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Abstract

Demographic change and automation are two main structural trends shaping the
macroeconomy in the next decades. We present a general equilibrium model with
a tractable life-cycle structure that allows the investigation of the main transmission
mechanisms by which demography and technology affect economic growth. Due to
a trade-off between innovation and automation, lower fertility and population ageing
lead to reductions in GDP per capita growth and the labour income share. During the
demographic transition, the extent growth and factor shares are affected depends on
alternative labour market configurations and scenarios for the integration of robots
in economic activity.

Keywords: population ageing, automation, innovation.

JEL classification: 031, 040, J11.



Resumen

Los cambios demograficos y una nueva ola de innovacién y de automatizacion
son dos de las principales tendencias estructurales que configuraran el escenario
macroeconomico en las proximas décadas. Utilizando un modelo de equilibrio general
con una sencilla estructura demogréfica, investigamos los principales mecanismos
de transmision por los cuales la demografia y la tecnologia afectan al crecimiento
econdmico. Debido a una disyuntiva entre innovaciéon y automatizacién, una menor
fertilidad y el envejecimiento poblacional generan una reduccién en el crecimiento del
PIB per capita y en la participacién de los salarios en el PIB. Durante la transicion
demografica, la medida en la que el crecimiento y la participacion de los factores se
ven afectados depende de las diferentes configuraciones del mercado laboral y de
escenarios para la integracion de robots en la actividad econémica.

Palabras clave: envejecimiento poblacional, automatizacion, innovacion.

Codigos JEL: O31, 040, J11.



1 Introduction

Demographic — baby boomers reaching retirement age, a fall in fertility, and the
continuous rise in longevity — and technological changes — the new wave of auto-
mation brought by developments in robotics and in artificial intelligence — are two
structural trends that will frame the macroeconomic context in the next decades.
The implications of these trends for economic growth are the subject of much debate.
On the one hand, population ageing is found to be associated with lower interest
rates, less innovation activity, and lower output growth (Aksoy et al. (2019), Gor-
don (2012) and Derrien et al. (2018)). On the other hand, Acemoglu and Restrepo
(2017b, 2018a) argue that it may give incentives to automation and, hence, to hi-
gher productivity and growth, although it may also decrease employment and the
labour income share.?

We analyse the macroeconomic consequences of demographic and technological
changes in a general equilibrium model in which both population dynamics and re-
search and development (R&D) determine long-run growth. R&D comprises of two
activities: innovation, which involves the creation of new products, and automation,
which is the development of production processes that allow robots to replace la-
bour. Although demographic changes, resulting from lower fertility and mortality,
boost automation, we find that they eventually lead to lower growth of GDP per
capita.

The primary source of growth in our framework is the origination of new goods
that increase overall productivity (productivity effect). By creating new goods,
innovation also creates new job opportunities (reinstatement effect). Eventually,
as robots are more productive than labour, automation increases productivity but
destroys jobs (displacement effect).

We identify three key channels through which demographic changes affect the

economy. First, changes in labour supply affect factor prices (wages and the price of

1On the empirical literature on the employment and wage effects of automation see Graetz and Michaels
(2018), Acemoglu and Restrepo (2017a), Dauth et al. (2017) and Frey and Osborne (2017). On the relation
between the labour income share and automation, see Martinez (2018) and Bergholt et al. (2019).
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robots), altering the relative profitability of labour-intensive and automated sectors,
and, hence, the incentives to innovate and automate. Second, demographic changes
affect savings and the interest rate, altering the amount of resources available for
investment in capital accumulation, innovation, and automation. Third, insofar as
the efficiency of R&D may depend on the age structure of the population, the arrival
rate of new goods is also affected.

Automation, by re-allocating production from a labour-intensive sector to an
automated sector, can eventually generate an imbalance between the labour and
robot income shares, preventing the economy from reaching a balanced growth path
(BGP) — defined as a dynamic equilibrium with constant factor shares. We exclude
divergent paths by imposing a restriction on the efficiency of robots production. Si-
milarly to Aghion et al. (2017), we prevent a labour-free singularity by restricting the
productivity gain of an essential input (robots), sustaining its relative price in terms
of the final good. Ultimately, as the economy develops and gains in complexity, the
robots that are capable of replacing labour in the production of an increasing variety
of goods must also become harder to produce. Without this restriction, automation
generates full robotisation of production with the price of robots converging to zero.

We show that if the economy is on a BGP, then a fall in fertility generates a
new BGP with lower GDP per capita growth, a higher degree of automation, and a
lower labour income share. Since on a BG'P the pace of innovation and automation
are matched, the creation of new goods, which initially must be produced employing
labour, is the main source of technological change. A fall in labour supply growth
leads to a decrease in the incentive to innovate, pushing output growth down. Fur-
thermore, the incentive to automate increases as the labour supply growth falls,
thus the robots income share increases and the labour income share falls. Even
holding population constant, an increase in longevity entails lower interest rates,
more automation, and a lower labour income share on the new BGP.

Embedding the demographic projections for the United States (US) and Europe
for the next decades into our model allows us to quantify the contribution of de-

mographic changes to medium-run economic trends in these regions. Lower fertility
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and higher longevity lead to higher automation both in the US and in Europe, with
a stronger effect in Europe, which is consistent with the available data on robot
density. Despite the positive effects of automation, as resources are diverted from
innovation, population changes lead to lower output growth in the medium run,
even without a fall in the efficiency of the R&D sector (as in Bloom et al. (2017)).
Our results indicate that demographics reinforce three observed trends in the past
decades: the fall in real interest rates (Aksoy et al. (2019) and Eggertsson et al.
(2019)), the fall in labour income shares (Elsby et al. (2013), and Karabarbounis
and Neiman (2014)) and the fall in the price of robots (Graetz and Michaels (2018)).

We extend the model to consider different labour market configurations and
ways robots integrate in economic activity. We consider that (i) workers may move
towards the R&D sector boosting labour supply in R&D during the demographic
transition, (i¢) the retirement age rises as longevity increases, (7i7) automation also
generates an increase in the relative productivity of robots; and (iv) robots also re-
place labour in R&D. Although in all cases the long-run effect on per-capita growth
is the same as in the benchmark model, during the transition the relative fall in
GDP per capita is mitigated, with the different labour market configurations ha-
ving a more significant impact. When the retirement age increases to maintain the
ratio of the duration of the working life and the retirement constant, demographic
changes no longer generate an increase in automation, benefiting mostly older wor-
kers employed in production. In contrast, allowing young workers to migrate to
the R&D sector leads to higher income and automation, benefiting mostly young
workers employed in R&D.

We relax the restriction on the efficiency of the production of robots, which
ensures that factor prices and ultimately factor income shares do not diverge, in
the medium run only enforcing it in the long run. Thus, the efficiency of robots
production initially increases as automation rises. Under this scenario, the price
of robots falls more significantly, diverging from the path of wages. A reduction in
robot prices further boosts automation. As a result, the share of output produced in

the automated sector increases markedly while the labour income share falls. This
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happens at the cost of resources being diverted from innovation, which eventually
leads to a sizeable fall in GDP per capita growth. Thus, a ‘robocalypse scenario’,
resembling the immiseration equilibrium of Benzell et al. (2015), may arise.

A different outcome occurs when the individual effective labour supply is no
longer constant as in the benchmark case but changes endogenously as a function
of the degree of automation or the level of capital deepening (thus adding economy-
wide capital-skill or automation-skill complementarities). The negative implications
for growth of the demographic transition may be mitigated, both in the short and in
the long run, although for that to happen labour skills must increase substantially
to offset the fall in labour supply due to lower fertility. In such scenario automation
no longer increases due to demographics.

The key mechanism driving the results in all specifications is the trade-off bet-
ween innovation and automation. Automation crowds out innovation, and, as the
former is a subsidiary activity of the latter, automation cannot progress indefini-
tely without innovation. In this regard, the assumption that newly created goods
need to necessarily be produced employing labour implies that labour constrains
the creation of new goods, ultimately controlling productivity gains and growth.
Relaxing this assumption may generate demographic transitions in which the share
of labour income falls and per-capita output growth increases, hence, exacerbating
the inequality between the production factor remunerations.

In what follows, we describe the model (Section 2), discuss the characteristics
of the BGP and present the comparative analysis results (Section 3). Section 4
focuses on transitional dynamics, looking at the medium-run effects of demographic
changes in the US and Europe. Section 5 discusses a set of extensions of the baseline

model. Section 6 concludes.

2 The Model

The model economy consists of three sectors, goods production, R&D, and robot

production, and households. The goods production sector comprises of a final good
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producer, who aggregates a continuum of intermediate differentiated goods ¢ € Z;,
produced by combining inputs (final goods), capital, and either labour or robots.

R&D involves two activities: innovation and automation. Innovation creates new
goods or varieties (Romer (1990) and Comin and Gertler (2006)) that are added
to the set Z; of intermediate goods, and which, initially, can only be produced
by labour. Automation develops procedures such that existing intermediate good
1 could be produced by robots. The set of goods produced by robots is denoted
A; C Z;. Robots are machines created in the robot production sector, that are then
used in the production of intermediate goods.

As in Gertler (1999), households, who supply labour, accumulate assets and
consume the final good, face two stages of life, mature (working) and old (retire-

ment). Thus, fertility, longevity, and retirement drive population dynamics.

2.1 Households

There are N; households, divided amongst two age groups: workers (w) and retirees
(r). w{, 1N new households are born every period as workers. Workers (N;")
retire with a probability 1 —w®, and retirees (N/) die with a probability 1 —w}, ;.
Thus,

N, = wthNtw +w’N, and N/, = (1 —w”)N/ + wi 11NV - (1)

Households face two idiosyncratic risks: i) loss of wage income at retirement and ii)
time of death. There is a perfect annuity market allowing retirees to insure against
time of death by turning their wealth over to perfectly competitive financial inter-
mediaries that invest the proceeds and pay back a return of R;/wj_; , for surviving
retirees. Households are risk neutral, so that uncertainty about the time of retire-
ment does not affect optimal choices. Nevertheless, there is consumption smoothing
since preferences belong to the recursive utility family (Epstein and Zin (1989) and
Farmer (1990)), such that risk neutrality coexists with a positive elasticity of inter-

temporal substitution.
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For z = {w, r}, the household j selects consumption and asset holdings to maxi-

mise

1/v

V77 = {(O7) + B (BilVia | 1)} (2)

subject to G} + FAJZ | = REFAF + W/I* + d: (3)

where 7, is the discount factor, which is equal to § for workers and Swy, , for
retirees, R} is the return on assets, which is equal to the real rate R; for workers
and R;/wi_,, for retirees, Wtj is the real wage for worker j, and /? is an indicator
function that takes the value of one when z = w and zero otherwise. Thus, we
assume that retirees do not work and each worker’s labour supply is fixed. F A{z
and d; denote, respectively, the assets acquired and the dividends from the financial
intermediary:.

A fixed share Swgp of new workers wy,,;N{’ is employed in R&D and the
remaining (1 — Swgp) supplies labour to intermediate firms. At every period a
fraction dropgrp of R&D workers, who do not retire, is no longer able to work in this
sector, and, thus, start supplying labour to firms in the production sector.? Hence,

employment in the R&D and labour-intensive sectors are, respectively:

NP = Wit 1 N Swrp + (1 — droprp)w” NPFP | and (4)
Nyhoo= Wi i1 N (1 = Swrp) + W N 4 (dropgrp)w® NP, (5)

with WEP and W; denoting respectively wages in the R&D and in the production
sectors.

The resulting consumption functions of workers and retirees are:®

Cuwi = [ RiFApy + Hyt + Dyyl, and Cy = e, [RF A + Dyl (6)

2This is to reflect the fact that innovation productivity peaks during the first 10-15 years of a workers life
(see Jones (2010)).

3All equilibrium conditions are described in the Appendix.
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where, H,, is the present value of human capital, D,; is the present value of
dividends for z = {w,r}. ¢ denotes the marginal propensity of consumption of
workers and £,5; the one for retirees (where €, > 1). As marginal propensities to
consume are different across ages, changes in the distribution of asset holdings as
well as in the population age structure, affect aggregate demand. Moreover, the
marginal propensities to consume are functions of fertility (w¥), longevity (w") and
time of retirement (w"). Thus, through changes in savings, demographics affect the
equilibrium interest rate.

Finally, labour supply is a function of fertility (wf, ), the share of new workers
entering the R&D sector (Swgp) and the retirement age (w™). In our benchmark
specification changes in labour supply will solely be a function of fertility. In different
extensions we analyse the impact of variations in labour supply due to changes in
the share of workers entering the R&D sector and in the retirement age, and due

to improvements in skill.

2.2 Production

A final producer combines intermediate goods (which are substitutes) according to

¥

Zt w1 P—1
Yr = {/ yi,twdi:| , where 1) > 1. (7)
0

Each firm ¢ € [0, Z;] produces a differentiated good that is sold to the final
producer. A subset i € A; can be produced using inputs (Y,;), rented capital
(K;4) and robots (M, ;) or labour (L;;). Robots are more productive than labour,
and, thus, if a good can be produced by robots, the firm selects to do so. For the
remaining goods, i € Z; \ A; , production can only be done using inputs (Y,;),

rented capital (K;;) and labour (L;;). Therefore,

Yir = ((Kip)* (0, M; )" =)' =Y} for i € A; (the automated sector)

Yir = (Kip)* (L) =) 17 for i € Z; \ Ay (the labour-intensive sector).

(8)
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0, denotes the relative productivity of robots versus labour, and a, vy € (0, 1) control
the capital and input shares. The rental rate of capital, net of depreciation, is
denoted r,; — ¢ and the relative price of robots, ¢;. We initially set ¢, to be time
invariant, 6, = 6.

Since capital and labour are complements, capital biased technological progress
may increase labour productivity and wages. On the contrary, robot biased tech-
nological progress (automation) substitutes workers, hence, it displaces labour and
decreases wages. In our view, this is a crucial difference between automation and
previous technological revolutions, which introduced new forms of capital that were
complementary to (some) labour inputs instead of a new form of capital (robots)
that replaces labour in the production process.

In this framework the ratio of profits (II; ;) in the automated and labour-intensive

sector is given by

HieAt,t _ ( W, )(104)(1%)(1/’1) (9)

HiEZt\At,t Qt/et

The higher the real wage is relative to the price of robots, the larger is the profit
differential in favour of the automated sector.

Under this production structure, economic growth is the result of i) the rise in
the number of intermediate goods (Z; grows), and ii) the introduction of robots
that displace labour. These two forms of technological change come from R&D

investments, described next.

2.3 Research and Development

R&D consists of the creation of goods (innovation), and the development of proce-

dures that allow robots to be introduced in the production process (automation).
Let Z! be the stock of goods for innovator p, who at each period spends S? and

employs labour (L) to invent ¢;(S,:)"#P (Ly )" new goods, where kgp, k1, €

4To ensure robots are more productive than labour we set § such that W; > ¢;/0; for all . In an extension
we allow productivity of robots relative to labour to increase as automation rises (6; is a function of A;).
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0, 1] represents the relative weight of investment and labour for R&D. Thus, the

stock of goods Z7,, is

Z{iy = 0i(Spa) P (Lrp)™ + 027, (10)

where ¢ is the intermediate good survival rate. Following Comin and Gertler (2006)
and Aksoy et al. (2019) we set @, = YZ,[UP(S,)"#P~P(N,)*]~'. Since R&D pro-
ductivity depends on the aggregate stock of goods (Z;), there is a positive spillo-
ver as in Romer (1990). There is also a congestion externality via the factor
(0P (S,)ro—P(Ny)52].> The R&D elasticity of new technology creation in equilibrium
is p.

Innovators borrow S? from the financial intermediary. Upon creation of a new
good, they receive a fraction ) of the profits of the intermediate firm that produces it.
Thus, the value of an invented good is J; = V1L, ; + (Ryy1) '@ EJipa, fori € Z, \ Ay,
where II;; for i € Z; \ A; is the profit of the intermediate good firm. Innovator
p will then invest 1.S,; = (S,+)"#° (L) until the marginal cost equates the
expected gain. Defining 7g, as the shadow price of I.5,;, then S,; = IS, :7skrpD,

LipiWhrpa = 18,7451, and ¢E[Jy4] = 25754 Using (10),

et
Sy = HRDR;—:1¢EtJt+1(Zt+1 - ¢Zt)~ (11)

Automation investors (¢) spend =,; and hire L4, to transform a Z; good into

a A} good, which then becomes part of the set of goods that can be produced by ro-

. . . e Z9_ANKRDTEL —,
bots. This conversion process succeeds with probability \; = A (W:qy A,t> ,

with X'(-) > 0 and Z, 4 = (E4¢)""°(Lage)" . If unsuccessful, the good remains
in the labour-intensive sector. Once automation is successful the investor earns a

fraction 9 of the profits of the robot-intensive intermediate producer. Thus, the

®N; is included in the congestion factor since, as discussed in Jones (1995) and more recently Bloom et al.
(2017), models of endogenous growth where growing employment in R&D (due to population growth) generates
faster steady state output growth are inconsistent with the data.
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value of an automated good is V; = V11; + (Ryy 1) '@ FEViyy, for i € A;. Automation

investors set investment and labour employed to maximise expected gains such that

_ B K
Egt = ONRTOE Vs — Jiva), and La g Wrps = :q,tH_L- (12)
RD

where €, is a function of the elasticity of \; to changes in its input.®
Since the stock of labour intensive goods at ¢ for which automation is feasible is

(Z — A}), the flow of the stock of automated goods is given by

Al = No(Z] — A]) + AT (13)

From (11) and (12) the ratio of aggregate investment in innovation and automa-

tion is”
St Ei¢rrp(9z041 — @) Jis1] z _ Zin A
- 9 Where? gt+1 - 7az,t - =
= Eile(ari19z001 — a200) (Vier — Jig1)] Zy Zy
(14)

This R&D set-up features trade-offs between automation and innovation. First,
as the expected profits of firms in the automated sector increase relative to expected
profits in the labour-intensive sector (thus, the ratio Eyi[Ji11/(Vie1 — Jii1)] falls),
automation investment increases relative to innovation investment. As the differen-
tial of profits is ultimately a function of factor prices, automation and innovation
respond to changes in wages and the price of robots. Second, investment in auto-
mation is a negative function of a,;, the current level of the ratio of total number
of automated goods to the total number of goods. As innovation decreases and this
ratio increases, the pace of automation slows down. In this respect, automation is a
subsidiary activity of innovation; without innovation, automation cannot progress
indefinitely. Finally, innovators and automation investors compete for a limited

supply of labour and loans to fund their activities.

6We assume that the elasticity of A; to changes in its input is constant and not greater than one, then we

_ N (Z]-ADTRDTELEG A
define e\ = £ SR N

7Aggregate investment in automation is =, ;(Z; — A;) and since innovators are of measure 1, S, ; = S;.
q, » Op,

%. See the Appendix for details.
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2.4 Robots Production

Robot producers invest §2; final goods to produce M; = Q] robots according to
max ot =@M, — Q sit. M, = 09 (15)
t
where ¢; is the relative price charged to intermediate good producers for each robot.

2.5 Financial Intermediary

A zero expected profit financial intermediary allocates assets among the households,
and the production and R&D sectors and provides annuities to retirees. It sells as-
sets to the households (F'A}’, F'A}), owns capital (K};) and rents it to firms and lends
funds (By41) to innovators and automation investors to finance their expenditures
(S; and =, respectively). Finally, it owns R&D plants, robots and good producers

and receives their dividends.

2.6 Market Clearing and Equilibrium
The market clearing conditions are: Final Good: y = Cyy + Crp + fOZt T di +
Qy + I, Asset Flow Condition: K1 = (1 — 0)K; + I;, Credit Markets: By =
S, + =, Capital Markets: K; = fOZt K di, Inputs: Y, = fOZt Y;.di, Robots Markets:
M, = fOAt M;,di, and Labour Markets: Ny = [ Lag.di+ [ Lipdi, and N =
[P L di

The equilibrium consists of tuples of endogenous predetermined variables { F A7, ;,
Kii1, Avy1, Ziy1, Bivi} and of endogenous variables {C7, HY, d?, D?, N*E, NWE
Yty Yits Yjits Mm Qt, St, Et, LA,t7 an LI,t; Vm Jt, /\t7 Hi, H{, Ct, Tf, Rt, HfD, Hf, Wm
Wepts Pit, Pit, @iy €, &t} for z ={w,r}, i € Ay, j € Z; \ A; such that:
a. Workers and retirees maximise utility subject to their budget constraints; b. Inter-
mediate and final firms maximise profits; c. Profits are also maximised in innovation,
automation, and robot production ; d. The financial intermediary selects assets to
maximise profits, and its profits are shared amongst retirees and workers according

to their share of assets; and e. Consumption goods, capital, labour, robots, and

asset markets clear.
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3 Balanced Growth and Comparative Analysis

We define a BGP as an equilibrium in which factor shares, (rf + 6)K;/y:, WiL: /s
and ¢ M,/y;, and the interest rate, R;, are constant, and consumption, Cy, and
capital stock, Ky, grow at the same rate as output, Y;.

First, to ensure that investment in innovation does not diverge, we use the current
value of automated goods as a scaling factor, so that \i/t = V;A,.% Comin and Gertler
(2006), in a similar model in which the price of capital is determined at time ¢,
assume that U, equals the value of the stock of capital, and, hence, T, fluctuates
accordingly. Since in our model there is only one final good, the price of capital and
the value of the capital stock are constant at ¢, which invalidates the choice of the
value of the stock of capital as a scaling factor.

Second, in models with factor-augmenting technological progress, substitutabi-
lity between factors of production may prevent the economy from reaching a BG P
(see Acemoglu (2003)). As such, automation may generate an imbalance between
the labour and robot income shares. One option is to rely on wage adjustments to
correct for such imbalances, while the effective labour supply is allowed to change
to ensure that the capital output ratio is constant, as in Acemoglu and Restrepo
(2018b), where effective labour supply responds to wages and the return on capital
(L*(W/RK)). In such a framework, there is flexibility for wages to adjust to equi-
librate the incentive to automate with the incentive to create new tasks. However,
following this approach in our model would introduce a mechanism that directly off-
sets the demographic changes that alter labour supply, which is the main objective
of our analysis. In our setting, each agent is endowed with a normalised one unit of
effective labour supply (skill). In such an environment with a deterministic labour
supply responding to demographic changes, wages must vary to ensure the capital
output ratio is constant on a BGP. Thus, we need an alternative mechanism to

ensure output shares of labour-intensive and automated sectors do not diverge. The

8We also verify the robustness of our results by setting U; = y,. Transition paths between BGPs are more
persistent but the results are qualitatively similar.
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introduction of a robot producing sector to determine the price of robots plays this

role, as shown in Proposition 1.

Proposition 1. Let g, = qtqi

gt = W be the growth rate of the real wage in production, g, = , the growth

rate of output, gn:, the population growth and g = ZtZtl, gt = At =) the growth

rates of varieties Zy and Ay, respectively. Then, with robots production given by
M; = 09}, for
n <1, there exists a BGP where ()" g, =1, gyu = >
and g% = git = (g)-P@DO-0=m) g
n =1, there exists a BGP where g; = g, and g7 = gi* = 1
Proof
As the final good aggregates all varieties, with a constant elasticity of substitution
(see equation (7)), the relative prices (p;:/p:), for automated goods (i € A;), and
(pj+/pt), for labour-intensive goods (j € Z; \ A;) must grow at the same rate in
a BGP to ensure output shares in the automated sector ([, ca, DitYindi /peye) and

labour-intensive sector ( fj P;.Yi+di/pey:) do not diverge. Given the production

GZt\At

functions for each sector (8), the relative prices are given by

pir  Y—1 (rk + 5)04(1771)%(1—0!)(1—71) y
E Y (a1 =) (1 — a) (1 — 7)) -) (16)
Pit _ ¥ (rf + 6)2(=) (W) =)= .

pe Y —1(a(l —~7)20=1~7 (1 — a)(1 — 7)) A=) 0=

Therefore, on a BG'P with constant interest rates, the growth rate of the price of
robots and of real wages must be equal (g,¢ = Gug.t)-

On a BGP, the labour income share (lst = %) is constant. We assume each
agent is endowed with a (normalised) one unit of effective labour supply and thus

drLs = Lt/Lt—l = NZUL/NﬁLl = Gn,t- Therefore, 9q,t = Gug,t = (g%)
Using the production function for robots and that inputs in robots production
over output €2;/y; and robots income share (rst = qty—%) are constant on a BGP,

the growth rate of the price of robots is such that g/ 'g,, = 1

Combining these two conditions gives: g/ = gy
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Finally, from the final good production function we obtain that demand for

Dit
bt

=1
automated goods is given by v, ; = ( ) ys. As all automated firms are identical,
summing up across ¢, and as Ymt = fl cA, pi,ty@tdi / Py and interest rate are constant,

we obtain that on a BGP

)(1*77)(1&*1)(1*04)(1*’71)

B ( Yum )(1+(1—17)(1/J—1)(1—0)(1—71)) ( rk—§ )Oé(l—w)(w—l) (0
— NN t

k
Ym,t—1 Ty — o

— (gt)(1*71)(10*1)(1*04)(1*71)

If n <1 then as g,; > 1, it follows that g, > 1 and ¢, > g, Hence, at the
equilibrium with constant factor shares, output growth is greater than population
growth. If n = 1 then g/ = 1 and ¢, = g¢,;. The BGP in this case has no
technological progress.

The intuition behind this proposition is as follows. When n < 1, increases in
the stock of produced robots M, require greater investment. Thus, as the economy
grows and robots become more abundant, it becomes relatively harder to transform a
complex final good into robots, so that the marginal profitability of robot production
falls and the differential in output shares between the labour-intensive and the
automated sectors does not increase. As a result, the labour and robot income
shares do not diverge in the long run. Therefore, holding wages constant, for robots
to become more abundant than labour their relative price with respect to the final
good must decrease. Eventually, as robots are extensively used in production to
the detriment of labour, such price decreases are no longer feasible, preventing the
economy from reaching an equilibrium where only robots are used in production.’

Alternatively, were 7 > 1 an equilibrium with constant shares would necessarily
imply g/ < 1, the number of goods with automated production would asympto-
tically approach zero, and g; < g¢,:, with the innovation rate being smaller than

the good’s survival rate. When the economy grows faster than population, costs in

9We extend the model to relax the assumption that robots fully depreciate in one period. Transitions between
BGPs are affected, but the restriction on 7 to ensure a BG'P exists remains the same: BGP is still characterised
by gi = gn.t. Details of this extension are presented in the Appendix.
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the labour-intensive sector (relative to the automated sector) increase. With n > 1
a higher output in the automated sector requires a relatively smaller increase in
investment (£2;), boosting the relative size of the robots-intensive sector. Hence, to

Ym,t

ensure that in equilibrium " = 1, the number of automated goods must shrink,

i
restricting the growth of robots to be consistent with constant factor shares. In this
scenario, the price of robots (¢;) asymptotically converges to zero.

In sum, to avoid a labour-free singularity we restrict the efficiency gains in the
transformation of final goods into robots. On a BGP the final good embeds an
increasing set of intermediate goods, some produced employing the less efficient
factor — labour. It is reasonable to assume that robots that are capable of replacing
labour in production would also eventually increase in complexity to reflect the
level of economic development. Robots production with n < 1 reproduces such an
environment by requiring that as the number of varieties and output increase, the
transformation of the final good into robots does not become more efficient. This is
similar to Aghion et al. (2017), who introduce a ‘bottleneck’ to prevent a singularity
by restricting the productivity gain of an essential input, sustaining its relative price
in terms of the final good.”

We now explore the implications of Proposition 1 to comparative analysis across
BG Ps, restricting the focus to BGPs with technological progress where n < 1.

Corollary 1. Technological progress on the BGP is given by g7 = x (%)p (Lit/Ny)"™
+¢ = (gn,t)(1_")(w_l)(l_a)(l_yl)(l/") = g{*. As g, is exogenous, changes in the effi-
ciency in innovation investment y only affect economic growth in the short term.

As the efficiency of innovation investment (y) increases, Z grows faster, and
both the share of output produced with labour and wages increase. Higher wages
lead to a fall in the relative profitability in the labour-intensive sector, increasing

the incentives to automate. That diverts resources from innovation and as such,

investment in new product creation (S;) and labour employed in innovation (L; ;)

10 Aghion et al. (2017) discuss different alternatives to prevent singularities. In one of the cases, which they
frame as a form of Baumol’s cost disease, this is achieved by restricting the productivity gain of some tasks in
a production framework where tasks are complementary. Thus, as income/output increases, the relative price
of these tasks are sustained.
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fall, reducing g7 back to its initial position.! Thus, an increase in x has only a
temporary effect on growth. Automation, however, increases in the long run; with
the resources diverted towards automation, the economy can sustain a higher degree
of automation on a BGP. Therefore, the key driver of this result is the trade-off
between innovation and automation. 2

Corollary 2. Starting from an initial BG P equilibrium with technological pro-
gress, where g = g,; and n < 1, if population growth falls, then the new BGP is
characterised by lower per-capita output growth.

A lower growth of labour supply directly leads to lower output growth as it
reduces one of the production’s inputs. Moreover, it also reduces the incentives to
innovate. This additional mechanism lowers output growth further such that output
per capita growth on the new BGP falls. Since on a BG'P the growth of factor prices
equalise and robots and labour eventually grow at the same pace, the aggregate
production function net of intermediate inputs (Y;) can be represented as a function
of the level of capital /labour ratio or of the level of capital /output ratio as in Uzawa
(1961) and Jones and Scrimgeour (2005). Therefore, balanced growth emerges in the
presence of total factor productivity gains.'® In contrast to the neoclassical growth
model in Uzawa (1961), here technological growth is endogenous and is a function of
the incentive to create new goods (Z). As automation and innovation are matched
on a BGP and because of the assumption that newly created goods can only be
produced with labour, technological gain is directly linked with the profitability in
the labour-intensive sector, and ultimately, the labour market restrictions imposed
by population growth end up determining the pace of technological growth and
per capita growth. Confirming the insights from Grossman et al. (2017), who look
at potential ways to offset the restrictions identified by Uzawa (1961) and Jones

and Scrimgeour (2005) on balanced growth in neoclassical growth models, when

1 The quantitative analysis of this transition, using the calibrated model, is shown in the appendix.

12Tn the model with demographic changes and innovation investment without automation developed in Aksoy
et al. (2019) this trade-off is not present and an increase in y leads to higher growth in the long run.

130n a BGP, the capital /robots ratio is a constant linear function of the capital/labour ratio. The assumption
of Cobb-Douglas production functions in both labour and robots intensive sectors ensures the existence of a
BGP in which total factor technical change can be represented as labour-augmenting. (see Jones and Scrimgeour
(2005)).
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we relax the assumption of constant labour skill and allow endogenous changes to
skill /effective labour supply in section 5.3, output growth is no longer a function of
population growth only.

Next we focus on the effects of demographic changes on automation (a,; =
A;/Z;) and on the labour share (Is;) on BGPs. Before stating the results, we make
two assumptions.'* First, (A1) we impose a upper bound on the level of automation
on the BGP by setting a, < %. The stock of goods for which automation is feasible
is Zy — A;. As a, increases, this stock falls. Given the survival rate of varieties
¢, investment in automation and innovation may then be implausibly high such
that a high degree of automation is maintained on a BGP. We therefore limit
the initial level of automation to discard equilibria with such implausible levels of
R&D investment. Second, (A2) we assume ¢ > 1+ WM to restrict the
firms” mark-ups such that an increase of one percent in the growth of varieties does
not generate a more than 1% increase in output growth (recall that on the BGP,
g7 = gt = (g,)tM@=DU=)1=9) " Tf (A2) does not hold, an equilibrium with a
positive rate of output growth would also imply the number of varieties shrinks with
time. Under our calibration (A1) restricts the degree of automation such that no

more than 75% of the existing varieties are produced in the automated sector, and
(A2) restricts the intermediate good firms’ mark-up to be smaller than 23%.

Proposition 2. Starting from a BGP, when population growth falls, the economy
converges to a new BGP in which, when interest rates are lower, the degree of
automation is higher and the labour income share is lower. The changes in the

degree of automation and in the labour income share are respectively given by

n

da. L (GEET; 4 2T1d ) 2 — (4222 4 £dy) B

@z cody — daycy (18)
% B (1 B )% (Cl H}fLD 9+ %Flcz) % + (Cl FG:LD %@) %R (19)
ls " cady — dacy

14Both assumptions are sufficient but not necessary for propositions 2 and 3 to hold. Proofs of both proposi-
tions are shown in the Appendix.
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where y;, = <fieZ\A pl-y,-di> /py is the share of output produced using labour, and ¢y,
Co, dy, dy > 0 are functions of the initial BGP. If Al holds then cad; — dacq > 0
and if A2 holds then parameters I'y, I'y > 0.

Proposition 3. Starting from a BGP, the changes in the degree of automation and

in the labour income share due to population ageing are respectively given by

da %(dl +dp) — (dl H,fLD + ;%dQ) % "
a cody — dacy (20)
s o cody — dacy

NwRD

where RDpop = = is the share of R&D workers in the population and cy, cz,

di, dy > 0. Thus, the lower the weight of labour on RED activity (k1) is, the more
likely it is that the BGP of a more aged economy, in which interest rates are smaller,

15 characterised by a higher degree of automation and a lower labour income share.

In both cases, automation and the labour income share on the new BGPs are
directly affected, due to labour supply effects, and indirectly, due to changes in the
equilibrium interest rate. A fall in the interest rate boosts greater investments in
innovation and automation. However, as labour supply growth falls, relative costs
in the labour-intensive sector increase, giving incentives for R&D investment to be
diverted to automation, which leads to a decrease in the labour share. In the case
of ageing, the direct effect of labour supply lead to a fall of both innovation and
automation.

We find that the positive productivity effects of the increase in automation are
not able to fully compensate for the effects of the fall in labour supply growth once
the economy converges to the new BGP. Acemoglu and Restrepo (2018b) highlight
a long-run productivity effect occurring when the pace of automation increases.
As the economy converges back to a new BGP, the return on capital (interest
rate), which initially increased together with automation, must fall back. As a
result, capital accumulates with the gains accruing to the relatively inelastic factor,

namely, labour. In our model, capital is complementary to labour and robots. Thus,
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although capital accumulation also occurs after an ageing shock, the main driver is
the saving effect due to the fall in marginal propensity to consume of households
approaching retirement. In our setting, automation increases while interest rate

falls and capital accumulation increases, in line with empirical evidence.!®

4 Demographic Transition and Growth in Europe

and in the US

In this section we focus on transition dynamics, analysing the consequences of de-
mographic changes over the next decades predicted for the US and for Core Europe
(defined as the aggregation of Germany, France, Italy and Spain). Before presenting

the numerical results we briefly describe the choices of the parameter values.

4.1 Calibration

One period of the model corresponds to one year. Workers are defined as 20 to
65 years old individuals and retirees are defined as individuals above 65 years old.
The parameters controlling the law of motion of population are calibrated to match
the average share of workers and retirees in total population in 1993 in the US,
and the number of working years the individual may live before retiring (45 years).
This procedure delivers a birth rate of w¥ = 0.0265, a probability of retirement of
1 —w® = 0.022, and a death probability of 1 — w” = 0.07. The same procedure is
applied using data from Europe.

The share of workers in innovation (Swgp) is set to match the share of R&D
workers in US population, and dropgp is set to make the average age of R&D workers
to be 40 (slightly lower than the average age of employed scientists reported in the
Survey of Doctorate Recipients (SDR) of the National Science Foundation - 2013).

For the R&D parameters, we closely follow Comin and Gertler (2006). Obso-

lescence (¢) and productivity in innovation (x) are set so that growth of GDP per

15 Adding an explicit capital deepening effect as a result of automation in the long run as in Acemoglu and
Restrepo (2018b) could further offset the negative effect of lower labour supply growth. Berg et al. (2018),
employing a neoclassical growth model with robots, argue automation leads to higher growth and inequality.
Technology in their model is exogenous thus the innovation and automation trade-off is not present.
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working age person is 0.016 (as in the US from 1970 onwards) and the share of inno-
vation expenditures in total GDP is 0.012. The mark-up for intermediate goods is
15%. The elasticity of intermediate goods with respect to R&D (p) is 0.9. The rate
of automation is set to A = 0.1. The elasticity of this rate to increasing intensity
(e)) is set to 1. Finally we set kgrp = 1.

Regarding the link between demographics and innovation, which depends on the
elasticity of invention to employed workers in R&D (rp), we follow Aksoy et al.
(2019) who, reflecting the productivity of ideas of agents of different ages in Jones
(2010), set k = 0.5.

Finally we set the macro parameters in line with Comin and Gertler (2006). The
discount factor = 0.96; the capital share a = 0.33; the yearly depreciation rate
9 = 0.08; and the share of intermediate goods 7; = 0.5. Following Gertler (1999)
we set the intertemporal elasticity of substitution (1/(1 —v)) = 0.25. Given output

and population growth and (g;)"*(g;/gn:) = 1, we obtain n = 0.15.1

4.2 Quantitative Results

The initial steady state is set with a stationary population distribution, represented
by fertility and survival probability rates, that match the population shares of wor-
kers (age 20-65) and retirees (age above 65) in 1993 for the US and Core Europe.
We then use the same population shares from the United Nations (2016) projection
data for 2055 for each region, to obtain the new fertility and survival probability
rates that describe the final stationary population distribution (all demographic va-
riables are shown in the Appendix). The demographic transition is then defined as
the path of these two demographic parameters from 1993 until 2055. From 2055
onwards demographic variables no longer change and the economy slowly converges
to a new BGP. As our interest is on the medium-run effects of this demographic

transition we focus on the variation of economic variables produced by the demo-

16Tables listing all parameter values are in the Appendix.
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graphic changes from 2000 up to 2040 (Figure 1), discarding the first seven years to
decrease the dependence of the simulation to the initial steady state.!”

When mortality decreases, savings increase and the interest rate falls, as in
Aksoy et al. (2019) and Eggertsson et al. (2019). Hence, there are more resources
for innovation, automation, and capital investments. As fertility decreases, the
new cohort of workers entering in the labour market also decreases, pushing wages
up. Higher wages depress the profitability of the labour-intensive sector, boosting
automation. As robots are more productive than labour, productivity rises. Both of
these mechanisms lead to an increase in output growth.'® However, as the profits of
the labour-intensive sector fall, the investment in innovation decreases. Moreover, a

drop in fertility implies that the pool of workers available for innovation decreases.”

Figure 1: Demographic Transition: United States and Europe
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Note: The figure plots the effects of the projected demographic changes in each region. For Per Capita
Output growth = (y¢/y¢—1)(Nt—1/N¢), Share of Workers in Population - N}¥ /N; and Growth Rate
of real wage - Wy/W;_1 we show the Change relative to the initial BGP. For Share of Automated
Sector - ym,¢, Labour Share of Output WLt /yt, Rt - Real Interest Rate and Consumption - C¢/y;
we show the percentage change relative to the initial BGP. For the price of robots we show the ratio
of price of robots during the transition and on the BGP - ¢:/qpcp-

17Qur results are not dependent on the years selected to calibrate the demographic variables. See the Appendix
for alternative simulations.

18The change in the growth rate from 1993 till 2000 is positive, we show results from 2000 in figure 1.

19Using a cross-section data on patents and demographics, Acemoglu and Restrepo (2018a) document an
increase in the number of patents related to robots and a decrease in those related to computer, software,
nanotechnology and pharmaceutics due to demographics, supporting the trade-off between innovation and au-
tomation present in our model.
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As the growth of new goods Z; decreases, overall growth is reduced, hampering the
pace of automation in the future and, ultimately, delivering lower per capita growth.
Thus, the initial effect of higher savings and lower interest rates wears off, and the
reduction in invention of new differentiated goods outweighs the productivity gains
from automation.?’

The share of workers in Core Europe decreases faster (since fertility is conside-
rably lower in Europe), boosting automation more than in the US. This result is
consistent with the data. From 2000 to 2015, automation, measured as the stock of
robots by thousand employees, increased from 1.55 to 2.7 in the four core European
countries, with an increase from 2.28 to 4.24 in Germany, 0.79 to 1.6 in Spain, 0.81
to 1.17 in France, and from 1.7 to 2.5 in Italy, while in the US it increased from
0.64 to 1.55 (International Federation of Robotics (2017)).

Graetz and Michaels (2018) show that during1990-2005 the price of robots fell
by roughly 20% on average across developed countries. In our set-up, on a BG P the
price of robots ¢ must be increasing, ensuring it does not diverge from the growing
real wages. However, during the demographic transition, as the degree of automa-
tion increases, the growth of the price of robots falls. Figure 1 depicts the price of
robots, ¢, relative to its BG P path. By 2030, ¢ would be 10% lower due to demo-
graphic changes. A more substantial fall would require the framework to account
also for technological progress that increases the efficiency in robot production (see
section 5.2).

Despite the initial increase in wages, as the economy becomes more automated,
eventually the labour share of income decreases by around 0.6 percent from 2000
to 2020, due to both a fall in wages and employment. Karabarbounis and Neiman
(2014) show that from 2000 to 2015 the global labour income share fell around 4

percent (roughly from 0.615 to 0.59). The labour share has different drivers: price

20Gordon (2012) includes demographic changes as one of the “headwinds” preventing economic growth. Aksoy
et al. (2019) estimate that from 2000 till 2015, population changes have lead to a reduction in output growth in
the US of around 0.5 percentage points. The link between demographics and innovation is behind this negative
effect. In a similar projection exercise, they report that demographic changes in the next decades lead to a more
sizeable reduction in output than the results reported here. The key distinction of our analysis is the inclusion
of automation, which has a positive offsetting effect on growth. Nonetheless, both studies give support to the
“headwind” effect of demographics on growth.
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of capital, changes in goods and labour market structures, and automation, which

we show are influenced by demographic changes.?!

5 Extensions

In an attempt to account for different ways in which labour markets and technologi-
cal progress may evolve, we start this section by modifying labour markets and the
integration of robots in economic activity. We then look at a case where the price
of robots fall substantially during the transition and finally consider endogenous

changes in labour skills.

5.1 Alternative labour market and robot configurations

We considering four extensions. The first two focus on labour market configurations.
First, we allow new workers with idiosyncratic inherited talent to select to which
sector they will supply labour (Labour Choice). Once this decision is taken, workers
drop from the R&D sector and cannot re-join during their working lives as in the
benchmark case. Thus, the share of new workers that join the R&D sector, Swgp,
is a function of the wage differential between the R&D and the production sectors
(WEP JW,). Second, we analyse the effects of delaying the retirement age (Late
Retirement). We alter the retirement age to keep the ratio between the durations
of working life and of retirement approximately constant.??

As for the role of robots in production and innovation, we first consider that
robots could also be used to innovate and automate (Robots in R&D), so that as
the economy becomes more automated (a,; increases), robots replace a larger share
of labour in R&D.?* This specification resembles the artificial intelligence model of

Aghion et al. (2017), but restricting efficiency gains in robots production to ensure

the economy converges to a BGP. Second, we also consider the possibility (Robots

21Bergholt et al. (2019) also provide evidence that automation, or technological progress that leads to the
substitution of labour by capital, may be behind the fall in labour income shares.

22Details on the extensions are in the Appendix. Under the UN projections, in the US life expectancy will
increase by 12,7 years from 1993 to 2055. Thus, we simulate the effects of rising retirement age by 8 years,
roughly two thirds of the increase in life expectancy.

31n this case, investment in innovation and automation are now, respectively, IS; = (Sp+)"5? ((1—a, t)LgLM
a thLM)"‘L/ELM and 244 = (E,4)""P ((1—a, t)L%é” +a, tMELM)"‘L/ELM where My, and My, are robots used
in R&D produced by a similar robot production sector as in the benchmark model and &1 is the elasticity
of substitution of robots and labour.
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Productivity) that the relative productivity of robots, instead of being constant,
rises as the automated sector grows (6, = A}, = 0.05).
We first focus on the long-run output growth comparison across extensions with

the following proposition (the proof is shown in the Appendix).

Proposition 4. After the demographic transition, the long-run effect on output
growth is the same in all four extensions as in the benchmark model.

In the three extensions, Labour Choice, Late Retirement and Robots in RED the
BGP, as in the benchmark case, is characterised by g, = gjt. The conditions that
determine relative prices, labour supply growth and the price of robots in the robots
production sector are unchanged. Across these cases, n is the same as in the bench-
mark model.

In the case the relative productivity of robots rises as the automated sector grows

I+p(yp—1)(1—a)(1—vy)

(Robots Productivity) the BGP is characterised by g, = ¢, ;""" """ given

n,t

that the conditions that determine relative prices are altered. As the initial BGP in

this extension has the same level of output and population growth as in the bench-

mark economy, 1 is set such that NBenchmark = iiﬁgjgg:g;g:%, thus the effect of

changes in gn; on g; remains the same.**

We now look at the effects of the demographic transition in the medium-run
for the US under these alternative specifications. Results are shown in Figure 2.
Allowing new workers to migrate to the R&D sector offsets the negative effects
of the demographic transition on growth during the transition. As automation
picks up, the wage in the production sector falls. Wages in the R&D sector, given
the lack of substitutes, do not fall and thus Swgp increases. Labour employed in
automation and innovation increase, with the former increasing more. The trade-off
between innovation and automation is still present, but is less pronounced as the

economy diverts its labour resources towards R&D.?> Delaying the retirement age

24Note that, in the Robots Productivity case if /) < 1 then a fall in population growth continues to lead to a
fall in output per capita for any value of > 0 (thus, in general, the result in Corollary 2 remains valid for this
extension as well).

25 A caveat is in order: as Bloom et al. (2017) show, despite a sharp increase in labour employed in R&D,
the production of new ideas is fairly constant; in their conclusion new ideas seem to be harder to find. If that
is indeed the case migration of workers towards R&D might be less effective in dampening the effects of the
demographic transition.
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obviously delivers a lower fall in the share of workers to total population and, thus,
the incentives to automate are lower. Although delaying retirement slows down the
fall in working age population, it cannot avoid the negative impact of population
ageing on innovation activity (less young workers involved in the creation of new
goods depresses innovation). In this case, since automation eventually falls on the

new BG P, wage growth is sustained and the labour share is higher.26

Figure 2: Demographic Transition: Alternative Scenarios
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Note: The figure plots the effects of the projected demographic changes under different specifications.
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BGP. For Share of Automated Sector - ym,: and Consumption - C¢/y; we show the percentage
change relative to the initial BGP.

In both extensions that alter the way robots are integrated the negative effects of
lower population growth on GDP per capita growth and on consumption during the
transition are of smaller magnitude than in the benchmark model. As intermediate
inputs are used in production, higher robot productivity increases total factor pro-
ductivity (T'F'P), generating positive spillovers on the labour-intensive sector. That
partially offsets the negative impact of lower labour supply, reducing the incentive
to divert resources from innovation such that the share of the automated sector is
not as large as in the benchmark case. When robots are used in R&D, the negative
effects of resource reallocation on innovation are mitigated and thus automation

increases more significantly.

26We do not explore whether the age structure within the working population has an effect on automation.
If older workers are more/less replaceable relative to their younger counterparts our results may be altered. On
this, see Acemoglu and Restrepo (2018a).
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Setting the income per capita equal across all scenarios in 2000, we find that
the income per capita in 2040 would be around 15% lower in the benchmark model
than in the two best case scenarios, when labour migrates towards the R&D sector
(Labour Choice) and when the retirement age is delayed (Late Retirement). Thus,
achieving a smoother transition towards the new BGP may generate significant
gains. Finally, extending the retirement age decreases the pace of automation and
increases the share of income of older workers, who are most likely employed in
the production sector. With the transition of young workers towards R&D, older
workers are more significantly negatively affected while most benefits accrue to
R&D workers. In sum, although in the long run per capita output growth converges
to the same level, these extensions mitigate the effect of demographics during the
transition and impact automation and the shares of output assigned to labour and

robots in the long run.

5.2 Divergence and Robocalypse

Conceivably, robots could be produced more efficiently as the economy becomes
more automated. We incorporate this possibility by allowing T'F'P in the robots
production sector to increase in the medium run.?” Eventually (after more than 150
years in our simulation) TF'P in robots production converges to a constant, so that
in this scenario the efficiency restriction that ensures BG P convergence is in effect
only in the long run.

Results are displayed in Figure 3. As demographics trigger automation, robots
are produced more cheaply, further raising the incentives to automate (from 2000
until 2020 the price of robots, ¢, falls by 40%). As TFP increases together with
the ratio a,; = (A:/Z;), most of the output is produced by the automated sector.
Eventually, as innovation investment is compromised, output growth is negatively
affected despite the efficiency gains in the production of robots. Thus, if robots

are produced more efficiently but cannot invent new varieties, then a demographic

2TThe production of robots is given by M; = 0€)}. We allow p to increase as automation increases. Eventually
it converges to a constant. As output and investment 2; are growing this scenario is analogous to when 7 > 1.
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transition that generates automation not only fails to increase output growth but a
“robocalypse scenario”, resembling the immiseration equilibrium of Benzell et al.
(2015), may arise. This conclusion is also robust to the case when both TFP of
robots production and productivity of robots in good’s production (6;) increase

during the transition (Robocalypse with Robots Productivity).

5.3 Labour Skill Improvements
One of the key features of the benchmark economy is that individuals are endowed

with constant effective labour supply (skill). Even with skill upgrading, insofar as it

Figure 3: Demographics and Robocalypse
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Note: The figure plots the effects of the projected demographic changes under different specifications.
For Per Capita Output growth = (y:/y¢—1)(Nt—1/N¢) and Robots TFP - p;/0t—1 we show the
Change relative to the initial BGP. For Share of Automated Sector - ym,,+ and Labour Share of
Output (W¢L¢)/y: we show the percentage change relative to the initial BGP.

is exogenously given, results will not qualitatively differ. For instance, assume the

Zt\At
0 Li

effective labour supply is given by H; N*t = +di. Then g = gr.t = Gni9ms,

H;
Hi 1"

where g, = As long as gp is exogenous and g7 > 1, and thus n < 1, the
comparative analyses derived from the benchmark model are unchanged. 28
However, if the growth of effective labour depends on either automation or ca-
pital accumulation, then the effects of demographic changes may be very different.
We consider two cases. In the first, Automation-Skill, we set gy = (gm)(a¢)"*,

which implies that as the production in the labour-intensive sector becomes more

specialised in a smaller subset of the current set of varieties, as a result of greater

28This is consistent with the findings of Grossman et al. (2017) on the conditions under which human capital
accumulation alters the restrictions on technological progress under balanced growth.
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automation, labour skills grow faster. In the second case, Capital-Skill, we as-
sume skills grow faster as the capital/output ratio increases, reflecting some form

of economy-wide capital-skill complementarity (see Grossman et al. (2017)). In this

K

753
;) . e and pg control the intensity of the complemen-

case we set g+ = (gn) (
tarity between labour skills and automation and capital deepening, respectively.
In figure 4, we show the implications of demographic changes when effective
labour supply is endogenous, increasing with the degree of automation or capital
deepening. We reset gz such that in all specifications gmo = 1 and the initial
BGP is the same as in the benchmark case.?? Higher skill levels may offset the
negative effect of lower fertility on total labour supply, and, ultimately, on wages.
In the case of complementarity with automation, for high levels of u,, wages do
not respond to the demographic change as much and the incentive to automate
is significantly weakened. In the case of capital-skill complementarity, as ageing
leads to a significant fall in interest rates, the capital stock increases substantially
during the demographic transition. As a result, skill growth may be substantial,
fully compensating for the fall in the number of workers such that automation ends

up falling as a result of demographic changes. Only in this extreme scenario, growth

per capita in the long run is not negatively affected.

Figure 4: Demographics and Effective Labour Supply

<10 Par Capita Dutput Growth Share of Automated Sector
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Note: The figure plots the effects of the projected demographic changes under different specifications.
For Per Capita Output growth = (y¢/yi—1)(N¢—1/N¢) we show the Change relative to the initial
BGP. For Share of Automated Sector - ym,, and Consumption - C¢/y; we show the percentage
change relative to the initial BGP.

29To highlight that these extensions affect output growth also in the long run we show the transition for 80
years.
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Finally, one of the features of the benchmark economy is that an increase in
7, such that higher investment in robots production does not suffer from the same
degree of scaling inefficiencies as before, leads to a fall in growth per capita. The
main reason is that as 7 increases, despite the initial positive effect on growth,
the price of robots relative to wages falls, promoting automation and decreasing
the incentives to innovate. Since on a BG P automation and innovation gains are
eventually matched, the creation of varieties through innovation is the main driver
of growth. Consequently, a rise in n ultimately leads to lower growth in the long
run. Allowing for higher automation or capital deepening to trigger higher levels
of effective labour supply may offset this negative effect, mitigating the trade-off
between innovation and automation and delivering higher per capita growth as 7
increases (in the appendix we show the effect of a shock to 7 in the benchmark

model and in the model with skill complementarity).

6 Conclusion

Demographic changes are bound to shape the macroeconomic landscape of the next
decades. Population ageing may affect the effectiveness of monetary and fiscal
policies (Eggertsson et al. (2019) and Basso and Rachedi (2018)). In the medium
run demographic changes may restrain economic growth (Aksoy et al. (2019)) and
promote automation (Acemoglu and Restrepo (2018a)).

We have analysed the main interactions between demographics and technology
and their implications for economic growth. In our analysis we stress the impor-
tance of considering the trade-offs between the generation of new goods and the
automation of the production of existing ones while studying the consequences of
population ageing for R&D.

While keeping complementarities among inputs (intermediate goods, capital, and
either labour and robots), we put at the front of our analysis the labour displace-
ment effect of automation, and leave the creation of new job opportunities (the

reinstatement effect of technological changes) only to innovation. This may be an
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extreme case but still a good starting point for the analysis of the consequences of
demographic and technological changes.

Admittedly, it may be too early to conjecture how the new developments from
robotics and artificial intelligence will change the production of goods and R&D.
Thus, we consider several alternative specifications of how innovation and auto-
mation come about. The main conclusion is that, even though lower population
growth and population ageing increase automation and, initially, raise productivity
growth, in the medium run they are detrimental to economic growth. When using
population forecasts for US and Europe, the model predicts a fall in output per
capita growth, an increase in automation, and a fall in the labour income share
and in interest rates, reinforcing the economic trends already observed in the last
decades. Finally, our model indicates that instead of relying on machines, increases
in effective labour supply may be the force that offsets the impact of ageing and

lower fertility.
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Appendix - “From Secular Stagnation to
Robocalypse? Implications of Demographic and
Technological Changes”
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Appendix A. Equilibrium Conditions

We start by looking at the final and intermediate producers.
Goods Production Sector

Intermediate good firms j € A; select capital, robots and inputs to minimise
total costs, TC' = ptthj + (rF 4 8)K] + P,X] given a level of production Y/ =

[(Kt’ ) (0, M7~ ] [Tﬂ . Let v/ be the real marginal cost for firm j. Then
Vj — (rt + 5) (= q(lia)(li’w) (A 1)
LT At (= )1 — 7))o |
) a1 ’YI)
K] = J—( ; A2
t Vi ( + 5) y it ( )
Y] = vy (A.3)
. (1= a1l —
M} = v} (1=a) W)yj,tet (A.4)
4t
And given the final good production function,
Djt -1 j
= = v A5
Pt (G ' (A-5)
P
Pjt
Yjt = (é) Yt (A.6)
H‘Z = |:pitt — Z/g:| yj,t = ﬁytjyj’t (A7)

Intermediate good firms i € Z; \ A; select capital, labour and inputs to minimise
total costs, TC' = W,Li + (rf 4+ §)K; + BYi given a level of production Y, =
(K> (L)) (=0 [Ti™. Let vi be the real marginal cost for firm i. Then

, rk 4 §)yel—n) (7, -a)(1-r)
Vz _ ( t — ) - ( t) — (A8)
(T =)0 (1 = @) (1 — p)) =)
ol =)
K, =v,——; A9
t Vt (Tf“i_é) y,t ( )
Y= viyiyis (A.10)
; l—a)(l—7v
Li = t( (%(/t) I)yu (A.11)
And given the final good production function,
% = Qﬂ -] (A.12)
S\ Y
t
= |2 |y = A14
t = E — V| Yir = ﬁ’/tyi,t (A.14)
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Robots Production Sector

Optimisation of robots producers imply

HQ,t = qp My — piSY (A-15)
My = o9/ (A.16)
Q
= A.17
4t My ( )

Innovation Process

One can easily determine the flow of the stock of goods (Z;) and goods for which
robots can be employed in the production process (A;), which are given by

Ziy1 Si\” .
7 = X\g (L1t/Ny)™ + ¢, and (A.18)
t \Ijt
Ay ((Zt — Ay)RRDFRL(Z)RRD ([ 4 t)m)
= A = : ZiJA —1]+¢  (A.19
A, \I/fRDNtKL ¢[ t/t } ¢ ( )

Investment in R&D (.S;) and labour demand in product creation is determined by
(11) which using (10) becomes

Sy = KRDR;:I(bEtJtJrl(ZtJrI — ¢Zy). (A.20)
Sk
LiWgrpy = ";le (A.21)

Profits are given by the total gain in seeling the right to goods invented as a result
of the previous period investment S;_; to adopters minus the cost of borrowing for
that investment. Thus,

Hrp: =7 Midi — S; 1Ry — Lr:Wgpy
1€Z¢\ Ay

Let 74, be the shadow price of =, 4, then automation investors solve

_ max _TA,tEq,A,t -+ (Rt+1)71¢Et|:)\t‘/;+1 + (1 — )\t)t]t+1]- <A22)
:q,A,t7:q,t7LA,q,t
Thus,
(Zq o Aq)’iRD'HfL B
g VRO = il =1 (4.23)
Assuming the elasticity of A\; to changes in its input (denoted €, ) is constant and
’ q9_ A9\k Ky = ~
smaller than one, we define ey = :\\—t (Z; Aé%RIZDJ%LL“q’A’t NR%D = 2, then we obtain?’
o= aMB oV — (2 — Ay (A.24)
— K
LaitWrpy = =4 L (A.25)
KRD

30We aggregate across automation investors to obtain 2 = X, +(Z; — A;) and Lay = La ¢4+(Z: — A;). Also
note that €y = exkrp < 1. We use this result in the proof of proposition 3 and 4.
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Finally, the value of labour intensive goods and automated goods are given by

‘]t == 191—.[% -+ (Rt—i-l)_lngt[‘]t-‘rl]a and (A26)
Vi = O+ (Rew1) '0E Vi (A.27)
Profits for adopters are given by the gain from marketing specialised intermedia-

ted goods net the amount paid to inventors to gain access to new goods and the
expenditures on loans to pay for adoption intensity.

My, =9 IHdj — 21 R, — LaWap.

JEA:

Household Sector

Retiree j decision problem is

jir i\ v r ir oy /Y
max V7" = {(C7")" + Buwi, 1 ([VEL]") } (A.28)
subject to
, . R . ,
C/" + FAl,, = ——FA]" +d/". (A.29)
t—1,t
The first order condition and envelop theorem are
. v, .
(Cgrykﬁ = 5u4g+1———£i:—(vﬁﬁ0“_l> (A.30)
OF AT,
ovy" : : R
o= (V) (A.31)
8FA§ Wi 1t
Combining these conditions above gives the Euler equation
Cliy = (BRy)U 00T (A.32)

Conjecture that retirees consume a fraction of all assets (including financial assets,
profits from financial intermediaries), such that

. R . .
Cl" =& | — L FA7 +DJ|. (A.33)

t—1,t
Combining these and the budget constraint gives

s R T i rj
FAI = wr—tFAi (1 — &) + dl" — g5 (D}).

t—1,t

Using the condition above the Euler equation and the solution for consumption gives

R rj T
(BR1)V Ve[ FAY + D] = (A.34)
t—1,t
R R . . y .
Et11St41 [ i ( L FAN(1 - e6) + df - mDﬁ) + Dgﬂ} .
tirl \Wio1t
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Collecting terms we have that

(ﬁRt—i-l)l/(l_U)w{tJrl €4St

11— = ’ , A.35
B Ry Et+15t+1 ( )
. . w’ .
D" = &+ DIt (A.36)
Ry
One can also show that V7" = (g,6,)~/*C/". Worker j decision problem is
max V7 = {(CF")" + Bl Vi + (1 —w) VL] ) (A.37)
subject to ' ‘ '
Ct]w + FA{}:l = RtFAgw + tht d]w - Tt . (A38)
First order conditions and envelop theorem yield
; A A
(C") = BV + (L= VL Wt e+ (1 - w)
" ’ OF A, OF ALY
oV s e
spe = VIO T R, and (A.39)
vy ovVy" OFA  oV)" 1 : 4
t — t ' t _ t ' _ (WJT>1_U(Cgr)U_1Rt. (A40)

OF A" OF A" OF Al OFA]" wi_y,

OFAIT

oF A{“’ o ‘*’t 1,
select the same asset profile independent of their worker/retiree status, adjusting
only for expected return due to probability of death. Combining these conditions

above, and using the conjecture that V7" = (¢)~/*C7", gives the Euler equation

since as households are risk neutral with respect to labour income they

jw —oN L w vw wy = .
i = ((5Rt+13t+1)1/(1 )) W*CT + (1 = w")e, 1G] (A.41)
where 3,1 = (w0 + (1 — w®)elt ).

Conjecture that retirees consume a fraction of all assets (including financial assets,
human capital and profits from financial intermediaries), such that

CY = G[RFAIY + HI" 4+ DJ"]. (A.42)
Following the same procedure as before we have that

St [RtFAZw-&-Htjw-&-Dgw}(,BRt+13t+1)1/(17“)= (A43)
w41 [Rt+1 (RtFA{w(I—Ct)+Wt§t+d{w—§t(szw+wa))+wa +Dﬁ1]+

=1 )
e (1—w"™)et 1641 [Rt+1 (RtFA,ng(1—§t)+Wt£t+d§w—§t(Htjw-‘ngw))-l—Dﬁl]

BANCO DE ESPANA 43 DOCUMENTO DE TRABAJO N.° 2004



Collecting terms and simplifying we have that

St (BRt+13t+1)1/(1_U)

! St+1 Rt+13t,t+1 ( )
HY = (W))+——HI* and (A.45)
Rt+13t,t+1
. ) wW ) (1 _ ww)g(vzl)/v )
DY = "4+ ———D" + Hl__pit. A .46
! ! Rt+13t,t+1 o Rt+13t,t+1 o ( )

Aggregation across households

Assume that for any variable X7* we have that X7 = fONtZ X7 for z = {w,r},
then

L = N (A.47)
L[,t‘i‘LA’t - NtwRD, <A48)
w® NY
HY — A.49
Ri13iim N ( )

w w w w v=1)/v T w
w Dy Ny (1-w )5£+1 )/ Dy (N

HY = (WyNPP+ (WEP)NSRP

DY = d¥+ , (A.50

¢ t Ri13eei1 N Riy13t441 Niy ( )

CY = q[RFAY + HY + Dy =T/, (A.51)
w; NT

Dl = 4+ 2Hpr b A.52

t t Rt+1 t+1 th~+1 ( )

Cy = es|RFA]+ D). (A.53)

Note that wf,, is not shown in the last equation due to the perfect annuity market
for retirees, allowing for the redistribution of assets of retirees who died at the end
of the period.

Financial Intermediary

The profits of the financial intermediary are
I = [rf+ 1K, + BB, — R(FAY + FA)) — Ky11 — Byt + FAY + FAL +
+(ITay +Irpy + (1 —09) (/ I dj +/ Hidi) +1g.), (A.54)
JEA: 1€Z¢\ Ay
Where Bt+1 = St + Et and FAt = FA;U + FA;
The financial intermediaries selects capital and bonds such that it maximise

profits and thus we obtain the standard arbitrage conditions whereby all assets
must pay the same expected return, thus

Ey i +1] =R (A.55)

Also note that under a perfect foresight solution, by ensuring the financial in-
termediary behaves under perfect competition, this equality holds without expecta-
tions, ITY' = 0 and thus df = d = 0. If I} # 0, then we assume profits are divided
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based on the ratio of assets. As such, df = ITF W and d¥ = I1F W. The
flow of capital is then given by
K = Ki(1—06) + I, (A.56)
Where [; is the investment in capital made by the financial intermediary.
Asset Markets
Asset Market clearing implies
FA W =FA)  +FA, | = Ki1 + By (A.57)

Finally, the flow of assets are given by

FA}, = RFA] +d — C} + (1 —w") (R FAY + W& Ly + df — C — 1) (A.58)
FAY, =W (RFAY + W& Ly + df — C — 1) (A59)

Clearing conditions

Yo = Cup + Crp + Vo + Qp + I (A.60)
Kt+1 - (1 - 6)Kt + It <A61)
m:/ @@+/ kidi (A.62)
jeAt iEZt\At
T, = / Tidj + / Tidi (A.63)
JEA:L 1€Z\ As
M, = M dj (A.64)
JEAL
NPR = /LA,q,tdi + /Li,q,tdiNtwL =/ Lidi (A.65)
q P iGZt\At
(A.66)

Appendix B. Detrended equilibrium conditions

This section shows the detrended equilibrium conditions. Note that z denotes the
steady state of variable z;.

Wy = lSt + th + lCLt (A67a)
W’ geihy Hy Yi Ni
hy = w; + where by’ = , .95, =—— (A.67b
t t Rt+13t,t+1 9211 Y} Ji+1 = Y} Gi+1 Ny ( )
nr Ir wZH‘l t—l— Ct r Dr Ir d:
D} =d; + ——g where D = —,d, = A.67c
O R M Gt IR ORAY (407
DY = q¥ + W 91Dty (1-w )5'&: " ngD where D“’ = DY dw =
t b R 3iin 9t Rii13¢01 Cle19i v

(A.67d)
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fai _ BAY &

¢ = + hy + Dw where fa;’ = o = — A.67e
t [ G ] f t )/c,t_l t }/t ( )
fai | = FA &
r_ Rt 4 D' wh T T = = A.67f
Ct €t§t[ t g + t] wihere fa’t )/c,t—l’Ct }/t ( )
R 1/(1_U)OJT
1— e = (BR11) ti+1 St (A.67g)
R EtH1S5t+1
R (=)

o —1-— t (BRi13611) (A.67h)

St+1 Rt+13t t+1
3 = (@ + (1 - w)efyy ) (A.67i)

NwRD

il g | = wy {i1Swrp + (1 — dropgrp)w" whD where (AP = —NE (A.68a)
t
wlL
C“erlgﬁl wi s (1 = Swrp) + w" w4 (droprp)w® (P where (F = ]\;w
(A 68b)
G =w” + (1 —w”) (A.68¢)
- . Ny
G = ((1 —w") + w:,t+1€:> (W’ + (1 —w")) " where G = Nf” (A.68d)
t
(1+¢) o Nis1
Ji+1 1+q) 9i41 where g’ N, ( e)
Note that all firms j € A; take the same decisions, then fj A, Kldj = Akl A

similar argument holds for firms i € Z, \ A;.

all =) —1 Aik] (P! /P )yl As
)t (Tf + (5) ¢ Ym tge WhHeETe it }/t_l Ymit Yt ( 69&)
-1 A1
Tmﬂg = ’YI@Z)Tym’t where Tm,t = tY; t (A69b)
-1 Ay M,
my = (1 —a)(l — 71)1/) 7 Ym.¢ Where my = tgfzt% = th; i (A.69c¢)
a(l— —a)(1—
o= (M) v1) (E)(l Y(1—r) g(l—a)(lfw) where gym; = M g
o (rf_, +9) 0; o - (Pjt-1/Pt-1) 7
(A.69d)
A
It — gt where gt = (A.69)
Ym,t—1 ' A
AT
Tm,t — Eym’t where Tm,t = ;/t L <A69f)
a(l =)y —1 (Z; — At)kf (pi t/pt)yg(zt - A)
kr.= here ky } = ———2° = =2
Lyt (Tf —1—(5) W Yr,tgr where Ky, ¢ Y, y YLt Y,
(A.69g)
-1 Z, — AT
TL,t - ’Ylww YLt where TL,t = % (A69h)
t
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-1 (W) Nt

ls; = (1 —a)(l—~y) yr+ where ls; = 7 (A.691)
t
wg n w W .
Ist/lsy—1 = lspopi/lspop;—1(g, *g; 1)/ g: where g;"? = W t (A.69j)
t—1
YLt ZA 19 ZA (Zy — Ay) (piit/pt)
= , where = —————"— where =
Yri—1 I IpLt o (Zi—1 — Aiq) Iplt (Pist—1/Pi-1)
(A.69K)
(k4 8) \OU 7 g, \ (00 g ()= I
= — - here = = Gu
ot ((Tf—1 + 5)) (lstl) (QL,t) WO gL = T T e
(A.691)
7, — AL
Lt = EyL’t where 77, = “Ttt)t (A.69m)
Q O
= wh Q= A .69
my p where €, Y, ( n)
~ o,
o+ = my — Q where mo = Y’ (A.690)
t
~ n
my Q n—1
= | = A.69
Tyt (Qtl) (9:) gt ( D)
Z ﬂ)pl' AL h Z:_Zt :&\Ij &l' _ L
Jiy1 = X (m (lipop:)™ + ¢ where g; 7%=y Ve =y livon = 7
(A.70a)
A Ay
Gitn = Mo[1/a., — 1] + ¢ where a., = A (A.70Db)
t
1—a
ZA Z z,t
=g — A.
9t 9o 7 Gt (A.70c)
g
azy = az_1>> (A.70d)

t

, Z, - . S(Zi— A
St = KrpYre1 R Bl ( g =9 ) where j; = Sz = 4) (A.70e)

QtZ+1(1 - az,tJrl) Y,
LW
li, = si—L where li, = —Lt RD (A.70f)
KRD Y;E
. : : . wrd n wr W )
li/liz—1 = lipopy/lipope—1(9¢"*9i1)/ 9¢ Where g = W =24 (A.70g)
RD,t—1
VA
vy = VTt + (RHI)_IQS#WH where v, = ——* (A.70h)
i1 Y:
Je =0T + (Rt+1)71¢%jt+1 (A.70i)
9t
v ) = .
Wt = E)\AtR;Fll(égtJrl %1[1/6Lz7t — 1] — ']tZ—Jrj where Wy = ?t (A?OJ)
t+1 941 t
LW,
la; = wtﬁ where la; = ZALT RD (A.70k)
KRD Y,
lag/lag—y = lapop,/lapop.—1(g;""g71)/ 9¢ (A.701)
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RD : — v, - T
A=A\ <(@) lapOpr) ~ A (1 + €, (,«;RDwt?j “_ KRD tqj + Ky,

7T24 = 197Tm,t - Rtwt—l/gt — liy

RD
7Tt = 797TL,t — Rtst—l/gt — lat

where €, is the elasticity of A(-)

rf—i—l +1= Rt+1

7 rla F ]
d; = m/ ==L where 7/ = -
Jai Y;
w
w o rla;
d =m, —
Jai
B,
+1
bt+1 = St + Tt where bt+1 = %
t

ke Ry

lapop; — laﬁop))

lapop
(A.70m)

(A.70n)
(A.700)

(A.71a)
(A.71b)

(A.71c)

(A.71d)

R
= (rf+1)—+ =b — g—t(fat) — ki1 — b1 + (Fag) + 7 + 7+ (L= 9) (M + 710)
t

gt gt

twL
lspop =
pop 1+
P wo _ NP
lipops + lapop, = ——— where ('Y = ———
149 % 148 % 1+<ty+g G N
ke R A
ki = (1— 5); + 4, where 4, = Y.
ke =kt + ks
Tt =T+ Yo,
1= Yms+ YLy

~ < C
1:ct+it+st+wt+§2t+Ttwherect:?t

t
c=c +c

Jady, + fai = ki + b

R - R .
f@H:Eﬁﬂ+£—é+ﬂ—w%(jﬁﬁ+m+@“w@
t t

fag = fafru+1 + fa:+1
U = vy

w w R w Jw w
fali, =w (g—tfat+wt+dt—ct>
t
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Appendix C. Comparative Analysis

In this section of the appendix we present the proofs of Proposition 2 and 3. For
both propositions we use the main detrended equilibrium conditions from firms,
innovators and automation investors optimisation problems depicted above.

Total differentiation around the BG P equilibrium of the core equilibrium condi-
tions for R&D, (A.70), using ¥; = v; and (A.69a) to replace for 7 and =, we

obtain
dg” ds dv dlipop
- @ = - R K
gz + ¢ s T P% L lipop
ds  dR n dj n a, da, dg ¢ dg?
B R j (1 - az) Qay g gZ gZ+¢
dg” B dA B 1 da,
9+ A (1—-a.) a.
dA dw dv dlapop
~ T E@KRD | — — | TEKL
A v lapop
%:%_%+%+%+vﬁ[}ézz_z]1_]] %_v[l/a;‘—l]—j %_vﬁ[/la(:i;]llj 1—1az daazz
d d dR dg? d %9
_U:_L_F__FLZ_‘_F_‘Q’ WhererzgziRQ
v (I-y) R g g (1--%%)
dj d dR dg? d
G _ S pft_pf p
JoL R g g

dlapop  dlipop dw  ds

lapop B lipop w S

dg _ 1dgn

g 7 gn
dg  (1—=n)( —1){1 —a)(1 —71)dgn
9 Ui In

dlapop + dlipop = dRDpop

wRD

where RDpop = N’}Vt

Proof of Proposition 2:

(A.73a)

(A.73b)

(A.73c)

(A.73d)

(A.73e)

(A.73f)

(A.73g)
(A.73h)
(A.73)

(A.73j)
(A.73K)

Proposition 2 focuses on changes on population growth (dg,), maintaining demo-
graphic structure (age shares) constant and thus dRDpop = 0. Combining (A.73)
we obtain two conditions linking labour output share and the degree of automation

with changes in population growth and changes in interest rates

1p_dg, pdR da, dyy,
- = —q— —di—
Nk  9gn  kp R a. y(1—yr)
1k dg, krpdR da, d
__ﬂmi _ERDOY + @#
1N KL 9n Kk R a yr(l —yz)
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where

lapop (v+7) P a -
RDpopv[l/a, — 1] —j k(1 —a,)

RDpop — lapop) (v+7) 1 j 1
1 0
RDpop  o[ljas—1]—j e MR e 1 =) (—an))

(
-
= (e el ey
(
(=5

RDpop v 1/az—1]—] KL,

EARRD (RDpop — lapop) v[l/a, — 1] -
eA/{L vl/az—l]—j RDpop v[l/a, — 1] —j

5 P
(97 +¢

U
)
I

(1- )(w—l)(l—@)(l—%)—1> >0

— EARRD _¢
I = (W(l—ﬁ)(w—1)(1—a)(1—71)—1>>0

The first four inequalities follow from the fact that on any BGP, w > 0 = [v[l/a,—
1] —j] > 0, and a, < 1 and the last two since ¢, kpp < 1 and from assumption 2

(A2).
Then, as the labour income share is given by ls;, = (1 — a)(1 — ’y[) Lyr. we

have that

do. _ o (0ERTa g S (nsmR g a) R
_ 74

Q. cody — dacy ( )
dls % (01 n:LD PQ + %Flcg) % + (Cl?;LD + %CQ) % A
— = (1- )
ls (1=ve) Cady — daycy ( )

To conclude the proof of Proposition 2 we need to ensure the denominator is
positive. From the definitions of ¢, c9, d1, and dy and as exkgp < 1 we have that

1 1a, —1 Dpop — :
Cody > Gody = ( [v[ Ja, —1] ) p  (RDpop — lapop) (v+4) »p

exip(l—a.) \w[l/a. —1]—j ) sy RDpop v[l/a, — 1] — j kg
1 v[l/a, — 1] lapop  v[l/a, — 1]

exkr (1l —ay) (v[l/az —1] —j) RDpopv[l/a, — 1] —j

(RDpop — lapop) (v+7) lapop  v[l/a, — 1]

RDpop v[l/a, — 1] — j RDpopv[l/a, — 1] — j

P Gz EKRD J L P (RDpop — lapop) v[l/a, — 1]
kp (1 —a.) exkr v[l/a, —1]—7 k(1 —a,) RDpop v[l/a, — 1] —j

lapop (v+7) (RDpop — lapop) v[l/a, — 1]

RDpopv[l/a, — 1] — RDpop v[l/a, — 1] —j

lapop (v+7)  €krp J

RDpopv[l/a, — 1] —j excr v[l/a, —1] —j

cdy =
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Note that (RDpop—lapop) __ lipop __ lapop lipop __ lapop s

RDpop ~— RDpop ~ RDpoplapop ~ RDpop w"
z
R (M)
Ag & — RZRDQ ®j g% (1—az) _ i - then
“ EAW;?I]R*1¢QLZ[U[1/¢IZ—1]_]'] exaz[v[l/a.—1]—]
(RDpop—lapop) __ lapop bj
RDpop - RDpop exa, [U[l/az—l}—jp and thus
¢ P v[l/a. — 1] — a.j
Cody — cidy = - :
E>\”{L(1 - az) v[l/az — 1] -

1 lapop [wv(v[l/a, —1]) — exkrpa.j)
a.exky, RDpop ( (v[1l/a, —1] —j)? )
_’_’fﬂ lapop (&5 B 6/\) 7°
exkr RDpop \ a, (v[1l/a, —1] —j)?

Asw[l/a, —1] —j > v[l/a, — 1] —a.j > 0 it is sufficient that a, < i—i’ to ensure
Cody — c1dy > Cody — cydy > 0. Note that given that the first two terms are positive,
and the first increases as a. increases, even when Al does not hold, and the third
term is negative the denominator may still be positive.

Proof of Proposition 3:

Proposition 3 assumes population growth is keep constant, dg, = 0 (which im-
plies dg = dg? = 0), and focuses on changes in the demographic structure particu-
larly considering an increase the share of retirees (ageing) and thus dRDpop < 0.

Combining (A.73) we obtain two conditions linking labour output share and the
degree of automation with changes in demographic structure and changes in interest
rates. The system of equation, using the definitions of ¢, ¢, d; and ds, becomes

dRDpop B ﬁﬁ _ da, B dyy,
RDpop K R Ya, Yyr(1—yr)
dRD dR da, d
pop _ Krp @fv e a + ds YL

RDpop kr, R

As the labour income share is given by ls; = (1 —a)(1 — fyﬁ%ﬁ,t we have that

d, ) (W) T (a10
a, N cady — dacy '
as (e - (e ge) )
ls N yr Czdl—dzcl ’

As the denominator is positive that concludes the proof of proposition 3.
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Appendix D.

More on Calibration

This Section reports the values of the set of parameters of the model.

Table A.1: Calibration

Parameter Value Target/Source
Time Discount Factor £ =0.96 Standard Value
Elasticity Intertemporal Substitution v=-3 EIS = 0.25 (Gertler(1999))
Capital Depreciation Rate 0 =10.08 Standard Value
Capital Share in Production a=0.33 Standard Value
Intermediate Share in Production ~vr =0.5 Comin and Gertler(2006)
Elasticity Substitution of Varieties Y =28 Standard Value
Obsolescence ¢ =0.85 Growth per Working age person
Productivity Innovation X = 5.67 Share of innovation expenditure in GDP
Elasticity of Investment to Innovation p=0.9 Comin and Gertler (2006)
Elasticity of Final Goods to R&D Investment krp =1 Comin and Gertler (2006)
Elasticity of Labour to R&D Investment kr =0.5 Aksoy et al. (2018)
Rate of Automation A=0.1 Share of Automated Varieties
Robots Production Function n=0.15 Balanced Growth
Probability Transition from Mature to Old 1 —w, =0.022 Avg. Number of Years as Worker: 45y
Share of Workers in R&D Swrp = 0.07 Share of R&D workers in Population
Probability Workers leaves R&D droprp = 0.07 Average age of R&D workers

Table A.2: Calibration - Demographic Transition

Country US Year 1993
Parameter Value Target/Source
Birth Rate wy, = 0.0265 Share of Workers in Population
Death Probability of Old Agents 1—w,=0.07 Share of Old in Population Country
Country US Year 2055
Parameter Value Target/Source
Birth Rate wp, = 0.0236 Share of Workers in Population
Death Probability of Old Agents 1—w,=0.037 Share of Old in Population Country
Country Europe Year 1993
Parameter Value Target/Source
Birth Rate wy, = 0.0253 Share of Workers in Population
Death Probability of Old Agents 1—w, =0.06 Share of Old in Population Country
Country Europe Year 2055
Parameter Value Target/Source
Birth Rate wy, = 0.0206 Share of Workers in Population
Death Probability of Old Agents 1 —w,=10.024 Share of Old in Population
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Appendix E. Additional Simulation Results

First we show the impulse response to a shock to y, the efficiency of innovation

investment, discussed in Corollary 1.

Figure A.1: Response to Permanent Increase in Investment Innovation Efficiency (x)
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Y
25 e ' o~ 1%
AN s i
H 3 08| 1
H N, 1 ’/ (L1
x |! ‘.‘ | g o8t 7 l = A
815}, L% { 2 Vi LT
T b L ; \
/ \
i \‘\ 1 . rd 04 N
H L 02} < | "\
i ~ 4 .
LEY) 02| .
H o, /’ | S
! * T
Py S " " Vo g . " . | ol .
] w4 B0 B0 a W 4 60 B0 a 2 4 @ B

= Inngvalion Efficiency Shock

Note: The figure plots the effects of the projected demographic changes in each region. For Per
Capita Output growth = (y¢/y¢t—1)(Ni—1/N¢) we show the Change relative to the initial BGP, for
the Share of Automated Sector - ym,: and Consumption - C¢/y; we show the percentage change

relative to the initial BGP.

Then, we present additional simulation considering one case where the start year
is 1990 instead of 1993, thus the demographic transition occurs from 1990 till 2055
and one case the start year is 1995 and the end year is 2060 instead of 2055. In
both cases we depict the simulated variables from 2000 till 2040. In the first case
the first 10 years of simulated data are discarded and in the second the first 5 years

are discarded.

Figure A.2: Demographic Transition: United States and Europe

Per Capita Output Growth Share of Automated Sector Bhal‘a of inF d_a.bof Share of Output
0 29
-0.005 o2
0.01
. z -0.04
2-0.015 ¥
a Z-006
' o002 A
0,025 006
0.03 0 0.1
2000 2020 2040 2000 2020 2040 2000 2020 2040 2000 2020 2040
i Ci
U.Dﬂgmw‘h Rate of Real Wage 14 Price of Robots 0 Interest Rate 2
]
i} al TS
-0.008 e i
= 2
@ 00 S 6
0.015 *
8
0.02
-0.025 X -0.15 -10
2000 2020 2040 2000 2020 2040 2000 2020 2040 2000 2020 2040
=S, Core Europe

Note: Demographic Calibration: initial point 1990 - End point of 2055

The figure plots the effects of the projected demographic changes in each region. For Per Capita
Output growth = (y¢/ys—1)(N¢—1/N¢), Share of Workers in Population - N} /N; and Growth Rate
of real wage - Wy /W;_1 we show the Change relative to the initial BGP. For Share of Automated
Sector - Ym,¢, Labour Share of Output W;L¢/y¢, R: - Real Interest Rate and Consumption - Ct/y¢
we show the percentage change relative to the initial BGP. For the price of robots we show the ratio

of price of robots during the transition and on the BGP - ¢;/qpcp-
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Figure A.3: Demographic Transition: United States and Europe
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The figure plots the effects of the projected demographic changes in each region. For Per Capita
Output growth = (y¢/yt—1)(Nt—1/N¢), Share of Workers in Population - N}¥/N; and Growth Rate
of real wage - Wy /Wy_1 we show the Change relative to the initial BGP. For Share of Automated
Sector - ym,¢, Labour Share of Output Wi L /y:, Rt - Real Interest Rate and Consumption - Ct/y:
we show the percentage change relative to the initial BGP. For the price of robots we show the ratio
of price of robots during the transition and on the BGP - ¢:/qpcp-

Appendix F. Model Extensions

We present the three more elaborate extensions of the model and then present the
proof of proposition 77.

F.1 Extension - Labour Choice Model

Under this extension, Swgp,, the share of new workers that enter the economy
and work in the R&D sector, is endogenous. In order to obtain that we assume a
household, when entering her working life selects in which labour market (R&D or
intermediate good production) to participate. At entry she is randomly assigned
an efficiency level in R&D activity, denoted £, where 7} is drawn from a Pareto
distribution with shape parameter € > 1 and support [1,00). We denote the cumu-
lative distribution by F'(v). The household then compares the human capital gain
under the R& D sector (H[*P) which is a function of the wage WP and the average
efficiency of workers in the sector, denoted v,,,, and the human capital gain in the
production sector (H;, which is a function of the wage W) and selects in which
labour market to be active in.

There exists a cut-off point v/ such that given HF” and H; the household is
indifferent between choosing each sector. Then, the share of households in R&D is

given by
> < ele > —(e+1) %\ €
Swrpt = dF(v) = s dv = 3% = (v))

t t

BANCO DE ESPANA 54 DOCUMENTO DE TRABAJO N.° 2004



The average efficiency of entrants in the R&D labour market is

fl:f EvdF (v) fyif Eev=Ody e
e B oy s e P L

The average efficiency of all workers in the R&D sector is then given by

Yy w
SwRD,twt,tHNt

Ut = —RD VE —+ (1 — dTOpRD)wthwRDNgflzDVm,t_l
N
Defining
HY = (W) + WH{&, where j works in production
1Dt 41

w

szRD = (Vm,tWtR >+Rt+13tt+1

HYtP, where ¢ works in R&D

And since vy, is a function of v/}, v is such that H}* = H;“"". Finally, we calibrate
e and & to obtain the same effective wage in R&D and Swgp at steady state as in
the benchmark model.?!

F.2 Labour Supply - Intensive Margin

In this extension we assume that all households also decide how much labour to
supply (we allow retirees to also supply labour, although
Retiree j decision problem is

i T\ U ir\U(1— r jir oy 1/
max V" = {(C7")* (xr — {1 + By, o (V) )
subject to
T i R i T i
CI" + FAJL, = ——FA]" + eWyl]" +df.
t—1,t
Following similar steps as in the benchmark model we get
jr Rt rj jr rj
Ct = &St - FAt +Ht +Dt
t—1,t
(1=pz)o) A7)
Wi r
(5Rt+1 (Wtfq) ) Wi t+1 £
l—&g =
R Et+1St+1
. . wr .
Dgr _ dg'r + tt+1 Dgil
Ry

. . wr )
jr Jr tt+1 rrgr
H" = Wil + ZH.

t+1

31We also considered a case where we set k7, = 0, so that the R&D sector does not need labour to innovate
or automate. Results are similar to the Labour Choice case indicating that by allowing workers to migrate to
research while young the labour supply constraint on research activity is almost fully mitigated.
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ir /’LLOJ'T
O —1") Wl—t
EWi(1 — pr)
VT = ()OO (e = 1)
With endogenous labour supply wages affect the marginal propensity to consume.

As a result we can no longer solve a single problem for all workers.
Production workers j decision problem is

Jw
Ht+1

jw jw v w wy/ v 1/v
max V" = {(Cg MHEY (Xw l] ) (=) + Blw t+1 +( )V;f—&—l] }
subject to ' . ' ' '
Cl" + FA)Y, = RRFA]" + Wl + d]"”
Following the same procedure as before we have that
CJ" = G[RFA"+ H]" + DJ"]
(1=pz)o) Y/ O)
s <5Rt+13t+1 (Wt+1> )
! St+1 Rt+13t,t+1
~ | W e (L= w) (1) e
H" = (W{l")+ ———H]" + g
! (Weli") Ri136011 i Ri136011 i
~ A " (1—w”) (1/6) ™ ey
Djw — djw + —D]’LU + =+ D]?"
' ! Ri113601 i Ri136011 i
jw :U’LC]w
(Xw—4") = Wl—t
V7" = (ew) O (e — 1)
e = (W (1- )5&11)/ ).
R&D workers j decision problem is
max V;ij _ {(ngR)uLv(XwR . li’wR)v(lfﬂL) + B[ww(l o drOpRD)VXﬁR
- 1/v
o (dropro) Vi + (1= w" V2" }
subject to . ‘ ' '
I+ FAIYT = R FAP™ + WEPHYR 4 g
Following the same procedure as before we have that
WAD (1—pr)o V/(70)
s BR300 (W)
O St+1 Rt+13m©t,t+1
. . w . 1 _ ww) (1/5)1 /J“L ’L) 1)/1}
ngR _ WRDl]wRD + w H]w + ( t+1
! (W ) Ryy13™% 11 o Ri137%001
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) (1—pr)v (v—1) /v

w Wi
+(1 Y )drOpRD <W£’; Or+1 ijRD
Ri13%%, 141 o
pivi — RogeRpy 90 (=@ (U9 T,
! Lo Ri113%% 14 o R 13,11 i
(I=pL)v 1y /0
(1 —w")droprp (VVKE,) 0§+11)/ ,
+ t41 Dﬁ;{%D
Rt+13m©t,t+1
jwR
(v — 1) = G
' Wi(1 — pz)
‘/t]wR _ (gtgt)—l/uCthR(XwR_lgwR>
RO B w w-1)/v [ Wizt e oy _(v—1)/0
3 = (1 —w")droprpo;y —_— w’droppp + (1 —w")e; "),

RD

Finally, in order to ensure unique trans?’ggﬁ path we assume innovators and
automation investors pay a cot to adjust labour demand given by §(Lx ;—gnL xi-1)%
for X =1, A.

Allowing for adjustment of labour supply in the intensive margin affects the
impact of the demographic transition in the medium run. However, as the economy
converges to a new steady state, labour supply of each workers converges to a
constant and thus the growth rate of labour employed in production becomes equal
to the population growth gr; = ¢,:. Thus, the individual effective labour supply
remains constant on a BGP and the conditions driving the result in proposition 1
remain constant.

F.3 Depreciation of Robots

We assume at every period robots producers start with (1 —dz)M; amount of robots
and invest €); and get I/* = 0(€2;)". Robots are rented to firms at a price ¢;. Problem
of robots producers is

Ot

maXZBtHQ,t =qM, —Q st. M;= 00!+ (1—0g) M. (A.78)
t=0

Maximisation conditions are

104t Qz;?
= 1-(1-9 A79
0 o .
Mt = QQ? + (1 - 5R)Mt—1 (ASO)

If (A.79) holds then on a BGP, (g:)" 'g,: = 1 and % is constant. Thus, (?77?) in
proposition 1 continues to hold and thus restriction on 7 to ensure BGP exists is
unchanged in this extension.

F.4 Long-run Effect Under Alternative Scenarios

Proof of Proposition ?7: Using the optimisations conditions of firms and robot’s
producers we set the system of equations that determine output growth. As we have
seen from proposition one, this set of equations are made of the two equations that

BANCO DE ESPANA 57 DOCUMENTO DE TRABAJO N.° 2004



determine the growth of relative prices in each sector (gpm.t, gprt), the two demand
equation for output in each sector coming from the final good optimisation condi-
tions which determine the change in the relative output share in each sector (Y.,
yr+) and the production function in the robots production sector that determines
the change in robots-output ratio (m;). Formally,

kg a(l=r) 0 (1=a)(1=~1)
()Y
Ty t ’
Ymt _ gagl (A.81D)
ym,tfl '
(Tf +5) a(l-r) lSt (I=a)(1=~1) gy (I=a)(1=~1)
= - ARlc
Itt ((Tf—1+5)) (lSt—l) <9L,t) ( )
yr, _
= = gl g (A.81d)
YrL,t—1
Q n
m
mttl = (Q d ) (96)" " ggr- (A.8le)
- t—1

First consider the two extensions that alters the function of labour markets. The
first extension, Labour Choice, allow young workers who enter the labour market
to select which sector to supply labour. This decision is function of the ratio of
wage in R&D, Wgp, and the wage in the labour-intensive sector W. During the
demographic transition as the ratio of wages changes, Swgp, the share of workers in

R&D, increases, labour supply in production falls and thus g1, = ijl falls relative
to the benchmark model. However, as the economy approaches the new BGP with
a stationary demographic composition, the growth rate of Wxp and W are matched
and thus Swgp is constant on a BGP. To see this note that from (A.69f) and
(A.69k) liy + la; = (Lry + Lay)Wrp/Y: = (NYEPYWrp/Y,; is constant on a BGP

and from (A.68i), Is; = N*LW, /Y, is also constant. As NYFP 4 N¥L = N¥ a BGP

w wRD wlL
with constant output shares implies g¥ = % = gt = ]NVEU_qD = gl = %Eu—li .
As such the growth rate of labour supply in this extension is the same as in the
benchmark case and is given by gr; = Lftl = Gut = wo— = Gngt- Lhus, the set of
- t—1

conditions above deliver the same result as in the benchmark case: ¢/ = g+ = gn.s-

A similar argument is developed for the second extension, Late Retirement. In
this extension, we assume that while longevity is increasing (w”"), we assume w®,
also increases, such that the portion of life in retirement does not increase relative
to life as a workers. Once the economy approaches to a stationary demographic
composition, the share of workers and retirees remains constant and their growth
is matched and is a function of fertility and longevity, which are the same in all
extensions. Thus, once again, gr; = gns, and g; = gns.

The extension that allows robots to be used in R&D, Robots in RED, alters the
creation of goods and automation activity such that it does not rely on labour but
on labour and robots. The main effect of such change is to curtail the increase in
Wgrp that hampers innovation and automation during the demographic transition
as the share of young entering the economy and supply labour in the R& D sector
decreases. Nonetheless, as discuss in Corollary 1, on the BGP, gz is ultimately
a function of population growth. Also note that robots and labour growth at the
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same rate on a BGP. Thus, on the BGP the set of conditions A.81 continue to
hold and ¢/ = gn+-

Finally, when the productivity of robots changes, Robots Productivity, 6, = Al
is no longer constant and as such using the system of equation A.80 we have that

n 1—a)(1— —Q —
. _(, 9145;1 (1=a)(1=1) s (1—a)(1-r) _, As2)
pM,t q,t QAQL It DLt -

(90" " gqr = 1, (A.83)
924 _ (gt/gnyt)(wfl)(lfa)(lfw) (A.84)

Combining (A.82), (A.83) and (A.84)

At+p(¥—1)A—a)(I—7y)

gD _ o (A.85)

Since the benchmark in all extensions have the same initial level of output growth

and population growth, the calibration procedure implies ZIZ EZ:BS:E;S:Z; g = NBenchmark-

Atp(—1)(A—a)(1=7)
As a result, due to the calibration, g/ = g, ™" """ = ¢ and as g, changes
the effect on ¢; is the same in all extensions.

In order to illustrate this result we show the long-run effect on per capita growth
of the demographic changes projected for the US using the calibrated versions of the
benchmark and four extensions in Figure A.4. Note that in this long-run simulation,
the demographic transition continues to occur from 1993 until 2055. Thus from
2055 fertility and longevity no longer change. However, the economy has takes

considerably longer to reach the new BGP.

Figure A.4: Demographic Transition: Alternative Scenarios - Long Run Effect

<107 Per Capita Outputl Growth
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Note: The figure plots the effects of the projected demographic changes under different specifications.
For Per Capita Output growth = (y¢/yi—1)(N¢—1/Nt) we show the Change relative to the initial
BGP.
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F.5 Shock to n - Robots Production

In this section we show the effect of a shock to n in the benchmark model and in
the model with automation and capital skill complementarities.

Figure A.5: Impulse response to 1 Shock

0.04 Per Capita Output Growth 10 Share of Automated Sactor 2 Consumption
003
002
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Note: The figure plots the effects of the projected demographic changes under different specifications.
For Per Capita Output growth = (y¢/y¢—1)(N¢t—1/Nt) we show the Change relative to the initial
BGP. For Share of Automated Sector - ym,: and Consumption - C¢/y; we show the percentage
change relative to the initial BGP.
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