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Abstract

This thesis is a collection of three essays on the effect of demographic changes on the

economy.

In Chapter 1, I empirically document a non-monotonic effect of an aging workforce

on the adoption of ICT (new technology) and on productivity which I rationalize using

a task-based OLG model. Initially, the aging of the population has a positive effect on

productivity as it reduces the labor supply and increases the capital stock triggering the

adoption of new (labor-saving) technologies. However, as young workers (with a compar-

ative advantage in the use of new technologies) become scarce, further aging depresses the

adoption of new technologies and reduces productivity. The model also provides policy

recommendations regarding the optimal retirement age.

In Chapter 2, co-authored with Max Brès, we analyze the effect of a change in the

age composition of consumers on sector aggregates. To identify the effect coming from

the demand side of the economy, we use a shift-share IV approach and instrument the

change in the age composition of demand with foreign demographics. We find that only

middle-aged consumers are associated with higher prices, lower production, and lower

productivity suggesting that the age composition of demand affects the economy through

changes in the market structure.

In Chapter 3, co-authored with Max Brès, we propose a model with age-specific search

costs and elasticity of substitution to highlight the mechanisms behind the empirical re-

sults in Chapter 2. The model shows that an increase in the share of middle-aged con-

sumers (who have high search costs and low elasticity of substitution) leads to an increase

in both within-sector and between-sectors competition, increasing prices and reducing pro-

duction and productivity. To capture general equilibrium effects and substitution across

sectors, we nest the calibrated sector-level model within a multi-sector general equilib-

rium framework. We find that the general equilibrium model substantially dampens the
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sector-level effects due to lower substitution across sectors. Fitting the model using US

demographic data, we find that in the period 1995-2004, as the share of middle-aged in-

creased, the age demand channel contributed to a reduction in US GDP growth, while

in the period 2005-2019, as the middle-aged grew old, the age demand channel had a

positive effect on US GDP growth.
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Chapter 1

Workforce Aging and Technology

Adoption

1.1 Introduction

Around the world, and especially in industrialized countries, populations are aging. The

median age of the populations and the fraction of elderly people are climbing, while fertil-

ity rates are falling. An aging population has profound implications in the labor market

as it changes the relative supply of inputs in the economy. In particular, aging affects

the labor supply and the composition of the labor force. Figure A.1 in Appendix A.1

shows that in the last decades the working-age population has been consistently declining

in all the major economies in Europe. This trend is shared by most of the developed

countries in the world. The population aging process also affects the composition of the

labor force. As we can see from Figure A.2 in Appendix A.1, from 1995 to 2015 the frac-

tion of prime-aged workers (from 25 to 50 years old) in the EU15 countries has declined,

while the fraction of old workers (50+ years old) has increased. The reduction in the

working-age population reduces the labor supply and affects the capital stock through

the saving decisions of the agents, while the change in the labor force composition affects

the type of human capital in the economy. These effects influence the incentives firms

have in introducing new technologies.

This paper aims to analyze how the change in the relative supply of labor inputs driven

by the demographic process affects the adoption of new technologies and the consequent

effects on productivity and wages. Recent literature has already analyzed the effect of
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aging on the adoption of automated technology. In particular, Acemoglu and Restrepo

(2018a) shows that an increase in the ratio of older to middle-aged workers is associated

with greater adoption of automated technologies, while Abeliansky and Prettner (2017a)

shows that a reduction in the population growth is associated with an increase in robot

adoption. However, different from these papers which consider an automated technology

that allows human labor to be perfectly substituted with machines, I consider a new tech-

nology that still requires human labor to be operated highlighting the complementarity

between technology and the different types of labor.1 In this framework, I also analyze

how the optimal retirement age changes as the population ages, and highlight how not

taking into account the endogeneity of technology could lead to sub-optimal retirement

policies.

In the empirical analysis, I consider Information and Communication Technologies

(ICT) as a proxy for the new technology. I document a sector-level reversed-U shaped

relation linking the share of old workers and the adoption of ICT. As the population

ages and the aggregate labor supply reduces, producers have an incentive to adopt new

(labor-saving) technologies. However, since old (50+ years old) and young workers (be-

tween 25 and 49 years old) differ in their human capital, with young workers having a

comparative advantage in the use of the new technology, the scarcity of young workers

reverses the relation. Therefore, the relation linking aging and new technology adoption

is non-monotonic: adoption of new technology initially increases as producers respond to

the relative scarcity of the aggregate labor supply, and then it decreases as the economy

is constrained by the scarcity of young labor input.

To formally describe these mechanisms, I consider a (supply side) partial equilibrium

model of technology adoption with two different technologies, new and vintage technology,

and two types of workers, young and old. I assume that new technology is relatively

labor-saving and that young workers have a comparative advantage in the use of new

technologies. The demographic change is defined as an increase in the share of old agents

in the economy who individually supply less labor with respect to young agents as they are

partially in the working-age period and partially in the retirement period. This definition

of demographic change captures the two effects in the labor market that we observe in

the data: a reduction in the aggregate labor supply, and an increase in the share of

1See Chari and Hopenhayn (1991).
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old workers. I use a task-based approach allowing for endogenous shares of inputs that

depend on the relative supply of labor inputs in the economy. This particular feature

makes task-based models suitable to investigate the effects of changes in the composition

of inputs in the economy driven by the demographic process or by retirement age policies.

An aging population, indeed, reduces the aggregate labor supply increasing the relative

availability of capital, and changes the age composition of the labor force increasing the

relative labor supply of old workers. The interplay of these different effects on the labor

market describes the non-linear dynamic of technological adoption as the population ages.

An increase in the retirement age, instead, leads to both an increase in the aggregate labor

supply and an increase in the relative labor supply of old workers with depressing effects

on the adoption of new technologies.

I, then, consider a general equilibrium version of the model describing the consumers’

side of the economy through a standard Diamond overlapping generation model (Diamond,

1965) in which the capital supplied to the economy is determined by the consumption and

saving behavior of the agents. Results in this framework are consistent with the main

findings in the partial equilibrium model and it overcomes the ever-decreasing effect of an

aging population on total production. Indeed, while in the partial equilibrium model with

fixed capital, an aging population reduces the aggregate inputs in the economy leading to

a reduction in production, in the general equilibrium model with endogenous capital, the

reduction in the aggregate labor is compensated by an increase in the capital stock in the

economy. Finally, I identify the optimal retirement age policy and show that an efficient

(up to an infinitesimal efficiency loss) retirement age can be reached in a decentralized

economy.

This model is based on three main assumptions. I assume that: 1) new technology

is labor-saving with respect to vintage technology; 2) young workers have a comparative

advantage in the use of new technologies, and 3) older workers supply a lower amount

of labor. Assuming that new technology is labor-saving is a natural assumption when

thinking of technological progress as automation of tasks as in Acemoglu and Autor

(2011) or Acemoglu and Restrepo (2018c). Moreover, a consistent part of the literature

finds that technological progress generally reduces employment.2 However, as argued

2Frey and Osborne (2017) finds that about 47% of total US employment is at high risk of being
substituted by ICT within the next 20 years. Similar results are those of Bowles (2014), who repeated
the study for the European Union countries. Analyzing tasks within occupations, rather than occupations
themselves, Bonin et al. (2015) argues that the potential job losses due to technological change are about

11
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in Brynjolfsson and McAfee (2014) and Autor (2015) new technologies have different

degrees of complementarity with the human labor depending on the tasks performed and

the type of worker. I, therefore, assume that young workers are more complementary to

new technology with respect to old workers as a large literature has shown that aging is

related to slower information processing, lower learning aptitude toward new technologies

(Weinberg, 2004), and lower problem-solving abilities in technology-rich environments (see

Figure A.3 in Appendix A.1) implying that younger workers have a comparative advantage

in the use of new technology (Dorn et al., 2009).3 Finally, I assume that older workers

supply less labor with respect to younger workers. This assumption can be motivated by

recognizing that, while young people are fully in the working-age, the elderly are partially

in the working-age and partially in the retirement period. We can relax this assumption

in the general equilibrium framework as the accumulation of capital in the context of an

aging population has similar effects of a reduced labor supply.

The rest of the paper is structured as follows: in the next paragraph, I present the

contribution of this paper with respect to recent literature while, in Section 2, I document

the non-linear and non-monotonic relation linking aging and adoption of ICT and other

empirical results. In Sections 3 and 4, I present the partial equilibrium and the general

equilibrium models and the predicted effects of an aging population on technological

adoption, productivity, and production. In Section 5, I define the optimal retirement age

policy. Finally, Section 6 concludes.

Literature Review This paper is related to some recent literature. The first branch

of the literature I refer to is literature analyzing the implications of the introduction of

new technologies on the labor market. Early works such as Autor et al. (2003), Goos and

Manning (2007), and Autor and Dorn (2013) show evidence suggesting that automation

of routine jobs has been associated with greater wage inequality and the decline of middle-

skill occupations. More recently, Graetz and Michaels (2017) and Acemoglu and Restrepo

(2017a) have estimated the effects of the adoption of robotics technology on employment

and wages. Although complementary, my approach is quite different from this literature

as I focus on the determinants of the adoption of new technologies depending on the

12% for Germany. Following the same approach, Arntz et al. (2016) finds that between 6 and 12% of
occupations are at high risk of automation among the OECD countries.

3See also Börsch-Supan et al. (2005).
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composition of the inputs supplied instead of the implications on the labor market of the

adoption of new technologies.

Second, recent literature has analyzed the costs of an aging population at the macroe-

conomic level (Baldwin and Teulings, 2014); however, besides Abeliansky and Prettner

(2017a), Acemoglu and Restrepo (2017a) and Acemoglu and Restrepo (2018a), not much

research has been done yet on the impact of aging on technology adoption. Differently

from Abeliansky and Prettner (2017a) who focus on the effect of the slowdown of popu-

lation growth on the different types of capital, and from Acemoglu and Restrepo (2018a)

who consider the change in the age composition of labor, I consider both of these effects.

Although I use a similar approach, our results differ from those in Acemoglu and Restrepo

(2018a) due to the different definition of technology; while they consider an automated

technology replacing labor, I consider a labor-saving technology in which young work-

ers have a comparative advantage. Moreover, I also introduce an overlapping generation

model (Diamond, 1965) allowing for endogenous capital.

Finally, the conceptual approach builds on directed technological change literature that

was introduced and developed in a series of papers by Acemoglu (1998, 2002, 2007, 2010),

while the theoretical framework is based on task-based models (Zeira, 1998; Acemoglu

and Zilibotti, 2001; Acemoglu and Autor, 2011; Acemoglu and Restrepo, 2018c) which

allows for endogenous shares of inputs. This particular feature makes task-based models

suitable to investigate the effects of changes in the composition of inputs in the economy

driven by the demographic process.

1.2 Empirical Evidence

In this section, I analyze the relation linking aging with the adoption of technologies,

productivity, and the evolution of the young-to-old wage ratio as the population ages.

1.2.1 Technology Adoption

As a proxy for technology adoption, I use investment in ICT measured as the share of

capital allocated to hardware, software, and databases.4 I use sector-level data from EU

4See Appendix A.1 for the description of the variables.
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KLEMS in the period between 1995 and 2015 for 10 Western European countries.5 As

a proxy for the age variable, I consider the ratio between workers above 50 and those

between 25 and 49 using population and employment data from Eurostat. As we can see

from Figure 1.1, the relation linking age (in the x-axis) and investment in ICT (y-axis)

is not linear. In particular, for most of the countries, the relation appears to have a

reversed-U shape. In order to test this hypothesis, I run the following quadratic model:

ICTs,t,c “ β0 ` β1 Ages,t,c ` β2 Age
2
s,t,c ` ΓX, (1.1)

where X are time, sector, and country dummies. Sector dummies control for the different

Figure (1.1) Raw relation between Age (ratio between workers above 50 and those between
25 and 50, on the x-axis) and Technological adoption (share of ICT investment, on the y-axis).
EU KLEMS sector-level data (1995-2015). The curves are produced using local averaging.

use of ICT in the different sectors, time dummies control for the time trend in the use of

ICT, while country dummies control for country fixed effects. Columns (1), (2), and (3)

present the coefficient estimates of the linear model (i.e., the model without the quadratic

term). Results of the linear model are not consistent across the different specifications.

In particular, the richest specification with sector, time, and country fixed effects shows

5Austria, Denmark, Finland, France, Germany, Italy, Netherlands, Spain, Sweden, and the United
Kingdom. We use countries for which we have complete data excluding Luxembourg.
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no relation linking demography to ICT adoption. Once we introduce the quadratic term,

instead, the estimated β1 is positive and the estimated β2 is negative and consistent for

all the specifications considered suggesting a reversed-U shape relation between age and

technology adoption. A possible caveat of using sector-level data is that as workers age,

they may switch between sectors. As a robustness check addressing such a concern, I

repeat the analysis using country-level observations. Table A.1 in Appendix A.1 shows

that, in the richest specification with time and country fixed effects, the country-level

results are consistent with the sector-level results.

Table (1.1) Relation between age and ICT investment. EU KLEMS sector-level data (1995-
2015) for 10 Western European countries.

Dependent variable:

ICT

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

Age ´0.093˚˚˚ 0.104˚˚˚ 0.044 0.245˚˚˚ 0.356˚˚˚ 0.357˚˚˚

(0.024) (0.029) (0.038) (0.084) (0.077) (0.093)

Age2 ´0.302˚˚˚ ´0.221˚˚˚ ´0.246˚˚˚

(0.072) (0.063) (0.067)

Time fixed effects X X X X
Sector fixed effects X X X X
Country fixed effects X X

Observations 2,800 2,800 2,800 2,800 2,800 2,800
R2 0.005 0.367 0.379 0.011 0.370 0.382
Adjusted R2 0.005 0.359 0.369 0.011 0.362 0.372

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

To analyze the contribution of the different investments which make up the ICT in-

vestment, I repeat the analysis separately considering Information Technology (IT), Com-

munication Technology (CT), and Software and Database (Software and DB). Table 1.2

shows that the reversed-U shape relation linking age and ICT is driven almost exclu-

sively by Software and DB technology. IT only marginally contributes to the shape of the

relation, while CT negatively relates to age.

The impact of the workforce age structure on the different components of ICT de-

pends on the different degrees to which these technologies are labor-saving and on the

different levels of complementarity with different types of labor. In particular, the more

the technology is labor-saving, the more it is adopted as the labor force reduces or the
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Table (1.2) Relation between age and ICT investment and its different components: Infor-
mation Technology (IT), Communication Technology (CT), Software and Database (Software
& DB). ICT “ IT ` CT ` Software & DB. EU KLEMS sector-level data (1995-2015) for 10
Western European countries.

Dependent variable:

ICT IT CT Software & DB

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

Age 0.357˚˚˚ 0.021˚ ´0.026˚ 0.362˚˚˚

(0.093) (0.012) (0.014) (0.090)

Age2 ´0.246˚˚˚ ´0.017˚ 0.012 ´0.241˚˚˚

(0.067) (0.009) (0.010) (0.064)

Time fixed effects X X X X
Sector fixed effects X X X X
Country fixed effects X X X X

Observations 2,800 2,800 2,800 2,800
R2 0.382 0.551 0.346 0.314
Adjusted R2 0.372 0.543 0.336 0.303

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

capital is accumulated due to aging. Table 1.3 shows that, while IT is independent on

the fraction of the working-age population, the amount of CT increases with the working-

age population suggesting a certain degree of complementarity with the labor force. On

the contrary, Software and DB technology increases with a reduction in the fraction of

the working-age population suggesting a certain degree of substitutability with the labor

force. As Software and DB technology can substitute labor, as the population ages and

the labor supply declines relative to capital, the adoption of Software and DB technology,

therefore, increases.

Software and DB technology, however, requires peculiar skills to be operated (pro-

gramming and ICT knowledge in general). Since these skills are mostly held by young

workers as they have a more recent education, the relation reverses as young workers

become scarce due to aging. The interaction between the substitutability property of

Software and DB (and ICT in general) with respect to labor and the complementarity

with skills held by young workers explains the reversed-U shaped relation between age

and Software and DB technology described in Table 1.2.

CT instead increases as the fraction of the working-age population increases (Table
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1.2) meaning that it is complementary to the labor force. Therefore, as the population

ages and the labor supply reduces, also investments in CT reduce (Table 1.2). However,

CT and IT differ with respect to Software and DB technologies in terms of the skills that

are required to be operated. In particular, while CT and IT require no particular skills to

be used, Software and DB technology requires programming skills that are mostly held by

young workers. This explains why aging has almost no effect on CT and IT investment,

but it greatly affects Software and DB technology (Table 1.2).

Table (1.3) Relation between fraction of the working-age population (15-64) and ICT invest-
ment and its different components: Information Technology (IT), Communication Technology
(CT), Software and Database (Software & DB). ICT “ IT ` CT ` Software & DB. EU KLEMS
country-level data (1995-2015) for 10 Western European countries.

Dependent variable:

ICT IT CT Software & DB

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

Working-age share ´1.085˚˚˚ ´0.068 0.206˚˚˚ ´1.223˚˚˚

(0.155) (0.061) (0.077) (0.127)

Country fixed effects X X X X

Observations 206 206 206 206
R2 0.494 0.256 0.062 0.489
Adjusted R2 0.437 0.171 ´0.046 0.431

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

1.2.2 Productivity

Recent literature has analyzed the effect of aging on productivity producing a large variety

of results. A possible source of the mixed results could be the non-linear and possibly

non-monotonic relation linking age and productivity.

As argued in Cardona et al. (2013) reviewing results and methods of 150 studies

analyzing the relationship between ICT and productivity, there is solid evidence that in

the last decades the increase in ICT investment has been a primary driver of productivity

and output growth. This implies that since the relation linking aging and ICT adoption is

not linear, also the relation between aging and productivity might mimic such non-linear
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behavior. In order to test this hypothesis, I estimate the following quadratic model:

Productivitys,t,c “ β0 ` β1 Ages,t,c ` β2 Age
2
s,t,c ` ΓX. (1.2)

Table 1.4 shows that, while the richest linear specification with sector, time, and

country fixed effects shows no relation between demography and productivity (value-

added per hour), in the quadratic model, the estimated β1 is significantly positive and the

estimated β2 is significantly negative for all the specifications considered. These results

are in line with the results found for ICT and suggest a reversed-U shape relation also

between age and productivity.

Table (1.4) Relation between age and productivity (value-added per hour). EU KLEMS
sector-level data (1995-2015) for 10 Western European countries.

Dependent variable:

Productivity

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

Age 0.003˚˚˚ 0.010˚˚˚ 0.0003 0.011˚˚˚ 0.020˚˚˚ 0.006˚˚˚

(0.0004) (0.001) (0.001) (0.001) (0.001) (0.001)

Age2 ´0.007˚˚˚ ´0.009˚˚˚ ´0.004˚˚˚

(0.001) (0.001) (0.001)

Time fixed effects X X X X
Sector fixed effects X X X X
Country fixed effects X X

Observations 2,856 2,856 2,856 2,856 2,856 2,856
R2 0.014 0.353 0.601 0.026 0.368 0.604
Adjusted R2 0.014 0.346 0.595 0.025 0.361 0.597

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

1.2.3 Wages

As the population ages, young workers become scarcer in the economy. Under the as-

sumption that young and old workers are different in terms of their complementarity with

respect to technologies, we expect an increase in young workers’ wages relative to old

workers’ wages as the population ages. Table 1.5, indeed, shows that there exists a posi-

tive relationship between the young-to-old wage ratio and aging. This relation is robust

to the inclusion of sector, time and country fixed effects. To control for the heterogeneity
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of the relevance of the age variable to determine wages across sectors, I also include the

Age ˆ Sector fixed effects interaction term. Introducing this interaction term allows us

to control for unobserved variables determining wages in the different sectors, such as

experience. The relevance of the inclusion of the interaction term can be seen from the

Table (1.5) Relation between age and young to old wage ratio. EU KLEMS sector-level data
(2008-2015) for 26 European countries and the US.

Dependent variable:

Young to Old Wage Ratio

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

Age 0.141˚˚˚ 0.217˚˚˚ 0.156˚˚˚ 0.227˚˚˚ 0.517˚˚˚

(0.008) (0.011) (0.011) (0.010) (0.022)

Time fixed effects X X X X
Sector fixed effects X X X X
Country fixed effects X X X
Age ˆ Sector fixed effects X X
Age ˆ Country fixed effects X

Observations 4,554 4,554 4,554 4,554 4,554
R2 0.062 0.197 0.412 0.428 0.369
Adjusted R2 0.062 0.191 0.405 0.421 0.361

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

fact that the point estimate substantially increases and the estimation becomes slightly

more precise (i.e., the standard error reduces). Results are also robust to the inclusion

of the Age ˆ Country fixed effects interaction term which controls for the heterogeneity

of the relevance of age to determine wages across countries. Also in this case the point

estimate increases.

To summarize our empirical evidence, I find a reversed-U shape relation linking age

and ICT investments. This relation is almost completely driven by the Software and

DB component of ICT. Software and DB technology is labor-saving in the sense that it is

negatively related to the fraction of the working-age population in the economy. Moreover,

Software and DB technology requires peculiar skills mostly held by young workers to be

used. Since the relation between age and ICT is driven by Software and DB technology,

in the following theoretical model, I define the new technology as being labor-saving and

complementary with young workers. I also find that the reversed-U shape relation linking

age and ICT investment also holds for productivity. This does not come as a surprise as
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the literature has well documented the positive and significant relation linking ICT and

productivity. Aging also affects the relative wage of the different types of workers (young

and old) as it changes the relative supply of the different labor inputs in the economy.

In particular, I document a positive relationship between the aging and the young-to-old

wage ratio suggesting that young and old workers are not perfect substitutes. In the rest

of the paper, I formalize and rationalize these findings using a theoretical model.

1.3 Partial Equilibrium Model

In this section, a partial equilibrium version (with fixed capital) of the model is presented

which allows us to characterize the impact of an aging population and of an increase

in the labor participation of old workers on technological adoption, capital allocation,

productivity, and factor prices. In the next paragraphs, I present the model environment,

describe the supply side of the economy, the market-clearing conditions, and define the

equilibrium.

1.3.1 Environment

I consider an economy producing a unique final good Y by combining a unit measure of

tasks, ypiq with i P r0, 1s, with unitary elasticity of substitution:

Y “ exp

"
ż 1

0

ln ypiq di

*

. (1.3)

Each task can be produced either using new technology (ynpiq), vintage technology (yvpiq)

or a linear combination of the two:

ypiq “ µnpiq ¨ `npiq
αknpiq

1´α
loooooooooooomoooooooooooon

ynpiq

` µvpiq ¨ `vpiq
βkvpiq

1´β
looooooooooomooooooooooon

yvpiq

, (1.4)

where `npiq (`vpiq) and knpiq (kvpiq) are labor and capital used in new (vintage) technol-

ogy, µnpiq (µvpiq) is the task-specific productivity of task i using new (vintage) technology,

and α (β) is the output elasticity of labor using new (vintage) technology. Throughout,

I impose the following assumptions:
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Assumption 1: The ratio µnpiq{µvpiq is decreasing in i.

Assumption 2: α ă β.

Assumption 1 describes a productivity schedule in which new technology is more

efficient in the production of low-indexed tasks, and vintage technology is more efficient

in the production of high-indexed tasks. This productivity schedule implies that there

exists a threshold task I P r0, 1s such that only new technology is used to produce tasks

i ă I, and only vintage technology is used to produce tasks i ě I. This implies that we

can rewrite the task production function (1.4) of task i as:

ypiq “

$

’

&

’

%

ynpiq if i P r0, Iq

yvpiq if i P rI, 1s.

The threshold I represents the fraction of tasks that are produced using new technology,

and it can be interpreted as a measure of new technology adoption.

Assumption 2 states that the output elasticity of labor (or labor share) of the new

technology task production function is smaller than the vintage technology one meaning

that the new technology is labor-saving with respect to the vintage technology.

1.3.2 Producers

I recover the demand of each task by maximizing the net output with respect to task i:

maxtypiqu Y ´

ż 1

0

ppiq ¨ ypiqdi. (1.5)

where ppiq is price of task i. From problem (1.5) I get the demand for task i:

ypiq “
Y

ppiq
. (1.6)

Producers of tasks are price takers. For tasks i P r0, Iq, they maximize profits taking the

price of tasks, ppiq, the price of capital, R, and the wages, wn, as given:

maxt`n,knu ppiq ¨ ynpiq ´ wn ¨ `npiq ´R ¨ knpiq. (1.7)
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Using the demand of task i in equation (1.6), and the FOC from problem (1.7), I get the

following demands for labor and capital for tasks produced using new technology:

`npiq “
αY

wn
, (1.8)

knpiq “
p1´ αqY

R
. (1.9)

Similarly, I recover the demands for labor and capital for tasks produced using vintage

technology (i.e., i P rI, 1s):

`vpiq “
βY

wv
, (1.10)

kvpiq “
p1´ βqY

R
. (1.11)

1.3.3 Market Clearing Conditions

The population in the economy is normalized to one. Agents in the population can be

either young or old. Therefore, Ny `N o “ 1, where Ny and N o represent the fraction of

young and old respectively. Moreover, I impose the following assumptions:

Assumption 3: Young agents inelastically supply one unit of labor, while old agents

supply φ P r0, 1s units of labor.6

Assumption 4: Young workers can use either technology, while old workers can only

use vintage technology.7

Following Assumption 3, the aggregate labor supply is: Ny ` φN o. Assumption 4

implies that the market clearing conditions in the labor market are the following:

ż I

0

`npiq di “ γ ¨Ny, (1.12)

6The lower labor supply of old workers with respect to young workers is susceptible to either an
intensive or an extensive margin interpretation. According to the intensive margin interpretation, φ
represents the effective units of labor supplied on average by each old person in the economy, while,
according to the extensive margin interpretation, φ represents the fraction of old people working supplying
inelastically one unit of labor. In the latter case, we can, therefore, consider three types of agents: young
workers, old workers, and old people not working (i.e., pensioners).

7This assumption simplifies the analysis with respect to the general setup in which each type can use
both types of technologies and young workers have a comparative advantage in using new technology.
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ż 1

I

`vpiq di “ p1´ γq ¨N
y
` φN o, (1.13)

where γ P r0, 1s is the fraction of young workers employed in the production of tasks that

are produced using new technology and it is endogenous. The left-hand side of equation

(1.12) and of equation (1.13) are the aggregate labor demands for tasks produced with

new and vintage technology respectively.

Given the technology used, it can be shown that the task labor demand is constant

across tasks, i.e., `npiq “ `n and `vpiq “ `v (see Appendix A.2.4). This implies that the

market clearing conditions (1.12) and (1.13) can be written as:

`n “
γ ¨Ny

I
, (1.14)

`v “
p1´ γq ¨Ny ` φN o

1´ I
. (1.15)

Similarly, I consider the market clearing conditions for the capital market. Since

knpiq “ kn and kvpiq “ kv (see Appendix A.2.4), we can write:

kn “
θ ¨K

I
, (1.16)

kv “
p1´ θq ¨K

1´ I
, (1.17)

where K is the capital stock and θ P r0, 1s is the fraction of capital allocated to tasks

produced using new technology which is endogenous. The capital stock is taken as given

(it will be endogenized via the household saving decision in Section 4).

1.3.4 Partial Equilibrium

Given the capital stock, K, the fraction of young (old) agents in the economy, Ny (N o), the

demands for labor and capital for new and vintage technology, we can now characterize

the equilibrium value of output, factor prices, the threshold task (I), and the input

allocation shares (γ and θ). At this point, it helps to distinguish between two different

cases: the case in which the young labor input constraint (from now on, input constraint)
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is slack (i.e., 0 ă γ ă 1 meaning that young workers are employed in the production of

tasks produced either with new or vintage technology), and the case in which the input

constraint is binding (i.e., γ “ 1 meaning that all young workers are employed in the

production of tasks using new technology, while all old workers are producing tasks using

vintage technology). In the situation in which the input constraint is slack, optimality

requires that the wages of the workers employed in the production of tasks using new and

vintage technologies are the same. This is because there is no scarcity of young workers

and young workers are employed in tasks produced using either new or vintage technology.

In this case, young and old workers are “as perfect substitutes”. In the situation in which

the input constraint is binding, wages differ since workers are not perfect substitutes, and

wages depend on the respective labor supplies.8

It can be shown that there exists a threshold value N̂ o ă 1 such that for N o ă N̂ o, the

input constraint is slack (0 ă γ ă 1), and for N o ě N̂ o, the input constraint is binding

(γ “ 1).9 In other words, if the old population is relatively small, not all young workers

use new technologies, while if the old population is relatively large, then all young workers

are employed in the production of tasks produced using new technology.

From the factor demands described in equations (1.8), (1.9), (1.10), and (1.11), the

market clearing conditions in equations (1.14), (1.15), (1.16), and (1.17), and the con-

siderations above over wages, we recover the factor prices and the allocations of young

workers (γ) and capital (θ):

R “
Y

K
p1´ εq, (1.18)

wy “

$

’

&

’

%

Y
L
¨ ε if N o ă N̂ o

Y
Ny ¨ αI if N o ě N̂ o,

(1.19)

wo “

$

’

&

’

%

Y
L
¨ ε if N o ă N̂ o

Y
φNo ¨ βp1´ Iq if N o ě N̂ o,

(1.20)

γ “

$

’

&

’

%

L
Ny ¨

αI
ε

if N o ă N̂ o

1 if N o ě N̂ o,

(1.21)

8See Appendix A.2.4 for the proof.
9The threshold age is defined as: N̂o “

βp1´Iq
φαI`βp1´Iq . We find N̂o by solving γpN̂oq “ 1.
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θ “
p1´ αqI

1´ ε
, (1.22)

where wypwoq is the wage of young (old) workers; ε ” αI ` βp1 ´ Iq is the labor share

for N o ă N̂ o, (1 ´ ε) is the capital share for any level of N o; and L ” Ny ` φN o is the

aggregate labor supply.10 It can be shown that the aggregate production function can be

rewritten as follows (see Appendix A.2.4):

Y “

$

’

&

’

%

A ¨
`

L
ε

˘ε
¨
`

K
1´ε

˘1´ε
if N o ă N̂ o

A ¨
`

Ny

αI

˘αI
¨

´

φNo

βp1´Iq

¯βp1´Iq

¨
`

K
1´ε

˘1´ε
if N o ě N̂ o,

(1.23)

where:

A ” exp

"
ż I

0

ln
 

ααp1´ αq1´αµnpiq
(

di`

ż 1

I

ln
 

ββp1´ βq1´βµvpiq
(

di

*

. (1.24)

Equation (1.23) reflects the considerations discussed above regarding the different

degrees of substitutability between young labor and old labor inputs in the situations of

slack or binding input constraint. In the case of a slack input constraint (N o ă N̂ o), young

and old labor are perfect substitutes and they enter the aggregate production function as

a single input, L. In the case of a binding input constraint (N o ě N̂ o), young and old

labor enter the aggregate production function as different inputs.

In this model, the factor shares are endogenous since they depend on the threshold

task I. In particular, by allowing task producers to choose between technologies with

different output elasticity of labor (α and β for new and vintage technology, respectively),

they optimally choose the technology depending on the supply of inputs. At the aggregate

level, therefore, the supply of inputs endogenously determines the factor shares.

As the last step, to fully characterize the equilibrium, we need to pin down the thresh-

old task I. This can be done by noting that in task i “ I, a task producer should break

even either using new or vintage technology. In other words, it must hold that the price

of the task i “ I is the same when using new or vintage technology:

pnpIq “ pvpIq, (1.25)

10Since wages of young and old workers are the same as long as the input constraint is not binding,
and wages of young (old) workers equal the wages of workers using new (vintage) technology, it holds
that wy “ wn (wo “ wv) as defined in equations (1.19) and (1.20).
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where pnpiq (pvpiq) is the price of task i when the task is produced using new (vintage)

technology.11

1.3.5 Partial Equilibrium Analysis

In this section, I analyze how changes in the supply of labor inputs affect the labor market

in terms of adoption of new technologies, allocation of capital to different technologies,

and wages. Such changes in the input supplies can be motivated by an aging population

which increases the supply of old workers, reduces the supply of young workers, and

negatively affects the aggregate labor supply, and by policy shocks such as an increase in

the retirement age that increases the labor supply of old workers and the aggregate labor

supply.

Task-based models are particularly well suited to analyze changes in the supply of

factors that have different degrees of complementarity with different technologies. Indeed,

in this framework firms do not only adapt their demand of inputs depending on the relative

supply of factors but also choose the technology to use. Since technologies differ in terms

of the output elasticity of inputs, as the supply of factor changes and firms optimally

choose the technology to adopt, the aggregate factor shares change as well with effects

that standard models do not capture.

Aging analysis with fixed capital

I now consider the effects of an increase in the fraction of old people in the economy, Ò N o.

I define this increase in the share of the elderly in a fixed population simply as aging. I

obtain the following result:

Proposition 1.3.1. The relation linking aging and the adoption of new technologies, I,

and aging and the share of capital allocated to new technologies, θ, is positive for “low”

levels of aging (N o ă N̂ o), and negative for “high” (N o ě N̂ o) levels of aging:

dI

dN o
“

$

’

&

’

%

ą 0 if N o ă N̂ o

ă 0 if N o ě N̂ o,

(1.26)

11pnpiq “ µnpiq
´1 ¨

`

wn

α

˘α
¨

´

R
1´α

¯1´α

and pvpiq “ µvpiq
´1

´

wv

β

¯β

¨

´

R
1´β

¯1´β

, i.e., the price of pro-

ducing a task using either technology negatively depends on the technology task-specific productivity,
and it is increasing in the average price of factors weighted by the respective shares. The derivation is
straightforward using the FOC from the maximization problem (1.7).
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dθ

dN o
“

$

’

&

’

%

ą 0 if N o ă N̂ o

ă 0 if N o ě N̂ o.

(1.27)

Proof in Appendix A.2.4.

Proposition 1.3.1 states that, as long as there are enough young people in the economy

(N o ă N̂ o) and, therefore, the input constraint is not binding, γ P p0, 1q, an aging

population leads to an increase in the adoption of new technology and the share of capital

allocated to new technologies. As population ages further (N o ě N̂ o) and the input

constraint binds (γ “ 1), the relation reverses.

The idea is that aging reduces the aggregate labor supply leading to an increase in the

price of labor with respect to the price of capital. Due to the increase in the cost of labor,

if the labor constraint is not binding (i.e., N o ă N̂ o), a producer close to the threshold

task, I, will find it optimal to switch from the vintage technology which is labor-intensive

to the new (labor-saving) technology. This would lead to an increase in the share of firms

adopting new technologies (Ò I) increasing the adoption of young labor in tasks produced

using new technology. In this case, since the input constraint is not binding, workers

are “as perfect substitutes” and producers can freely choose which type of technology

to adopt. Finally, as the relative employment in new technologies increases, optimality

requires an increase in the share of capital allocated to new technologies (Ò θ).

In the situation in which all the young workers are already using new technologies

(γ “ 1 and N o ě N̂ o), the age composition of the labor force determines the technology

to use. Therefore, as the population ages and the number of young labor shrinks, the

adoption of new technology reduces (Ó I) as well as the share of capital allocated to new

technology (Ó θ). In this situation, indeed, as shown in equation (1.23), the different types

of labor are imperfect substitutes.

Figure 1.2 shows the effect of aging on relevant economic variables. Wages for young

and old are the same up to the point in which the input constraint binds (the dashed

vertical line); as the scarcity of young labor hits the economy, wages diverge reflecting the

higher productivity of young workers using new technology with respect to old workers

using vintage technology. Since the labor supply reduces as the population ages, labor

productivity increases monotonically if the input constraint is not binding due to the
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fixed amount of capital. As the input constraint binds, two opposite forces determine

the average productivity: on one side, productivity increases since capital is fixed and

the labor supply is shrinking; on the other side, old workers will start producing tasks in

which the vintage technology is not efficient due to the lack of young workers. The latter

effect becomes stronger as the population ages, and it dominates when the fraction of old

people in the economy is high enough. We, therefore, observe a reversed-U shape relation

linking the share of the elderly and productivity. The effect of aging on production is

unambiguously negative. Given a fixed amount of capital, an aging population reduces

the labor supply and it necessarily leads to a reduction in production. Moreover, once

aging starts reducing the average productivity, production reduces at a faster rate.

Figure (1.2) Aging analysis (share of old people in the economy on the x axis).
(α “ 0.7, β “ 0.8, K “ 1, φ “ 0.6, µnpiq “ 1´ i, µvpiq “ i).
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Retirement age analysis with fixed capital

I now consider the effect of an increase in φ on technology adoption and on the allocation

of capital. We can interpret an increase in φ as an increase in the retirement age. I will,

therefore, refer to φ simply as the retirement age. I obtain the following result:

Proposition 1.3.2. An increase in the retirement age, φ, leads to a reduction in the

adoption of new technologies, I, and a reduction in the share of capital allocated to new

technologies, θ:
dI

dφ
ă 0,

dθ

dφ
ă 0, @N o

P p0, 1q. (1.28)

Proof in Appendix A.2.4.

Proposition 1.3.2 states that an increase in the retirement age reduces the use of new

technologies and reduces the share of capital allocated to new technologies. For N o ă N̂ o,

an increase in the retirement age increases the aggregate labor supply which reduces

the relative price of labor leading to an increase in the use of vintage (labor-intensive)

technologies (Ó I) and a reduction in the share of capital allocated to new technologies

(Ó θ). For N o ą N̂ o, all the young workers use the new technology, and all the old

workers use the vintage technology. In this situation, the increase in the retirement age

has a purely market size effect: since old labor has become relatively more abundant

with respect to young labor, the adoption of vintage technology and the share of capital

allocated to vintage technology increase.

Figure 1.3 shows that an increase in the retirement age leads to a reduction in the

adoption of new technologies for any level of aging. Since the stock of capital is fixed, as

the labor force increases following the policy, productivity reduces and so do the wages if

the input constraint is not binding. As the scarcity of young workers hits the economy

and the population ages, the gap between the wage of the young and the wage of the

old widens. Although productivity reduces as the retirement age increases, production

increases as capital is fixed and the labor supply increases following the policy.

The increase in the retirement age has also an effect on the aging threshold, N̂ o:

Corollary 1.3.2.1. An increase in the retirement age (φ) makes the input constraint

binding for a lower level of aging:
dN̂ o

dφ
ă 0 (1.29)
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Proof in Appendix A.2.4.

Increasing the number of old workers increases the fraction of workers that is con-

strained in using vintage technologies. This means that a lower share of young workers

will be employed in tasks produced using vintage technology leading to a binding con-

straint for lower levels of aging.

Figure (1.3) Retirement age analysis (share of old people in the economy on the x axis).
(α “ 0.7, β “ 0.8, K “ 1, “low” retirement φ “ 0.6, “high” retirement φ “ 0.9, µnpiq “
1´ i, µvpiq “ i).

1.4 General Equilibrium Model

In this section, I introduce a simple Diamond overlapping generation model to describe

the consumer side of the economy and to study the effect of aging in a general equilibrium

framework. By modeling the labor supply and the saving decisions of the consumers, we

will be able to endogenize the supply of capital and overcome the result in the partial

equilibrium model of an ever-decreasing production as the population ages.
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1.4.1 Consumption choice

I consider a representative consumer living two periods. In the first period agents are

“young”, while in the second period, they are “old”. I define as young, prime-aged

workers from 25 to 50 years old, and as old, people from 50 to 75. Therefore, each of the

periods lasts for about 25 years. While young agents are fully in the working-age period,

the old agents are partially in the working-age and partially in the retirement period.

These considerations allow us to interpret φ as the retirement age which we assume to

be exogenously determined. A representative young agent at time t faces the following

lifetime utility maximization problem:

maxtCyt ,Cot`1u
UpCy

t q ` ρ ¨ UpC
o
t`1q s.t. (1.30)

Cy
t “ wyt ´ St,

Co
t`1 “ φ wot`1 ` p1` rt`1q ¨ St,

where ρ is the discount rate, and St are savings in period t. In period t, the young agent

supplies one unit of labor and receives a salary wyt that can be either consumed or saved.

In period t` 1, the old agent supplies φ units of labor and gets a salary wot`1 per unit of

labor supplied. Old agents consume everything by the end of the second period. rt`1 is

the net price of capital in period t`1 with capital depreciation (δ) already deducted, i.e.,

rt`1 “ Rt`1´ δ. Since the model divides human life into two periods, each period is quite

long (in historical time) and it is thus reasonable to assume that capital fully depreciates

within the period (δ “ 1) implying Rt`1 “ 1` rt`1.

In order to complete the description of the environment, we define the following relations

linking the generations:

Ny
t`1 “ p1` nq ¨N

y
t , (1.31)

N o
t`1 “ Ny

t , (1.32)
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where n is the rate at which new generations reproduce. Equations (1.31) and (1.32)

together imply that the old to young labor ratio is equal to:

N o
t

Ny
t

“
1

1` n
. (1.33)

1.4.2 General Equilibrium

Assuming log preferences (i.e., Upxq “ logpxq), from the maximization problem (1.30)

and the feasibility constraint, Kt`1 “ Ny
t ¨ St, we obtain:

kt`1 “
θt`1

γt`1p1` ρqp1` nq

ˆ

ρ ¨ wyt ´
φ ¨ wot`1
Rt`1

˙

, (1.34)

where kt is defined as the capital allocated per worker in new-technology
´

θtKt
γtN

y
t

¯

in period

t. Using equation (1.34) and the prices of inputs (1.19) and (1.20) from the supply side, we

obtain an expression for the steady state capital such that: kt`1 “ kt “ k (see Appendix

A.2.1).

1.4.3 General Equilibrium Analysis

In what follows, I analyze the effect of aging and of an increase in the retirement age on the

adoption of new technologies, and its effects on wages, productivity, and production with

endogenous capital. I take a long-term perspective analyzing the effect of the demographic

change on the steady-state equilibrium.

Aging analysis with endogenous capital

Figure 1.4 shows the effects of aging on the relevant economic variable. In particular, the

effect of aging on the adoption of new technology, wages, and productivity is consistent

with the effect found in the partial equilibrium model with fixed capital. However, by

allowing capital to be endogenous, another effect shapes the results. As the population

ages, more capital is accumulated in the economy since old consumers supply capital.

The increase in the amount of capital in the economy further creates incentives to adopt

new technologies as the new technologies are capital-intensive. In order to disentangle

the effect of the capital increase on new technology adoption with respect to the effect

coming from the declining labor supply as the population ages, I assume that both young
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Figure (1.4) Aging analysis (share of old people in the economy on the x axis).
(α “ 0.7, β “ 0.8, φ “ 0.6, ρ “ 0.9625 “ 0.36, µnpiq “ 1´ i, µvpiq “ i).

and old supply one unit of labor. As we can see in Figure 1.5, even in the case in which

the reduction in the labor supply is sterilized (φ “ 1), we still have a non-monotonic

behavior of technological adoption and investment in new technology due to the effect

going through the accumulation of capital.

Differently from the partial equilibrium model, we find that an aging population does

not have a monotonic effect on production. Indeed, while in the partial equilibrium

model with fixed capital, an aging population reduces the aggregate labor supply, in

the general equilibrium model, the negative effect of a reduction in the labor supply on

production is counteracted by the increase in capital supplied by old people. These two

forces combined lead to a non-monotonic effect on production. Initially, as the population

is relatively young and the capital stock in the economy is relatively scarce, the aging of the

population leads to an increase in production as the marginal product of capital is high

and the positive capital effect dominates over the negative labor effect. The marginal

product of capital progressively reduces as the capital stock builds up explaining the
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Figure (1.5) Retirement age analysis (share of old people in the economy on the x axis).
(α “ 0.7, β “ 0.8, ρ “ 0.9625 “ 0.36, µnpiq “ 1´ i, µvpiq “ i).

increase of production and productivity at a progressively lower rate as the population

ages. Finally, as the marginal product of capital reduces as the population ages, the

negative labor effect dominates the capital effect leading to the non-monotonic effect on

production.

Retirement age analysis with endogenous capital

The effects of an increase in the retirement age are similar to those in the partial equi-

librium model. Figure 1.5 shows that, as in the partial equilibrium model, an increase in

the retirement age reduces the incentives to use new technology due to the increase in the

labor supply. However, in the general equilibrium model, another effect contributes to

the result. Indeed, the increase in the retirement age also reduces the need to save which

depresses the capital accumulation and further reduces the adoption of new technology.
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1.5 Optimal Retirement Age

In this section, I analyze the optimal retirement age defined as the retirement age maximiz-

ing the aggregate utility of the agents. I, therefore, compare the social planner outcome

with the outcome of the competitive equilibrium in order to assess the efficiency of a

decentralized policy.

1.5.1 Social Planner

The social planner with weights tρstu
8
t“0 (where ρs P p0, 1q) faces the following maximiza-

tion problem:

maxtCyt ,Cot`1,Kt`1,φt`1u
ρs0ρ plogtC

o
1u ´ b ¨ φ1q `

8
ÿ

t“1

ρst
`

logtCy
t u ` ρ

`

logtCo
t`1u ´ b ¨ φt`1

˘˘

(1.35)

s.t. Yt “ Kt`1 `N
y
t ¨ C

y
t `N

o
t ¨ C

o
t ,

where b represents the disutility from working when old.12

Proposition 1.5.1. The optimal retirement age, φs P p0, 1q, is given by:

φs “

$

’

&

’

%

ρs`ρ
ρb

εpφsq
1´ρsp1´εpφsqq

´ p1` nq if N o ă N̂ o

ρs`ρ
ρb

βp1´Ipφsqq
1´ρsp1´εpφsqq

if N o ě N̂ o.

(1.36)

Proof in Appendix A.2.2.

We observe that φs depends on the adoption of new technology which depends on

the supply of inputs in the economy and, therefore, on the retirement age itself. This

implies that failing to consider the endogeneity of technology would lead to sub-optimal

retirement age policies. Since technology adoption is a firm-level decision, it cannot be

expected from the social planner with limited information regarding firms’ decisions to

being able to set the optimal retirement age policy right. We, therefore, analyze whether

an efficient equilibrium can be reached in a decentralized economy.

12We assume that the disutility from working when young is equal to zero. This can be interpreted
as the fact that in this economy the young necessarily need to work as they have no savings yet, while
elderly people who already have some savings can decide how much to work.
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1.5.2 Competitive Equilibrium

In order to evaluate whether the optimal retirement age policy can be reached in a decen-

tralized environment, I compute the competitive equilibrium retirement age solving the

consumer utility maximization problem (see Appendix A.2.3).

Proposition 1.5.2. The competitive equilibrium retirement age, φ˚ P p0, 1q, is given by:

φ˚ “

$

’

&

’

%

1`ρ
ρ¨b
´Rpφ˚q for N o ă N̂ opφ˚q

1`ρ
ρ¨b
¨

βp1´Ipφ˚qq¨p1`nq
p1`nq¨βp1´Ipφ˚qq`αIpφ˚q¨Rpφ˚q

for N o ě N̂ opφ˚q

(1.37)

which is equal to the social optimum in the limit case of ρs Ñ 1, and it is increasing in

N o.

Proof in Appendix A.2.4.

Proposition 1.5.2 states that the decentralized equilibrium retirement age is the same

as the social planner retirement age in the limit case in which the planner’s weights ρs are

equal to 1. However, since the social planner problem is not properly defined for ρs “ 1,

the competitive equilibrium is only efficient up to an infinitesimal efficiency loss, i.e.,

φ˚ « φspρs “ 1´ εq, where ε is arbitrarily “small”. Moreover, the competitive equilibrium

retirement age is increasing with aging. As the share of elderly agents increases, so does

the supply of capital with negative effects on the interest rates. As the capital income

reduces, agents optimally decide to supply more labor.

This result implies that under a fully funded or no-government pension system, al-

lowing workers to choose their retirement age is efficient (up to an infinitesimal efficiency

loss), and it dominates the equilibrium with fixed retirement age.

1.6 Conclusion

In this paper, I analyze the effect of an aging population on the adoption of new technolo-

gies, productivity, and wage dynamics. Empirically, I provide evidence of a non-monotonic

relation linking aging and the adoption of new technology (proxied by ICT). In partic-

ular, I find that the relation linking demography and the adoption of new technology is

positive for low levels of aging and negative for high levels of aging. In line with the idea

36



Essays on Economics and Demography Chapter 1

that, in the last decades, the increase in productivity has been driven by technological

progress, I find a similar non-monotonic relation linking aging and productivity. An aging

population also affects wages; I empirically find that an aging population is linked with

an increase in the young-to-old wage ratio suggesting that young and old workers are not

perfect substitutes.

I rationalize these findings using a theoretical model of technology adoption with two

different technologies, new and vintage, and two types of workers, young and old. As

I find that the relation linking aging and new technology is driven by Software and DB

technology which is labor-saving and requires skills mostly held by young workers, I model

the new technology as being labor-saving and complementary to young labor. An aging

population has two effects on the labor force: it reduces the labor supply and changes the

age composition of workers increasing the share of elderly workers. The reduction in the

labor supply initially triggers the adoption of new (labor-saving) technologies. However,

since the new technology requires young workers, once the young labor input becomes

scarce, further aging reduces the adoption of new technology explaining the reversed-U

shaped relation found in the data. The model is also able to replicate the reversed-U

shaped relation linking aging and productivity, and wage dynamics.

Endogenizing capital through a standard OLG model, I introduce a further channel

in the model going through the accumulation of capital as the population ages. Differ-

ent from the model with fixed capital, the model with endogenous capital is consistent

with a growing economy in the context of an aging population. This theoretical model

embeds several channels through which the demographic process affects the adoption of

technologies and productivity through the labor market highlighting the relevance of the

complementarity between the different labor inputs with the different technologies.

Within this framework, I finally consider the optimal retirement age policy. I find that

the optimal retirement age affects technological adoption which implies that failing to

consider the endogeneity of technology would lead to sub-optimal retirement age policies.

A solution to reach efficiency is to decentralize the retirement age decision.
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Chapter 2

The effect of a change in the Age

Composition of Consumers: a

Shift-Share IV empirical approach

2.1 Introduction

Over the last 25 years, in the United States, the share of young (0-24) and young adults

(25-44) has decreased by 10 percentage points (going from 68% in 1995 to 58% in 2020),

while the proportion of middle-aged (45-64) and elderly people (65+) has steadily in-

creased and it is predicted to further increase in the coming decades. Such trends are

observable all around the world, in both developed and developing countries.

A growing worry about this phenomenon centers around the possible negative effects of

an aging population on production and productivity through the labor market.1 However,

the emphasis given by the literature on the effect of an aging workforce has overshadowed

the economic impact through a complementary channel: the change in the age compo-

sition of consumers, what we call the age demand channel. Age is, indeed, a strong

determinant of consumption and purchasing behaviors. People across different age cate-

gories have different wealth, preferences, amount of time to devote to searching for goods

and prices (Aguiar and Hurst, 2005, 2007), different attachment to brands and propensity

1In this direction, several recent studies have focused on the role of automated technologies in counter-
acting the shrinking of the labor force and the change in the age composition of the workforce (Acemoglu
and Restrepo, 2017b, 2018b; Abeliansky and Prettner, 2017b; Gehringer and Prettner, 2019; Abeliansky
et al., 2020).
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towards comparing brands (Lambert-Pandraud et al., 2005; Lambert-Pandraud and Lau-

rent, 2010) or updating their consumption baskets (Bornstein, 2019).2 Altogether, these

heterogeneous consumption behaviors point towards the fact that the age composition of

demand might be a strong determinant of the goods market structure. Given the large

demographic transitions at play, the age demand channel might contribute significantly

to economic outcomes.

In this paper, we aim to empirically estimate the effect of a change in the age com-

position of consumers on sector aggregates such as prices, production, and productivity.

We face two main hurdles: first, the multitude and the simultaneity of channels through

which a demographic change affects an economy; second, the predictability of demographic

changes. To address the first, we use a shift-share IV approach and instrument the change

in the age composition of demand with foreign demographics. We, therefore, exploit the

natural wedge between the age compositions of demand and the age composition of the

domestic country. This allows us to disentangle the age demand channel from other do-

mestic channels such as the ones going through the labor market which directly affect the

sector aggregates. Using world input-output matrices, we obtain precise measures of the

direct and indirect exposure of each sector in each country to the demand of consumers

from each foreign trading partner. To tackle the second issue, i.e., the predictability

of demographic changes, we consider changes in demographic expectations to recover a

measure of unexpected demographic changes.

We find that age categories have heterogeneous effects on sector aggregates through

the age demand channel. In particular, we find that an increase in the share of middle-

aged consumers increases prices, reduces production and productivity, while young and

elderly consumers tend to affect those variables in the opposite direction. These results are

quite in contrast with the effects of standard demand shocks that are usually associated

with variations in quantities and prices in the same direction. We interpret this negative

co-movement as evidence that demographic demand shocks alter the market structure,

and that middle-aged consumers reduce, on average, competition, and, vice versa, young

and old consumers increase competition.

Our findings can be interpreted as the result of distinct mechanisms already analyzed

2The marketing and psychology literature investigates other dimensions such as the different levels of
cognitive abilities influencing the way agents process information and compare goods (Gutchess, 2011;
Peters, 2011), the different size of social networks (East et al., 2014), and the heterogeneity of usage rate
and mastering of technologies to search and make purchases (Hargittai, 2001).
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in the literature. While young consumers tend to increase competition in the market as

they are less loyal to the brand as shown in Bornstein (2019), elderly consumers increase

competition because they have more time to search for goods (Aguiar and Hurst, 2007).

An increase in competition can, then, lead to an increase in productivity as empirically

shown in Symeonidis (2008).

Our paper greatly differs from previous literature. Indeed, while Aguiar and Hurst

(2007) focuses on the micro evidence linked to the age heterogeneity of consumers, we

provide evidence of the effects of the age heterogeneity of consumers at the macro level.

In particular, Aguiar and Hurst (2007) shows that elderly consumers have a lower oppor-

tunity cost of time which allows them to search more for goods and to face lower prices

but they do not study the macro implications of age heterogeneity. We, instead, provide

evidence that the macro effects of micro-heterogeneity across age categories are relevant

as the demographic change affects the market structure and triggers supply side reactions

with effects on sector aggregates. Moreover, while Bornstein (2019) shows that aging of

the population leads to a reduction in competition because of the higher consumer inertia

of middle-aged and old consumers, our results suggest that the effect of aging consumers

on competition is not linear. Although the conclusions we draw are different with re-

spect to Bornstein (2019), the results are not in contrast with its findings. Indeed, the

baby boomer generation (born in the 1950s and 1960s) became middle-aged in the 1990s

and 2000s reducing competition and increasing the markups in those years which is both

in line with our results and the results in Bornstein (2019). Differently from Bornstein

(2019), however, our results suggest that as the baby boomers grow old, the effect on

competition reverses. Finally, previous literature analyzing the macro consequences of an

aging population has mostly focused on the effect of aging on production and productivity

through the labor market and the adoption of technology on the supply side of the econ-

omy (Acemoglu and Restrepo, 2017b, 2018b; Abeliansky and Prettner, 2017b; Gehringer

and Prettner, 2019; Abeliansky et al., 2020). To the best of our knowledge, our paper is

the first to provide empirical evidence of the effects of an aging population on aggregate

variables through the demand side of the economy highlighting the relevance of this novel

age demand channel.

The rest of the chapter is structured as follows: in the next section, we present the

data used in the analysis; in Section 3, we explain the empirical methodology employed.
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In Section 4, we present and discuss the results, while we perform some robustness checks

in Section 5. Finally, Section 6, concludes.

2.2 Data

To perform our empirical analysis, we use the World Input-Output Database (WIOD,

2013 release) which provides sector-level statistics on value-added, hours worked, price

deflator, and input-output tables with information on trade links at the country-sector

level. The WIOD covers the 27 EU countries, 13 other major countries in the world for

the period from 1995 to 2009, and it provides estimates for the rest of the world.3 The

dataset provides information over 35 sectors.

Figure (2.1) World Input Output Table

The structure of the input-output tables is represented in Figure 2.1. Each row rep-

resents the country-sector supplying the input, while the columns represent the country-

sector pairs buying the inputs to be used in the production process. Each cell represents

the amount traded in terms of value-added. The last columns, “Final use” and “To-

tal use”, represent the amount produced by each country-sector which is consumed by

each country and the total production of the country-sector respectively.4 Using the

3Besides the 27 EU countries, the WIOD dataset contains information for Australia, Brazil, Canada,
China, Indonesia, India, Japan, South Korea, Mexico, Russia, Turkey, Taiwan, and the United States. In
our analysis, we use all countries and the proxy for the rest of the world. Since the UN World Population
Prospect does not provide population prospects for Taiwan, we assume no demographic change in Taiwan
(we cannot directly remove the observation as we need the entire input-output matrix to estimate the
exposure to demand measures).

4Several variables compose the “Final use” columns (i.e. “Final consumption expenditure by house-
holds”, “Final consumption expenditure by non-profit organizations serving households (NPISH)”, “Final
consumption expenditure by the government”, “Gross fixed capital formation”, “Changes in inventories
and valuables”). Coherently with the scope of our analysis, we focus on the “Final consumption expen-
diture by households” variable.
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input-output tables allows us to capture the interdependence coming from the integrated

production structure of the world’s economies.

To recover the demographic variables, we use the UN World Population Prospects

(WPP, 1996, 2006, and 2019 revisions) which provide population data and population

projection estimates in 1996, 2006, and 2019 of the age composition of the population in

future years. We use these datasets to recover measures of the actual demographic change

(WPP 2019), and of the unexpected demographic changes (WPP 1996 and 2006).

The aggregated nature of our dataset limits our analysis as we can only estimate the

average effects at the sector level. The dataset also lacks direct information regarding the

age composition of demand at the sector level. However, by weighing our demographic

variables by the exposure of each country-sector to the different countries, we obtain

sector-level demographic measures.

2.3 Methodology

In this section, we present the empirical methodology. We start by showing how we

estimate the exposure to the demand of each country-sector taking into account both the

direct and indirect exposure, i.e. considering all the intermediate trades between the initial

producer and the final consumer. We, then, present the OLS regression using the change

in the age composition of demand as our regressor of interest defined as the average share

of different age categories weighted by the country-sector specific exposure to domestic

and foreign economies. Since the age composition of demand is necessarily correlated

with the age structure of the workforce which directly affects sector aggregates, we adopt

a shift-share IV approach instrumenting the change in the age composition of demand

with the age composition of foreign demand. We, therefore, exploit the natural wedge

existing between the age structure of consumers (which depends on both domestic and

foreign demographics) and the age structure of workers (which only depends on domestic

demographics) to disentangle the effect of a demographic change coming from the demand

side of the economy. Finally, in order to ensure the independence between the shifts (the

demographic variable), and the shares (the exposure to demand), we present a second

shift-share IV model in which we consider unexpected demographics instead of actual

demographic changes. Since the unit of observation of our analysis is at the country-
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sector level, if not otherwise specified, the observations in all the regressions we present

are weighted by the relative value-added of each country-sector.

2.3.1 Estimation of the country-sector exposure to demand

Countries are very interconnected as a large part of global trade, in terms of intermediate

inputs, follows the global value chains of production. This implies that to estimate the

sector exposure to demand one needs to track down all the intermediate trades occurring

from the initial producer to the final consumer, considering both the direct and the indirect

sales.

Consider, for example, a German car producer using tires produced in Italy. Assume

the German producer sells its cars in France. By only considering the direct sale, we would

not capture the exposure of the Italian tire producer to French demand. This simple

example shows, particularly for very interconnected countries, the necessity of taking

into account also indirect sales to retrieve the correct measure of final demand exposure.

Taking into account those indirect flows also appears to be of primary importance as

Ferrari (2019) shows that demand shocks magnify upstream through the global value

chain.

We define the share of output of sector s in country i that is consumed by country j

as in Ferrari (2019):

ξsi,j ”
F s
i,j `

ř

r

ř

k as,ri,k F
r
k,j `

ř

r

ř

k

ř

g

ř

m as,ri,k a
r,g
k,m F g

m,j ` ...

Y s
i

, (2.1)

where the first term in the numerator represents the output produced by sector s in

country i which is directly sold for consumption in country j; the second term represents

the fraction of output produced by sector s in country i sold to any producer r in any

country k which is then consumed in country j. The same logic applies to higher order

terms.

We compute the exposure of each sector s in country i to country j making use of the

Leontief inverse matrix pI´Aq´1. We retrieve the Leontief inverse matrix from the Leontief

input-output model relating production (Y ) with final demand (F ): Y “ AY `F , where

A ” ras,ri,j s ” rZ
s,r
i,j {Y

s
i s is the input-output matrix. The Leontief inverse matrix relates the

exposure share matrix rξsi,js to the final demand matrix rf si,js ” rF
s
i,j{Y

s
i s that shows the
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amount of output produced by sector s in country i consumed or invested in country j

as a share of the total output produced by sector s in country i.5 We, therefore, estimate

the exposure share matrix using the following formula:

“

ξsi,j
‰

“ pI ´ Aq´1 ¨ rf si,js. (2.2)

2.3.2 OLS

In order to estimate the effect of a change in the age composition of consumers on sector

aggregates (price, production, and productivity), we use a long difference fixed effect

specification as in Acemoglu and Restrepo (2018b). We, therefore, estimate the following

model:

∆logY s
i “ β0 ` β1 ¨∆AgeDemand

s
i ` β2 ¨ ForeignExposure

s
i ` γi ` γs ` ε

s
i , (2.3)

where the left-hand side variables are, in turn, the log difference in sector aggregate

prices, production, and productivity between 1996 and 2006.6 We use the value-added

price deflator as a proxy for prices which measures prices from the perspective of the

producers and thus, contrary to the consumer price index (CPI), does not depend on the

basket of goods and services purchased by the consumers. We use the real value-added

and the real value-added per hour as proxies for production and productivity respectively.

We use measures built on the value-added rather than on the gross output as the value-

added measures better reflect the underlying technology of the processing industry and

are in line with the definition of the shares built using the input-output tables showing

the amount traded in terms of value-added. The regressor of interest is the change in

the age composition of demand and it is defined as the difference between the average

demographics weighted by the exposure of each country-sector to each country’s demand

5The Leontief inverse matrix pI ´Aq´1 has dimension pS ˆ Jq by pS ˆ Jq; the exposure share matrix
rξsi,js has dimension pSˆJq by J ; the input-output matrix A has dimension pSˆJq by pSˆJq; the final
demand matrix rfsi,js ” rF

s
i,j{Y

s
i s has dimension pS ˆ Jq by J where S and J represents the number of

sectors and countries respectively.
6We consider the longest available time span in the WIOD 2013 release excluding the recession years

(from 2007 on); we consider 1996 instead of 1995 (the first year available in the WIOD 2013 release) in
order to consistently define the dependent variables across the different model specifications as the WPP
dataset (that we use in the IV(2) specification) is available for the year 1996 but not for the year 1995.
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between 1996 and 2006:

∆AgeDemandsi “
ÿ

j

ξsi,j,2006 ¨ agej,2006 ´
ÿ

j

ξsi,j,1996 ¨ agej,1996, (2.4)

where agej P tyoungj,middle-agedj, oldju. We define youngj as the share of population

between 25 and 44, relative to the total population between 25 and 79 in country j.

Similarly, we define middle-agedj as the share of population between 45 and 64, and oldj

as the share of population between 65 and 79. We exclude younger and older consumers

(ă25 and 80+) as we focus on independent consumers.7

To control for the heterogeneous exposure to foreign demand, we include in the re-

gression the exposure to foreign demand (ForeignExposuresi ) at the initial period (1996)

defined as the sum of the exposure of each country-sector with respect to foreign countries,

i.e.
ř

j‰i ξ
s
i,j,1996.

Finally, in order to control for sector-specific and country-specific trends, we include

country and sector dummies (γi and γs respectively). In particular, sector dummies con-

trol for heterogeneous sector-specific technological developments, while country dummies

control for institutional features at the country level.

2.3.3 Shift-Share IV

The biggest issue in the OLS model in section 2.3.2 is that the ∆AgeDemand variable

is necessarily correlated with the change in the age composition of workers. As argued

in Acemoglu and Restrepo (2018b), indeed, the age composition of the labor force is a

strong predictor of technology adoption that directly influences sector aggregates such as

price, production, and productivity.

In order to identify the age demand channel (the effect of a demographic change go-

ing through the demand side of the economy), we instrument the ∆AgeDemand variable

in equation (2.3) with foreign demographics. Foreign demographics, indeed, affect the

age structure of demand through exports and the intermediate trades along the global

value chain (relevance of the instrument) without changing the age composition of the

labor force. We, therefore, exploit the wedge between the demographic structure of de-

7Younger consumers (ă25) might still have no income and depend on their parents regarding their
consumption decisions; older consumers (80+) might delegate their consumption decision choices to
someone else (think, for instance, of the elderly in nursing homes).
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mand (which depends on both domestic and foreign demographics), and the effect of a

demographic change going through the labor market (depending only on domestic demo-

graphics) to disentangle the demand channel from other domestic channels (exogeneity of

the instrument).

We estimate the instruments, using a shift-share IV approach. We follow the method-

ology described in Borusyak et al. (2018); Goldsmith-Pinkham et al. (2020) and Adão

et al. (2019) requiring either exogenous shares (the exposure to foreign demand) or ex-

ogenous shifts (the change in the foreign demographics). Since the exposure to foreign

demand is likely endogenous as firms choose the sectors and the countries to trade with,

identification can be obtained through the exogeneity assumption of the shifts. However,

when firms decide which market to link, expectations regarding future demographics are

likely already in firms’ information set. The usual strategy to avoid this concern is to

use lagged shares. Following this strategy, we fix the shares at the initial period as in

Huneeus (2018) and Ferrari (2019).

We consider two different IV models. In the first model, IV(1), we define the shifts as

the actual demographic changes between 1996 and 2006. However, demographic changes

are largely predictable and an expected change in the age composition of foreign consumers

might lead to an endogenous change even in the lagged shares. Therefore, in the second

model, IV(2), we use the unexpected demographics defined as the change in demographic

expectations for the year 2006 between 1996 and 2006. Figure 2.2 shows the unexpected

demographics for the countries considered in the analysis and the proxy for the rest of

the world (RoW). The figure shows that there is large heterogeneity in prediction errors

for most of the age categories guaranteeing sufficient variation in the shocks.8

A possible caveat in this approach is that, since consumers across different age cate-

gories have different preferences, as the age composition of consumers changes, the con-

sumption basket of consumers changes as well. This could lead to a change in the con-

sumption of domestic and foreign goods influencing the exposure of each country-sector

to foreign demand. Think, for example, about elderly consumers that consume more

health-related services that are usually domestically produced. In this case, the effect of

a change in the age composition of foreign demand would be confounded with the effect

of a change in the exposure to foreign markets. However, we find that there is no corre-

8Figure B.1 in the Appendix shows the same unexpected demographics with aggregate age categories
as defined in the empirical specification.
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Figure (2.2) Unexpected demographics (5-years age categories).

lation between the change in domestic demographics and the change in the exposure to

foreign demand (see Table B.3 in the Appendix). This is probably due to our definition

of exposure to demand that takes into account not only the direct exposure to demand

but also all the intermediate trades along the value chain. Indeed, what is required in our

analysis is that the consumption basket in terms of inputs used to produce the final goods

(instead of the final goods consumption basket) does not vary across age categories. The

fact that there is no correlation between domestic demographics and exposure to foreign

demand provides indirect evidence of that.

Finally, we cluster standard errors by the main exposure country (i.e. the country to

which each country-sector exports the most taking into account both the direct and the

indirect exposure). As pointed by Adão et al. (2019), not clustering the errors would lead

to over-rejection of the coefficient estimates. The over-rejection problem arises because

the regression residuals are most likely correlated in clusters as country-sectors selling to

the same countries are subject to the same shocks. By clustering with respect to the main

exposure country, we control, at least partially, for such a correlation.

IV(1)

In this first IV model, we instrument the ∆AgeDemand variable in equation (2.3) with a

measure of foreign demographic change. We, therefore, estimate the following first stage
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model:

∆AgeDemandsi “ α0`α1 ¨∆ForeignAgeDemand
s
i `α2 ¨ForeignExposure

s
i `γi`γs`ν

s
i

(2.5)

where ∆ForeignAgeDemandsi is the shift-share instrument defined as the average change

in demographics between 1996 and 2006 (the shifts) weighted by the exposure of each

country-sector with respect to foreign demand at the initial period (the shares), i.e.:

∆ForeignAgeDemandsi ”
ÿ

j‰i

ξsi,j,1996 ¨ ragej,2006 ´ agej,1996s . (2.6)

As in equation (2.4), we define agej as the share in country j of young (24-44), middle-aged

(45-64), and old (65-79) in the population between 25 and 79. The rest of the controls are

defined as for equation (2.3): ForeignExposuresi is the sum of the exposures to foreign

economies controlling for the heterogeneity of the exposure to foreign demand across

country-sectors; γi and γs are the country and sector dummies respectively controlling for

country and sector trends.9

In order to ensure the exogeneity of the instrument with respect to the dependent

variables in this framework, we require a) the exogeneity of the shifts with respect to the

dependent variables (which in our framework boils down to the assumption that foreign

demographics is exogenous with respect to domestic price, production, and productivity),

and b) the independence of the shifts with respect to the shares. In order to ensure the

independence of the shifts with respect to the shares, it is standard in shift-share literature

to use lagged shares which shields the results from contemporaneous co-movements of the

shifts and the shares. However, in our framework, this strategy might not be enough to

guarantee the independence between the shifts and the shares as demographic changes are

highly predictable. It could be, therefore, that demographic expectations affect the lagged

exposure shares. Although very small, we find, indeed, a correlation between the shifts

and the shares as defined in this framework (see Table B.2 in the Appendix). Therefore,

we build a second IV model in which, instead of considering the actual demographic

9When estimating a shift-share IV with incomplete shares (as in our case in which we exclude the
domestic economy) such that the sum of the shares does not sum up to 1, it is necessary to control for
the sum of the exposure shares (in our case ForeignExposuresi ). As argued in Borusyak et al. (2018),
not controlling for the sum of the exposure shares would lead to biased results.
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changes as shifts, we consider the unexpected demographics.

IV(2)

In this second IV model, we instrument the ∆AgeDemand variable in equation (2.3) with

a measure of the unexpected foreign demographics. We, therefore, estimate the following

first stage model:

∆AgeDemandsi “ η0`η1¨UnexpectedForeignAgeDemand
s
i`η2¨ForeignExposure

s
i`γi`γs`ν

s
i ,

(2.7)

where UnexpectedForeignAgeDemandsi is the shift-share instrument defined as the av-

erage unexpected foreign demographics (the shifts) weighted by the initial exposure of

each country-sector with respect to foreign demand (the shares). In particular, we define

the unexpected foreign demographics as the difference between the actual demographics

in 2006 and the expectations in 1996 regarding demographics in 2006. Therefore:

UnexpectedForeignAgeDemandsi ”
ÿ

j‰i

ξsi,j,1996 ¨ ragej,2006 ´ E1996 pagej,2006qs . (2.8)

By fixing the shares at the initial period (1996) and considering the change in expectations

between 1996 and 2006 regarding demographics in 2006, we remove the predicted part

of demographics in 1996 making the shifts and the shares mechanically independent one

another. This provides the grounds for a causal identification of the effects on the variable

of interest (Borusyak et al., 2018).

2.4 Results

In this section, we analyze the results of our empirical analysis. We present, in turn,

the results of a change in the age composition of demand on prices, production, and

productivity across the different specifications presented above. Then, in the context

of the IV(2) model specification, we consider a change in expectations regarding future

demographics.

50



Essays on Economics and Demography Chapter 2

2.4.1 Prices

Table 2.1 shows the effect of a change in the age composition of demand on prices defined

as the value-added price deflator of the three different models we have specified above.

Columns (1), (2), and (3) report the coefficient estimates of the OLS model specification

for young, middle-aged, and old consumers respectively. We find that an increase in the

share of middle-aged consumers is associated with a significant increase in prices, while

an increase in the share of elderly consumers is associated with a significant reduction in

prices.

Table (2.1) Price

∆log Price (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand 1.034 ´9.946 ´12.859
(0.670) (8.959) (14.195)

∆Middle-aged Demand 3.162˚˚˚ 4.247 10.212˚˚

(0.750) (2.895) (4.440)

∆Old Demand ´4.437˚˚˚ ´4.843˚˚ ´14.597˚

(0.939) (2.110) (8.571)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X
Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.884 0.885 0.885 0.859 0.885 0.885 0.845 0.877 0.875
Adjusted R2 0.877 0.878 0.879 0.851 0.878 0.879 0.835 0.870 0.868

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

Columns (4) to (6) report the results for the IV(1) specification in which actual de-

mographic changes are considered. We find that the coefficient estimate for middle-aged

consumers is similar to the estimate of the OLS model. However, the estimate is not sig-

nificant. The coefficient estimate for the elderly consumers in the IV(2) model is, instead,

significant and virtually identical to the estimate in the OLS model.

Columns (7) to (9) report the coefficient estimates for the IV(2) specification in which

the unexpected demographics is considered. Consistently with the other model specifica-

tions, we find that middle-aged consumers are associated with higher prices, while elderly

consumers are associated with lower prices. Differently from the OLS and the IV(1)

specifications, the coefficients in the IV(2) model are substantially higher in magnitude

indicating the possibility that there is an endogenous response in the shares to predicted

demographics. We also find that young consumers appear to be associated with lower
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prices. However, standard errors are large and the coefficient estimate is not significant.

These results generally suggest that middle-aged consumers are associated with an

increase in prices, while elderly consumers are associated with a reduction in prices. In

particular, one standard deviation increase (2.20%) in the share of middle-aged consumers

is associated with an increase in prices between 0.70% (OLS specification) and 2.28%

(IV(2) specification) per year in the period between 1996 and 2006, while an increase in

one standard deviation of elderly consumers (1.45%) is associated with a reduction in

prices between 0.64% (OLS specification) and 2.10% (IV(2) specification) per year in the

same period.10

2.4.2 Production

Table 2.2 shows the effect of a change in the age composition of demand on production

defined as the real value-added. Columns (1) to (3) report the coefficient estimates for the

OLS model specification. We find a negative and significant effect of an increase in the

share of middle-aged consumers on production, while the coefficient estimates for young

and old consumers are not significantly different from zero.

Columns (4) to (6) report the coefficient estimates for the IV(1) model specification.

Although the point estimate for middle-aged consumers is similar to that of the OLS

specification, standard errors increase and the coefficient estimate is not significantly

different from zero. We also find that the coefficient estimates for young and old increase

in magnitude relative to the OLS estimates suggesting a positive association between the

share of young and old consumers and production. However, due to large standard errors,

the estimates are not significant.

Columns (7) to (9) report the coefficient estimates for the IV(2) model specification.

Consistently with the other models, an increase in the share of middle-aged consumers is

10We have computed the average annual changes in prices using the following formula:

100ˆ

ˆ

1`
%∆y

100

˙
1

2006´1996

´ 100, (2.9)

where %∆y is the cumulative percentage change in price (over the period 1996-2006) which is computed
as:

%∆y “ 100 ¨ peβ̂1¨∆x ´ 1q, (2.10)

where β̂1 is the coefficient estimates for the different model specifications in Table 2.1, and ∆x is set to
be equal to one standard deviation in the domestic change between 1996 and 2006 of the share of the age
category analyzed. Similarly, we estimate the average annual changes for production and productivity
using the coefficient estimates in Tables 2.2 and 2.3.
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Table (2.2) Production

∆log Production (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand 0.029 10.339 12.395˚

(0.804) (7.483) (6.920)

∆Middle-aged Demand ´3.143˚˚˚ ´3.647 ´8.308˚˚˚

(0.901) (2.545) (2.878)

∆Old Demand 0.838 2.685 19.627
(1.135) (4.131) (20.029)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.578 0.582 0.578 0.524 0.582 0.577 0.500 0.571 0.487
Adjusted R2 0.553 0.557 0.553 0.496 0.557 0.552 0.470 0.546 0.457

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

associated with a reduction in production. The coefficient estimate is highly significant

as the coefficient becomes substantially more negative. Moreover, we find a positive and

significant association between young consumers and production. We also find a positive

association between old consumers and production. However, although the point estimate

is large, the estimate is not significant due to the large standard error.

These results suggest that there is a positive association between young and old con-

sumers and production (although not significant for old consumers) and a negative and

significant relation between middle-aged and production. In particular, one standard

deviation increase (2.20%) in the share of middle-aged consumers is associated with a re-

duction in production between 0.69% (OLS specification) and 1.81% (IV(2) specification)

per year in the period between 1996 and 2006.

2.4.3 Productivity

Table 2.3 shows the effect of a change in the age composition of demand on productivity

defined as the real value-added per hour worked. Columns (1) to (3) report the coefficient

estimates of the OLS model specification. We find that the coefficient estimate for middle-

aged consumers is negative and significant, while it is positive and significant for old

consumers.

Columns (3) to (6) report the coefficient estimates for the IV(1) specification. Consis-

tently with the OLS model specification, the coefficient estimates for middle-aged (old)
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Table (2.3) Productivity

∆log Productivity (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand 0.955 12.792 28.810˚˚

(0.869) (13.172) (14.553)

∆Middle-aged Demand ´5.239˚˚˚ ´7.261 ´19.170˚˚˚

(0.968) (5.083) (3.726)

∆Old Demand 2.531˚˚ 11.732 46.126
(1.226) (8.593) (48.222)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.517 0.527 0.518 0.447 0.526 0.497 0.128 0.450 0.040
Adjusted R2 0.488 0.499 0.490 0.414 0.498 0.467 0.077 0.418 ´0.016

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

consumers show a negative (positive) association with productivity. However, due to an

increase in the standard errors, the coefficient estimates are not significant.

Columns (7) to (9) show the coefficient estimates for the IV(2) model specification.

Consistently with the OLS and the IV(1) models, middle-aged consumers are associ-

ated with a reduction in productivity and the coefficient estimate is highly significant.

Differently from the OLS and IV(1) models, the point estimate is substantially higher.

Consistently with the IV(1) model, we also find that young consumers are associated with

higher productivity. Differently from the IV(1) model, the coefficient estimate is signifi-

cant due to an increase in the point estimate. Moreover, consistently with both the OLS

and the IV(1) models, the coefficient estimate for old consumers is positive. However, it

is not significant due to the large standard error.

These results generally suggest a positive association between young and old consumers

with productivity (although not significant for old consumers), and a negative associa-

tion between middle-aged consumers and productivity. In particular, we find that one

standard deviation increase (2.20%) in the share of middle-aged consumers is associated

with a reduction in productivity between 1.15% (OLS specification) and 4.14% (IV(2)

specification) per year in the period between 1996 and 2006.
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Table (2.4) IV(2) model with demographic expectations for years 2010, 2015, 2020

expectations for year: 2010 2015 2020

∆log Price (1996-2006)

∆Young Demand ´12.110 ´11.340 ´10.553

(13.658) (13.157) (12.649)

∆Middle-aged Demand 9.279˚˚ 9.615˚˚ 7.511˚˚

(4.095) (4.056) (3.096)

∆Old Demand ´14.041˚ ´13.001˚ ´13.960˚˚

(7.770) (7.342) (6.400)

Initial Foreign Exposure X X X X X X X X X

Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353

R2 0.849 0.879 0.876 0.853 0.878 0.878 0.856 0.882 0.876

Adjusted R2 0.840 0.872 0.869 0.844 0.871 0.871 0.848 0.875 0.869

∆log Production (1996-2006)

∆Young Demand 12.069˚ 11.483˚ 11.771˚

(6.748) (6.442) (6.549)

∆Middle-aged Demand ´7.849˚˚˚ ´7.249˚˚˚ ´5.340˚˚˚

(2.252) (2.096) (1.496)

∆Old Demand 17.847 19.134 18.880

(18.286) (20.468) (19.576)

Initial Foreign Exposure X X X X X X X X X

Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353

R2 0.504 0.573 0.504 0.511 0.575 0.492 0.507 0.580 0.495

Adjusted R2 0.475 0.548 0.475 0.482 0.550 0.462 0.478 0.555 0.465

∆log Productivity (1996-2006)

∆Young Demand 27.689˚ 26.073˚ 24.078˚

(14.283) (13.457) (12.597)

∆Middle-aged Demand ´17.808˚˚˚ ´16.267˚˚˚ ´10.423˚˚˚

(3.523) (3.404) (3.738)

∆Old Demand 41.492 43.904 39.166

(43.199) (47.284) (40.524)

Initial Foreign Exposure X X X X X X X X X

Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353

R2 0.159 0.465 0.136 0.201 0.479 0.088 0.249 0.517 0.181

Adjusted R2 0.110 0.433 0.086 0.154 0.448 0.034 0.205 0.488 0.132

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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2.4.4 Change in expectations regarding future demographics

In the setup of the IV(2) model, we now consider the change in expectations regarding

future demographics. In particular, we consider a change in expectations between 1996

and 2006 regarding demography in the year 2010, 2015, and 2020. We, therefore, define

the instrumental variable as:

UnexpectedForeignAgeDemandsi ”
ÿ

j‰i

ξsi,j,1996 ¨ rE2006 pagej,tq ´ E1996 pagej,tqs , (2.11)

where t P t2010, 2015, 2020u. Table 2.4 shows that the results obtained considering the

change in expectations with respect to future demographics are fully consistent with the

results of the baseline IV(2) model. Indeed, we find that all the significant coefficient

estimates in the baseline IV(2) model remain significant when considering expectations

regarding future demographics. The point estimates, also, are very similar and declining

as we consider demographic expectations further in the future. Intuitively, this means

that the economy responds stronger to demographic unexpected changes that are closer

in time.

2.4.5 Discussion

To summarize our results, we find significant effects of the age composition of consumers

on sector aggregates such as prices, production, and productivity. In particular, we find

strong evidence that middle-aged consumers are associated with an increase in prices and

a reduction in both production and productivity. Although not all the specifications con-

sidered are significant, the point estimates for young and old consumers suggest that these

consumers tend to be associated with lower prices and higher production and productivity.

These results mean that a change in the age composition of consumers leads to a non-

standard demand shock. Indeed, while standard demand shocks are characterized by a

positive co-movement between prices and quantities, we observe a negative co-movement

between these variables. This negative co-movement suggests that a change in the age

composition of consumers can act as a competition shock altering the market structure.

In particular, our results suggest that an increase in the share of middle-aged consumers

increases competition in the market which leads firms to produce less and increase the

prices. This is in line with Bornstein (2019) showing that, compared to young consumers,
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middle-aged consumers re-optimize their consumption basket less often making it more

difficult for entrants to establish a customer base and, therefore, reducing competition in

the market.

Our results, however, contrast with the conclusion of Bornstein (2019) in which it is

suggested that an aging society leads to lower competition. Indeed, we find evidence that

elderly consumers are associated with lower prices and higher production suggesting that

an increase in the share of the elderly consumers increases competition leading firms to

produce more and to sell at lower prices. This result is consistent with the findings in

Aguiar and Hurst (2007) showing that elderly consumers tend to face lower prices as they

have a lower opportunity cost and, therefore, lower search costs.

We believe, therefore, that our findings are the results of different mechanisms. Rela-

tive to middle-aged consumers, young consumers (who quickly update their consumption

basket and are less loyal to brands) tend to increase competition in the market (Bornstein,

2019). Elderly consumers, as well, tend to increase competition in the market because of

their lower opportunity cost of time (Aguiar and Hurst, 2007) and search costs. Middle-

aged consumers who, instead, are more loyal to the brand compared to young consumers

and have a higher opportunity cost of time compared to elderly consumers, tend to reduce

competition. This results in higher prices and lower production as the share of middle-

aged consumers increases. The change in the market structure also affects productivity.

Using a quasi-natural experiment, indeed, Symeonidis (2008) provides evidence of a neg-

ative effect of collusion (which can be interpreted as a reduction in competition) on labor

productivity.

2.5 Robustness Checks

In this section, we perform a series of robustness checks. In particular, we run our baseline

regression models changing the age category thresholds, [25-39, 40-59, 60-79] instead of

[25-44, 45-64, 65-79]. We, then also consider a different dataset (the WIOD 2016 release)

and estimate the baseline regression models in the period 2006-2014 instead of 1996-2006.
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2.5.1 Age definition

When we consider different age specifications changing the definition of young (25-39),

middle-aged (40-59), and old (60-79), although less significant, results are generally robust.

Tables B.5, B.6, and B.7 in the Appendix show the results for prices, production and

productivity respectively. Although not significant, the coefficient estimates for the OLS

and the IV(1) models have the same sign of the estimates of the respective baseline models

with the baseline age definitions.11

The coefficient estimates for the IV(2) are consistent with those of the baseline model.

In particular, middle-aged consumers are associated with higher prices, lower production,

and lower productivity. While for both prices and productivity the middle-aged coeffi-

cient estimates are significant, for production the estimate is not significantly different

from zero. However, the point estimate is negative and similar to the estimate in the

baseline model, while for young and old the point estimate is positive as in the baseline

specification.

2.5.2 WIOD 2016 dataset

As a further check, we consider a different dataset, i.e., the WIOD 2016 release which

covers the period between 2000 and 2014. As the WIOD 2013 release, this dataset pro-

vides sector-level statistics on value-added, hours worked, price deflator, and input-output

tables. Although these two datasets are quite similar, they cannot be merged into one

as the WIOD 2016 covers a larger set of countries and a larger number of sectors, and

it lacks some variables that are in the WIOD 2013.12 While in the baseline analysis we

consider the period between 1996 and 2006, as a check, we consider the complementary

period between 2006 and 2014.

Tables B.8, B.9, and B.10 in the Appendix show the results for prices, production and

productivity respectively. The coefficient estimate in the IV(1) model shows, consistently

with the baseline regression model, that an increase in middle-aged consumers is associated

with a positive and significant effect on prices and a negative and significant effect on

11The only different sign is for the young age category in the OLS model analyzing the effect on
production. While in the baseline model it is slightly positive, in the model with different age definitions
it is slightly negative. Nevertheless, in both cases, the estimates are not significantly different from zero.

12We cannot subset the set of countries that are both the WIOD 2013 and WIOD 2016 datasets as, in
order to build the exposure to demand measures, we need the complete input-output matrix.
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production. The coefficient estimates in the IV(2) model for middle-aged consumers also

show a positive association with prices and a negative relation with production. However,

these results are not significant due to large standard errors. Results on productivity are

generally not significant. The non-significance of the coefficient estimates, especially in

the IV(2) regressions, are probably due to the shorter period of time considered which

implies smaller unexpected demographics shocks.

2.6 Conclusion

In this paper, we provide empirical evidence of the effect of a change in the age composition

of consumers on sector aggregates such as price, production, and productivity.

In order to estimate a measure of the age composition of demand, we construct a

measure of the exposure of each country-sector to the demand of the domestic and foreign

economies taking into account all the intermediate trades between the initial producer and

the final consumer along the global value chain. However, such an estimate of the age

composition of demand is necessarily correlated with the age composition of the labor force

which directly affects sector aggregates. In order to avoid this issue, we exploit the wedge

between the age structure of consumers (which depends on both domestic and foreign

demographics) and the age structure of the labor force (which only depends on domestic

demographics) instrumenting the age composition of demand with the age composition

of foreign demand. We estimate the age composition of foreign demand using a shift-

share approach using as shares the exposure of each country-sector to foreign demand,

and as shifts the actual foreign demographic change and the unexpected demography

alternatively. Using the unexpected demography allows us to overcome the predictability

of demographic changes making the shifts and the shares mechanically independent, which

provides the ground for a causal interpretation of the results.

We find that in the period between 1996 and 2006 only middle-aged consumers are

associated with higher prices (one standard deviation increase in middle-aged consumers

leading to an increase in prices between 0.70% and 2.28% per year), lower production

(between 0.69% and 1.81% per year), and lower productivity (between 1.15% and 4.14%

per year). Our results are robust to demographic expectations for future years, and to

different age specifications. Using a different dataset, we also consider a different time
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period (2006-2014) and we find that our results (although less significant) are consistent

for prices and production but do not provide significant insights for productivity. This

might be due to the short time period considered.

We believe that these results are driven by different mechanisms relying on the different

purchasing behavior of consumers across different age categories which alter the market

structure in terms of competition. In particular, middle-aged consumers who have a

higher opportunity cost of time with respect to elderly consumers, and are more loyal

with respect to younger consumers, tend to have a negative effect on competition which

leads firms to increase prices and reduce the quantity produced. Finally, the change in

the market structure also affects productivity by affecting the demand faced by firms and

their strategies.

We investigate these possible mechanisms within a theoretical general equilibrium

model with heterogeneous consumers in terms of both search costs and preferences in

Chapter 3. By calibrating the sector-level theoretical model on the partial equilibrium

results presented in this chapter and nesting the sector-level model within a multi-sector

general equilibrium framework, we estimate the actual effect of a change in the age com-

position of consumers taking also into account substitution across sectors and general

equilibrium effects.
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Chapter 3

The effect of a change in the Age

Composition of Consumers: a

Theoretical Framework

3.1 Introduction

Demographic changes affect economies through demand because consumption behaviors

vary across age categories. Measuring directly the effects of this age demand channel is

challenging because of the multiplicity of simultaneous channels through which demogra-

phy affects the economy. However, it is crucial to quantify its macroeconomic implications

because of the important demographic transformations at play around the world. While

in Chapter 2, we provide partial equilibrium sector-level empirical evidence, in this chap-

ter, we develop and estimate a theoretical framework to quantify the effects of the change

in the age composition of demand at the macro level. Indeed, since demographic changes

hit the entire economy and not just one sector, a direct macro-level interpretation of the

estimated effects in our empirical analysis would not correctly capture substitution across

sectors. We, therefore, provide a more sensible method to estimate the economic conse-

quences of economy-wide demographic changes. First, we build a sector-level model and

estimate its parameters to replicate the empirical evidence in Chapter 2; then, we nest

the sector-level model into a general equilibrium framework to estimate the dampening

or amplifying effect of the multi-sector general equilibrium. Finally, we fit the general

equilibrium model using US demographic data to capture the contribution of the change
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in the age composition of consumers on US GDP growth in the period 1995-2019.

Consumption behaviors across age categories differ mainly along two dimensions: the

ability to find the lowest price for a given good and the willingness to switch between

goods. Regarding the former, Aguiar and Hurst (2007) shows that the price of purchase

for a given good increases with the opportunity cost of time and, since older consumers

have a lower opportunity cost of time, the price at which they purchase tends to be

smaller. Using the American Time Use Survey (ATUS) dataset, we consider hourly wages

as a measure for the outside option. We observe that it is roughly constant for agents

between 25 and 59 years old, starts declining for the age category between 60 and 64, and

drops for agents above 65 (see Figure C.1 in Appendix C.1). Consistently, we observe that

shopping time sharply increases after age 60, which coincides with the usual retirement

age (see Figure C.2 in Appendix C.1). Regarding the latter source of heterogeneity,

i.e., the willingness to adjust the basket of goods, a large piece of literature points at the

higher loyalty of older consumers (Lambert-Pandraud et al., 2005; Lambert-Pandraud and

Laurent, 2010) which leads middle-aged and old consumers to update their consumption

basket less often (Bornstein, 2019).1

To capture these heterogeneities, we develop a model with three types of consumers:

young, middle-aged, and old; and competition over two dimensions: within and between

markets. Young and middle-aged buyers pay a relatively high search cost with respect

to old consumers to sequentially observe prices in each market, while middle-aged and

old buyers have a lower elasticity of substitution across goods with respect to young con-

sumers. On the supply side of the economy, we consider a continuum of sectors. Within

each sector, a finite number of firms produce a homogeneous good, compete oligopolis-

tically through prices, and choose the technology to adopt. The demographic process,

defined as a change in the age composition of consumers, mainly affects the economy

through re-allocations of demand across firms to which firms respond by updating their

strategies. An increase in the share of consumers with high search costs (young and

middle-aged) reduces competition among firms within the same sector, while an increase

in the share of consumers with low elasticity of substitution (middle-aged and old) reduces

competition between sectors. Since middle-aged consumers have both high search costs

and low elasticity of substitution, an increase in the share of the middle-aged leads to

1These behaviors could arise indistinctly from preferences being revealed as consumers gain experience
(Khan et al., 2020) or aging-related cognitive impairment (Gutchess, 2011; Peters, 2011).
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an overall reduction in competition. The lower competition, then, leads to an average

increase in prices, a reduction in production, and a reduction in technological adoption

which negatively affects productivity.

In order to capture general equilibrium effects and the actual substitution across sec-

tors, we estimate the parameters in the sector-level model targeting the empirical results

in Chapter 2. We nest the estimated sector-level model into a general equilibrium frame-

work in which we endogenize the sector-level age-specific demands of the agents. Then,

comparing the sector-level model and the general equilibrium model results, we estimate

the contribution of the general equilibrium effects and substitution across sectors. Con-

sidering an increase in the share of middle-aged consumers, we find that the general

equilibrium model dampens the sector-level model results on production by 84-87% de-

pending on whether the increase in middle-aged consumers is compensated by a reduction

in young or old ones. We, finally, relate our empirical findings in Chapter 2 to our model

taking into account the general equilibrium dampening effect and estimate that an in-

crease in one standard deviation in the middle-aged has a negative effect on GDP growth

of 0.28 percentage points per year in the period 1996-2006 or, equivalently, a cumulative

negative effect of 2.76 percentage points.

In the last part of the paper, we fit the general equilibrium model with US demographic

data. We find that in the period 1995-2004, due to the increase in the share of middle-aged

consumers, the age demand channel has reduced GDP growth by around 0.29 percentage

points per year contributing an 8.7% reduction in the actual US GDP growth in the period.

Instead, in the period 2005-2019, as the baby boomers went from being middle-aged to

old, the age demand channel has increased GDP growth by around 0.19 percentage points

per year contributing to an increase in GDP growth of 10.3%.

In this paper, we contribute to recent literature analyzing the effect of aging on GDP

growth. While previous literature has mostly focused on the effect of a change in the

age structure of workers, we observe that a change in the age composition of consumers

also has significant effects on key economic variables.2 We, therefore, propose a model

highlighting a novel channel through which demography affects the economy, i.e., the age

demand channel.

This model is able to reconcile the micro evidence studied in Aguiar and Hurst (2007)

2See Maestas et al. (2016); Acemoglu and Restrepo (2017b, 2018b); Abeliansky and Prettner (2017b);
Abeliansky et al. (2020).
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showing that only elderly consumers face lower prices, with our macro evidence showing

that both young and old consumers tend to drive down prices compared to middle-aged

consumers. In our framework, indeed, even if young consumers have high search costs

and, therefore, individually buy at relative high prices with respect to old consumers (as

in Aguiar and Hurst (2007)), at the macro-level, they drive down prices (as empirically

shown in Chapter 2) as young consumers increase the between-sectors competition because

of the higher elasticity of substitution. This model, therefore, allows us to distinguish

between the within-sector and the between-sectors competition offering an explanation

regarding the apparently contrasting results in Aguiar and Hurst (2007) and Bornstein

(2019). Indeed, while Aguiar and Hurst (2005) shows that older consumers face lower

prices, Bornstein (2019) argues that an aging population reduces competition. Our model

reconciles these findings assuming age-specific heterogeneities in both search costs and

elasticity of substitution. The lower search costs for old consumers, indeed, allow them

to individually face lower prices, while the lower elasticity of substitution of middle-aged

and old reduces the between-sectors competition as their shares increase. Moreover, in

line with an important part of the industrial economics literature, heterogeneity in search

costs allows us to capture the largely documented widespread price dispersion found in

the data (Baylis and Perloff, 2002; Lach, 2002; Baye et al., 2004).3

The remainder of the paper is structured as follows: in Section 2, we present the three

agents sector-level model and highlight the mechanism through which the change in the

age composition of consumers affects the economy; in Section 3, we present the general

equilibrium model. In Section 4, we describe our calibration strategy and perform the

numerical analysis. In Section 5, we fit the calibrated model with US demographic data

and analyze the effect of the demographic change over time in the US. Finally, Section 6

concludes.

3.2 Sector-level Model

In this section, we study the sector-level effects of a change in the age composition of

demand on the market structure, the allocation of demand, the firms’ strategies, and the

key macroeconomic variables such as price, production, and productivity.

3Theoretical contributions on price dispersion include: Salop and Stiglitz (1977); Reinganum (1979);
Varian (1980); Burdett and Judd (1983); Benabou (1993) and Chen and Zhang (2011).
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The sector-level model is a sequential search model based on Stahl (1989) with three

consumer types: young, middle-aged, and old. We assume that young and middle-aged

consumers have higher search costs relative to elderly consumers, and middle-aged and

old consumers have lower elasticity of substitution with respect to young consumers. On

the supply side of the model, we consider a continuum of sectors and a finite number of

identical firms in each sector. Firms in the same sector produce a homogeneous good.

Firms only use labor to produce and make strategic choices in terms of prices and adoption

of technology. Technology allows firms to reduce the amount of labor required to produce

one unit of good, it reduces marginal costs, and increases productivity. Technology costs

are fixed costs that are convex in the amount of technology adopted and do not depend

on the quantity produced.

We model the change in the age composition of consumers as the change in the share

of young, middle-aged, and old consumers in the economy. In particular, we consider

three cases spanning any demographic process: an increase in the share of middle-aged

consumers keeping the share of young constant; an increase in the share of middle-aged

consumers keeping the share of old consumers constant; and an increase in the share of

young consumers keeping the share of middle-aged consumers constant. An increase in

the share of middle-aged consumers with high search costs and relatively low elasticity of

substitution has a negative effect on competition either because it reduces the competi-

tion within the sectors (if the share of old reduces) or because it reduces the competition

between sectors (if the share of young reduces). An increase in the share of young con-

sumers keeping the share of middle-aged consumers constant reduces the within-sector

competition because it increases the share of consumers with high search costs (young

and middle-aged) and increases the between-sectors competition because it increases the

share of consumers with high elasticity of substitution (young) as well. In this case, the

effect on the overall competition level and on prices, production, and productivity is,

therefore, ambiguous. These theoretical insights are in line with the empirical findings in

Chapter 2 in which we show that only middle-aged consumers are associated with higher

prices, lower production, and lower productivity.

We now present the sector-level model analyzing how agents optimally search and

the profit maximization problem faced by the firms. Then, we characterize the equilib-

rium price distribution and perform a comparative statics analysis to show the effects of
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demographic changes on the economy.

3.2.1 Optimal Consumer Search

The economy is populated by a fraction λY of young consumers, a fraction λM of middle-

aged consumers, and a fraction λO of old consumers such that λY ` λM ` λO “ 1. Young

and middle-aged consumers have high search costs, while old consumers have low search

costs. In particular, we assume that elderly consumers face zero search costs, i.e., sO “ 0,

while young and middle-aged consumers pay sY “ sM ” s̄ ą 0 to sequentially observe

prices.

In each sector, consumers observe the first price for free. Consumers with positive

search costs find it profitable to continue searching if the expected benefits from searching

exceed the costs. Given the lowest previously observed price z, we define the consumer

surplus of type j P tY,Mu of finding a price p ă z as:

CSjpp; zq ”

ż z

p

Dj
pxq dx, (3.1)

where we allow agents to have age-specific demand functions Djpxq. In particular, we

assume that agents have CES preferences so that the sector-level demand depends on the

age-specific elasticity of substitution.4 The expected consumer surplus for a young and

a middle-aged consumer of randomly observing another price is then the integral of the

consumer surplus over the price distribution F ppq:

ECSjpzq ”

ż z

b

CSjpp; zq dF ppq, (3.2)

where b is the minimum price in the distribution.

Definition 3.2.1 (Reservation price and search rule). We define the reservation price

for the consumer of type j, rj, such that ECSjprjq “ s̄ if ECSjppq has a root, rj “ `8

otherwise. This implies the following search rule for consumer of type j:

• if p ď rj, the consumer of type j stops its search and purchase at price p;

• if p ą rj, the consumer of type j continues to search;

4We micro found the sector-level age-specific demands in the general equilibrium framework.
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• if p ą rj for all firms, the consumers of type j picks the lowest observed price.

The optimal search rule for young and middle-aged consumers states that the consumer

of type j continues searching if the lowest observed price, p, is greater than the type-

specific reservation price rj, and purchases if the observed price is lower than that. If all

firms have prices exceeding rj, then the consumer picks the lowest price observed.5

Old consumers pay a zero search cost, so they do not stop searching until they observe

p “ b.6 However, as we show in a later section, the event p “ b has zero probability of

occurring meaning that old consumers will observe all the prices of the N firms in each

sector and purchase at the lowest price.

3.2.2 Firms

Production Technology In each sector, a finite number N ě 2 of ex-ante identical

firms produce a homogeneous good and compete through prices. Each firm produces

goods using only labor ` with a constant return to scale technology:

ys “ αpaq ¨ `, (3.3)

with αpaq being the productivity of labor which depends on the amount of technological

adoption, a, which is a choice variable of the firm. A higher technological adoption leads

to higher productivity and reduces the marginal costs. In particular, we define marginal

costs as:

cpaq ”
w

αpaq
“ w ¨ pā´ aq, (3.4)

where ā is a technology parameter, w is the wage paid for one unit of labor, and pā´aq is

the amount of labor required to produce one unit of good. This implies that a technology

a reduces the unit labor requirement by a. We assume quadratic technological costs, i.e.:

zpaq “
a2

z̄
, (3.5)

5As will become clear in what follows, the definition of the indifference case z “ rj is not relevant
since, as in equilibrium, the probability of a firm setting price equal to rj is null.

6To rule out the monopolistic price equilibrium in which all firms set the price equal to the monopolistic
price, we assume that old consumers stop searching only once they observe twice the lowest price b.
Otherwise, firms could all charge the monopolistic price, and the old consumers would stop at the first
observation since the lowest price is the monopolistic price. Since the old consumers stop searching only
once they face the lowest price twice, the monopolist price equilibrium cannot be sustained since firms
have a profitable deviation in marginally lowering the price to attract all the old buyers.
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where z̄ is a technology cost parameter.

Expected Demand In order to recover the expected demand by each firm in equi-

librium, we consider symmetric Nash Equilibria defined similarly as Chen and Zhang

(2011):

Definition 3.2.2 (Equilibrium Definition). A symmetric Nash Equilibrium is a vector

tF ppq, Gpaq, rY , rMu, where F ppq is the price distribution function in the support rb, r̄s and

Gpaq is technology adoption distribution function. Given the reservation prices of young

and middle-aged, and that other firms adopt F ppq and Gpaq, it is optimal for every firm

to choose F ppq and Gpaq; and given F ppq and Gpaq, young and middle-aged consumers

optimally search sequentially with reservation price rY and rM respectively.

As argued by Varian (1980) and Stahl (1989), the game does not have any pure-

strategy equilibria and it is atomless on its support. Intuitively, if a measure of firms

set the same price, a firm can increase profits by marginally undercutting this price in

order to attract consumers with zero search costs that observe all prices, so that a price

distribution with mass points cannot be optimal.

Lemma 3.2.3. Given the NE-distribution of prices F , and the following condition:

$

’

&

’

%

Etπpp, F qu ą λM

N
RMpp̂q ´ z papp̂qq if rY ď rM

Etπpp, F qu ą λY

N
RY pp̂q ´ z papp̂qq if rY ą rM ,

(3.6)

where Rjppq ” Djppqpp ´ cpaqq is the revenues per buyer of type j P tY,M,Ou, Djppq is

the demand of agent of type j, and p̂ P pmintrY , rMu,maxtrY , rMus, then the support of

the price distribution is bounded above by r̄ “ mintrY , rM , pmonopolyu.

Proof. in Appendix C.2.1.

Lemma 3.2.3 sets the limit of the upper bound of the equilibrium distribution of prices

which cannot be greater than the monopolistic price (a price above the monopolistic price

can never be optimal) and it needs to be equal to the smallest between the reservation

prices if mintrY , rMu ă pmonopoly. Indeed, a firm setting a price above maxtrY , rMu would

face a zero demand and makes zero profits which is not an equilibrium. Moreover, inequal-

ities (3.6) set the condition under which setting a price p̂ P pmintrY , rMu,maxtrY , rMus
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is not profitable, i.e., a firm has no incentive in only targeting those agents with the

highest reservation price as it would make lower profits than setting a price below or

equal to mintrY , rMu. Given the condition (3.6) and that mintrY , rMu ă pmonopoly, then

the upper bound of the distribution is given by mintrY , rMu since a firm setting a price

r̄ ă mintrY , rMu would be able to sell to the same number of consumers by setting the

price to mintrY , rMu which is closer to the monopolistic price that maximizes the profits.

Similar condition can be found in Chen and Zhang (2011). We assume condition (3.6) to

hold and verify numerically our conjecture ex-post.

Given Lemma 3.2.3, for a given price p ă pmonopoly, each producer faces the following

expected demand:

Etydppqu “
λY

N
¨DY

ppq `
λM

N
¨DM

ppq ` λO r1´ F ppqsN´1 ¨DO
ppq. (3.7)

The expected demand function is composed of three terms: the first two are the demands

coming from young and middle-aged consumers, while the last one is the demand coming

from elderly consumers. Since the upper limit of the equilibrium price distribution is

mintrY , rMu, young and middle-aged consumers randomly observe a single price, so they

are equally assigned across firms and each firm expects λY {N young and λM{N middle-

aged consumers. Old consumers, instead, have zero search costs, observe all the prices,

and purchase at the lowest pricing firm in each sector. r1 ´ F ppqsN´1 is, indeed, the

probability that a firm setting price p is the lowest pricing firm in the sector.

Profit Maximization Problem The timing of a firm’s decisions runs as follows:

1. the firm chooses a strategy in terms of prices and technology adoption pp, aq given

the strategies of the other firms and taking into account the expected demand;

2. agents search and the demand realizes;

3. the firm produces and sells.

The producers choose the price and the technology adoption level in order to maximize

profits. We define the expected profits as:

Etπpp, F qu ” max
ta,pu

Etydppqu ¨ pp´ cpaqq ´ zpaq. (3.8)
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Since in equilibrium the expected profits need to be the same (say π) for any price in the

support of the price distribution, it must hold that:

Etπpp, F qu “ π @ p P rb, r̄s. (3.9)

Proposition 3.2.4 (Equilibrium Technology Adoption). From the maximization problem

(3.8), and the equilibrium condition (3.9), we get the equilibrium technology adoption:

a˚ppq “

„

´ p

w
´ ā

¯2

` z̄π


1
2

´

´ p

w
´ ā

¯

, (3.10)

which is positive and decreasing in price.

Proof. in Appendix C.2.2

This proposition allows a first characterization of firms. First, firms always adopt a

positive amount of technology; this holds also for firms setting the price equal to r̄ that

aim at attracting solely consumers observing one price. The model also predicts a negative

relationship between price and productivity which implies a positive relationship between

size (in terms of total sales) and productivity.

Equilibrium Price Distribution Characterization At price r̄, a firm is the highest

pricing firm in the sector which means that it is not able to attract any old consumer as

elderly buyers observe all prices and purchase at the lowest pricing firm, i.e., F pr̄q “ 1.

Therefore:

Etπpr̄, F qu “
λY

N
¨RY

pr̄q `
λM

N
¨RM

pr̄q ´ zpapr̄qq. (3.11)

Since in equilibrium all prices in the support of F give the same expected profits, it

must hold that Etπpr̄, F qu “ Etπpp, F qu from which we get the equilibrium cumulative

distribution of prices:

F ppq “ 1´

«

λY
`

RY pr̄q ´RY ppq
˘

` λM
`

RMpr̄q ´RMppq
˘

N ¨ λOROppq
´
zpapr̄qq ´ zpappqq

λOROppq

ff
1

N´1

.

(3.12)

To complete the characterization of F ppq, we pin down the lower bound of the price

distribution, b, using the fact that F pbq “ 0.
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3.2.3 Sector-level Analysis

In this section, we describe the equilibrium price distribution and analyze how the model

works highlighting the different mechanisms linking the age composition of consumers to

the allocation of demand across firms, firms’ strategies, and productivity. To simplify

the analysis and highlight the mechanisms going through the search costs and elasticity

of substitution heterogeneity, we assume that each agent faces the same budget con-

straint. We relax this assumption in the numerical analysis in which we calibrate the

age-specific wealth using US data.7 We assign values to the elasticity of substitution such

that σ̄ ” σY ą σM “ σO ” σ which is in line with the evidence in Bornstein (2019)

showing that middle-aged and old consumers have similar consumption inertia which

is significantly higher than the one of young consumers, and the evidence in Lambert-

Pandraud et al. (2005) showing that middle-aged and old consumers show higher brand

loyalty with respect to young consumers. We estimate those values later in the general

equilibrium context. We assume that middle-aged consumers have a lower reservation

price so that the upper bound of the price distribution is equal to the reservation price

of middle-aged consumers, i.e., r̄ “ rM . Intuitively, since middle-aged consumers have

a lower elasticity of substitution between goods produced in different sectors, once they

observe a high price, they are more willing (relative to young consumers) to pay the search

costs to observe another price. Young consumers would find instead optimal to reduce the

consumption of the good with a high price and purchase more of another good without

having to pay the search cost. We verify numerically ex-post that reservation prices fulfil

this order.

Equilibrium Price Distribution

The equilibrium price distribution (Figure 3.1) of strategies is U-shaped as in Stahl (1989)

and presents two larger density areas of strategies. The first one, an almost mass point at

the upper bound of the price distribution, includes all the strategies focused on young and

middle-aged buyers who randomly observe only one price. Firms that set the price close

to the upper bound of the distribution attract few buyers, sell few products per buyer

7Since there is an infinite number of sectors, the fraction of the wealth that is allocated to each sector
is infinitesimal. Therefore, the budget constraint does not play any role at the sector level. The budget
constraint will be, instead, endogenous and relevant in the general equilibrium framework as the total
wealth in the economy will depend on the equilibrium profits, wage, and technology adoption costs.
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Figure (3.1) Price Distribution Function

and use low-productivity technologies. These correspond to the so-called “mom-and-pop”

shops.

The second density area, close to the minimum price, includes the strategies focused

on old buyers that observe all prices and, therefore, purchase at the lowest price in the

sector. These firms compete to attract more buyers, use high-productivity technology as

they are able to spread technology costs over a large production.

Comparative statics

We now analyze the effects of a demographic change in our economy. We keep, in turn, the

share of different age categories constant in order to highlight the different mechanisms at

play (see Appendix C.2.7 for the related graphical analysis). Demographic changes usually

affect the shares of all the age categories meaning that the actual effect of a demographic

change is a mixture of the effects we depict in this analysis.

Increase in Middle-aged keeping Young constant We consider now an increase

in the share of middle-aged consumers keeping the share of young consumers constant

meaning that the share of old consumers reduces to compensate for the increase in the

middle-aged share, i.e., Ò λM “Ó λO. The share of consumers with high search costs

(λY ` λM) increases while the share of consumers with low elasticity of substitution

(λM`λO) stays constant. Therefore, the effect on the economy coming from this particular

demographic process is solely determined by the change in the share of consumers with

high search costs. An increase in the share of consumers with high search costs affects the
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economy in two ways. First, it changes the allocation of demand across firms as a larger

share of consumers will only observe one price and, therefore, will be randomly allocated to

firms. This allocation effect mechanically allocates a higher demand to firms setting higher

prices that have a low level of productivity leading to an average increase in prices, an

average reduction in production, and an average reduction in productivity. Second, given

the different allocation of demand, firms will experience a lower within-sector competition

and will update their strategies favoring high-price and low-technology adoption strategies

since a larger share of consumers will randomly pick a price. This strategy effect, therefore,

leads to higher average prices, lower production, and lower productivity. Since the two

effects go in the same direction, an increase in the share of middle-aged consumers keeping

the share of young consumers constant unambiguously leads to an average increase in

price, and a reduction in production and productivity.

Increase in Middle-aged keeping Old constant An increase in the share of middle-

aged consumers keeping the share of old consumers constant means that the share of young

consumers reduces to fully compensate the increase in middle-aged, i.e., Ò λM “Ó λY . This

implies that the share of consumers with high search costs (λY `λM) stays constant, while

the share of consumers with low elasticity of substitution (λM `λO) increases. The effect

on the economy coming from this type of demographic process is, therefore, determined

only by the increase in the share of consumers with low elasticity of substitution. As

the firms in the sector observe an increase in the share of consumers with low elasticity

of substitution, they will exploit the lower between-sectors competition favoring higher

prices and lower technology adoption strategies leading to an average increase in prices,

and a reduction in production and productivity (in this case only the strategy effect is at

play).

Increase in Young keeping Middle-aged constant An increase in the share of

young consumers keeping the share of middle-aged consumers constant implies a reduction

in the share of old consumers such that Ò λY “Ó λO. This implies an increase in the share

of consumers with high search costs (λY `λM) and a reduction in the share of consumers

with low elasticity of substitution (λM`λO). While the increase in the share of consumers

with high search costs leads to a reduction in the within-sector competition, the reduction

in the share of consumers with low elasticity of substitution increases the between-sectors
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competition. Since the reduction in the within-sector competition and the increase in the

between-sectors competition have opposite effects on prices, production, and productivity,

the net effect on those variables is uncertain.

3.3 General Equilibrium Model

We now embed the sector-level model into a multi-sector general equilibrium framework

which allows us to retrieve estimates of the effect of a demographic demand change taking

into account general equilibrium effects and substitution across sectors. We first derive the

consumers’ demands for each sector solving the household utility maximization problem.

Aggregating the sector-level demands, we then recover the aggregate demand and the

aggregate labor demand.

3.3.1 Household Demand

Each household j P tY,M,Ou gets utility by consuming an aggregate consumption good,

UpCjq “ Cj, composed by aggregating goods from sector s P r0,Ss with S “ 1, through

a CES consumption aggregator. We assume that agents have age-specific preferences.

In particular, we assume that agents differ in terms of their elasticity of substitution

between goods across different sectors, σj. Therefore, agent j faces the following utility

maximization problem:

max
tcjsu

Cj
”

„
ż

s

pcjsq
σj´1

σj ds



σj
σj´1

(3.13)

s.t. Ij “ P̃ j
¨ Cj, (3.14)

where Ij ” φj ¨W is the income of agent j and φj is the share of the total wealth (W ) in the

economy held on average by each agent j. The total wealth in the economy is endogenous

and it is given by the sum of the total labor costs, total profits, and total technology

costs. We can interpret technology costs as the capital income. P̃ j ”
“ş

s
pp̃jsq

1´σjds
‰

1
1´σj

is the normalized price aggregator.8 The price aggregators are age-specific as agents

differ in terms of both their search costs and their elasticity of substitution. From the

8See Appendix C.2.4.
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maximization problem (3.13), we obtain the sector-specific demand for agent of type j:

Dj
ppq ” cjs “ Cj

ˆ

p̃js

P̃ j

˙´σj

. (3.15)

See Appendix C.2.5 for the derivation.

3.3.2 Aggregation and the General Equilibrium

The production in each sector fulfills the market clearing condition. Therefore, the aggre-

gate production in the economy Q is simply the aggregation of the sector-level demands:

Q “

ż

s

ż

j

pcjsqdjds “

ż

j

ˆ

Cj

P̃ j´σj

ż

s

pp̃jsq
´σjds

˙

dj. (3.16)

Since all the sectors are identical, the conditional to type j P tY,M,Ou expected price

in each sector is the same (i.e.,
ş

s
pp̃jsq

´σjds “ Ejrp̃´σj s).9 We can rewrite the aggregate

production as:

Q “
ÿ

j

λj
Cj

P̃ j´σj
Ejrp̃´σj s, (3.17)

where Ejrp̃´σj s is the expectation over p̃´σj given that the agent is of type j. In particular,

since young and middle-aged consumers randomly observe a price, they face the same price

distribution as the price strategy distribution of firms, i.e., F Y ppq “ FMppq “ F ppq. Old

consumers, instead, observe all prices and buy in each market at the lowest price which

means that out of N independent draws from F ppq, they pick the lowest one. Therefore:

FO
ppq “ 1´ p1´ F ppqqN , (3.18)

fOppq “
BFOppq

Bp
“ N p1´ F ppqqN´1 fppq, (3.19)

where fppq is the probability distribution function of equilibrium prices.

In order to highlight the effect of a demographic change on the market structure

through the demand channel, we fix the labor supply, i.e., ALS “ 1.10 On the labor

demand side, using the market clearing conditions at the sector level, we have that the

9See Appendix C.2.6.
10We present a sketch of a model in which we allow the aggregate labor supply to be age-dependent in

Appendix C.4.
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aggregate labor demand is:

ALD “

ż

s

ż

j

cjs
αjs

djds “

ż

j

ˆ

Cj

P̃ j´σj

ż

s

pp̃jsq
´σj ¨ pā´ a˚q ds

˙

dj. (3.20)

As for the aggregate production, we can rewrite the aggregate labor demand as:

ALD “
ÿ

j

λj
Cj

P̃ j´σj
Ej

“

p̃´σj ¨ pā´ a˚q
‰

. (3.21)

Finally, the wage adjusts such that the aggregate labor demand equals the aggregate labor

supply.

3.4 Numerical Analysis

In this section, we present our calibration strategy and numerically analyze how the

economy reacts to demographic changes taking into account the general equilibrium effects

and substitution across sectors. Finally, we compare the general equilibrium results with

those of the sector-level model.

3.4.1 Calibration

We have 9 parameters in the general equilibrium model: a search cost parameter (s̄) a

technology parameter (ā), a technology cost parameter (z̄), two elasticity of substitution

parameters (σ, σ̄), the number of firms N , and three budget constraint parameters (φj for

j P tY,M,Ou). We calibrate the budget constraint parameters on US wealth data so that

the income of agent j is equal to the average wealth of a consumer in the j age category

in 1995.

The remaining parameters, ts̄, ā, z̄, σ, σ̄, N}, are particular to the model presented

and we estimate them targeting the empirical results in Chapter 2. Since the empirical

results in Chapter 2 are sector-level results, we use the sector-level model to target such

relations. We, then, nest the calibrated sector-level model into the general equilibrium

framework to recover estimates of the effect of a demographic change that also takes into

account general equilibrium effects and substitution across sectors. We target coefficient

estimates in our preferred specification, i.e., the IV(2) model specification. The estimated

and calibrated parameters are in Appendix C.3.
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Table (3.1) The effect on production (percentage) of a one-standard-deviation (2.2%ˆλM for
middle-aged consumers and 1.45% ˆ λO for old consumers) increase in λi at the expense of λj

where i ‰ j and i, j P tY,M,Ou.

Demographic change Sector-level (SL) General Equilibrium (GE) Ratio (GE
SL

)

Ò λM , Ó λY -3.37 -0.52 0.16

Production Ò λM , Ó λO -4.05 -0.54 0.13

Ò λO, Ó λY 0.79 -0.041 -0.052

3.4.2 Analysis

We analyze the effect of a demographic change on production for both the sector-level (SL)

model and the general equilibrium (GE) model. The ratio of the effects (i.e., GE
SL

) provides

a measure of the dampening or the amplifying effect of the multi-sector general equilibrium

model. We focus our analysis on production for two reasons: first, our empirical evidence

regarding the effect of the age demand channel on production is the most robust; second,

we model the technology adoption in a way that allows us to keep the model tractable

but might not capture all the relevant effects driving the change in productivity. Indeed,

although the model predictions for productivity are qualitatively similar to those in our

empirical estimation (right sign of the effect), they are substantially smaller than those

we document empirically.

Table 3.1 shows the effect of a clean demographic change (i.e., an increase in one stan-

dard deviation in λi compensated by a reduction of λj where i ‰ j and i, j P tY,M,Ou).

Considering one standard deviation increase in the share of middle-aged consumers com-

pensated by a reduction in young consumers, the sector-level model predicts a reduction

in GDP growth of 3.37 percentage points, while the general equilibrium model predicts

a reduction of 0.52 percentage points dampening the effect by 84%. Similarly, for an in-

crease in the middle-aged at the expense of old consumers the general equilibrium model

dampens the negative effect on GDP growth by 87%. The dampening effect is due to

the fact that, while in the sector-level model the demographic change only occurs at the

sector level and the substitution effects are at their highest, in the general equilibrium

model, the demographic change hits the entire economy and the substitution effects are

reduced. When we consider an increase in the share of old consumers compensated by

a reduction in young consumers, we find a substantially smaller effect at the sector level

with respect to the effect of an increase in middle-aged and virtually no effect in the

general equilibrium model. This is because while an increase in the share of old con-
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sumers (who have zero search costs and purchase at the lowest price within each sector)

increases the within-sector competition with a positive effect on production, a reduction

in the share of young consumers (who have a higher elasticity of substitution) reduces

the between-sectors competition with a negative effect on production. The two effects,

therefore, offset each other leading to a small net effect at the sector level, and an almost

zero effect at the general equilibrium level.

Relating the empirical findings to the general equilibrium results We can now

reinterpret the empirical results in Chapter 2 taking into account the general equilibrium

effects and the correct substitution across sectors. We find that when considering an

increase in the share of the middle-aged, the general equilibrium model dampens the

estimates of the sector-level model as it reduces substitution effects across sectors. In

order to interpret our empirical results taking into account the substitution across sectors,

we pass them through the GE
SL

ratio that allows us to capture the dampening effect of the

general equilibrium. In the empirical analysis, the underlining assumption was to analyze

the effect of an increase in one of the age categories keeping the share of the other age

categories constant. This means that the increase in one of the age categories was at

the expense of both the others in such a way as to keep their ratio constant. In order

to remain consistent with this assumption, we decompose the demographic change into

two clean demographic shocks weighting the effect of the change in one age category by

its relative initial share. Focusing on the middle-aged category, we estimate the effect

of an increase in the share of the middle-aged on production (βMGE) taking into account

substitution across sectors and general equilibrium effects as follows:

βMGE “ βMSL ¨

«

λY

λY ` λO
¨

ˆ

GE

SL

˙M

Y

`
λO

λY ` λO

ˆ

GE

SL

˙M

O

ff

, (3.22)

where βMSL is the sector-level coefficient estimate capturing the effect of an increase in

the share of middle-aged on production; λY

λY `λO
and λO

λY `λO
are the weights for the effect

coming from the reduction in young and old respectively; and
`

GE
SL

˘M

Y
and

`

GE
SL

˘M

O
are

the general equilibrium to sector-level ratios resulting from an increase in middle-aged

compensated by a reduction in young and old respectively as estimated in Table 3.1.11

11We set βMSL “ ´8.308 as estimated in the IV(2) model specification in Chapter 2 and we use US

demographic data in 1995 to estimate the weights. We set, therefore, λY

λY `λO “ 0.77 and λO

λY `λO “ 0.23.
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We find that βMGE “ ´1.27 which implies a cumulative reduction in GDP growth following

one standard deviation increase (2.2 percentage points) in the middle-aged of around 2.76

percentage points (dropping from the 16.7 percentage points reduction estimated through

the sector-level empirical model) in the period 1996-2006 or, equivalently, a per year

reduction in GDP growth of 0.28 percentage points (dropping from the 1.81 percentage

points reduction estimated through the sector-level empirical model).

3.5 US Exercise

In this section, we look more precisely at the case of the US. Using our estimated general

equilibrium model and demographic data about the age composition of the population,

we compute the contribution of the demographic demand channel to the GDP growth

trend in the US over the past 25 years.

3.5.1 US Demographics

The US demographic evolution has been largely determined by the baby boomer gen-

eration (those born between 1946 and 1965) who have represented by far the largest

generational cohort in the twentieth century, and still today represent the second largest

living cohort. Figure 3.2 shows how the shares of the young, middle-aged, and old pop-

ulation have evolved since the 1970s. As the baby boomers entered into the young age

(25-44), the share of young category started to increase. The increase continued up to

the early 1990s as the baby boomers became middle-aged (45-64) determining a sharp

reduction in the share of the young population and an equivalent increase in the share of

the middle-aged. The share of middle-aged people reached a peak in the early 2010s and

started to decline as the baby boomers grew older (65-79). In the last decade, indeed, we

observed a clear increase in the share of the older population which had remained con-

stant in the previous decades. The prominent relevance of the baby boomer generation

explains the relatively constant long-term trend in the middle-aged population and its

large long-term fluctuations over the past and coming decades.
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Figure (3.2) Age decomposition of the demography in the United States of America, we define
young as 25-44, middle-aged as 45-64 and old as 65-79 years old. The expected demand is the
average age composition over the next 10 years. Source: UN WPP 2019.

3.5.2 Results

We focus on the period between 1995 and 2019. Figure 3.3 panels (a) shows the 5-year

average contribution of the age demand channel to GDP growth. We observe that in

the period 1995-2004 the effect of the age demand channel on GDP growth was negative

contributing to a reduction in GDP growth of around 8.7%. From Figure 3.2 panel (b),

we, indeed, observe that the average GDP growth in that period was around 3.35%,

while the age demand channel contributed to a reduction in GDP growth of around 0.29

percentage points per year. This negative effect on GDP growth is mostly due to the

increase in the share of the middle-aged in the period. In the period following 2005, as

the share of the middle-aged declined and the share of the old kept increasing (i.e., as the

baby boomers went from being middle-aged to old) the effect of the age demand channel

reversed, having a positive effect on GDP growth. We find, indeed, that the contribution

of the age demand channel in the period 2005-2019 was around 0.19 percentage points

per year, contributing to an increase in GDP growth (1.87% on average in the period) of

around 10.3%.
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(a) Age demand channel (∆ production) (b) Age demand channel and GDP growth

Figure (3.3) Age demand channel compared with the US GDP growth in the period 1995-2019.
Each bar represents the per year average effect of the age demand channel (5-years average) and
the US 5-years average GDP growth measured in percentage points.

3.6 Conclusion

This paper provides a theory explaining the empirical findings in Chapter 2 relating the

age composition of demand to the market structure and to key economic variables, as

well as highlighting the importance of the heterogeneities across different age categories.

The various dimensions of heterogeneity across the different age categories characterize

the aging of the population as a complex process. Our empirical analysis, indeed, shows

that only the middle-aged are associated with higher prices, lower production, and lower

productivity, suggesting that the aging of the population does not have a linear effect

on the economy. This implies that standard representative-agent or two-agent models

may fail to predict the effects of the upcoming large demographic changes. We, therefore,

build a search on the goods market sector-level model with three types of agents (young,

middle-aged, and old) who differ along two dimensions: their search costs and elasticity

of substitution.

In order to estimate the macroeconomic effects of a change in the age composition

of consumers, we first estimate the sector-level model using our sector-level empirical

results and then we nest the estimated model within a multi-sector general equilibrium

framework. We estimate that the general equilibrium model dampens the effect of an

increase in the share of the middle-aged on production by 84-87%. Fitting the general

equilibrium model with US demographic data, we find that in the period 1995-2004, as
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the share of the middle-aged increased, the age demand channel contributed to reducing

GDP growth by 0.29 percentage points per year (i.e., 8.7% of the average annual US

GDP growth). Instead, in the period 2005-2019, as the middle-aged grew old, the age

demand channel contributed to an increase in GDP growth by 0.19 percentage points per

year (i.e., 10.3% of the average annual US GDP growth) suggesting that the age demand

channel is a relevant determinant of macroeconomic outputs.
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Appendix Chapter 1

A.1 Empirical Evidence Appendix

A.1.1 Graphs

Figure (A.1) Working-age population share (15-65) among the biggest European economies
(Ilostat).
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Figure (A.2) Labor market composition in EU15 countries (Eurostat).

Figure (A.3) Problem-solving ability in technology-rich environments in OECD countries (PI-
AAC).
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A.1.2 Data and Variables

As a proxy for investments in new technologies (the dependent variable), I consider the

fraction of ICT capital stock using data from EU KLEMS. As a proxy for the aging vari-

able, I use population and employment data from Eurostat. While EU KLEMS investment

data are already harmonized in accordance with the industry classification NACE Rev.2,

data from Eurostat use NACE Rev.1.1 classification for data until 2007, and NACE Rev.2

classification for data from 2008. To harmonize the different NACE classifications for the

Eurostat data, I used the correspondence table proposed by Perani et al. (2015) which

is reported below. I consider the period from 1995 to 2015 for the countries for which

sector-level data are available in the period considered, i.e., Austria, Germany, Denmark,

Spain, Finland, France, Italy, Luxembourg, Netherlands, Sweden, and United Kingdom.

The value-added data used to define productivity at the sector-level are taken from the

EU KLEMS dataset as well.

The ICT investment variable is constructed in the following way:

ICTs,t,c “
ITs,t,c ` CTs,t,c ` Soft DBs,t,c

total GFCFs,t,c ´RDs,t,c

where ITs,t,c, CTs,t,c, Soft DBs,t,c, total GFCFs,t,c, and RDs,t,c are computer hardware,

telecommunication equipment, computer software and databases investments, total in-

vestments, and R&D investments respectively in at time t, in sector s, in country c. The

age variable is defined as the ratio between the number of workers aged 50 or older and

those aged between 25 and 49 (prime-aged workers) for each sector, time and country.

The productivity variable is defined as the value-added per hour worked.
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A.1.3 Tables

Table (A.1) Relation between age and ICT investment. EU KLEMS country-level data (1995-
2015) for 10 Western European countries.

Dependent variable:

ICT

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

Age 0.201˚˚˚ 0.102˚˚˚ 0.090˚˚˚ 0.120 ´0.023 0.268˚˚˚

(0.022) (0.028) (0.027) (0.186) (0.193) (0.080)

Age2 0.099 0.151 ´0.217˚˚

(0.225) (0.233) (0.092)

Time fixed effects X X X X

Country fixed effects X X

Observations 206 206 206 206 206 206

R2 0.298 0.402 0.921 0.299 0.404 0.924

Adjusted R2 0.295 0.334 0.908 0.292 0.332 0.910

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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Table (A.2) Correspondence table (Perani et al. (2015)) used to harmonize NACE Rev.1 with
NACE Rev.2 classification.

NACE Rev.1.1 NACE Rev.2

Section Description Section Description

A, B Agriculture, Hunting and
Forestry (A), Fishing (B)

A Agriculture, Forestry and
Fishing

C Mining and quarrying B Mining and quarrying

D Manufacturing C Manufacturing

E Electricity, gas and water
supply

D, E Electricity, gas, steam and
air conditioning supply
(D), Water supply, sew-
erage, waste management
and remediation activities
(E)

F Construction F Construction

G Wholesale and retail
trade: repair of motor
vehicles, motorcycles and
personal and household
goods

G Wholesale and retail
trade; repair of motor
vehicles and motorcycles

H Hotels and restaurants I Accommodation and food
service activities

I Transport, storage and
communications

H, J Transportation and stor-
age (H), Information and
communication (J)

J Financial intermediation K Financial and insurance
activities

K Real estate, renting and
business activities

L, M, N Real estate activities (L),
Professional, scientific and
technical activities (M),
Administrative and sup-
port service activities (N)

L Public Administration
and defence; compulsory
social security

O Public administration and
defence; compulsory social
security

M Education P Education

N Health and social work Q Human health and social
work activities

O Other community, social
and personal services ac-
tivities

R, S Arts, entertainment and
recreation (R), Other ser-
vice activities (S)

P Activities of private
households as employ-
ers and undifferentiated
production activities of
private households

T Activities of households
as employers; undif-
ferentiated goods- and
services-producing activi-
ties of households for own
use

Q Extraterritorial organiza-
tions and bodies

U Activities of extraterri-
torial organizations and
bodies
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Table (A.3) Relation between Age and IT investment. EU KLEMS sector-level data (1995-
2015) for 10 Western European countries.

Dependent variable:

IT

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

Age 0.003 0.023˚˚˚ 0.0004 0.072˚˚˚ 0.059˚˚˚ 0.012

(0.003) (0.004) (0.005) (0.012) (0.010) (0.011)

Age2 ´0.063˚˚˚ ´0.033˚˚˚ ´0.010

(0.010) (0.009) (0.008)

Sector fixed effects X X X X

Time fixed effects X X X X

Country fixed effects X X

Observations 3,272 3,272 3,272 3,272 3,272 3,272

R2 0.0002 0.392 0.546 0.012 0.395 0.546

Adjusted R2 ´0.0001 0.386 0.540 0.011 0.388 0.540

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

Table (A.4) Relation between Age and CT investment. EU KLEMS sector-level data (1995-
2015) for 10 Western European countries.

Dependent variable:

CT

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

Age ´0.022˚˚˚ ´0.015˚˚˚ ´0.012˚˚ ´0.024˚˚ ´0.046˚˚˚ ´0.022˚

(0.003) (0.004) (0.005) (0.010) (0.011) (0.012)

Age2 0.002 0.028˚˚˚ 0.008

(0.009) (0.009) (0.009)

Sector fixed effects X X X X

Time fixed effects X X X X

Country fixed effects X X

Observations 3,272 3,272 3,272 3,272 3,272 3,272

R2 0.015 0.180 0.361 0.015 0.182 0.361

Adjusted R2 0.015 0.171 0.352 0.015 0.173 0.352

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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Table (A.5) Relation between Age and investment in Software and DB. EU KLEMS sector-
level data (1995-2015) for 10 Western European countries.

Dependent variable:

Software & DB

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

Age ´0.037˚ 0.148˚˚˚ 0.046 0.258˚˚˚ 0.454˚˚˚ 0.325˚˚˚

(0.020) (0.024) (0.033) (0.066) (0.062) (0.079)

Age2 ´0.272˚˚˚ ´0.280˚˚˚ ´0.222˚˚˚

(0.058) (0.053) (0.057)

Sector fixed effects X X X X

Time fixed effects X X X X

Country fixed effects X X

Observations 3,272 3,272 3,272 3,272 3,272 3,272

R2 0.001 0.299 0.321 0.008 0.305 0.324

Adjusted R2 0.001 0.291 0.311 0.007 0.297 0.314

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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A.2 Model Appendix

A.2.1 Steady state capital

I define y ” θY
γNy and rewrite the equations as follows (omitting the time subscript for

simplicity):

wy “

$

’

&

’

%

yγεp1`nq
θp1`n`φq

for N o ă N̂ o

yαI
θ

for N o ě N̂ o

(A.1)

wo “

$

’

&

’

%

yγεp1`nq
θp1`n`φq

for N o ă N̂ o

yβp1´Iqp1`nq
φθ

for N o ě N̂ o

(A.2)

y “

$

’

&

’

%

A
´

p1`n`φqθ
p1`nqγε

¯ε
`

k
1´ε

˘1´ε
for N o ă N̂ o

A
`

θ
αI

˘αI
´

φθ
βp1´Iqp1`nq

¯βp1´Iq
`

k
1´ε

˘1´ε
for N o ě N̂ o

(A.3)

γ “

$

’

&

’

%

1`n`φ
1`n

¨ αI
ε

for N o ă N̂ o

1 for N o ě N̂ o

(A.4)

R “
y

k
p1´ εq. (A.5)

Substituting the equations above into the condition (1.34), in steady state I find:

kss “

$

’

’

’

&

’

’

’

%

„

ρAp 1`n`φ1`n q
ε
p θγ q

ε
p ε
1´εq

1´ε

p1`n`φqp1`ρq`εφp1´εq´1


1
ε

for N o ă N̂ o

„

ραIAp θαI q
αI
p φθ
βp1´Iqp1`nqq

βp1´Iq
p1´εqε´1

p1`nqp1`ρq`p1`nqβp1´Iqp1´εq´1



1
ε

for N o ě N̂ o.

(A.6)

A.2.2 Social Planner Problem

The social planner maximizes the following problem:

maxtCyt ,Cot`1,Kt`1,φt`1u
ρs0ρ plogtC

o
1u ´ b ¨ φ1q `

8
ÿ

t“1

ρst
`

logtCy
t u ` ρ

`

logtCo
t`1u ´ b ¨ φt`1

˘˘

(A.7)

s.t. Yt “ Kt`1 `N
y
t ¨ C

y
t `N

o
t ¨ C

o
t
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I rewrite the resource constraint as follows:

γt
θt
yt “ p1` nq

γt`1
θt`1

kt`1 ` C
y
t `

Co
t

1` n
(A.8)

where yt ”
θtYt
γtN

y
t

and kt`1 “
θt`1Kt`1

γt`1N
y
t`1

. I get the following FOC:

ρst
Cy
t

“ λt (A.9)

ρstρ

Co
t`1

“
λt`1
1` n

(A.10)

λtp1` nq

λt`1
“
dyt`1
dkt`1

“ñ
λtp1` nq

λt`1
“
yt`1
kt`1

p1´ εt`1q (A.11)

ρstρb “ ´λt

¨

˝

d
´

γt`1

θt`1
p1` nqkt`1

¯

dφt`1

˛

‚

looooooooooooooooomooooooooooooooooon

“0

`λt`1
d
´

γt`1

θt`1
yt`1

¯

dφt`1
, (A.12)

where λt is the Lagrange multiplier of the resource constraint. From conditions (A.9),

(A.10) and (A.11), I get the Euler equation:

Co
t`1

ρ ¨ Cy
t

“
yt`1
kt`1

p1´ εt`1q. (A.13)

From condition (A.9) in period t` 1, and condition (A.10), I get:

ρstρ

Co
t`1

“
ρst`1

p1` nqCy
t`1

. (A.14)

For a steady state to exists, weights must be of the form: ρst “ pρ
sqt and ρs P p0, 1q. Using

this condition in equation (A.14), I get the following steady state condition:

Co

ρ ¨ Cy
“

1` n

ρs
. (A.15)

Using the steady state Euler equation and condition (A.15), I obtain:

ρs
y

k
p1´ εq “ 1` n. (A.16)
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Substituting conditions (A.15) and (A.16) into the steady state resource constraint, I

obtain:
Co

1` n
“ y

γ

θ

ρ

ρs ` ρ
p1´ ρsp1´ εqq. (A.17)

Recovering λt`1 from equation (A.10), and substituting into equation (A.12), I get:

b ¨ Co
t`1

1` n
“

d
´

γt`1

θt`1
yt`1

¯

dφt`1
. (A.18)

Considering equation (A.18) in steady state and condition (A.17), I get:

y
γ

θ

b ¨ ρ

ρs ` ρ
p1´ ρsp1´ εqq “

d
`

γ
θ
y
˘

dφ
, (A.19)

where:

d
`

γ
θ
y
˘

dφ
“

$

’

&

’

%

γ
θ

yε
1`n`φ

if N o ă N̂ o

1
θ
yβp1´Iq

φ
if N o ě N̂ o.

(A.20)

From equations (A.19) and (A.20), I finally obtain:

φs “

$

’

&

’

%

ρs`ρ
bρp1´ρsp1´εqq

¨ ε´ p1` nq if N o ă N̂ o

ρs`ρ
bρp1´ρsp1´εqq

βp1´ Iq if N o ě N̂ o.

(A.21)

A.2.3 Competitive Equilibrium

An agent faces the following life time utility maximization problem:

maxtCyt ,Cot`1,φt`1u
lnpCy

t q ` ρ
“

lnpCo
t`1q ´ b ¨ φt`1

‰

s.t. (A.22)

Cy
t “ wyt ´ St

Co
t`1 “ φt`1w

o
t`1 `Rt`1St.

From problem (A.22), I get the following FOC:

Co
t`1 “ ρRt`1C

y
t (A.23)
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b “
wt`1
Co
t`1

. (A.24)

Rearranging, in steady state, I get:

φ˚ “

$

’

&

’

%

1`ρ
ρ¨b
´R for N o ă N̂ o

1`ρ
ρ¨b

βp1´Iqp1`nq
βp1´Iqp1`nq`RαI

for N o ě N̂ o.

(A.25)

A.2.4 Proofs

1. I want to show that: `jpiq “ `j and kjpiq “ kj for j P tn, vu. Consider task i P r0, Iq;

from the FOC`, I get that:`npiq “ ppiqypiq¨α{wn. Due to the Cobb-Douglas structure

of the aggregate production function (1.3), ppiqypiq is constant in i implying that

`npiq “ `n. Same reasoning applies for tasks i P pI, is implying that `vpiq “ `v. By

substituting `n and `v into the FOCk I also get that knpiq “ kn and kvpiq “ kv.

2. I want to show that, if the input constraint is slack (i.e., γ P p0, 1q), then optimality

requires that wages are the same for all workers. Assume otherwise: consider the

situation in which workers using new technology earn a higher salary with respect

to workers using vintage technology. Since labor markets are competitive, this

implies that workers using new technology are more productive. In the situation

in which the input constraint is slack, the marginal task producer would benefit by

switching from vintage to old technology. The process continues until the wages in

new technology and vintage technology are the same; similar reasoning applies in

the situation in which wages in vintage technology tasks are higher than those in

new technology tasks.

3. I want to show that the aggregate output Y can be rewritten as in equation

(1.23). Using the demand of task ypiq “ Y {ppiq, I can rewrite output as: Y “

exp
!

ş1

0
ln Y ´ ln ppiqdi

)

; and, therefore, as:
ş1

0
ln ppiqdi “ 0. By substituting into

the latter equation, the equation for task price coming from the FOC of the maxi-

mization problem (1.7), I get equation (1.23).

4. Proof of Proposition 1.3.1 I want to show inequalities (1.26), and (1.27) in

Proposition 1. Using the Implicit Function Theorem (IFT), I can write dI
dNo “

´
BF {BNo

BF {BI
where F ” pnpIq ´ pvpIq “ 0. While BF

BI
ă 0@N o, BF

BNo is positive for
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N o ă N̂ o, and negative for N o ě N̂ o verifying (1.26). Using the chain rule, I can

write dθ
dNo “

Bθ
BI
¨ BI
BNo . Since Bθ

BI
is always positive, dI

dNo and dθ
dNo have always the same

sign verifying (1.27).

5. Proof of Proposition 1.3.2 The proof runs similarly as the one for Proposition

1.3.1 using the IFT, see point 4.

6. Proof Corollary 1.3.2.1 It is straightforward by applying the chain rule, see point

4.

7. Proof of Proposition 1.5.2 Using the FOC from the social planner problem (A.7),

I get the following relation: ρs ¨ dY
dK
“ 1` n (equation (A.16)), or ρs ¨Rpφsq “ 1` n.

As ρs Ñ 1, then Rpφsq Ñ 1 ` n. Substituting into equation (1.36), for ρs “ 1, I

obtain:

φs “

$

’

&

’

%

1`ρ
ρ¨b
´Rpφsq for N o ă N̂ opφsq

1`ρ
ρ¨b
¨

βp1´Ipφsqq¨p1`nq
p1`nq¨βp1´Ipφsqq`αIpφsq¨Rpφsq

for N o ě N̂ opφsq

(A.26)

which is equivalent to equation (1.37) meaning that φ˚ “ limρsÑ1 φ
spρsq. To show

that the competitive equilibrium retirement age is increasing in N o for φ˚ P p0, 1q, I

rewrite the competitive equilibrium φ˚ as the social planner optimum evaluated at

ρs “ 1:

φ˚ “

$

’

&

’

%

1`ρ
ρ¨b
´ p1` nq for N o ă N̂ opφsq

1`ρ
ρ¨b
¨

βp1´Iq
αI`βp1´Iq

for N o ě N̂ opφsq.

(A.27)

For N o ă N̂ o, an increase in N o reduces n which increases φ˚. For N o ě N̂ o, we

rewrite:

G “ φ˚ ´
1` ρ

ρ ¨ b
¨

βp1´ Iq

αI ` βp1´ Iq
. (A.28)

Using the IFT, we obtain:

dφ˚

dN o
“ ´

BG
BNo

BG
Bφ˚

“ ´

BG
BI

BI
BNo

BG
Bφ˚

. (A.29)

Since BG
Bφ˚

ą 0, BG
BI
ą 0 and BI

BNo ă 0 (since N o ě N̂ o), we obtain that dφ˚

dNo ą 0.
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Appendix Chapter 2

B.1 Summary statistics

Table (B.1) Summary statistics

Statistic N Mean St. Dev. Min Pctl(25) Pctl(75) Max

∆log Price 1,319 0.563 0.848 ´1.661 0.109 0.670 3.776

∆log Production 1,319 0.346 0.489 ´2.885 0.091 0.566 3.177

∆log Productivity 1,319 0.298 0.474 ´2.318 0.026 0.530 3.841

Initial Foreign Exposure 1,319 0.390 0.260 0.0001 0.174 0.574 1.000

∆Young 1,319 0.033 0.022 ´0.015 0.015 0.051 0.079

∆Middle-aged 1,319 ´0.025 0.022 ´0.078 ´0.040 ´0.007 0.026

∆Old 1,319 ´0.008 0.015 ´0.044 ´0.019 0.001 0.020

∆E Young 1,319 0.001 0.011 ´0.021 ´0.007 0.006 0.032

∆E Middle-aged 1,319 ´0.004 0.007 ´0.020 ´0.008 0.001 0.012

∆E Old 1,319 0.003 0.007 ´0.014 ´0.002 0.007 0.017

∆Young Demand OLS 1,319 ´0.030 0.018 ´0.104 ´0.041 ´0.016 0.077

∆Middle-aged Demand OLS 1,319 0.024 0.018 ´0.026 0.013 0.034 0.078

∆Old Demand OLS 1,319 0.007 0.011 ´0.046 ´0.0003 0.014 0.051

∆Young Demand IV(1) 1,319 0.014 0.010 0.0000 0.006 0.020 0.059

∆Middle-aged Demand IV(1) 1,319 ´0.010 0.008 ´0.059 ´0.015 ´0.004 0.0000

∆Old Demand IV(1) 1,319 ´0.004 0.003 ´0.024 ´0.005 ´0.001 0.006

∆Young Demand IV(2) 1,319 ´0.0001 0.001 ´0.013 ´0.001 0.0003 0.008

∆Middle-aged Demand IV(2) 1,319 ´0.001 0.001 ´0.007 ´0.001 ´0.0001 0.003

∆Old Demand IV(2) 1,319 0.001 0.001 ´0.001 0.0003 0.001 0.010
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Figure (B.1) Unexpected demographics (aggregate age categories).

B.2 Tests

B.2.1 Shift-share correlation Test

Table (B.2) Shift-Share correlation test (change in actual demographics)

Share

Correlation 95% Confidence Interval t-stat p-value

∆Young 0.047 [0.038 0.055] 10.895 ă 2.2e-16

∆Middle-aged ´0.033 [´0.042, ´0.025] ´7.769 8.022e-15

∆Old ´0.019 [´0.028, ´0.011] ´4.522 6.148e-06
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B.2.2 Demographics and Foreign Exposure correlation

Table (B.3) Correlation between domestic demographic change and the change in foreign
exposure. Changes are between 1996 and 2006.

∆ Foreign Exposure

non-weighted observations weighted observations

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

∆Young ´0.631 ´0.679
(1.184) (0.568)

∆Middle-aged 0.448 0.482
(0.840) (0.403)

∆Old ´1.544 ´1.661
(2.895) (1.388)

Country & Sector FE X X X X X X

Observations 1,354 1,354 1,354 1,354 1,354 1,354
R2 0.256 0.256 0.256 0.545 0.545 0.545
Adjusted R2 0.214 0.214 0.214 0.519 0.519 0.519

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

B.2.3 F Tests

Table (B.4) F tests

F test

IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

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

∆Young Demand 14.613 29.492

∆Middle-aged Demand 158.21 91.941

∆Old Demand 88.834 17.346
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B.3 Robustness Checks

B.3.1 Different age categories

Table (B.5) Robustness check: Price (Baseline with different thresholds for the age categories)

∆log Price (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand (25-39) 2.221 ´2.853 ´32.921
(1.794) (4.155) (54.798)

∆Middle-aged Demand (40-59) 1.073 1.528 12.636˚˚˚

(1.693) (2.975) (2.484)

∆Old Demand (60-79) ´2.640 ´0.532 ´28.398
(2.065) (4.231) (42.007)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.884 0.884 0.884 0.880 0.884 0.884 0.657 0.854 0.788
Adjusted R2 0.878 0.877 0.878 0.873 0.877 0.877 0.637 0.845 0.776

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

Table (B.6) Robustness check: Production (Baseline with different thresholds for the age
categories)

∆log Production (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand (25-39) ´0.922 5.773 28.929
(1.545) (4.682) (31.540)

∆Middle-aged Demand (40-59) ´1.320 ´2.935 ´7.706
(1.510) (2.308) (5.629)

∆Old Demand (60-79) 0.354 0.544 32.870
(1.812) (2.217) (66.508)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.578 0.579 0.578 0.557 0.577 0.578 0.164 0.556 0.190
Adjusted R2 0.554 0.554 0.553 0.531 0.553 0.553 0.115 0.530 0.143

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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Table (B.7) Robustness check: Productivity (Baseline with different thresholds for the age
categories)

∆log Productivity (1996-2006)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (1996-2006) ∆Expectations (1996-2006)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand (25-39) 0.228 1.815 73.831
(1.980) (11.079) (84.261)

∆Middle-aged Demand (40-59) ´2.704 ´2.083 ´22.647˚

(1.742) (6.014) (12.542)

∆Old Demand (60-79) 1.180 4.130 76.944
(2.100) (4.481) (157.982)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353 1,353
R2 0.516 0.520 0.517 0.515 0.520 0.514 ´1.950 0.302 ´1.544
Adjusted R2 0.488 0.492 0.488 0.487 0.492 0.485 ´2.123 0.261 ´1.694

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

B.3.2 WIOD 2016

Table (B.8) WIOD2016 (2006-2014): Price

∆log Price (2006-2014)
OLS IV(1) IV(2)

share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (2006-2014) ∆Expectations (2006-2014)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand ´1.012˚ ´6.395 36.183
(0.571) (4.572) (101.687)

∆Middle-aged Demand 0.775 6.657˚˚ 17.916
(0.630) (3.079) (26.304)

∆Old Demand 0.382 ´7.508 ´5.428
(0.824) (10.969) (8.909)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 2,231 2,231 2,231 2,230 2,230 2,230 2,230 2,230 2,230
R2 0.592 0.592 0.592 0.575 0.575 0.574 ´0.220 0.450 0.582
Adjusted R2 0.574 0.573 0.573 0.556 0.556 0.555 ´0.277 0.425 0.563

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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Table (B.9) WIOD2016 (2006-2014): Production

∆log Production (2006-2014)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (2006-2014) ∆Expectations (2006-2014)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand 0.083 12.364 ´18.526
(0.673) (9.861) (23.099)

∆Middle-aged Demand ´2.041˚˚˚ ´7.216˚˚ ´16.169
(0.741) (2.805) (11.371)

∆Old Demand 2.901˚˚˚ 3.201 ´1.054
(0.969) (2.293) (3.884)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 2,231 2,231 2,231 2,230 2,230 2,230 2,230 2,230 2,230
R2 0.592 0.594 0.594 0.529 0.585 0.594 0.446 0.524 0.591
Adjusted R2 0.574 0.575 0.575 0.507 0.565 0.575 0.420 0.502 0.572

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01

Table (B.10) WIOD2016 (2006-2014): Productivity

∆log Productivity (2006-2014)

OLS IV(1) IV(2)
share: Foreign Exposure Foreign Exposure
shift: ∆Demographics (2006-2014) ∆Expectations (2006-2014)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

∆Young Demand 0.236 0.419 6.616
(0.663) (8.604) (17.835)

∆Middle-aged Demand ´0.947 0.273 ´3.167
(0.731) (1.747) (10.749)

∆Old Demand 1.843˚ ´0.927 ´4.522
(0.956) (7.032) (3.518)

Initial Foreign Exposure X X X X X X X X X
Country & Sector FE X X X X X X X X X

Observations 2,231 2,231 2,231 2,230 2,230 2,230 2,230 2,230 2,230
R2 0.449 0.450 0.450 0.449 0.449 0.448 0.425 0.447 0.439
Adjusted R2 0.424 0.424 0.425 0.424 0.423 0.422 0.399 0.422 0.413

Note: ˚pă0.1; ˚˚pă0.05; ˚˚˚pă0.01
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Appendix Chapter 3

C.1 American Time Use Survey (ATUS)

Figure (C.1) Hourly Earnings across Age categories
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Figure (C.2) Average Shopping Time (minutes per day) across Age categories
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C.2 Model Appendix

C.2.1 Proof of Lemma 3.2.3

Proof. Given F ppq defined in rb, r̄ ” mintrY , rM , pmonopolyus, to show that the proposed is

an equilibrium, we need to show that, given the reservation prices and the monopolistic

price, and given that other firms choose F ppq, there is not a profitable deviation in setting

a price above r̄. For any p P rb, r̂s, the firm’s expected profits are:

Etπpp, F qu “
λY

N
RY
ppq `

λM

N
RM

ppq ` λO p1´ F ppqqN´1RO
ppq ´ zpappqq. (C.1)

Since in equilibrium, it must hold that Etπpp, F qu “ Etπpr̄, F qu, we can rewrite:

Etπpp, F qu “
λY

N
RY
pr̄q `

λM

N
RM

pr̄q ´ zpapr̄qq. (C.2)

A firm setting a price above maxtrY , rOu would make zero profits. But a firm setting

a price p̂ P pr̄, maxtrY , rOus would still attract consumers with the highest reservation

price, with expected profit:

$

’

&

’

%

Etπpp̂, F qu “ λM

N
RMpp̂q ´ zpapp̂qq if rY ď rM

Etπpp̂, F qu “ λY

N
RY pp̂q ´ zpapp̂qq if rY ą rM .

(C.3)

Imposing Etπpp, F qu ą Etπpp̂, F qu, we obtain:

$

’

&

’

%

Etπpp, F qu “ λY

N
RY prY q ` λM

N
RMprY q ´ z

`

aprY q
˘

ą λM

N
RMpp̂q ´ z papp̂qq if rY ď rM

Etπpp, F qu “ λY

N
RY prMq ` λM

N
RMprMq ´ z

`

aprMq
˘

ą λY

N
RY pp̂q ´ z papp̂qq if rY ą rM .

(C.4)

Now, we want to show that under condition (C.4), r̄ “ mintrY , rM , pmonopolyu.

• r̄ ď maxtrY , rMu since a firm setting a price above maxtrY , rMu earns zero profits;

• given that pmonopoly ą mintrY , rMu, then r̄ ě mintrY , rMu since a firm setting a

price r̄ ă mintrY , rMu would be able to sell to the same number of consumers

by setting the price to mintrY , rMu which is closer to the monopolistic price that

maximizes the profits which implies that r̄ P rmintrY , rMu,maxtrY , rMus;
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• finally, under condition (C.4), it is not profitable to only focus on the consumer type

with the highest reservation price and set a price in between the two reservation

prices is not a profitable deviation.

In particular, in the case in which pmonopoly ą maxtrY , rMu then the most profitable

deviation in pmintrY , rMu,maxtrY , rMus is maxtrY , rMu as it brings the price closer

to the monopolistic price keeping the same share of consumers (i.e., the ones with the

highest reservation price). In this case, condition (C.4) is fulfilled either if the share of

consumers with the highest reservation price is low enough or if the difference between the

reservation prices is small which in turn depends on the demand functions of the agents.

In particular, since we assume that agents have different elasticity of substitution, given

the share of consumer types with the highest reservation price, condition (C.4) is fulfilled

if the elasticity of substitution of young and middle-aged are not too different.

C.2.2 Proof of proposition 3.2.4

Proof. Using the FOC from problem (3.8), we obtain an expression for the production:

y “
2a

wz̄
. (C.5)

Substituting equation (C.5) into the equilibrium profit condition (3.9) objective function,

we obtain the following polynomial of order 2:

a2 ` 2a
´ p

w
´ ā

¯

´ z̄π “ 0, (C.6)

which has two solutions:

a1 “

„

´ p

w
´ ā

¯2

` z̄π

1{2

´

´ p

w
´ ā

¯

,

a2 “ ´

„

´ p

w
´ ā

¯2

` z̄π

1{2

´

´ p

w
´ ā

¯

.
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Since a2 ă 0, the unique solution for the investment is a˚ppq “ a1 which is decreasing in

prices:

Ba˚

Bp
“

1

w

»

–

p
w
´ ā

b

`

p
w
´ ā

˘2
` z̄π

´ 1

fi

fl ă 0 (C.7)

C.2.3 Equilibrium Profits

Since in equilibrium all prices in the support of F give the same expected profits π, it

holds that Etπpr̄, F qu “ π. A firm setting the reservation price r̄ is the highest pricing

firm in the sector and F pr̄q “ 1. Therefore, it holds that:

Etπpr̄, F qu “
λY

N
¨RY

pr̄q `
λM

N
¨RM

pr̄q ´ zpapr̄qq. (C.8)

Substituting the optimal technology adoption (equation (3.10)) in equation (C.8), we

obtain the following polynomial in π:

0 “ ´π `
λY

N
RY
pr̄q `

λM

N
RM

pr̄q ´ zpapr̄qq. (C.9)

The polynomial has three solutions:

π1 “ ´
pr̄ ´ āwq2

w2z̄
;

π2 “

“

λYDY pr̄q ` λMDMpr̄q
‰

¨
“

4N ¨ pr̄ ´ āwq ` w2z̄ ¨
`

λYDY pr̄q ` λMDMpr̄q
˘‰

4N2
;

π3 “ ´

“

λYDY pr̄q ` λMDMpr̄q
‰

¨
“

4N ¨ pr̄ ´ āwq ` w2z̄ ¨
`

λYDY pr̄q ` λMDMpr̄q
˘‰

4N2
.

Under the condition that r̄ ´ āw ą 0, π1 and π3 are negative. r̄ ´ āw ą 0 means that

the reservation price is larger than the marginal costs of a firm which does not invest in

the labor saving technology. Let’s assume that r̄ ´ āw ď 0, then a firm setting its price

at r̄ would make zero or negative profits, which implies that r̄ is not in the equilibrium

support of F , a contradiction. This implies that the unique solution for profits is: π “ π2.
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C.2.4 Price Normalization

We follow Ghironi and Melitz (2005) and normalize the price aggregator by setting the

average price in the economy as the numeraire. We, therefore, divide the sector-level price

of agent j P tY,M,Ou by the average price in the economy, and define:

p̃js ”
pjs

PAV R
, (C.10)

where

PAV R “ λY ¨ P Y
` λM ¨ PM

` λO ¨ PO. (C.11)

We define the normalized price aggregator for agent j, P̃ j, as:

P̃ j
”

„
ż

s

pp̃jsq
1´σds


1

1´σ

, (C.12)

which is also equal to:

P̃ j
”

P j

PAV R
. (C.13)

C.2.5 Derivation of the sector-specific demand

The consumer’s problem is to maximize utility subject to the budget constraint:

max
cjs

«

ż

s

cj
σj´1

σj

s ds

ff

σj
σj´1

(C.14)

s.t. P̃ jCj
”

ż

s

p̃jpsq ¨ cjs ds “ Ij (C.15)

The first order conditions for a good j:

«

ż

s

cj
σj´1

σj

s ds

ff
1

σj´1

cj
´ 1
σj

s ´ θ ¨ p̃jpsq “ 0, (C.16)

where θ is the Lagrangian multiplier linked to the constraint (C.15). We combine the

FOCs for two distinct products s and t:

cjs “

ˆ

p̃jpsq

p̃jptq

˙´σj

¨ cjt (C.17)

106



Essays on Economics and Demography Appendix C

Replacing cjs in the budget constraint, we obtain the expenditure in a given market t:

p̃jptq ¨ cjt “ Ij ¨

ˆ

p̃jptq

P̃ j

˙1´σ

(C.18)

Using the condition Ij “ P̃ jCj, we then obtain the demand from each product:

cjt “ Dpp̃jptqq “ Cj

ˆ

p̃jptq

P̃ j

˙´σ

. (C.19)

C.2.6 General Equilibrium Aggregation

Let’s define gppjsq a function of the random variable pjs „ F jppq. Since all the sectors

are identical and agents face the same conditional to type j price distribution in every

sector, by the law of large number we have that:
ş

s
gppjsqds “ S ¨

ş

s gpp
j
sqds

S « S ¨Ejpgppjsqq “

S ¨
şr

b
gppjsqdF

jppq. In our case, for S “ 1, we can write:
ş

s
pp̃jsq

´σjds “ Ejrp̃´σj s.
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C.2.7 Sector-level comparative statics
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Figure (C.3) Sector-comparative static (the increase in the share of middle-aged consumers
is compensated by a reduction in the share of old ones). As the share of middle-aged increases,
(a) the CDF shifts right meaning higher prices on average; (b) the distribution of number of
buyers becomes flatter (allocation effect); (c) firms increasingly adopt low-productivity strategies
(strategy effect).
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Figure (C.4) Sector-comparative static (the increase in middle-aged consumers is compensated
by a reduction in the share of young ones). As the share of middle-aged increases, (a) the CDF
does not move significantly; (b) the number of buyers distribution across prices does not varies
appreciably (i.e., no allocation effect); (c) firms increasingly adopt low-productivity strategies
(strategy effect).
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C.3 Calibration and estimation

Table (C.1) Calibrated parameters

Description Calibration
φY share of wealth held on average by young 0.22
φM share of wealth held on average by middle-aged 0.46
φO share of wealth held on average by old 0.32
λY demographic share of young 0.48
λM demographic share of middle-aged 0.3
λO demographic share of old 0.22

Table (C.2) Estimated parameters

Description Estimates
ā technology parameter 0.75
z̄ technology cost parameter 1.14
s̄ search cost parameter 0.61
σ elasticity of substitution (young) 1.37
σ̄ elasticity of substitution (middle-aged and old) 0.82
N number of firms in each sector 4.00

Table (C.3) Targeted Moments

Targeted moments Data Model
dp
dλY

effect of young on prices -2.76 -1.36
dp
dλM

effect of middle-aged on prices 2.28 2.45
dp
dλO

effect of old on prices -2.10 -0.76
dQ
dλY

effect of young on production 2.74 1.66
dQ
dλM

effect of middle-aged on production -1.82 -2.82
dQ
dλO

effect of old on production 2.89 0.84

The model is calibrated to the US economy in 1995. The share of each demographic

group λi in the population between 25 and 79 years old comes from the UN World Pop-

ulation Prospect of 1996. We calibrate the share of total capital income, i.e. profits from

firms and technology costs, captured by each consumer in age category i from the US

average worth by age category in 1995 (Survey of Consumer Finances, 1995). An under-

lying and simplifying assumption is that returns on capital and portfolio compositions are

identical across age categories.

φi “
λiwealthi

ř

i λiwealthi
(C.20)

with wealthi the average wealth of age-category i in the data.
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Parameters are estimated targeting the point estimate of average price and total pro-

duction responses to an increase in the share of young, middle-aged, and old. These 6

moments allows to estimate 6 parameters of the model. We assume that an increase in

the share of an age category i, δλi , comes from each of the two other age categories in

proportion to their share in the economy, i.e.:

δλj ” ´
λj

1´ λi
δλi , with j ‰ i (C.21)

Our target function is the root mean square error between the model-implied moments

and the data.
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C.4 Extension: Demand and Labor market channels

In this section, we present a sketch of an extension of the model characterizing the la-

bor market by assuming that the aggregate labor supply depends on the demographic

characteristics of the agents in the economy. This allows us to analyze the effect of a

demographic change on production and productivity also taking into account the labor

market channel. We assume that only young and middle-aged agents work. Therefore,

differently from the baseline model in which the labor supply is fixed and equal to 1, the

aggregate labor supply in this framework is:

ALS “ λY ` λM . (C.22)

An increase in the share of elderly people, therefore, negatively affects the labor supply.1

This characterization of the labor market also allows for more precise modeling of the

budget constraints as only the young and middle-aged would earn a salary. This char-

acterization of the labor market would allow us to analyze the effect of a demographic

change taking into account both the demand side and the supply side channels. Moreover,

this modeling of the budget constraint would allow us to analyze the welfare effects of a

demographic change.

Analysis An increase in the share of elderly people (aging), reduces the aggregate labor

supply. The reduction of the labor supply triggers two opposite effects on productivity. On

one side, keeping the volume of production constant, a decrease in the labor supply leads

to an increase in wages. Since labor becomes more costly, firms will adopt more labor-

saving technology with a positive effect on productivity. On the other side, a reduction

of the labor supply reduces the volume of production as firms produce only using labor.

This reduces the adoption of technology as firms have a lower production to spread the

cost of technology, leading to a negative effect on productivity.

The effect of an aging population in this model on productivity is, therefore, the net

effect of the effect going through the demand channel, and opposite effects from the labor

market. A closer look at these competing effects is beyond the scope of this paper and

left for future research.

1In a more refined version of the model, we could also assume different degrees of complementarity
between technology and workers in different age categories as in Acemoglu and Restrepo (2018b).
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