that the marginal productivities are
equalized YN — y;“ forallt € [TlF B —|—oo). The planner does not reallocate existing
generations (m; = 0) for all t > T;B. Summing up,

1 ifte [0, TEB 1 if t € [0, TFB
I if t € [0, T5") and 1y = ift € [0,T77)

(A.8)
0 ift € [T®, +oo) € (0,1) ifte [TfB, +o0)

40 As shown below, 7ty > m; for all t > 0 so that (A.6) holds with equality in a single period.
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with {#f;;} chosen for t > TP such that the effective labor supplies in the two
occupations remain constant over time. The two stopping times satisfy (3.8) in the
text. Solving the differential equation (3.4) and evaluating using (A.8) gives

uft = exp (—Amin {t, Ty} — xt) (A9)

forallt € [0, Ty), evaluated at Tp = T;® and Ty = T}°. Solving (3.5)(3.7) gives

V{VEH%@—M‘)—m—eﬁt (A.10)
and
L exp(— (k+x)t) (1 —exp(— (A —x)min{t,Tp})) (A.11)
‘Mt_)\—Kl—gb P X % 740 .
A
flt :/\_Klf()bexp(—xt) X (A.12)

K

(1 —exp(—xmin{t, Tp})) 3 (1—exp(—Amin{¢t Tp}))

+(1—exp(— (A —x)To)) [exp (—«Tp) — exp (—x max {t, To})]

for allt € [0, Ty), evaluated at Ty = Tg Band Ty = TlF B Fort > Tf B the effective
labor supplies p; adjust so that the marginal productivities are equalized across
occupations YN = Y/. The expression (3.11) in the text is obtained by taking the
limit with no unemployment (1/x — 0). Finally, consumption is given by aggre-
gate output C; = G* (us; ).

We have supposed so far that that the average unemployment duration and the
productivity loss are sufficiently small that labor mobility takes place at the first
best, i.e. T§? > 0. This occurs whenever the productivity cost associated to reallo-

cation is sufficiently small

Jo % exp (= (o + x) O U} (Cr) Yiat

0<1- +o0 (&) DN
Jo o (T—exp(—xt))exp (— (o +x) 1) Uf (C;) Y¥at

(A.13)

where the terms on the right-hand side are defined as above, but evaluated with



an alternative technology and a counterfactual sequence of (effective) labor sup-
plies. These labor supplies are still given by (A.9)—(A.12) but are now evaluated at
To = 0 and T; given by (3.8). The technology G* (u, u’; «) is evaluated at some au-
tomation level & > 0 such that 9,G* (u, ¢’; &) > 0.*"*? By definition, the sequences
of consumption and the marginal productivities in (A.13) are not indexed by any
of the mobility parameters (6, k). Therefore, the restriction (A.13) effectively puts
an upper bound (jointly) on the average unemployment duration 1/x and the pro-
ductivity loss 6. The coefficients {Z4, ZN} in Assumption 2 can be read from the
numerator and denominator in (A.13).

A.2 Proof of Proposition 2

We first consider a perturbation of the planner’s ex post problem as the level of
automation changes and we derive an envelope condition. We then state the opti-

mality condition for the planner’s ex ante problem.

Envelope. By Proposition 1, the planner’s ex post problem (3.1)=(3.7) can be equiv-
alently formulated as

+o00
VB (a;m) = max / exp (—pt) U; (Cy) dt A.14
(a;m) max s p (—pt) Ur (Ct) (A.14)
subject to the resource constraint C; = G* (u; «), the effective labor supplies given
by (A.9)—(A.12) and the restriction 0 < Tp < T; < +oco. Note that the problem is
differentiable in « and is Lipschitz continuous in { Ty, T; }. Therefore, the following
envelope condition applies

9 . FB oo / d

aV (a;m) :/ exp (—pt) U (Cy) % aG (py;)dt =0, (A.15)

0

-

ETt (06)

where consumption {C;}, the labor supplies { i1} and the terms {ji;, fi; } are those
characterized in Appendix A.1 when evaluated at «.

41 Such a threshold & > 0 exists by Assumptions 1-2.
42 Whenever automation satisfies « > &, which is the case at the first best (Proposition 2), the right-
hand side in (A.13) remains larger than 6 so labor reallocation still takes place.
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Optimality. The solution to the planner’s ex ante problem (3.12) is unique and
interior. We first show that the solution is interior. First, note that af® > & where
a is the exogeneous level of automation implicit in (A.13) — i.e. Assumption 2.
The reason is that ¥;(a) > 0 for all @« € [0,&] and all + > 0. This follows by
Assumptions 1-2 and the fact that ¢ < 1 and ©; (1 — y¢) > 1 since (at least) some
members of existing generations reallocate. Therefore,

/0+Oo exp (—pt) U (Ct) X ¥¢ () dt > 0 (A.16)

for all « € [0,&], so a'® > &. Furthermore, a™® < 1 since

lim +oo exp (—pt) U (Ct) X ¥¢ () dt = —o0 (A.17)

a—1.J0
by Assumption 2. Therefore, the solution is interior. Uniqueness follows from the
concavity of the value (A.14) in a. To see that, consider two automation levels
(ap, 1) and let y¢ (a) and p} («) denote the associated effective labor supplies in
h € {A, N} at the first best. Now, consider a convex combination & = cag +
(1 — c) a1 of the automation levels, for some ¢ € (0,1). Note that the effective labor
supplies ﬁgl) = cyg/) (@p) + (1 —c¢) ygl) (aq) are feasible under the laws of motions
(3.4)—(3.7). Therefore,

G* (e (&), py (&) ;&) >G* (e, pi; &) (A.18)
>cG* (e (o) , i (&0) ; o)
+ (1 —¢) G* (e (a1) , py (1) ;1)

for all periods t > 0. The second inequality follows by concavity of the aggregate
technology with respect to labor supplies and a (Assumption 2).*> The concavity
of the value (A.14) then follows immediately by concavity of the felicity function
(A.4). Therefore, a necessary and sufficient condition for an optimum is

0

VT (ocFB; n) —0 (A.19)

3 The aggregate technology G* inherits the concavity of neoclassical technologies used by the final
good producer (G) and in each occupation (F, F).




since VIP (-;n) is differentiable everywhere. The result follows immediately from
(A.15) and (A.19).

A.3 Characterization of Equilibrium

We now characterize the competitive equilibrium in our baseline model (Section
4). We omit distorsionary and lump sum taxes (Section 5) for notational clarity.

Ex post. We start by characterizing the equilibrium conditional on an automa-
tion level a. The presence of borrowing frictions implies that some workers are
potentially borrowing constrained. As a result, the decentralized equilibrium is
characterized by four times: the times until which existing and new generations
reallocate to non-automated occupations (Tp, T;); and the times between which
workers initially employed in automated occupations are borrowing constrainted
(So,S1).** We start by characterizing the latter, before turning to the former and

solving for equilibrium prices.

1. Consumption-savings. The time at which workers initially employed in au-
tomated occupations become borrowing constrained (Sp) is such that workers
deplete their savings®

So -
u' (é(l)%o) = exp </0 Prdt — (o + x) So) u' (y(’;}so +1Is, + 1’502) (A.20)
given the budget restriction

L fOSO exp <— fot ?Sds) (ﬁé‘}t + Ht> dt + all — exp (— foso ?sds) a

€050 = S t t -1
J5" exp (— Io f’sds> i <exp (fo rsds — pt)) dt

(A.21)

where 1 = 1/ (v )_1, ;)A}(’)‘}t is labor income, I1; are profits, 7y = r; 4 x is the

#1n principle, workers initially employed in non-automated occupations and new generations
could be borrowing constrained after wages have converged across occupation (T ). We abstract
from this possibility, since it does not occur for the range of parameters we are interested in.

45 We have Sy = S; — +00 when these workers never become borrowing constrained, since all
workers effectively become hand-to-mouth as the economy converges to its new stationary equi-
librium. Without loss of generality, we can also set So = S; = 0. For notational convenience, we
choose to do so in the following.



effective return on bonds, and 4y = 0. The time at which these workers stop
being borrowing constrained (S;) is the one where their savings flow equals the

change in their borrowing constraint*®

@Isqlz‘f'oo = j}(fsl + H51 + 7’512 (AZZ)
with 6?1/ defined by analogy with (A.21) and a‘s“l = g. The same workers are

unconstrained for all £ > S;. That is, the consumption of workers initially em-
ployed in automated occupations is given by ¢! = i (exp < fot rsds — ps)) 66450

before the borrowing constraint binds t € [0, S), c{‘ = AtA + I'l; + 7:a when the

borrowing constraint binds ¢ € [Sg, S1) and

t
A= (exp (/5 reds — p (t — 51))) X 6?1,+00 (A.23)

1

afterwards. In turn, workers initially employed in non-automated occupations
and members of generations born at s > 0 are unconstrained for all t > 0. Their

consumption is given by

t
&N = (exp ( / rods — pt)) N (A24)
0 7

Finally, aggregate consumption is given by
Ce=pexp (—xt)cf' + (1 —pexp (—xt)) &' (A.25)

2. Labor reallocation. Labor income ﬁsht in period t for a generation born in s and

initially located in occupation / is
Vi =wi + (1 —exp (=Amin {t, Tp})) (@t (A,x) (1—8)w) — wf‘) (A.26)

ifh=A,s <0and )AJSht = wf\] otherwise, where

_1-9¢ firexp (xt)
01 (A, x) = ¢ 1—exp(—Amin{t, Tp}) (A.27)

46 In theory, workers could be constrained over multiple, separate intervals of time. We rule this
case out since it does not occur for the parametrizations of interest. This explains why (A.22)
implicitly assumes that workers are unconstrained for all periods t > S;.
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is the share of workers who exited their unemployment spell, with {ji;} given
by (A.12) evaluated at the equilibrium stopping times.

In any period t = T, workers initially employed in automated occupations
—i.e. h = A, s < 0—decide as a large household whether to reallocate to non-
automated occupations or not. It is never optimal to postpone mobility. Thus,
these workers effectively choose a stopping time Ty. When making this choice,
they internalize the effect of this stopping time on labor income, taking prices
as given — i.e. the direct effect of Tj in (A.26)—-(A.27) as well as the impulse
response of {fi;}. Therefore, the optimal stopping time satisfies*”

—+o0
/ exp (—pt) ' (&) Mt = 0 (A.28)
To

where Ay = exp (—xt) {(1—0) (1 —exp (=« (t — Tp))) w) — w*} captures the
marginal increase in labor incomes when the large family reallocates additional

workers.*8 This condition becomes

+00 t
/ exp (— / rrdr> Asdt = 0 (A.29)
To To

in the case where existing workers are unconstrained after they stop reallocating
t > Tp.

The second stopping time T; is such that wages are equalized across occupa-
tions

w‘f}l = w% (A.30)

Fixing a sequence of interest rates {r;}, the conditions (A.20)-(A.22), (A.26)-
(A.27) and (A.29)—(A.30) pin down the equilibrium stopping times (Tp, T;) and
(So, S1).* Effective labor supplies p; are given by (A.9)-(A.12) evaluated at the
stopping times (Ty, Ty ).

47 Condition (A.28) applies whether workers are constrained or not after they stop reallocating
t > Tp.

48 A worker who reallocates between occupations internalizes the risk that she will die through her
discount factor exp (— (p + x) t), not through the flows Ay — contrary to the planner. We chose
the formulation (A.28) to preserve the symmetry with the first best (3.8)—(3.14).

49 We can actually show that (Ty, T1) and (S, S1) are unique, given {r}.



3. Equilibrium prices. Equilibrium wages and profits are

wl =1/¢"9,G* (uy;a) Vh (A.31)
I = Y; — ¢pfwi — (1—¢) ' wp (A.32)

where Y; = G* (us; ) is equilibrium output. Finally, the interest rate that en-
sures that C; = Y; at equilibrium is

— o+ < (pwiapt + (1 — o) whoul A33

=Pty pwiorpy + (1 — @) wy oy (A.33)

when the borrowing constraint does not bind t € [0,Sg) U [S1, +00). The ex-

pression for the interest rate when the borrowing constraint binds ¢ € [Sp, S1)

involves additional terms, so we omit it for concision since we do not use it in

the following. Finally,

i = <1{t<T1}X + 1{t<To})\> uf' (A.34)

dipp = — 1 ib 4)at#?4 - (Aﬁl{pxmﬂfl — (k+x) ﬁt) (A.35)

+ (0= 1) (e — xfu)

using (3.4)—(3.7) and the definition of the stopping times.

Ex ante. We now characterize the equilibrium choice of automation. A necessary

condition for an interior optimum is>’-°!

+00 t a
/0 exp (—/0 rsds> %Ht (0)dt =0 (A.36)

Furthermore, the following envelope condition applies

d o .,
1 () = == G* () (A.37)

%0 The static profit function (4.2) is differentiable in the level of automation by Assumption 1
51 We suppose that equity — which is fully illiquid in our model — is priced using the stochastic

discount factor of unconstrained workers. By no arbitrage with bonds, the return on equity (pre-
annuities) is {r¢}.




Therefore,

+o00 t a N
/0 exp (—/O rsds> ﬂG (u;a) =0 (A.38)

This condition is both necessary and sufficient, by Assumption 2.

A.4 Proof of Proposition 3

The result states that laissez-faire equilibrium is inefficient if and only if the bor-
rowing frictions are sufficiently severe a > a* for some a* < 0. For our purpose,
it is sufficient to show that the laissez-faire either satisfies all the restrictions that
characterizes first best allocations (Section 3) or violates at least one of those. At this
point, we do not elaborate on the nature of the inefficiency. Throughout, we define
the aggregate and individual allocation {X;} with X; = ({c",,a",},{JI'} , 1) to
be the one that occurs in the laissez-faire equilibrium without borrowing frictions
(a — —o0). Welet (Ty, T1) denote the associated stopping times. Prices are defined
similarly. To economize on notation, the dependence on the reallocation parame-
ters (A, 7,0, x) is implicit when there is no ambiguity. We show sufficiency first,
then necessity.

Sufficiency. Define the threshold a4* = inf; ﬁgt for any existing generations s < 0.
Then, the laissez-faire allocation coincides with {X;} whenever a < a*.>? It suffices
to show that { X;} is efficient — i.e. there exist some weights {175’} that implement

this allocation as a first best. When workers are unconstrained,

T
/el =1 (— exp (/ rdk —p (T — t))) forall (h,s) andt,T>s (A.39)
t

using Assumption 3. This quantity does not depend on the initial occupation of
employment (&) nor the birth date (s). Therefore, there exists a set of weights
{1} and coefficients {b;} such that c, = b; ("  exp (—ps))% C; for all initial oc-
cupations (h), generations (s) and periods t > s. The sequence {b;} is chosen
to satisfy the definition of aggregate consumption (3.2). As a result, the equilib-
rium consumption allocation coincides with its first best counterpart (A.3) when

the planner uses the weights {175’} It remains to show that the equilibrium stop-

52 All other agents are net savers at equilibrium ﬁé’,t > 0 for any occupation h and generation s > 0.
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ping times (Ty, T;) also coincide with their first best counterparts. When workers
are unconstrained, the first stopping time is characterized by (A.28). Then,

400
/T exp (—pt) ' () dudt =0 forall (,s) (A.40)
0

using the workers” optimality conditions (A.29) and (A.39). Furthermore, the fol-

lowing envelope condition applies
Ul (C) = 5" exp (—ps) ' (5@) forall (h,s) and t > s (A41)

using the planner’s intratemporal problem (A.2) with the proportionality factor
independent of the period t. It follows that the first stopping time (Tj) coincides
with its first best counterpart (3.8), using (A.40)—(A.41). Finally, so does the second
stopping time (T ) since effective labor supplies still evolve as (A.9)-(A.12) in both
cases. To complete the proof of sufficiency, note that —oco < 4* < 0. In the limit
where reallocation is fast 1/A,1/x — 0 and 1/x — +o0, we have YA = YN for all
t > 0by Proposition 1. Therefore no borrowing takes place and a* — 0 in this limit.

Necessity. Define a* as above. Let a > a*. Then, there exist some periods0 <t < T
such that

T
cﬁf/cét > 1 (— exp </t rxdk —p (T — t))) foralls <0 (A42)

at the laissez-faire for workers initially employed in automated occupations, using
Assumption 3. In contrast, the relation above holds with equality for all other
workers h and s since they are unconstrained at equilibrium. It follows that there
exist occupation /, generations s < 0 and s’ and periods s’ <t < 7, such that
e/ cft 7+ c’;,/T / cil,,t. Therefore, the equilibrium allocation does not satisfy the first

best restriction (A.3). We conclude that this equilibrium is inefficient.

A.5 Constrained Inefficiency

Proposition 7 (Constrained inefficiency). Fix the production function G*. Suppose
that the laissez-faire is constrained efficient for some Pareto weights 1. Then, there exists
a perturbation of the production function G*' = G (G*,€) (with G*' (G*,¢) — G*

11



uniformly as € — 0) and a threshold & > 0 such that the resulting second best and
laissez-faire do not coincide for all 0 < € < €.

The government’s optimality conditions to reallocate and automate are

“+o0
/T o Op (e (cty) Avdtt = @ (4, T8 ) (A43)

and oo
/0 exp (—pt) u’ (cé\{t) AFdt = O* (aSB, TgB'n) (A.44)

respectively. The terms on the left-hand side of (A.43)—(A.44) correspond to the
private incentives to automate and reallocate, respectively. The terms on the right-
hand capture pecuniary externalities that affect workers through wags and profits
— that firms and do not internalize. These pecuniary externalities are given by

+o0 "
® (a8, 750 ) = /T e P (1) & () (A.45)
w (B sB. ) _ [T -
o (a0, T58; ) = /O exp (—pt) &7 (-) dt (A.46)
where
. exp ATSBY 1 N .
&) == SRCIED L d g () ol - Tt

iy Au <c§t> [exp (—/\TOSB) @A+ (1—0) gﬁt (TOSB> oN

¢

+ ¢A’7Au/ (Cf)q,t>

2 & 1 A * A%
& ()=~ =y {qwu' (%) [w — Y gulal ]

AF +exp (—ATS®) @f* + (1-0) APy (T5%) @
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for the reallocation and automation decisions, respectively.53 In turn, iy (TSB) de-
notes the mass of workers (A.12) who have reallocated and completed their unem-
ployment spell, while the sequences {zb?} and {w’;*} denote the perturbation of

wages w!' = 9),G (pt, O (1 — p¢) ; &) with respect to a change in Ty and «.5*
The equilibrium is constrained efficient if and only if

cp( LF L ,n) :cb*( LF L ,n) =0 (A.49)

for some weights 1. We now show that if these conditions hold, there is a small
perturbation of the production function such that the second best and laissez-faire

do not coincide. In particular, consider the perturbed production function
G(G"e) =G +eg(mu) (A.50)
where g is any function that satisfies
g (ut;atF) =0 (A51)

forallt > 0,
+oo0
_ 1A LF, \LF _
/0 exp (—pt) u (cw) Ihg (“t ;a )dt 0 (A.52)

for each occupation h € {A, N}, and
—+00
B LF, \LF _
| exp (—ot)u () dug (Tl ) at =0 (A53)
along the initial equilibrium. For instance,

g (mpa) = { ™ + o (o —a) (A54)

satisfies (A.51)—(A.53) when choosing ¢ < 0 appropriately.
Then, the allocation (p}F; atF) still satisfies all equilibrium conditions — work-
ers’ reallocation (A.28), firms” automation (4.10), and the resource constraint (4.8)

53 The last term in each of the brackets in (A.47)—(A 48) corresponds to the change in profits. This is
obtained using the definition of profits IT; = G* (-) — ¢pw{y; — (1 — ¢) wNO; (1 — ) and equi-
librium wages wf = 1/¢"G}: (-).

5 Effective labor supplies {y, @;} are effectively indexed by Ty, as is apparent from (A.9)—(A.12).
These quantities are evaluated at the degree of automation a8 and the stopping time T5P.
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— after a variation ¢ > 0. That is, the laissez-faire is unchanged. It follows that the
LF TLF. 0\ _
,Ty'sm)

pecuniary externality that concerns reallocation (A.47) still nets out @ («
0. The reason is that this pecuniary externality only involves terms in beG*, while
the perturbation (A.54) is linear in ¢ and cannot affect these terms.

Now, note that 9,9 (pt; &) is increasing over time when evaluated at & = alF,
and 9,8 (no;&) < 0 and lim;, 400 94g (pr; ) > 0.°° Furthermore, note that the
sequence of relative marginal utilities { (Co t) /u (C(l)\’]t> } is decreasing over time

given (4.9). It follows that
oo I heffic, 1 ( h LF, , LF
/0 exp {Z¢ € 1C <C0,t) }aag (/,l;t s ) dt <0 (A55)

given (A.53). Thus, we constructed a variation G (G*, €) such that the pecuniary
externality ®* (a8, T5B;n) # 0. It follows that

+00
/0 exp (—pt) ' (c&ﬂ) Ardt #£0, (A.56)

which is inconsistent with firms” automation (4.10). That is, the second best and the
laissez-faire do not coincide after the perturbation ¢ > 0. Finally, G*' (G*,e) = G*
uniformly as € — 0 given (A.54), as claimed.

A.6 Proof of Proposition 4

We first derive the optimality conditions associated to the problem (5.1). We then
sign the wedge at the laissez-faire.

The equilibrium degree of automation aF satisfies

+o00 u' (Cét
/0 exp (—pt) x ——%

)
w ()

where A} is defined by (3.14) and denotes the response of aggregate output to

Ardt =0, (A.57)

55 The first property follows from the definition (A.54) and the law of motions (A.9)—(A.12) for labor
{um+}. The second and third properties follow immediately from (A.53). Note that the sequence
of labor allocation — and hence 0,g (tt; &) — could be non-monotonic after the second stopping
time T; when there are overlapping generations — which we abstract from here (Section 5.1).
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automation. In turn, the second-best level of automation a8 () satisfies

/+Oo exp (—pt) ><2<P /<Cht> (A*“D*h)d =0 (4.5

75 (n) (co,())

where {(th} capture distributional effects between workers employed in differ-

ent occupations, with ), (ph@i"* = 0 for all periods t. By assumption, the weights

n = n°ffic ensure that the distributional terms net out. Therefore,

h
o ex ) hyh /<C >A*d 0 A59
o &P (—p XZM t= (A.59)
T5% () (COO>
u’(cg

In the following, we let A} = " (6'6; g . The sequence {A{'} is more front-loaded than

{/\%\] } since labor incomes (and thus consumption) satisfy JA)(‘)‘}t < JA)(Z)\]t and the two
converge eventually (Appendix A.3). For the reasons outlined in Section 5.3.1, the
sequence {A}} is itself back-loaded by Assumption 3. Thus, the left-hand side of
(A.59) is negative at alF since the government’s values relatively less flows which
are more distant in the future. Therefore, it is optimal to curb automation.

A.7 Proof of Proposition 5

We proceed as in Appendix A.6. The equilibrium stopping time T} satisfies

/[ A
/T 0; exp (—pt) X %At —0, (A.60)

where A; is defined by (3.9) and denotes the response of aggregate output to labor

reallocation. In turn, the second-best level of automation a°® (7)) satisfies

[“encmmen ' E ; )
u’ COO
{8F+ 0" 20 i (snyy exp (—ATE (a%8)) T (%) A+ O fat =0,
(A.61)
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where Té’LF (-) > 0 denotes the response of reallocation at the laissez-faire and
{®}} capture distributional effects between workers employed in different oc-
cupations, with ¥, ¢"®! = 0 for all periods t. By assumption, the weights are

n = i€ 50 as to ensure that the distributional terms net out. Therefore,

400 u' ch’
/O exp (—pt) ;‘Ph”hwgfgj’gx
{A? + 4>A/\1{t>TOLF(szB)} exp (—AT(I)“F ((XSB)) T(/) (()CSB) At}dt = O,
(A.62)

Again, let Al = Z:gig;)) Note that the sequence {A#!} is more front-loaded than
{AN}. For the reasons outlined in Section 5.3.2, the sequence {A} can itself be
front- or back-loaded depending on the average duration of unemployment / re-
training spells. When this reallocation is fast, i.e. 1/x small, the sequence {A:} is
front-loaded.>® In this case, the term involving {A;} in (A.62) is negative at a}t since
the government’s values relatively more flows which are more distant in the fu-
ture. This reinforces the government’s desire to curb automation. When this reallo-
cation is slow, i.e. 1/x > 1/x* large, the sequence {A;} is back-loaded.”” Therefore,
term involving {A:} in (A.62) is a5 is positive. This reduces the government’s
desire to curb automation. In theory, this case might not present itself. The reason
is that workers might decide not to reallocate altogether if the average duration of

unemployment is too long (Assumption 2). In this case, we set 1/x* = 4-o0.

A.8 Second best with equity concerns

Proposition 8 (Second best with equity concerns). Consider the special case of our
model with no borrowing frictions — so that the laissez-faire is efficient. Suppose that the
government is utilitarian, i.e., uses symmetric weights within generations. The govern-

% The sequence is initially positive as (1 — 6) w > w;! at the equilibrium stopping time (Appendix
A.3 and the left panel of Figure 3.1). It declines over time as wages converge, and eventually
becomes negative.

7 In the limit with infinitely long unemployment spells, 1/x — +oo, the sequence is entirely back-
loaded since workers are unemployed for a long-time. The sequence thus increases over time.
However, (1 —0) w) < w{* when workers exit unemployment (Appendix A.3 and the left panel
of Figure 3.1), so workers would choose not to reallocate in the first place.
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ment should curb automation whenever it can either control automation and reallocation,
or only automation (with reallocation consistent with workers” optimization).

We focus on the case with ex-ante interventions only to streamline the exposi-
tion. The proof is very similar in the case where the government intervenes ex ante
(automation) and ex post (labor reallocation). Suppose that there are no borrowing
frictions (a — —o0). Then, the decentralized equilibrium is efficient (Proposition
3). As a result, there exist some weights n* that support this allocation as a first
best (Section 3). This allocation is necessarily second best as well. Abstracting
again from overlapping generations (x — 0), the equilibrium level of automation

LF satisfies

oo X /<h>
A

(A7 + 07" + 9" e T (F) (a4 0F) ) =0 (A63)

where A; and A} are defined by (3.9) and (3.14) evaluated at the relevant allocation,
and ®} and ®}" are distributional effects associated to more automation and more
reallocation, respectively. By definition, these distributional pecuniary effects sat-
isfy Y, ¢"®F = ¥, thq)i"* = 0 for all periods t > 0. Now, note that

u' <c8t> U (CLF)
exp (—pt) " ——=- = exp (—pt) ——— (A.64)
u' <c8’0) u; (CgF)

using (A.41), where CH denotes aggregate output at the laissez-faire. Therefore,
the pecuniary effects net out

(g ULED) ,
/0 exp (— pt) Ul (CLF) {At + gbA)Ll{bTOLp(“LF)}TO (aLF> At} =0 (A.65)

Now, consider the second best problem for a goverment which values equity and

uses symmetric weights 17% =Y, 0" (ﬂh'*) %. The second best degree of automation

with equity concerns B (77) then satisfies (A.63) with these new weights.
Following the same approach as in Appendices A.7-A.6, we evaluate the gov-

ernment’s optimality condition at the laissez-faire level of automation. The second
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best level of automation remains unchanged if

u; (C;")

/+oo oxp (—p) v (Uh,*)% - :
0 u; (C5%) 7 \ o, o (nh/,*)%

(A7 + 07" + 9" e T (F) (a4 0F) ) =0 (A66)

Equivalently,

1 —0
+oo U (C}F) (Wh'*) v
exp (—pt) - X
b 0708 5 \ g )
{1+ Mg e To () @} =0, (A67)

using (A.65). Furthermore, note that #4* < 5#N*. The reason is that workers ini-
tially employed in automated occupations claim a lower human wealth (Appendix
A.3), and the weights are inversely proportional to consumption (A.41). In addi-
tion, note that
LA
O+ ¢ iy T (o) 0 < 0 (A.68)

SN + ¢ A T (aF) @Y <0 (A.69)

since these terms capture the distributional effects of automation in general equi-
librium. As automation increases, workers initially employed in these occupations
are worse off. They relocate more as a result of this change, but still earn no more
than those initially employed in automated occupations (Appendix A.3). Putting
this together,

= (e UHE o () )
/0 exp (—pt) W (C&F); = (ﬂh’,*)% X (A.70)

{1+ Mg s To () @1} <0, (A7)

since the left-hand side of (A.70) puts a higher weight on negative payoffs. There-
fore, automation is excessive, regardless of the average duration of unemployment
/ retraining spells.
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A.9 Proof of Proposition 6

We assume that output (net of investment costs) is
Yt = G* (ut,' (Xt) — Xtk — (@] (xt/zxt) Xt, (A72)

where x; is the gross investment rate in automation and Q) (-) is a convex function.
The law of motion of automation is day = (x; — da;) dt for depreciation rate § > 0.

We next show that the laissez-faire allocation converges to its first best counter-
part in the long-run. It follows that it also converges to its second best counterpart,
regardless of whether the government has commitment or not.”®

We now guess and verify that the laissez-faire converges to the first best with
utilitarian weights 7 o« exp (—ps). It suffices to verify that the equilibrium se-
quence of interest rates r; — p as t — +oo. The reason is twofold. First, other
aggregates allocations are continuous in {r;} (Section A.3) so that the guess that
{as, x¢,pu, [T} converges to its first best steady states counterparts is verified too —
this part is very similar to the proof of Proposition 10 in Appendix B so we omit it.
Second, individual allocations ¢ are symmetric across workers cé’,t = C; both at the
laissez-faire and the first best with weights 1.>? As a result, individual allocations
necessarily concide too in the long-run.

To show that r; — p ast — 400, note that all workers are unconstrained at
equilibrium except for the surviving mass exp (—xt) of workers born in s < 0 and
initially employed in automated occupations i = A. Furthermore, note that all
these other workers earn the same income

j‘);mconstr — 1

11— P exp (_Xt) {G* (+) — xpop — wxfoct — ¢pexp (—xt) Atconstr}

(A.73)
where j}fonstr < 400 is the income of constrained workers. Therefore, the income
of unconstrained workers converges to the long-run aggregate consumption at the
first best Yynconstr . CFB a5+ — +oo, using the fact that all other aggregates

converge to their first best counterpart and the aggregate resource constraint. It

%8 The reason is that workers are hand-to-mouth a — 0 so that all the state variables in the govern-
ment’s problem are under its control.

59 At the laissez-faire, workers are hand-to-mouth so that c’;,t = )A)sht and ysi”t/ )A)sh,/ p last — +oo

for all occupations (I, h') and generations (s,s’), using (4.9) and the fact that wages are equalized
in the long-run. At the first best, symmetry follows directly from (A.3).
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follows that individual consumption ¢t — CFB by market clearing. Thus, the
interest rate converges to the discount rate r; — p, using (A.20).

B Additional Results

Proposition 9 (Distorsions in PE and GE). Fix prices and profits at the level that pre-
vails in an efficient economy without borrowing constraints a — —oo. Then, the consump-
tion choices are distorted if and only if a > a* (A, x, 0, x) where a* (-) is defined in Propo-
sition 3. Furthermore, the labor supply choices are distorted if and only ifa > 4 (A, x,0, x)
for some threshold @ (-) > a* (-). Turning to general equilibrium, automation « and real-
location {p+} are distorted if and only if a > a* (A, x,0, x).

Proof. This result consists of two parts: a partial equilibrium one, and a general
equilibrium one. We consider the former first, and return to the latter at the end
of the proof. We have already shown that consumption choices are distorted if
and only if a > a* (A, x,0) as part of Proposition 3. We now show that labor
supply choices are distorted if and only if 2 > 4 (A, «,0,x) for some threshold
a(-) > a* (-). Figure B.1 depicts the dynamics of assets and these thresholds graph-
ically. Throughout, we denote by T the stopping time that prevails at the efficient
equilibrium. All prices are understood to be the ones at this equilibrium.

Figure B.1: Assets

(1{‘ Stopping time with @ — —oo

Constraint binds
for some t > Tj

Constraint slack
for all t > Ty

Constraint not
! . .
I Prod. inefficiency binding
.

>
Sufficiency. We proceed in three steps. First, we show that the labor supply choices
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are distorted only if borrowing constraints are binding at equilibrium at t = Ty,
where T is the stopping time in the frictionless economy (a2 — —o0). Second, we
show that these borrowing constraints are binding in period t = T if 2 = 0. Third,
we show that there exists some 4 with a* < 4 < 0 such that the borrowing con-
straints are binding at equilibrium in period t = Tj if @ < a < 0. Finally, we show
that the borrowing constraints are not binding at equilibrium in period t = Ty if
a < 4. The desired result follows immediately.

Step 1. We show that labor supply choices are distorted only if borrowing bind
at equilibrium at t = Tj. To see this, note that the reallocation decisions (A.29)
and (A.29) when unconstrained are purely forward-looking. In particular, they are
not indexed by workers” asset holdings, and whether they were constrained in any
period t < Tp. Therefore, the labor supply choices are distorted only if borrowing
constraints bind in period t = T (see Appendix A.3 for when this is the case).

Step 2. We now show that the borrowing constraints are binding in period
t = Tp if a = 0. To derive a contradiction, suppose that this is not the case. Then,
all workers are hand-to-mouth since none of them can save. Furthermore, their

Euler equations hold with equality since they are unconstrained. Therefore,

YA+ IN+IL
Vor, + 1z, Yoy, +10g,

(B.1)

forall s < 0 and t > Ty since preferences are isoelastic. However, this restriction
cannot hold since 37;4 increases over time while 3>tN decreases, using labor incomes
(A.26)—(A.27). This leads to the desired contradiction.

Step 3. By continuity of the equilibrium with respect to a, there exists some 4
with a* < 4 <1 such that the borrowing constraints are binding at equilibrium in
period t = Ty if 4 < a < 0. This threshold satisfies

a ifa’ <0
4= , (B.2)
—oo otherwise

where 4’ ensures that workers initially employed in automated occupations do not
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want to save or dissave in period t = T
+0oo tos )0 /
S exp (= fg, 7ods) (P9 +11;) dt +a

f%oo exp (— thO ?Sds> il <exp (thO rods — p (£ — TO)>>—1 P

A _ P
= yTo + HT() + rr,a,

(B.3)

where incomes and prices are those at the equilibrium with no borrowing frictions.

Step 4. It remains to show that the borrowing constraints are not binding at
equilibrium in period t = T if a < 4. This is the case when

+oo t £
s [ew(- [ )i (on ([ raspa ) o
Pr, = N exp( Tor s || exp Tor s—p( 0) (B.4)

as total income exceeds consumption when a < 4. Otherwise, ' > 0 using (B.3),
since the sequence {)? + I';} is increasing at the original equilibrium, and r; > p
for all t if the economy without borrowing constraints grows over time. Therefore,

A

4 = —oo — borrowing constraints always bind — and a < 4 is never satisfied.

Necessity. Let 2 > 4 where the threshold is given by (B.2). Then, workers ini-
tially employed in automated occupations are constrained in period t = Ty. We
now show that the labor reallocation and automation decisions are distorted in
this case. To see this, fix the continuation sequence of interest rates {7} 1>, and
wages {w?} >, at the frictionless equilibrium. By definition of stopping time Ty,

+oo t
/_ exp (—/ erT> Awdt =0 (B.5)
T, T,

using (A.29), where A; was defined in Appendix A.3 . However, these workers are
constrained in period t = Ty, by assumption. That is, they are hand-to-mouth over
a choice-specific interval t € [Ty, S1). Note that the optimality condition (A.28) is
generically not satisfied when (B.5) holds.®

Turning to the general equilibrium part of the result, automation and realloca-
tion are distorted when a > a* (A, x, 0, x). The reason is that borrowing constraint

bind in this case, by definition of a* (). Therefore, the equilibrium sequence of in-

0 Whenever this condition happens to be satisfied, there exists a small perturbation of the average
duration of unemployment spells 1/« that ensures it does not.
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terest rates {r;} differs from the one {7;} in the economy without borrowing con-
straints. As a result, labor supply choices (A.29) are distorted — even if workers

remain unconstrained at t = Ty — and so is the automation choice (A.38). O

Proposition 10 (Second Welfare Theorem). A first best allocation supported by some
Pareto weights 1 can be decentralized with lump sum transfers

Sh=

(Hop(-p(t—s)) a-{stre-pos]
metho exp (—xT) (7}, exp (—p7))7 dt k

for each initial occupation h, all ages s and calendar time t, where the quantities on the
right-hand side are given by Proposition 1 and (4.9).

Proof. We first show that the first best allocation {X;} associated to the weights n

is part of an equilibrium (ex post), given the transfers

Sl

o = (ntexp (—p (t—5s)))” - {ysh,f Lo Z(ijjsk,t}
XTn @ [, exp (—x7) (nf_.exp (—p7)) 7 dt K 56

and the level of automation a®. Then, we show that the equilibrium level of au-

tomation is af® (ex ante) when anticipating { X;}.

Ex post. Fix the level A.3 of automation a8 and the transfers (B.6). We conjecture
and verify that the following sequence of interest rate {r;}, wages {w/}, profits

{I1;} are part of an equilibrium,

! U (Cy)
— ds | = —ot) —t forall t > 0, B.7
exp( /Ors s) exp ( p)U{)(CO) orall t > (B.7)
and
— VI foreachh € {0,1} andall t >0, (B.8)
and
I = Cr — ppui VA = (1= @)y VN, (B.9)

and that the associated allocation coincides with the first best. The quantities on
the right-hand side of (B.7)—~(B.9) correspond to the first best. It suffices to show
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that the planner’s allocations of consumption (A.3) and labor (A.9)—(A.12) are con-
sistent with workers” optimality given these prices. By construction, the remaining
equilibrium conditions are satisfied: labor markets clear given wages (B.8) and the
resource constraint (4.8) is satisfied.

Focusing on the consumption allocation first, we now show that: (i) work-
ers can afford these consumption allocations with a balanced budget given the
sequence of wages (B.8), profits (B.9) and the optimal mobility decision implicit
in (A.9)—(A.12); and (ii) these consumption allocations ensure that workers” Euler
equations hold with equality given the interest rate (B.7). Pre-transfer labor in-
comes yht are given by (A.26)—(A.27). By construction, transfers (B.6) ensure that
the first best consumption allocations (A.3) are affordable for workers

(n exp (—p (t —5)))°
XTn @ [, exp (—x7) (n}_. exp (—p7))

= 0 4T+ (B.10)

S

d

since wages {wt } and profits {I1;} are given by (B.8)—(B.9) and equilibirum output
satisties Y; = C;. We still have to show that the consumption allocations (B.10) are
optimal. Consider the planner’s intratemporal problem (A.2). At the optimum of

this problem, consumption allocations satisfy

Tcexp (—ps) (clgy) = exp (—pt) U (C) (B.11)

It follows that workers” Euler equations hold with equality, by definition of the
sequence of interest rates (B.7) and using restriction (B.11).

Turning to the labor allocation, we now show that the effective labor supplies
coincide with the first best ones (A.9)-(A.12) given the sequence of wages (B.8),
profits (4.6) and interest rate (B.7). Occupational choices are still characterized by

two stopping times (T}F, TLF). The first stopping time (T}T) is characterized by

+o00 t
/TOLF exp (— /TOLF erT> exp (—xt) x

((1 —9) (1 — exp (—K (t - TOLF))) wN — w;“) dit=0  (B.12)

since transfers (B.6) ensure that workers are unconstrained, and using (A.29). It fol-
lows that the equilibrium stopping time coincides with the first best T}-f = TB, us-
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ing the definition of the first best stopping time (3.8), wages (B.8) and the stochastic
discount factor (B.7). The proof for the second stopping time (T}") is very similar,

so we omit it for concision.

Ex ante. Finally, we show that the first best degree of automation af® solves the
firm’s problem (4.1) when it anticipates the equilibrium sequence {X;}. Using
(A.38), the interest rates (B.7) and the fact that labor reallocation is unchanged

when the degree of automation is af®,

+oo )
— 4 * . ,FB
/0 exp (—pt) U; (Cy) E)ocG <p,t,oc ) =0 (B.13)
with C; = G* (ps; afB ), so the degree of automation is efficient alt = oFB, O

Lemma 2. Suppose that either: there are no reallocation frictions 1/A,1/x,0 — 0; or
there are no borrowing frictions a — —oo. Then, Ts’ft = 0 implements a first best.

Proof. Consider first the case without mobility frictions 1/A,1/x,6 — 0. Then, the
marginal productivities are equalized across occupations Y/ = V. Fix the set of
weights ! = N o exp (pt). Using (B.6), {T,} = 0 with these weights.

Now, consider the case without borrowing frictions 2 — —oco. Automation
has distributional consequences in this case, but the economy is otherwise efficient

since borrowing is frictionless. Fix the set of weights
1 .
()" = / exp (— (p+ x) t) UL (Cy) (1 +Y(1-¢Y) y{ff/cf> Cedr  (B.14)
k
Using (B.6),
[ exp (= (p+ 20 1) Ut (Co) Thdr = 0 (B.15)

Thus, {Tgft} = 0 implements the same allocation since workers are unconstrained.
[l
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Supplementary Material for:

Inefficient Automation

This supplementary material is not intended for publication. It describes in more
detail the quantitative model in the article “Inefficient Automation” and its numer-
ical implementation.

Any references to equations, figures, tables, assumptions, propositions, lemmas,
or sections that are not preceded “C.” or “D." refer to the main article or its online
appendix.



C Quantitative Model

In this appendix, we describe our quantitative model in more detail and discuss
the approach used to simulate and calibrate the model. Section C.1 provides a
recursive formulation of the workers’ problem. Section C.2 states and characterizes

the solution to the occupations” problem. Section C.3 discusses the second best.

C.1 Workers’ Problem

We discretize time into periods of constant length A = 1/N > 0, and solve the

61

workers’” problem in discrete time.”® The workers” problem can be formulated

recursively

VI (a,e,&z) = maxu(c) A+exp (— (o +x)A) V], (d,e,& 2) (C.1)

c,a

st.a' = (Y (x)—c)A+ (1+rd)a

1—xA
a >0

for employed workers (e = E) and unemployed workers (e = U) The continuation
value V* before workers observe the mean-reverting component of their income is
given by

Vth’* (a')e,8,z) = /Vth (a',1,8,2') P (dZ,2), (C.2)

where V; (-) is the continuation value associated to the discrete occupational choice.

The continuation value for employed workers (e = E) associated to this discrete

61 Alternatively, we could have formulated the workers’ problem in continuous time and solved
the associated partial differential equation using standard finite difference methods. However,
(semi-)implicit schemes are non-linear in our setting due to the discrete occupational choice. This
requires iterating on (C.1)—(C.5) to compute policy functions — which limits the efficiency of
these schemes. We found that explicit schemes were unstable unless we use a particularly small
time step A — which again proves relatively inefficient. In constrast, formulating and solving
the workers” problem in discrete time proves to be relatively fast.



chocie problem is®?

V' (a,e,82) =(1—=AA) V]! (a,e,8,2) +
AAylog (Z cph/ exp (Vth (a, ¢’ (W, x) '(‘Z'Z))> (C.3)

W T

with e/ (-) = Eif i’ = hand ¢’ (-) = U otherwise. The associated mobility hazard

across occupations is

¢" exp (_Vth/ (X;(h';X)) )
St (h';x) = (C.4)

T ¢ exp (Vth (x’,y(h”;x)))

In turn, the continuation value for unemployed workers (e = U) is ii

Vi (a,e,&,2) = (1— kD) V" (a,e,8,2) +kAY.S (W,x) V¥ (a,1,& (W,x),z) (C5)
h/

where S (-) isthe mobility hazard, and &' (-) = if b’ # hand &' () = (1-6)¢

otherwise. The associated mobility hazard across occupations is

Si (W;x) = (C.6)

*

K otherwise

{1 ey
New generations who enter the labor market draw a random productivity z from
its stationary distribution and then choose their occupation with a hazard similar
to the employed workers’. The only difference is that they experience neither an

unemployment spell nor a productivity loss. Worker’s labor income is

Vi (X) = ’ (C7)

(1— 1) Eexp (z) wl ife=E
bV (a,E,&,z) /(1 —1) otherwise

with i’ # h denoting the previous occupation of employment. The permanent
component of workers’ income (&) is reduced by a factor (1 — ) whenever a worker

62 See Artuc et al. (2010) for the derivation.



who exits unemployment chooses to enter her new occupation in (C.6). Finally, the

mean-reverting component income (z) evolves as

2 =1+ (p.—1)A) z+ VAW  with W ~iid N (0,1) (C.8)

C.2 Firms’ Problem

We solve the mutual fund’s and the firm’s problem in continuous time. The mutual
fund invests in automation subject to convex adjustment costs and rents its stock
to the firm. The mutual fund’s problem can be formulated recursively

2 d
reWe (&) = g:% rfa—(1+1)x—w <§ —(5) o+ (x — ) Wi () +§Wt (@)

(C.9)
st.x>0

where « is the stock of automation, x is gross investment, i.e. da; = (x¢ — day) dt,
ry is the rental rate of automation, and /" is a potential distorsionary tax on invest-

ment. The optimal supply of automation satisfies

(re +6) (1 +T7) + 2w (xF — 6)) = {rt* tw [(x;)z - 52} } + 0T + 2wy,
(C.10)
with x} = x¢ /a4, together with the law of motion

day = (xf — ) adt, (C.11)

the initial condition oy = 0 and a standard transversality condition. In turn, the

firm’s problem is

max G*( al, V) — pArraft — quhw?y? st. aN =0
(o)) -



where &/ and ! denote the the amount of automation and labor services that the

firm rents in each automated (h = A) or non-automated (7 = N) occupations, and

G ({of ) = (Do {5 et 4at) 7} 7 )

is the aggregate production function. The equilibrium rental rate is 7} = cw{}, with
the wages given by

v—1

1- v
1 {an (e + )" & (e )
v— 0(,‘1/lt
call + pf 1) 5 :
PR s {as (e )T

w} =(1—17)

for each h € {A, N}. Finally, market clearing for inputs requires that the firm rents
the stock of automation supplied by the mutual fund

o =a;/p and &N =0,
and that the firm hires the (effective) labor supplied in each occupation
1
He = — / Lo p=nyCdrm
¢
foreachh € {A,N}.

C.3 Second Best

In this appendix, we state the second best problem we consider in our numerical

exercise and discuss our choice of Pareto weights.

Objective. The government’s objective is

W=x [ [ () exp (o -+ 2)5) VM (x) e () s

—+o00
+x / nsVyeWds, (C12)
0



for some Pareto weights 1. The first and second terms capture the contributions of
existing (s < 0) and new generations (s > 0), respectively. Following Calvo and
Obstfeld (1988) and Itskhoki and Moll (2019), these (continuation) values are eval-
uated at birth.%> The value exp (o + x) s) V! is the continuation utility of existing
generations over periods t > 0. The measure nso,l()d is the distribution of idiosyn-
cratic states in period t = 0 for existing generations born in s < 0 (conditional on

survival). In turn, the value

h
Vhew = /’ylog Y ¢"exp Vi ©.1,0:z) P* (dz) (C.13)
- 7y

is the continuation utility for new generations born in period t = s > 0, which
reflects their occupational choice.** Here, P* denotes the ergodic distribution of
the income process 2’|z ~ P (z), i.e., the distribution of productivities at birth.

Pareto weights. We choose a set of weights that captures the efficiency motive for
policy intervention. Our approach is similar to the one we adopted in our tractable
model (Section 5.3). The weights that the government puts on a given worker are
inversely related to this worker’s marginal utility at birth (evaluated at the laissez-
faire transition). This ensures that the government has no incentive to redistribute
resources (at birth) to improve equity. In particular, the government weights con-
strained workers (with a higher marginal utilitary) less compared to a utilitarian
government. We also assume the the government discounts generations at rate p
over time, which ensures that the planner does not discriminate across generations
at the first best — which is evident from (A.3). Therefore, the weights assigned to
old generations satisfy

s (x) = 17°1d exp (—ps) % 1/aaV(§)ld’LF (x), (C.14)

where 1/9,Vy ld.LF (x) is the marginal utility of wealth at the laissez-faire. The con-
stant 7°'4 > 0 is chosen to ensure that the weights among old generations. In turn,

63 This explains the presence of the additional discounting exp ((p + x) s) for existing generation
s < 0.

64 Members of a new generation are born with no assets @ = 0, are employed e = 1, and have not
incurred the productivity cost associated to switching occupations ¢ = 0.



the weights assigned to new generations satisty

exp (—ps) /1s (z Zsh 0,1,0,2) 3,V}"*¥ (a,1,0,z) (C.15)

a=0

foralls > 0.

Summarizing, the government’s objective becomes

/ 2, Vold LF o (dx) ds
+ X / +OO exp (—ps) v ds,
0 [ ¥, 81(0,1,0,2") 9,V (a,1,0,2") Pz
(C.16)
where
0 (dx) / xexp (xs) ot o (dx)ds (C.17)

is the unconditional (initial) distribution of idiosyncratic states. When solving for
the constrained efficient steady state, we maximize the contribution of generations
s — 400 to the objective (C.16), i.e., lims_, 1 oo V5"V,

Policy tools and implementability. The government maximizes the objective (C.12)
by choosing an appropriate sequence of distortionary taxes on investment {7}
and rebating the proceedings back to the mutual fund or the workers. Our baseline
exercise abstracts from active labor market interventions for the reasons outlined
in Section 5.3.2. The implementability constraints consist of workers’ reallocation
and consumption choices.

D Numerical Implementation

We now describe how we solve for the stationary equilibrium and the transition.

Workers’ problem. We solve the problem worker’s (C.1) using the standard en-
dogenous grid method (Carroll, 2006). In theory, this problem could be non-convex

since it involves a discrete choice across occupations. However, we find that this



is not the case in our calibration. The variance of the taste shocks <y is suffi-
ciently large that the value function remains concave. We use Young (2010)’s non-
stochastic simulation method to iterate on the distribution. Finally, we discretize

the income process on a 7-point grid using the method of Rouwenhorst (1995).

Firm’s problem. The firm’s optimal choice of investment and automation is char-
acterized by the non-linear system of differential equations (C.10)—(C.11). We solve
this system as follows when computing the transition paths from the initial to the
final stationary equilibrium. First, we fix a; = 0 for all ¢ and xt = da* for some
terminal period T, where a* denotes the level of automation in 1 = A at the final
stationary equilibrium. We then solve for the sequence {x;} using (C.10) and a
standard Runge-Kutta method. Next, we solve for the sequence {«;} using (C.11).

We repeat the previous two steps until the sequence {a;} converges.

Policy. For numerical reasons, we restrict our attention to simple perturbations of
{a¢} from the sequence that prevails at the laissez-faire. We do so by repeatedly

feeding sequences of taxes {7} in the mutual fund’s problem (C.9).%> These taxes
T =exp(—BH)Tt+1T (D.1)

consist of a persistent component ¥ and a permanent one 7. The persistent com-
ponent allows to slow down automation early on during the transition. In turn, the
permanent component controls the long-run level of automation. It is well-known
that a long-run tax (or subsidy) on capital can be optimal when markets are incom-
plete — it can improve insurance and / or prevent dynamic inefficiency (Section
5.4). We choose a subsidy T = —39.9% so that the economy converges to its con-
strained efficient steady state. We set 8 so that the half-life of 7;* is the same as the
one of automation at the laissez-faire (20 years). Finally, we optimize over 7 on a

fine grid to find the second best intervention.

6 The differential equation (C.10) can become stiff when prices are sufficiently persistent. We thus
evaluate prices at the laissez-faire to avoid stability issues. Re-optimizing for a given sequence of
taxes {7} yields a new sequence {a;} which was feasible in the original government’s problem.

7
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