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Rapid Aging of the World Population
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Figure: Aging from 1950 to 2015 and its expected behavior until 2025. Aging is
measured by the ratio of older (56 years and above) to middle-aged workers
(between 21 and 55 years). Source: United Nations.



Aging Could Restrict Economic Activity:

1. Demand side/ output gap (Alvin Hansen):

Excess of savings over desired investment could lead to

shortfall in aggregate demand.

2. Supply side/ potential GDP (Robert Gordon):

People drop out of the labor force or their productivity

peaks.

Aging creates a shortage of the manual labor provided by

middle-age workers employed in industry jobs.



Aging and Change in GDP per Capita
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Figure: Correlation between aging and growth in the log of GDP per capita
between 1990 and 2015. Aging is measured by the ratio of older (56 years and
above) to middle-aged workers (between 21 and 55 years).



Cross-Country Differences

Big differences in the speed in which new automation

technologies are being adopted:

◮ Number of industrial robots per thousand workers in US industries
was 9.1 in 2014,

◮ Number is 14.2 in Japan, 16.9 in Germany and 20.1 in South Korea.

◮ The United States lags behind in the production of robots relative to
Germany and Japan, which have each six of the major producers of
industrial robots, while the United States has only one.

◮ What explains these differences?



Our Answer

◮ Our answer: to a large extent, a response to demographic change.
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Figure: Worldwide trends in robot adoption from the IFR and trends in aging
using UN data on population by age groups and forecasts of demographic
change. Aging is measured by the ratio of older (56 years and above) to
middle-aged workers (between 21 and 55 years). Robot adoption measured by
the number of robots per thousand workers in industry.



Theory

We develop a model of directed technological change and

technology adoption.

◮ Key assumption: middle-aged workers specialize in production tasks
that can be automated using industrial robots or other automation
technologies.

1 Aging leads to greater development and adoption of robots.

2 Effect more pronounced in industries that rely more on middle-aged
workers and that present greater opportunities for automation.

3 In the presence of a response from technology, the impact of aging
on productivity is ambiguous.

Relative to other industries, productivity will increase in industries
that present greater opportunities for automation.



Empirics

Several sources of data support the key assumption and the

predictions of our model.

◮ Using US data, we provide evidence that middle-aged workers
specialize in production tasks, and that these tasks can be
automated using industrial robots.

◮ Using several sources of data, we document that aging is associated
with greater development and adoption of robotics technologies
across countries:

1. Robot installations using data from the International Federation of
Robotics (IFR).

2. Imports and exports of industrial robots and other automation
technologies using data from Comtrade.

3. Robotics-related patents using data from the USPTO.

◮ We find a similar relationship across US commuting zones using data
from Leigh and Kraft (2017) on the location of robot integrators.

◮ IFR data support the industry-level predictions; EUKLEMS data
support the implications for productivity across industries.



Roadmap

1. A model of direct technology adoption and innovation.

2. Data sources.

3. Evidence on substitution of robots and workers (from US data).

4. The effects of aging on the adoption of robot technologies at the
country level.

5. The effect of aging on the adoption of other automation
technologies.

6. The effect of aging on the development of automation technologies.

7. The effects of aging on robots-related activity within the United
States.

8. Industry-level analysis and implications for productivity.

9. Conclusion.



A Model of Automation

◮ Households consume varieties in I:

Y =

(
∑

i∈I

Y (i)
σ−1
σ

) σ

σ−1

with σ > 1.

◮ Firm producing i faces elastic demand Y (i) = YP(i)−σ and earns a
constant markup σ/(σ − 1) > 0.

◮ Output requires production tasks (X ) and support/service tasks (S):

Y (i) = X (i)α(i)S(i)1−α(i).

◮ α(i) =importance of production inputs relative to support inputs.

◮ Production tasks, X (i), comprise a unit measure of tasks

lnX (i) =

∫ 1

0

lnX (i , z)dz .

performed by middle-aged workers or machines.



A Model of Automation
◮ Key assumption: Middle-aged workers specialize in production

tasks; older workers in support tasks.
◮ Support tasks completed by older workers, S(i).
◮ Production tasks produced either by middle-aged workers, ℓ, or

machines, m:

X (i , z) =

{
ℓ(i , z) +m(i , z) if z ∈ [0, θ(i)]

ℓ(i , z) if z ∈ (θ(i), 1],

◮ Firms may use machines in tasks below θ(i) at a cost of PM

(adoption) or invest in increasing θ(i) (develop new automation
technologies).



Demographic Changes and Factor Prices
◮ Machines: fixed rental price PM .
◮ Middle-aged workers: supply L and wage W .
◮ Older workers: supply S and wage V .
◮ Let φ = S

S+L
measure aging and Θ = {θ(i)}i∈I technology.

Proposition

Given φ and Θ, unique equilibrium wages W E (φ,Θ) and V E (φ,Θ).
Aging—move to φ′ > φ—raises W E (φ,Θ) and lowers V E (φ,Θ).

Figure: Equilibrium determination. C(W ,V ,PM) = 1 is an iso-cost curve.



Technology and Factor Prices

Figure: Impact of automation on wages. Automation rotates the iso-cost curve
clockwise (displacement effect) and shifts it outwards (productivity effect).



Adoption of automation technologies

Proposition

Adoption decisions are summarized by an automation threshold, θA(i),
which satisfies:

θA(i) =

{
θ(i) if W E (φ,Θ) > PM

0 if W E (φ,Θ) ≤ PM ,

For φ ≤ φ̃ (or W E (φ,Θ) ≤ PM) we have θA(i) = 0 and firms wont adopt
existing automation technologies.
For φ > φ̃ (or W E (φ,Θ) > PM) we have θA(i) = θ and firms will adopt
existing automation technologies.

◮ Aging increases the middle-aged wage, W , and encourages the
adoption of automation technologies.

◮ Aging is one of the many factors that affect wages, W .



Equilibrium with Endogenous Technology

◮ We now endogenize the development of automation technologies
using an approach similar to that in Acemoglu (2007, 2010).

◮ Developing an automation technology θ(i) costs the firm
1−η
2−η

PY (i)Y (i) · Ci (θ(i)) units of the final good, where

Ci (θ(i)) = 1− (1− H(θ(i)))
1

ρ(i) .

◮ Here: ρ(i) is a measure of “opportunities for automation” in
industry i .

◮ H is an increasing and convex function that satisfies H ′(0) = 0,
limx→1 H(x) = 1, and h(x) ≥ 1/(1− x), where
h(x) = H ′(x)/(1− H(x)).



Endogenous Technology

◮ The objective of firm i is to maximize

max
θ(i)∈[0,1]

πM(i) =(1− σ) lnP(i) +
1

ρ(i)
ln (1− H(θ(i)))

where

lnP(i) = α(i)θA(i) lnPM + α(i)(1 − θA(i)) lnW + (1− α(i)) lnV

Lemma:
For all i ∈ I, the profit function πM(i) is supermodular in θ(i) and W .
Moreover, firms invest in automation only if π(i) > 0. Thus,
θA(i) = θ(i).

◮ Let θRi (W ) denote the technology choice of the monopolist when
the middle-aged wage is W .

◮ Supermodularity ensures that θRi (W ) is increasing in W .



Equilibrium with Endogenous Technology

◮ Let ΘR(W ) = {θRi (W )}i∈I . An equilibrium with endogenous
technology is a fixed point of the mapping:

W = W E (φ,ΘR(W )).

Proposition 4

For any φ > 0 there exists an equilibrium with endogenous technology.
For each fixed point W ∗ there is a uniquely defined set of technology
choices given by Θ∗ = ΘR(W ∗).



Unique Equilibrium with Endogenous Technology

◮ Suppose that automation reduces the middle-age wage, W .

◮ W E (φ; ΘR(W )) is nonincreasing and automation decisions are
strategic substitutes, which ensures that the equilibrium is unique.

Figure: Impact of aging on the wage of middle-aged workers when the
equilibrium with endogenous technology is unique. Aging shifts the mapping
W E up, and this increases the equilibrium wage in the unique equilibrium.



Multiple Equilibrium with Endogenous Technology
◮ But in general, the productivity effect could make the mapping

W E (φ; ΘR(W )) upward slopping, introducing multiplicities.
◮ Similar comparative statics in the least and greatest equilibria.

Figure: Determination of the wage of middle-aged workers in the equilibrium
with endogenous technology. Aging shifts the mapping W E up, and this
increases the equilibrium wage in the least and the greatest equilibrium.



Comparative Statics of Automation Technology

Proposition 5

1. In the least and in the greatest equilibrium, aging—an increase in φ:
◮ increases the equilibrium wage W ∗;
◮ increases automation technologies {θ(i)∗}i∈I+(φ,Θ∗);
◮ expands the set of industries that adopt automation technologies

I+(φ,Θ∗).

2. The impact of aging on θ(i)∗ is more pronounced in:
◮ industries that rely more heavily on middle-aged workers (i.e., those

with high α(i));
◮ industries that present greater opportunities for automation (i.e.,

those with high ρ(i)).



Implications for Productivity

Proposition 6

In the least and the greatest equilibrium, equilibrium output in industry i ,
Y ∗(i), exhibits increasing differences between φ and ρ(i).

◮ The effect of aging on the output of industry i is then given by:

d lnY (i)∗

dφ
=
d lnY ∗

dφ
− σα(i)sL(i)

d lnW ∗

dφ
− σ(1 − α(i))

d lnV ∗

dφ

+ σα(i)
sL(i)

1 − θ(i)∗
π(i)Γi

d lnW ∗

dφ
.

◮ The term Γi captures the stronger response from automation in
industries with a high ρ(i) and α(i).

◮ But α(i) also worsens the negative impact of higher middle-aged
wages, so its effects are ambiguous.



Data on Robotics Development and Adoption

◮ International Federation of Robotics (IFR) data:

◮ Compiled by surveying global robot suppliers.
◮ 52 countries from 1993 to 2014.
◮ Available separately for 19 industries.

◮ Comtrade data on imports and exports of automation technologies:

◮ Dollar value from 1990 to 2015 for different types of machinery,
including industrial robots.

◮ Data from the USPTO on robotics-related patents assigned to each
country.

◮ Patents referenced by USPTO class 901 (“Robots”).
◮ Additional measures based on keywords in abstracts.

◮ Data on the number of robot integrators in each US commuting
zone from Leigh and Kraft (2017)



Substitution Between Robots and Workers
◮ Middle-aged workers specialize in industries with the greatest

opportunities for the use of robots (car manufacturing, electronics,
metals, and plastic and chemicals).
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Figure: Share of employees working in industries with the greatest opportunities
for the use of robots.



Substitution Between Robots and Workers
◮ Middle-aged workers specialize in tasks that are more prone to

industrial automation (machinist, craft production, material
handling) than in service and white-collar jobs.
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Figure: Ratio of the number of employees in blue-collar production jobs to the
number of employees in white-collar and service jobs.



Substitution Between Robots and Workers
◮ Robots tend to substitute for production workers.
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∑

j∈EURO5

[

∆M
j
i,t/L

j
i,1990 − g

j
i Mi,t0/L

j
i,1990

]

,

where ∆M
j
i,t/L

j
i,1990 is the increase in robots per thousand workers (IFR) and

g
j
i is the growth rate of output in the industry (KLEMS) for 1993-2007.

Marker size indicates total employment in each industry.



Substitution Between Robots and Workers

◮ Building on Acemoglu and Restrepo (2017), we estimate the impact
of exposure to industrial robots on workers of different ages.

◮ Exposure to robots measure across commuting zones, z :

Exposure to robots
from 1993 to 2007z

=
∑

i∈I

ℓ1970zi APR i .

◮ For 10-year age bins, a, we estimate the impact of robots on the
change in employment rates and the log of wages from 1990 to 2007:

∆Lz,a =βL
a

Exposure to robots
from 1993 to 2007z

+ ǫLz,a

∆ lnWz,a =βW
z,a

Exposure to robots
from 1993 to 2007z

+ ǫWz,a.

◮ Unweighted regressions, and standard errors robust against
correlation within US states.



Substitution Between Robots and Workers
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The Effects of Aging on the Adoption of Robots

◮ We start with the regression equation

∆
Rc

Lc
= βm∆ lnPop21−55

c + βo∆ lnPop≥56
c + ΓXc,1990 + εc ,

◮ ∆Rc

Lc
is the (annualized) change in the stock of robots per thousand

workers between 1993 and 2014 in country c .

◮ The right-hand side variables are the changes between 1990 and
2025 in the log population of three age groups:

1. between the ages of 21-55, Pop21−55
c ;

2. above the age of 56, Pop≥56
c .

◮ Robots depreciate in 10-15 years, so current adoption decisions
should take into account population trends at least until 2025.

◮ Unweighted estimates and robust standard errors.



The Effects of Aging on the Adoption of Robots

◮ Adoption of robots negatively affected by the population of
21-55-year-olds; positively affected by older population.

Table: OLS estimates of the impact of population change.

Dependent variable: Change in the
stock of industrial robots per thousand workers (annualized)

Full sample
OECD
sample

(1) (2) (3) (4)

Change in the log of population -0.451 -0.510 -0.538 -0.971
aged 20-55 years (0.148) (0.286) (0.292) (0.477)
Change in the log of population 0.366 0.368 0.307 0.312
≥ 56 years (0.190) (0.203) (0.202) (0.368)
Robots per thousand workers in 1993 0.080 0.058

(0.014) (0.030)
Observations 52 52 52 30
R-squared 0.47 0.59 0.71 0.72
Covariates included:
Country covariates X X X

◮ Country covariates: log GDP per capita, log population, average
schooling, initial demographic structure, and log value added in
manufacturing.



The Effects of Aging on the Adoption of Robots

◮ The previous exercise underscores the importance of aging, as
opposed to changes in the population.

◮ We explore the role of aging in a more parsimonious specification:

∆
Rc

Lc
= βAgingc + ΓXc,1990 + εc ,

◮ Agingc is the change between 1990 and 2025 in the ratio of “older”
workers (above 56 years of age) to middle-aged workers (those
between 21 and 55).

◮ We present unweighted estimates and robust standard errors.



The Effects of Aging on the Adoption of Robots

Table: OLS estimates of the impact of aging on the adoption of robots.

Dependent variable: Change in the stock
of industrial robots per thousand workers (annualized)

Full sample
OECD
sample

(1) (2) (3) (4)

Aging between 1990 and 2025 0.769 0.712 0.567 0.711
(0.252) (0.237) (0.241) (0.311)

log of GDP per capita in 1993 0.032 -0.005 -0.112
(0.030) (0.050) (0.081)

Robots per thousand workers in 1993 0.077 0.065
(0.013) (0.026)

Observations 52 52 52 30
R-squared 0.47 0.59 0.70 0.64
Covariates included:
Country covariates X X X

◮ Adoption of robots strongly associated with aging.

◮ Country covariates: (1990) log GDP per capita, log population,
average schooling, initial demographic structure, and log value
added in manufacturing.



The Effects of Aging on the Adoption of Robots
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Figure: Relationship between aging (change in the ratio of workers above 56 to

workers aged 21-55 between 1990 and 2025) and the increase in the number of

industrial robots per thousand workers between 1993 and 2014. The plots partial out

country covariates.



The Effects of Aging on the Adoption of Robots

Quantitative importance:

◮ 20 p.p. increase in aging—difference between Germany and the
US—leads to 0.14 robots per thousand workers added each year.

◮ Amounts to 3 robots per thousand workers during our sample period.

◮ Aging explains 30% of the Germany-US difference in robot adoption.



The Effects of Aging on the Adoption of Robots: IV

◮ IV estimates using the average birth rates over five-year intervals
from 1950-1954 to 1980-1984 as instruments.

◮ Similar effect of aging on the adoption of robots.

Table: IV estimates of the impact of aging on the adoption of industrial robots.

Dependent variable: Change in the stock of
industrial robots per thousand workers (annualized)

Full sample
OECD
sample

(1) (2) (3) (4)

Aging between 1990 and 2025 0.874 0.767 0.714 0.901
(0.263) (0.241) (0.251) (0.323)

Observations 52 52 52 30
First-stage F stat. 25.2 17.8 15.2 8.7
Overid p− value 0.67 0.66 0.09 0.10
Anderson-Rubin Wald test p− value 0.02 0.03 0.00 0.00
Covariates included:
Country covariates X X X

Robot density in 1993 X X



Past vs Expected Aging

◮ Effect comes from current and expected aging, not from past aging.

Table: OLS estimates of the impact of past and expected aging on the
adoption of industrial robots.

Dependent variable: Change in the stock of
industrial robots per thousand workers (annualized)

Full sample
OECD
sample

(1) (2) (3) (4)

Aging between 1990 and 2025 0.801 0.717 0.523 0.700
(0.263) (0.229) (0.234) (0.314)

Aging between 1950 and 1990 -0.304 -0.052 0.272 0.392
(0.377) (0.329) (0.226) (0.293)

Observations 52 52 52 30
R-squared 0.49 0.59 0.70 0.65
Covariates included:
Country covariates X X X

Robot density in 1993 X X



Stacked Differences
◮ Split our sample from 1993 to 2015 into roughly two decades,

1993-2005 and 2005-2015, and estimate stacked differences models.
◮ Control for country effects (zeroing in on whether robot adoption in

a country happens during the decade of more rapid aging).

Table: Stacked-differences estimates of aging on adoption of robots.

Dependent variable: Change in the stock of
industrial robots per thousand workers (annualized)

Full sample
OECD
sample

(1) (2) (3) (4)

Panel A. OLS estimates

Contemporary aging 0.843 0.552 0.448 0.583
(0.291) (0.207) (0.206) (0.323)

Observations 104 104 104 60
R-squared 0.28 0.49 0.13 0.13

Panel B. IV estimates

Contemporary aging 1.157 0.831 0.797 1.122
(0.401) (0.294) (0.473) (0.647)

Observations 104 104 104 60
First-stage F stat. 10.4 6.1 4.1 4.2
Overid p− value 0.50 0.07 0.49 0.47
Anderson-Rubin Wald test p− value 0.02 0.00 0.14 0.00
Covariates included:
Country covariates and (1993) Robot density X X X

Country trends X X



The Effects of Aging on Imports of Industrial Robots
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Figure: Relationship between aging (change in the ratio of workers above 56 to

workers aged 21-55 between 1995 and 2025) and the log of imports of industrial

robots between 1996 and 2015 (relative to total imports of intermediates).

◮ OLS estimates for full sample 1.8 (se=0.77) and OECD sample 2.2
(se=0.72).

◮ Quantitative importance: a 20 p.p. increase in aging leads to a 44%
increase in robot imports (a third of the Germany-US gap).



The Effects of Aging on Imports of Automation
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Figure: Estimates of the relationship between aging and the log of imports of

intermediate goods 1990-2015 (normalized by the total intermediate imports).



Innovation: the Effects of Aging on Exports of Robots
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Figure: Relationship between aging (change in the ratio of workers above 56 to

workers aged 21-55 between 1990 and 2025) and the log of exports of industrial

robots between 1996 and 2015 (relative to total exports of intermediates).

◮ OLS estimates for full sample 4.7 (se=0.98) and OECD sample 4.1
(se=1.2).

◮ Quantitative importance: a 20 p.p. increase in aging leads to a 82%
increase in robot exports (roughly the Germany-US gap).



Innovation: the Effects of Aging on Automation
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Figure: Estimates of the relationship between aging and the log of exports of

intermediate goods 1990-2015 (normalized by the total intermediate exports).



Innovation: the Effects of Aging on Robotics Patents
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Figure: Relationship between aging (change in the ratio of workers above 56 to

workers aged 21-55 between 1990 and 2025) and the log of automation patents

granted to a country between 1990 and 2016 (relative to total patents at the

USPTO). Marker size indicates total patents.

◮ OLS estimates for full sample 1.4 (se=0.44) and OECD sample 1.6
(se=0.55).

◮ Quantitative importance: a 20 p.p. increase in aging leads to a 32%
increase in robotics patents (half of the Germany-US gap).



Innovation: The Effects of Aging on Patents
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Figure: Estimates of the relationship between aging and the log of patents in the

indicated category between 1990 and 2015 (normalized by the total patents granted

by the USPTO during this period).



The Effects of Aging on Robots in the United States

◮ We now estimate the relationship between aging and robot-related
activities across US commuting zones.

◮ We use Leigh and Kraft’s (2017) data on the location of robot
integrators as a proxy of robots-related activity.

◮ We estimate:

Integratorsz = βAgingz + ΓXz,1990 + υz

across 722 US commuting zones, z . Here Integratorsz is a dummy
variable for the presence of integrators.

◮ We measure aging between 1990 and 2015 using the NBER-SEER
data, and instrument it using past birthrates from 1950 to 1985.

◮ Control for the exposure to robots, Census division, demographic
characteristics, industry shares, and trade shocks.



The Effects of Aging on Robots in the United States

Panel A
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Figure: Location of commuting zones that house robot integrators (Panel A) and

predicted aging across commuting zones based on birthrates from 1950 to 1985 (Panel

B).
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Figure: Binned plot of the relationship between predicted aging (change in the ratio

of workers above 56 to workers aged 21-55 between 1990 and 2015 instrumented using

birthrates from 1950 to 1985) and the location of robot integrators in the US (from

Leigh and Kraft, 2017).



The Effects of Aging on Robots in the United States
◮ Focus on IV models (given the importance of migration within US).

Table: IV Estimates of the impact of aging on location of integrators in the US.

Dependent variable: Dummy for
presence of robot integrator

(1) (2) (3) (4)

Aging between 1990 and 2015 1.338 0.642 0.530 0.879
(0.581) (0.224) (0.218) (0.240)

Exposure to robots 0.042 0.042
(0.021) (0.020)

Observations 722 722 722 722
First-stage F stat. 4.2 21.5 20.0 22.9
Overid p− value 0.00 0.52 0.19 0.65
Covariates included:
Regional dummies X X X X

Baseline covariates X X X

Industry composition X X

Additional covariates X

◮ Baseline covariates: (1990) log income per capita, log population,
education and initial demographic structure.

◮ Additional covariates include (1990) shares of population by race,
gender, living in urban areas, and employed in routine jobs, as well
as exposure to Chinese imports.



Industry-Level Effects of Aging

◮ To explore the industry implications, we estimate

IRi ,c,t

Li ,c,1990
=βAgingc + βR Agingc × Reliance on Middle-Aged Workersi

+ βPAgingc × Opportunities for Automationi

+ Γi ,tXc,1990 + αi + δt + εi ,c,t ,

◮ Opportunities for automation:
◮ “replaceability” index constructed by Graetz and Michaels (2018).
◮ Dummy variable for automobiles, electronics, metal products, metal

machinery, and chemicals, plastics and pharmaceuticals (BCG, 2015).

◮ We proxy the reliance on middle-aged workers using the age
composition of employees in an industry in the 1990 U.S. Census.

◮ Standard errors robust against heteroscedasticity and correlation at
the country level.



Industry-Level Effects of Aging

◮ More pronounced effects for industries with greater opportunities for
automation and greater reliance on middle-aged workers.

◮ Main effect: 95th percentile of reliance on middle-aged workers and
95th percentile opportunities for automation.

Table: IV estimates of the impact of aging by industry.

Potential for the use of robots

Replaceability index BCG measure

(1) (2) (3) (4) (5)

Dep. variable: Installation of robots in country-industry-year cells
Aging between 1990 and 2025 1.430 3.780 2.992 6.585 5.246

(0.477) (1.254) (1.025) (2.175) (1.768)
Aging × reliance on middle-aged 0.958 0.682 0.327 0.193

(0.318) (0.247) (0.112) (0.094)
Aging × opportunities for automation 4.919 4.597 5.902 4.835

(2.228) (1.883) (1.986) (1.594)
Observations 10,602 10,602 10,602 10,602 10,602
Countries in sample 50 50 50 50 50
Country covariates, industry and year
fixed effects

X X X X X

Robot density in 1993 X X



Implications for Industries

◮ To explore the implications for industries, we estimate:

∆ lnVAi ,c =βAgingc + βRAgingc × Reliance on middle-aged workersi

+ βPAgingc × Opportunities for the use of robotsi

+ ΓiXc,1995 + αi + εi ,c ,

◮ Here ∆ lnVAi ,c denotes the change in log value added per worker in
industry i and country c between 1995 and 2007.

◮ We also present results for the share of labor in value added.

◮ Because the productivity measure is only available from 1995
onwards, we adjust our aging variable to be between 1995 and 2025.

◮ We allow the baseline covariates in Xc,1995 to affect industries
differently and include industry effects, αi .

◮ Standard errors robust against heteroscedasticity and correlation at
the country level.



Implications for Industries: Labor Productivity

◮ More positive productivity effect for industries with greater
opportunities for automation.

◮ Main effect: 5th percentile of reliance on middle-aged workers and
95th percentile opportunities for automation.

Table: IV estimates of the impact of aging on labor productivity by industry.

Potential for the use of robots

Replaceability index BCG measure

(1) (2) (3) (4) (5)

Dependent variable: Change in log labor productivity 1995-2007
Aging between 1995 and 2025 -1.707 1.432 1.768 1.138 1.534

(0.595) (1.149) (0.978) (1.224) (1.059)
Aging × reliance on middle-aged -0.566 -0.645 -0.538 -0.622

(0.258) (0.239) (0.263) (0.246)
Aging × opportunities for automation 4.782 5.119 1.450 1.617

(1.334) (1.459) (0.430) (0.419)
Observations 399 399 399 399 399
Countries in sample 21 21 21 21 21
Country covariates and industry fixed effects X X X X X

Initial value added in 1995 X X



Implications for Industries: Labor Share

◮ Decline in labor share for industries with greater opportunities for
automation; increase for industries that rely on middle-aged workers.

◮ Main effect: 5th percentile of reliance on middle-aged workers and
95th percentile opportunities for automation.

Table: IV estimates of the impact of aging on labor share by industry.

Potential for the use of robots

Replaceability index BCG measure

(1) (2) (3) (4) (5)

Dependent variable: Change in labor share 1995-2007
Aging between 1995 and 2025 -0.323 -3.374 -3.287 -4.026 -3.982

(0.121) (0.873) (0.878) (1.144) (1.151)
Aging × reliance on middle-aged 1.000 0.995 1.035 1.034

(0.291) (0.293) (0.308) (0.311)
Aging × opportunities for automation -0.730 -0.634 -0.857 -0.859

(0.562) (0.666) (0.253) (0.276)
Observations 399 399 399 399 399
Countries in sample 21 21 21 21 21
Country covariates and industry fixed effects X X X X X

Initial labor share in 1995 X X



Future of Work

◮ So we have seen the two faces of automation.

◮ Automation is a potent force combating the potential negative
effects of demographic change already affecting many countries
around the world.

◮ Automation can also reduce employment growth and worsen the
distribution of income.

◮ If the future is one of continuous automation and nothing else, then
the future of work will not be bright. There would be lower and
lower labor share in value added across industries and in GDP. There
would be no guarantee of sufficient job growth.

◮ But as we have seen in the first lecture, the future need not be one
of just automation.



New Tasks
◮ The future of work would be much brighter if we find ways of

creating more new tasks in which labor has a comparative advantage.

◮ The US and European economies had done this successfully until the
last few decades.
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Learning from Mechanization of Agriculture

◮ It was also true during the age of one of the most iconic examples of
automation: mechanization of agriculture
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Figure: Data from Budd (1960)



Why Not Now?

◮ We don’t know the answer.

◮ But circumstantial evidence that this is because we are not using
existing technological platforms the right way.

◮ Directed technological change perspective: it is our choice how to
develop technological platforms.

◮ For example, we can develop AI in the way that automates and does
not create new tasks. But this would have huge costs.

◮ Understanding the problem is a first step. The second step is
developing informed policy approaches.



Unionization and Robots

Table: Estimates of the impact of aging, unions, and the wage level on the
adoption of industrial robots.

Dependent variable:
Change in the stock of industrial robots per thousand workers (annualized)

Full sample OECD sample

(1) (2) (3) (4) (5) (6)

Panel A. OLS estimates

Aging between 1990 and 2025 0.955 0.980 0.783 1.167 1.067 0.839
(0.275) (0.275) (0.277) (0.304) (0.338) (0.377)

Baseline union density 0.243 0.260 0.179 0.435 0.431 0.336
(0.094) (0.101) (0.112) (0.125) (0.126) (0.145)

log of hourly wages in 1993 0.129 0.072 0.186 0.149
(0.104) (0.101) (0.182) (0.199)

Observations 46 46 46 30 30 30
R-squared 0.63 0.65 0.71 0.67 0.68 0.71

Panel B. IV estimates

Aging between 1990 and 2025 0.922 0.980 0.920 1.232 1.231 1.154
(0.279) (0.263) (0.242) (0.296) (0.329) (0.361)

Baseline union density 0.237 0.260 0.209 0.446 0.455 0.400
(0.073) (0.081) (0.090) (0.109) (0.112) (0.124)

log of hourly wages in 1993 0.129 0.087 0.142 0.098
(0.087) (0.088) (0.153) (0.166)

Observations 46 46 46 30 30 30
First-stage F stat. 11.6 11.0 10.8 5.0 5.7 5.7
Overid p− value 0.13 0.15 0.05 0.59 0.55 0.37
Covariates included:
Country covariates X X X X X X

Robot density in 1993 X X



Growth Across Countries and Samples

Table: Estimates of the impact of aging using EUKLEMS and Penn World
tables data on output.

OLS estimates IV estimates

EUKLEMS
data

Penn World tables data
EUKLEMS

data
Penn World tables data

EUKLEMS sample OECD Baseline sample EUKLEMS sample OECD Baseline sample

(1) (2) (3) (4) (5) (6) (7) (8)

Panel A. Change in GDP (or value added) between 1995 and 2007
Aging between 1995 and 2025 -0.225 -0.311 0.031 0.344 -0.455 -0.718 -0.049 0.321

(0.232) (0.275) (0.232) (0.204) (0.337) (0.367) (0.379) (0.296)
Observations 21 21 30 52 21 21 30 52
First-stage F stat. 5.5 5.5 9.4 17.9
Overid p− value 0.19 0.26 0.11 0.00


