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Abstract

Does population ageing hurt output per capita? Standard life-cycle models that consider two funda-
mental forces, capital deepening versus declining employment rates, predict yes. Using a quantitative
overlapping generations model with R&D-driven growth, this paper challenges that prediction through
a third possibility: that ageing populations boost R&D investment and therefore generate technological
change. Calibrated to the United States, the model predicts that the demographic transition between
1950 and 2100 increases annual per-capita growth by 0.33 percentage points until 2000 and by 0.16
percentage points overall. The key mechanism is the endogenous technological change, whose growth

contribution triples that of capital deepening.
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1 Introduction

In 1950 there were 14 people aged 65 and above for every 100 people aged 20 to 64 in the United States.
This number has risen steadily since and is projected to quadruple by the end of the twenty-first century
in response to rising life expectancy and low fertility rates. Similar trends apply to high-income countries
worldwide, with the rest of the world trailing not far behind. This dramatic shift raises serious macroeco-
nomic concerns, and an important aspect underlying many of them is the impact of demographic change
on national income.

How, then, does population ageing affect output per capita? Conventional wisdom based on life-cycle
reasoning suggests two opposing channels. First, it reduces the fraction of workers in the population,
thereby lowering output per capita. Second, rising life expectancy increases saving rates in anticipation of
longer retirement, which spurs investment. The resulting capital deepening increases output per capita.
Setting aside the severe identification issues between growth and demographics—let alone their underlying
mechanisms—it therefore comes as no surprise that the empirical evidence on the net effect remains
inconclusive.! Quantitative theory offers a solution to this ambiguity, and life-cycle models calibrated
to advanced economies typically predict the first channel to dominate. Krueger and Ludwig (2007) and
Ludwig, Schelkle and Vogel (2012) for instance find that demographic change during the twenty-first
century generates cumulative declines in output per capita on the order of 10 percent.

This paper emphasises a third key channel that reverses both the sign and magnitude of the conventional
prediction: the increase in savings may also finance investment in research and development (R&D),
whose innovations improve output through technological progress. Figure 1 points to such a relationship
by plotting saving rates and investment rates in intellectual property products against adult life expectancy
for a sample of OECD countries, conditional on relative prices and dependency ratios. The data suggest
that a one-year increase in life expectancy corresponds to a 0.20 percentage point higher investment rate
in intellectual property products.” The distinction between R&D and capital investment is conceptually
important because technology, unlike capital, is nonrival: an innovation can be used simultaneously by any
number of workers at no additional cost and therefore raises everyone’s productivity. Capital investment,
by contrast, improves productivity only insofar as it increases capital per effective worker. Technological
change, therefore, presents a stronger mechanism than capital deepening.

To formalize this argument and assess its quantitative significance, I develop a general equilibrium model
that combines two standard macroeconomic frameworks. On the supply side, the model features en-
dogenous growth a la Romer (1990), with monopolistically competitive intermediate producers and an
R&D sector whose innovations enhance productivity by expanding the variety of intermediate goods. The
household side follows in the Auerbach and Kotlikoft (1987) tradition with a large number of overlapping
generations and a realistic population structure. These life-cycle households consume, save, and make
labour supply decisions—both hours worked and the age of retirement—subject to changes in household
size, mortality and income risk, borrowing constraints, progressive income taxation, and a bequest motive.
Savings are either invested in physical capital or provide funding for R&D in exchange for ownership stakes
in the new firms it generates, the latter creating the link between household behaviour and technological
progress.

! See for instance Maestas, Mullen and Powell (2023) and the variety of estimates from the debate surrounding Acemoglu
and Johnson (2007) by Lorentzen, McMillan and Wacziarg (2008), Aghion, Howitt and Murtin (2011), Cervellati and Sunde
(2011), Bloom, Canning and Fink (2014), and Hansen and Lenstrup (2015).

2 Using a panel of OECD countries from 1960 to 2011, Gehringer and Prettner (2017) also find that a 10 percent decrease in
the crude death rate leads to a 1 percent increase in total factor productivity.
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Figure 1. Partial correlations of savings, investment, and life expectancy, 1970-2020.

Notes. Data from the OECD and United Nations (2024) for countries that joined the OECD prior to 1975. IPP refers to intellectual
property products (a superset of formal R&D). Each point represents a country-year observation after partialling out country
fixed effects, relative prices, and dependency rates (0-14 and 65+ population shares). The red line shows the OLS fit.

The model exhibits semi-endogenous growth as in Jones (1995), Kortum (1997), Segerstrom (1998),
and Peters and Walsh (2021), but its rich life-cycle structure departs from the representative-agent and
perpetual-youth settings typically found in this literature. This contribution is central to the question at
hand. In semi-endogenous growth theory, long-run economic growth is tied to population growth, which
makes demographic analyses trivial as long as current trends truly reflect shifts in steady-state population
growth. However, since World War II, demographic change in the advanced economies of North America
and Western Europe primarily reflects two temporary forces: an initial surge in fertility (the baby boom)
and steadily rising survival rates beyond age 50—well past childbearing years.®> Neither affects long-run
population growth when lifespans remain finite. Instead, these changes generate temporary growth effects
that permanently affects the level of income, but such level effects cannot be properly examined through
the lens of steady-state growth in a representative-agent or perpetual-youth model.

To shed light on these growth effects and to complement pure long-run analyses, this paper examines
demographic changes around a fixed long-run trend, which ensures that key population trends are
appropriately treated as purely transitory.* After illustrating the mechanisms in an analytically tractable
three-generation model, I develop and calibrate the full quantitative model and simulate the equilibrium
path induced by the demographic transition between 1950 and 2100. The analysis focuses on the United
States—a large economy at the technological frontier—where the endogenous growth framework arguably
provides a better description of technological change than in smaller economies that primarily adopt foreign
technology. The United States also serves as a useful demographic benchmark, as its ageing trajectory lies
between that of the fastest-ageing advanced economies and younger non-OECD countries.

Contrary to what a standard long-run analysis suggests, I find that the demographic transition is a net
positive. On average, output per capita growth increases by 0.33 percentage points per year between

3 Figure E.1 and Figure E2 in Online Appendix F document these two facts. Besides the baby boom, fertility remains stable
from the mid-1930s onward. Likewise, mortality during the first 50 years of life is largely unchanged after 1950.

4 In doing so, I abstract from the possibility studied by Jones (2022a) that persistently low fertility could lead to a declining
population—an important but ultimately separate issue.



1950 and 2000 and by 0.16 percentage points per year overall. The former corresponds to roughly 15-20
percent of observed US growth over the same period, thereby making demographics as important to US
post-war growth as rising educational attainment according to estimates by Fernald and Jones (2014).
Counterfactual simulations also reveal that the baby boom and rising life expectancy after the age of 50
explain around half of these results. Changes in the age structure due to the nonstationary population
already present in 1950 and general increases in population size explain the remainder. As far as the impact
on output per capita is concerned, these findings leave little reason to worry about current demographic
change in general and about population ageing in particular.

The positive effect dissipates after the turn of the millennium when the baby boom retires, but the growth
impact does not turn negative on average during the twenty-first century. Yet, the shift when this happens
is sizeable: the growth rate declines by 0.53 percentage points between 1995 and 2030. Population ageing
therefore exerts significant downward pressure on contemporary growth rates, just as Eggertsson, Lancastre
and Summers (2019) and Jones (2023) argue in the context of secular stagnation. It is important to stress
though that this decline is not a result of demographic change being inherently detrimental to economic
output, but rather because of a reversion from the above-average growth that it induced in the first place.
This interpretation stands in stark contrast to more pessimistic views.

At the core of these results lies technological change, which contributes three to four times more to
output growth than capital deepening. This difference reflects the extra bang for the buck obtained from
technology being nonrival. Together these two channels more than offset the negative impact of a growing
share of retired households. Capital deepening alone cannot accomplish this: treating technology as
exogenous (which is readily achieved as a special case of the benchmark model) eliminates the positive
effect and leads to a 12.2 percent cumulative decline in output per capita between 1950 and 2100. This
decline is quantitatively similar to Krueger and Ludwig (2007) and contrasts with a 27.5 percent increase
in the baseline scenario, thus underlining that whether the demographic transition raises or lowers output
per capita depends crucially on whether or not we account for its impact on technological progress.

The idea that the population age structure and longevity affect R&D-based growth is not new, dating
back to at least Malmberg (1994). Among others, it is further emphasised by Prettner (2013), Gehringer
and Prettner (2017), Prettner and Trimborn (2017), Baldanzi, Prettner and Tscheuschner (2019), Aksoy
et al. (2019), and Basso and Jimeno (2021).° Like Section 2 of this paper, these studies rely on analytically
tractable models, typically departing from perpetual-youth frameworks where retirement (if included at
all) and mortality are independent of age. While useful for examining mechanisms, such models generate
too stark household responses and lack the flexibility to match empirical age distributions, as explained by
Carvalho, Ferrero and Nechio (2016) and Gagnon, Johannsen and Lopez-Salido (2021). This limits their
suitability for quantitative analyses compared to the full-fledged OLG model used here. Moreover, these
studies generally interpret population ageing as a decline in steady-state population growth. As argued
above, this distinction matters. For instance, Aksoy et al. and Basso and Jimeno find quantitatively similar
growth declines to here during comparable decades and consequently conclude that population ageing
reduces growth—the opposite of this paper’s findings.

> Cutler et al. (1990) also suggest that ageing generates technological change via automation, which Acemoglu and Restrepo
(2022) reiterate with evidence on two outcomes: robot adoption and the share of patents related to automation. Neither outcome
contradicts the mechanisms here—the former reflects capital deepening, while the latter concerns the direction, not the volume,
of innovation.



The focus on R&D-based growth within the context of demographic change also sets this paper apart from
the broader quantitative macroeconomic literature, where this dimension is largely confined to business
cycle analyses of a representative household.® By contrast, the extensive body of research that employs
OLG models to study the macroeconomic effects of demographic change mainly concentrates on fiscal
policy, international capital flows, and asset returns.” Studies like Krueger and Ludwig (2007) and Cooley
and Henriksen (2018) that nevertheless touch upon the issue of growth typically restrict their attention
to the trade-off between capital deepening and a shrinking workforce. While some papers incorporate
additional adjustment margins, such as human capital accumulation (Ludwig, Schelkle and Vogel, 2012;
Vandenbroucke, 2021) or automation (Heer and Irmen, 2014; Benzell et al., 2021), no research to my
knowledge conducts these quantitative analyses with endogenous R&D-driven technological change. This
paper marks an initial step in this direction.

2 A Simple Model to Understand the Mechanisms

To build intuition, it is useful to first analyse a simplified version of the quantitative model that can be solved
analytically. Thus, consider the Solow-esque world given in Table 1, in which households exogenously save
a fixed fraction sr of income and supply labour L;, which grows by the rate of the population n. Savings are
allocated between next-period capital K.; and R&D investment Q;. Together with the existing stock of
technologies Z;, R&D investment generates new technologies through an R&D production function as in
Jones (1995). Output Y; is determined by Cobb-Douglas production with capital, technology, and labour
as inputs. For simplicity, both capital and technology fully depreciate each period, and a fixed fraction
p of savings is invested in capital. With full depreciation of capital and technology, this fixed allocation
of savings is also the market equilibrium if the model is expanded along the lines of Romer (1990) and
Jones (1995) to include the returns on capital and R&D investments, but imposing it directly simplifies the
exposition.

We are interested in how the demographic structure affects output per capita y; = Y;/N;, where N; is

the size of the population. A helpful decomposition of per-capita output based on the Cobb-Douglas

production function is then

K\ L
) ~ (1)

=7, [ ,
% t(Yt N;

which shows that output per capita is proportional to the stock of technology (total factor productivity,
TFP), a capital intensity (captured by the capital-output ratio), and the employment rate. Recalling that the
demographic transition is characterised by two salient features after 1950—the baby boom and increasing
life expectancy after age 50—the focus of the following subsections is to understand hos these demographic
trends affect the components of Equation (1).

2.1 Components of Output Per Capita in Steady State

Table 1 outlines a semi-endogenous growth model in which the components of Equation (1) can be solved
explicitly in steady state—an equilibrium where all variables grow at constant (possibly zero) rates. First,
dividing (S2) by Z; yields the gross TFP growth rate 1+g7; = % = Q?Z?b_l. In steady state, the right-hand

6 Examples include Comin and Gertler (2006), Nufio (2011), Benigno and Fornaro (2018), Anzoategui et al. (2019), Bianchi,
Kung and Morales (2019), and Okada (2022).

7 Besides papers mentioned elsewhere, a far from exhaustive list includes De Nardi, Imrohoroglu and Sargent (1999),
Storesletten (2000), Fehr, Jokisch and Kotlikoff (2004), B6rsch-Supan, Ludwig and Winter (2006), Domeij and Flodén (2006b),
Attanasio, Kitao and Violante (2007), Kotlikoff, Smetters and Walliser (2007), imrohoroglu and Kitao (2012), Kitao (2014),
Gagnon, Johannsen and Lépez-Salido (2021), and Auclert et al. (2024).



Table 1. Summary of the simple model.

Output Y, = K¥(Z:Ly)'™*, 0<a<l (S1)
R&D output Zin = Q27 0<A<1, ¢<1 (S2)
Asset market sty = K + Q¢ (S3)
Allocation Q = 1A=-p)srYy, 0<p<1 (S4)
Population growth Ly = (1+n) L, (S5)

side must remain constant while R&D investment must grow at the rate of total output. It follows that
steady-state TFP growth satisfies

l+gz = (1+n), where y= —— (2)

and this is a function of exogenous parameters, hence the “semi-endogenous” modifier. Combining
Equation (2) with (S3) and (S4) gives the capital-output ratio:

K p
e __ PT (3)
th (1 + 1/1) V(ll;ﬁb)

Like the Solow model, the capital intensity is thus the share of output allocated to capital investment
divided by the aggregate growth rate. Equations (2) and (3) can then be used with those in Table 1 to solve

for the stock of TFP: .

1
Z = 1‘P( psT ) v @

P\ a+m ™ t

Equation (4) writes TFP as the product of two factors. The first is an R&D intensity, which is determined
by the saving rate and thus reflects household behaviour and composition. The second, L, is the scale
effect on output per capita present in all semi-endogenous growth models (Jones, 2005). Specifically, for
given household behaviour, a larger population increases aggregate investment, and this raises the stock
of TFP. But technology is nonrival; once discovered, it can be used simultaneously by everyone at no
additional cost. Output per capita therefore depends on total TFP rather than TFP per capita, as seen in
Equation (1). Consequently, output per capita increases simply by virtue of a larger population.

At this point, let’s add households to endogenise the employment and saving rates. Consider a life-cycle
model with young, middled-aged, and old households (indexed by j = 1, 2, 3, with cohort size N;). Young
and middle-aged households supply labour inelastically, while old households are retired. If the size of the
young cohort grows at rate 1 + n each period, and a j-year-old survives to age j + 1 with probability s;,
then the steady-state employment rate is

51
Ly~ Ny+Ny L+ 55

Nt B N1t+N2t+N3t - 1+15+_1n(1+li-_2n)

(5)

For simplicity, suppose households have logarithmic preferences over consumption c, that annuity markets
are present, and that young households consume their entire income. Households then maximise expected



lifetime utility log(c;) + s18log(cz) + 515282 log(c3) subject to the budget constraints ¢c; = w, ¢; + a = w,

and ¢; = 13—2’ a, where f3, a, r, and w denote the discount factor, household assets, the interest rate, and
the wage rate, respectively. The solution to the household problem is characterised by the savings policy
Ape) = % wy. The aggregate steady-state saving rate can then be written
_ ar+1Not _ weLy ] s3f . 1S+_2n (6)
Y, Y, 1+sf 1+

which is a product of the labour share of national income, the share of labour income allocated to savings,
and the share of middle-aged workers (i.e., savers) in the labour force. Note that the labour share of income
is constant given the Cobb-Douglas production function with constant exponents.

2.2 Population Ageing via Increasing Survival Rates

Consider now an ageing of the population through increases in the survival rates s; and s,. Think of the
former as representing the increase in survival rates for ages 50-64 observed in the data, while the latter
represents the similar increase observed for ages 65 and above. The higher survival rates naturally push
down the employment rate through a mechanical increase in the old-age dependency ratio, as seen in
Equation (5). This reduces output per capita by (1). Meanwhile, Equations (3), (4) and (6) highlight a
counteracting force: higher survival rates raises the saving rate, which in turn generates larger capital and
R&D intensities, the latter of which improves TFP. Additionally, an increase in the middle-age survival
rate s; also raises the size of the labour force relative to its previous trend, thereby increasing TFP further
through the scale effect present in (4).

The intuition for the effects on the capital and R&D intensities is straightforward. A higher likelihood of
middle-age survival raises the share of households that save, while a higher likelihood of old-age survival
increases the life-cycle savings motive, so households save more intensively. The extra savings are allocated
proportionately to capital and R&D investment according to (S4). The capital stock, however, increases
disproportionately more than TFP because the production of capital is linear in investments whereas the
R&D process features decreasing returns to scale: a necessary parameter restriction for a steady state to
exist is y > 0, which holds for feasible values of A and ¢ if and only if A + ¢ < 1. Therefore, both K;/Y; and
Z; rise.

2.3 A BabyBoom via Temporarily Increasing Fertility Rates

Next consider a temporary increase in the population growth rate 1 + n, similar to a baby boom. Since
population growth eventually returns to its original level, this leaves the long-run age structure unchanged.
As a result, neither the employment rate nor the saving rate (and, by extension, the capital and R&D
intensities) is affected. The only long-run impact is through the scale effect in Equation (4): a temporary
fertility boom permanently raises the population size, which leads to higher TFP and subsequently higher
output per capita. This is exactly what a standard semi-endogenous growth model with a representative
household predicts.

Equations (3) to (6) nevertheless provide guidance about the transition dynamics beyond the scale effect for
this scenario. The saving rate is low when the share of middle-aged households is low, and the employment
rate is high when the share of old households is low. The initial boost in the share of young households
therefore generates positive growth via the employment rate and reduced growth via the capital and R&D



Table 2. Comparative statics of the simple model.

Technolo i
Change Duration Outpu.t gy . Cap1t:al Employment
per capita R&D intensity ~ Scale intensity rate
Mid-age mortality: s; T Permanent  Ambiguous + + + -
Old-age mortality: s T Permanent  Ambiguous + + -
Fertility: 1+ n 7 Temporary + +

Notes. Increases denoted by plus signs, decreases denoted by minus signs.

intensities. As this generation reaches middle age and their children enter the labour force, the positive
impact on the employment rate remains at the same time as the saving rate recovers, thus reverting the
effect on the capital and R&D intensities. Finally, when this generation reaches retirement, the employment
rate declines back to its initial level, which completes the transition. These predictions will be useful to
understand the quantitative results in later sections.

2.4 Taking Stock

The steady-state predictions are summarised in Table 2. Overall, the demographic transition lowers the
employment rate through the old-age dependency ratio, raises the capital intensity via an increased saving
rate, and generates technological change through both the saving rate and the scale effect associated with
the nonrivalry of technology. Yet, the relative strengths of these channels and the net effect on transitory
growth are ambiguous. This motivates the need for a quantitative treatment.

3 A Quantitative OLG Model With Endogenous Growth

The quantitative model is a closed economy populated by overlapping generations of households, produc-
tion firms, R&D firms, and a government. Time is discrete and a period is one year. Exogenous change in
the demographic structure constitutes the driving force of the model.® The model features a rich set of
factors that affect household behaviour over the life cycle, including changes in household size, mortality
risk, idiosyncratic income risk, borrowing constraints, progressive income taxation, intensive (hours
worked) and extensive (age of retirement) margins of labour supply, and bequest motives. The rest of the
model remains close to the growth literature: the production sector consists of a perfectly competitive
final-good firm and monopolistic intermediate-good firms, and technology grows endogenously through
the entry of new intermediate firms created from innovations in an R&D sector.’

3.1 Demographics and Household Composition

In period ¢, the economy consists of ] + 1 generations of sizes Ny, . . ., Nj;, and the total population is
N; = Z}:o Nj;. From a given initial population, the demographic structure in subsequent periods is pinned

8 For simplicity, I abstract from the possibility that technological change reversely affects demographic variables (birth
control, treatment of diseases, and so on). This follows Lee (2016, p. 111), who states “My personal view is that trajectories of
fertility, mortality, and health should be taken as exogenous. While theories are available to relate these to individual choices,
they have little predictive power and their use might obscure the workings of some better understood mechanisms”

9 The mechanisms emphasised in this paper are present in any standard endogenous growth model, so choosing between
the expanding-variety model of Romer (1990) or a quality ladder a la Aghion and Howitt (1992) and Grossman and Helpman
(1991) is inconsequential here.



down recursively by age and time specific fertility rates fj;, survival rates s;;, and net migration rates m;;
according to

J
Nots1 = Zﬁtht and Nit,t41 = (Sjt + mjt)Njn (7)
j=0
where s;; = mj; = 0 holds for all t, implying that individuals die with certainty after age J. Migrants
bring their accumulated wealth when they move and are economically identical to non-migrants. This
assumption eliminates the need to separate between natives and migrants in the economic model.

Individuals are children for the first / years of their lives, after which they form a household and become
economically active. A household consists of an adult head and their dependants, including both children
and grandchildren of underaged parents. For an adult of age j, the number of dependants of age i < ¢ is
given by
=1
N,Zl-t = fj—l—i,t—l—i%% + Z N;jthit- (8)
0.1 J k=i+1

The first term is the number of children. It is obtained by taking the fraction of the i-year-olds born to
parents who are now age j, multiplying it by the current population of i-year-olds, and distributing that
total evenly across the current j-year-old population. The second term is the number of grandchildren,

where the number of i-year-old dependants of an underaged parent is given analogously to the first term
on the right-hand side of (8).

3.2 Household Endowments and Preferences

Individuals are endowed with one unit of time and enter adulthood as members of the labour force with no
assets. Workers provide an effective labour supply of ¢; = ¢jnh; efficiency units, where h; is hours worked,
& is a deterministic, age-dependent productivity level, and # is an idiosyncratic productivity component
that evolves stochastically following a time-invariant Markov chain. Idiosyncratic productivity in the
initial adult age ¢ is distributed according to the invariant distribution of the associated Markov chain,
and households can partially self-insure against idiosyncratic shocks through asset holdings a subject
to a borrowing constraint. Additionally, there are no annuity markets to insure against mortality risk.
Instead, the government seizes the assets of households that die prematurely and redistributes them as
lump-sum transfers ¢ to surviving households. Leaving time subscripts implicit in this subsection, the
budget constraint facing a household head at age j is thus written

a1 + (1+7)¢ = (L+7r(1 - Tk))aj + (1-1"(wh) - Th)wé’j + tr + b(R)), 9)

where ¢ is total household consumption, 7 is the rate of return on savings, w is the wage rate, and 7°, k.

w b denote tax rates where, in particular, 7% is allowed to vary with labour income. The final term,

T
b(R;), is a pension benefit to be specified later that depends on whether a person is retired and on the age

of retirement, both of which are captured by the retirement status R;.

d
i
per i-year-old dependant, and the warm glow of knowing a bequest is left in case of future death. Starting

A household head of age j values their own consumption c?, their leisure time 1 — A, the consumption ¢



with consumption, its flow utility is generated by

() 7-1 =2 ()™ -1
ay-1y VT E ard Y
Uc (CJ?, {Cij}iZO) = T + 2, wlNij —1 pe , (10)

where 1/0 is the intertemporal elasticity of substitution for consumption and w; is the utility weight of
i-year-old dependants. Households benefit from economies of scale in the sense that total household
consumption satisfies the constant elasticity of transformation function

1

NG (C?j)ﬂ , (=1, (11)

=1
G = [ (cj“)c +
i=0
in which the parameter { captures the degree of scale. If { = 1, there are no scale benefits and total
household consumption is just the sum of the individual consumption levels. Equations (10) and (11)
admit an equivalent utility function expressed in terms of total household consumption. Taking household
consumption as given and maximising (10) subject to (11) with respect to individual allocations, we obtain

d

1
¢ = wi(’(l’”) cj“. This condition combined with (10) and (11) generates a utility function of the form

) {=(1=0)
¢ 0 -1 =1 . 7
— {—(1-0
uc(c) = Qjcﬁ, where Q=1+ w; « )Nij (12)
i=0
1
is an age and time specific household size taste shifter. Specifically, substituting cg = wf_“"’) cj“ into

1 1

Equation (11) reveals that ¢; = Qj‘;’“"’) c]fl, ) QJ.‘C_““’) measures the number of adult equivalents in a
4

-(1-0)

i

consumption, leisure, and bequests, overall utility is subsequently defined as

household and w is the equivalence weight of an i-year-old dependant. In terms of household

leo' -1 hl+l/9 (ah )1—0’ ~1
b\ _ j j j+1
H(Cj,hj,aj+1) = Q]C 1—o - W1+1/9 + (l—Sj) Qa?, (13)

where 0 is the Frisch elasticity of labour supply, y determines the disutility of working, ), is the utility
weight of bequests, and aij =(1+r(1- rk))aj+1 are next-period bequests. Equation (13) belongs to the
class of balanced growth preferences characterised by Boppart and Krusell (2020) that allows for falling
hours worked in the long run; the income effect of higher wages on leisure dominates the substitution effect
if 0 > 1, leading to a decline in hours worked when long-run wage growth is positive. These preferences
are summed into an expected lifetime utility function of the form

) j-1
E Z B (l_l sk) u(cj, hj, aj’ﬂ) , (14)

j=t k=t

where f3 is the discount factor and expectations are taken over idiosyncratic productivity.



Households maximise expected lifetime utility (14) by choosing consumption, hours worked, and their
age of retirement. At the start of each period, households observe their state xj’ = (aj, 1, Rj—1) consisting of
current wealth and idiosyncratic productivity and the previous-period retirement status, and subsequently
make their retirement decisions. Consumption and hours worked are then chosen in a second stage
conditional on the post-retirement decision state x; = (aj, 7, R;). Retirement is an absorbing state, so the
labour supply choices during retirement are trivial and the household problem reduces to a standard
consumption-savings choice.

Formally, denote the retirement choice by a discrete variable d equal to 1 if choosing to remain in the
labour force and 0 otherwise and let the retirement status evolve by R; = R;_; + dj, starting with R, = 1.
An optimal retirement policy is then a function dj(xj’ ) that solves the first-stage problem

Vi(x)) = Jomax {v;(x)} (15)

subject to the motion of the retirement status and to

{0) 1} ifR'—l = .:
D(Rj-y) = L ].

{0} ifRi_1 < j,
where V](x]’ ) and vj(x;) are the pre and post retirement decision value functions at age j. Optimal policies for
consumption, savings, and hours worked are functions ¢;(x;), a;(x;), and h;(x;) that solve the second-stage
problem

(%) = max fuu(gi e alty) + SBE[Vier () | 1]} (16)
i By

subject to the budget constraint (9), the time constraints h; € [0, 1] if working and h; = 0 if retired, and
the borrowing constraint a;;; > 0.

3.3 Production

The competitive final-good sector hires labour L; at the wage w; and buys a continuum of intermediate
capital inputs {k;; } indexed by i at prices {p;;} to produce output Y;. Production follows the Cobb-Douglas
function

Zt %
Y, = Ltl_"‘(/0 kftdi) , O<ap<l, (17)

where z; is a measure of the intermediate varieties available at time ¢. Intermediate-good firms have a
linear production function that converts capital into intermediate inputs one for one. Capital is rented
from households at the rate r; + Jy, where Jy, is the capital depreciation rate. Each firm in the intermediate
sector has a patent for their own variety and acts as a monopolist. Conditional on having a patent, a firm
j consequently maximises operating profits 7; = (pj; — r: — 0x)kj: subject to the final-good producer’s
demand for j. By profit maximisation in the final-good sector, this demand constraint is given by

P
Y, ki

Pt = “kf - (18)
s /0 kb di
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By symmetry, all firms charge the same mark-up over marginal cost, p;s = p; = % (7t + Ox) and therefore
sell the same quantity k; and earn the same profits 7; = (1 — p)p¢k;.

3.4 The R&D Sector

The R&D sector exhibits free entry and a unit measure of innovators invest an amount Q; of final output to
develop new designs of intermediate goods. Patents for new designs are sold to prospective intermediate-
good firms at the end of a period ¢ for a one-off price P, .1, which then convert the designs into usable
input in period t + 1. These patent purchases are financed by households in exchange for equity ownership
in the intermediate-good firms. There is free entry into R&D and, like the simple model in Section 2,
innovation is characterised by an overall production function as in Jones (1995):

F(Q) = %Q = vQ, 0<A<1 ¢<l (19)

¢

t
(via ¢) that impact the aggregate development but are external to individual innovators. R&D firms thus

The productivity factor v, = thA‘lz incorporates duplication effects (via 1) and knowledge spillovers
choose expenditures Q; to maximise profits (P, ;41v; — 1)Q;, which together with free entry yields the
zero-profit condition

Q = PnvQz. (20)

As in Comin and Gertler (2006) and similar papers, an intermediate-good firm is not infinitely lived; each
period, a fraction 8, of firms become obsolete.'” The law of motion of new intermediates is therefore
zr41 = (1 = 8;)z + F(Qy), thus implying the gross growth rate of intermediate varieties

T+g = 1-8,+vQlzl ™" 21)

Lastly, a prospective intermediate producer enters only if it is profitable to do so. That is, the firm enters if
the sum of expected discounted flow profits 7 exceeds the fixed cost P, of purchasing a patent. Free entry
into the intermediate-good sector drives the profitability of entry to zero. This is equivalent to saying that
the following no-arbitrage condition holds in equilibrium:

= m + APy — (Szpz,t+1 (22)
t P, ’

where AP, = P, 4.1 — Py is the change in the patent price in period ¢.

3.5 The Public Sector

The public sector engages in three activities: it redistributes assets from deceased individuals; it collects
taxes on consumption, capital gains, and wages via the tax rates 7¢, 7, and 7% to finance public consumption
Gy; and it operates a pay-as-you-go social security system, which is financed by contribution rates 7° on
labour earnings. The budget constraint of each public sector activity is independent of the other two and
always balances. In the baseline model, budget balance is achieved through endogenous adjustments
in the bequest transfers tr, public consumption Gy, and social security contribution rates 7°. An ageing
population in this setup generates higher contribution rates to maintain pension benefits. Compared to the
alternative (constant tax rates and cutting benefits), this is the most growth pessimistic arrangement, since

10 This feature is primarily technical to calibrate the level of R&D investment. We can also set 8, < 0 to generate exogenous
growth, as in the standard neoclassical model, in addition to that created through R&D.
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it negatively impacts both the incentive to save for retirement and for late retirement (due to generous
pensions) as well as the ability to save (through higher taxation).

Pensions are independent of earnings history but depend on the age of retirement.!! Specifically, a
household with retirement status R receives a pension that is scaled by a factor ps(R) relative to a base-level
benefit received if retiring at some normal retirement age R"*""", thus allowing for early retirement penalties
and delayed retirement credits. The base-level benefit is a fraction u of average gross labour income w;£;,
where ¢, is the average number of efficiency units per worker. An age-j household therefore receives a

pension transfer
R w, z .f j > max Rmin, R >
Zt(R) {PS( )‘u tr 1) { } (23)

if j < max{R™", R},

where no pension is paid out to retirees younger than some threshold age R™™" or to workers.

3.6 Equilibrium

In any period ¢, the state of the economy is pinned down by the aggregate capital stock K; = /OZ’ ki, di,
the number of intermediate varieties z;, the patent price P,;, and measures {®j;(x) };[:: characterising the
distribution of households after their retirement decisions are made. Since the state of a household is
determined by their asset wealth, idiosyncratic productivity, and retirement status, the state space for
the household measures is given by X = R, X H X {,...,] + 1}, where H denotes the state space of the
Markov chain for idiosyncratic productivity. Given a demographic evolution and initial conditions Ky, 2,
Py0, {®@jo(x) }JLI, we then have:

Definition 1 (General equilibrium). An equilibrium consists of paths for household decision rules {dj ("),
cjt(-), ajt(-), hjt(-)}fio and measures {CDjt(-)}fZO for all ages j, prices and profits {r;, wy, 7, Pzt}zo, taxes
and transfers {1}, Ttk, Ttb, 7/ (), tr, by ( -)};’io, and aggregate quantities such that for all periods ¢:

(i) Household decision rules solve problems (15) and (16).
(ii) Profit maximisation of final and intermediate good firms yields the consolidated production function

a_l-p
P

Y, = K¥(Z:Ly)' ™%, where Zi =207, (24)

with corresponding factor prices and profits

Y; Y: Y
w; = (1 -—a)—, rr = ap— — O, m = a(l —p)—. 25
t ( )Lt t PKt k t ( P)Zt (25)

(iii) The measure of intermediate varieties z;, the patent price Py, and aggregate R&D investment Q;
satisfy Equations (20) to (22).
(iv) The public sector balances its budgets:

]

G, = 1°C; + TFnA, + § Nj; / 7 (el (x) )we i (x) dDy, (26)
: X
J=

1 Earnings-dependent pension introduces another continuous state variable in the household problem and I abstract from
this feature to avoid the additional computational complexity that it entails, as is common in Auerbach and Kotlikoff (1987).
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J
Ttbtht = ZN}t/bt(R) ddy, (27)
= X
1+ra(1-18) <
e = 7 22 Z(l —Sjt)th/ajt(x) d®y, (28)
Zj=l I\[j,t+1 j=t X

where C; = ZJLL Nj; /X cjt(x) dDj; is aggregate consumptionand Ayy; = Z}:: (1+mj) N /X ajt (x) dD;
is aggregate wealth.
(v) Labour, capital, and goods markets clear:

J
L = ZI\TJt/fjt(x) dCDjt, (29)
j=t X
Ar = K¢ + Pz, (30)
Y+ ANy = G+ Gy + [Kip — (1= 80K | + Qp, (31)

M
where Al

(vi) For a given Markov kernel IT and for all Borel sets S = A X H x R on X (and dropping time

= Z][:[ m;tNjs fX aj(x)d®j; is the net wealth brought by migrants.

subscripts), the household distributions evolve according to

Bpur(S) = /X [ /H al,»H(x')H(n,dn')] d0; + /X [ /ﬂ (1= dyur (&) T d) | do,— (32)

where Xy = {x € X : aj(x) € A, R+1 € R} and Xp = {x € X : aj(x) € A, R € R}, and where
x" = (aj(x), ', R), /' € H, are the relevant pre-retirement decision states at age j + 1. If I denotes
the unique invariant distribution of II, the initial household distribution is equal to

/d,(O,n,z)dF ifR=1+1,
O,({0} x H x {R}) = { ¥ (33)
/ (1-4d,(0,1,0))dl ifR=y,
H
and zero for all other asset levels and retirement statuses. <

As in Romer (1990), the model features endogenous growth in total factor productivity Z, through changes
in the measure of intermediate varieties z;. As in Jones (1995), this growth is semi-endogenous in that it is
exogenously determined by the rate of population growth along a balanced growth path.

Definition 2 (Stationary equilibrium). A stationary equilibrium, or steady state, is an equilibrium in which
all variables grow at constant (possibly zero) rates and all growth rates are determined by the population
growthrate 1+ n = NI(]—’:I In particular, the growth rate of new intermediate-good firms is

A
= X =
1+g = (1+n)k where X = e 0 l;p > 0. (34)

1+60 1-a
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The growth rates of TFP, output per capita, and hours per worker are similarly

l+gz = (1+n)7, l+g, = (1+n)?, l+g, = (1+n)',
_ 1- _ 140 _ 60—
whereyz = X 12575, 1y = T vz and yy = 5 yz = 9y — vz ‘

The growth rates in Definition 2 are derived in Online Appendix A. Note that the TFP growth rate reduces
to Equation (2) in the simple model if we consider a steady state with constant hours worked (via log
preferences, 0 — 1) and a substitution parameter for intermediate goods exactly equal to the capital share
parameter (p = «).

4 Numerical Experiment and its Computation

As a quantitative exercise, I consider a transition from 1950 to 2100 where demographic change is the
only exogenous driver. The transition mimics observed and projected population trends and eventually
converges to a steady state consistent with the projected fertility, mortality, and migration rates by the end
of the twenty-first century. To reduce the impact of the initial steady-state assumption on the period of
interest, I simulate the model from a stationary equilibrium in 1900. In 1901, the economy is shocked
by the demographic transition, after which agents have perfect foresight of aggregate variables until the
new steady state. The 1901-1950 period serves as a calibration phase, during which model moments are
matched to data to pin down key parameters. To isolate transitory growth effects, such as those from the
baby boom or changes in old-age mortality, I impose a common population growth rate in both steady
states. This ensures that GDP growth remains constant in the long run, allowing any deviations from this
trend to be attributed solely to transitional dynamics.

Numerically, I solve the household problem using the discrete-continuous endogenous grid method
introduced by Iskhakov et al. (2017) and approximate the household distributions with histograms over
wealth, idiosyncratic productivity, and retirement status. Iskhakov et al. extend Carroll’s (2006) endogenous
grid method to incorporate discrete choices, which reduces the computational burden of modelling
endogenous retirement. The overall model equilibrium is obtained via an Anderson acceleration procedure
that iterates over paths of interest rates (7;), pension contribution rates (Tf’), average labour supplies ©,),
lump-sum transfers (tr;), and growth rates of intermediate varieties (g,;) until all equilibrium conditions
hold.?

5 Bringing the Model to the Data

The model is calibrated to be consistent with key features of the US economy. To this end, I first set values
for a subset of the model parameters based on exogenous estimations and previous literature. With these
parameter values in hand, I then estimate the remaining parameters internally by matching transition path
moments of the calibration phase (the pre-1950 period) with US macro data. The results are summarised
in Table 3 and discussed in detail below.

12 Anderson acceleration is an enhancement of fixed-point iteration that achieves superlinear convergence. Unlike comparable
quasi-Newton methods, Anderson acceleration does not require an initial Jacobian matrix of derivatives, which makes it ideal for
computationally heavy large-scale macroeconomic models.
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Table 3. Calibrated parameters of the baseline model.

Parameter Description Value Source or target
Households

! Initial adult age 20 Children between 0-19

J Maximum age 99 Certain death at 100

B Discount factor 1.011 Capital-output ratio

14 Leisure weight 80.23 Hours per person aged 20-64

(o) Bequest weight 16.55 Old-age asset wealth

o Inverse IES 1.75 Boppart and Krusell (2020)

0 Frisch elasticity 0.5 Chetty et al. (2011)

¢ Household consumption scale 1.49 Browning and Ejrnzes (2009)

{wi}2; Utility weights on dependants Fig. E4? Browning and Ejrnaes (2009)
Individual productivity

{g }]Ll Deterministic productivity Fig. E5* PSID

0] Persistence shock 0.97 Heathcote et al. (2010)

a? Variance shock 0.02 Heathcote et al. (2010)
Production

o Intermediate goods share 0.35 Labour share of income

p Elasticity of substitution 0.67 Profit share of income

Ok Capital depreciation rate 0.034 Depreciation/output
R&D

8, Firm obsolescence rate 0.002 IPP depreciation/output

v R&D productivity 0.009 z = Z = 1 in initial period

A Duplication externality 0.75 Comin and Gertler (2006)

¢ Knowledge spillovers —-0.068 g0=597% = gz =111%
Social security

U Replacement rate 0.413 Clingman et al. (2021)

Rrorm Normal retirement age 65 Social Security Administration

R™Min Lowest retirement age 62 Social Security Administration

ps(R;) Early/delayed scaling 0.8-1.15 Social Security Administration
Taxes

T¢ Consumption tax rate 0.080 BEA national accounts

Tk Capital gains tax rate 0.383 BEA national accounts

% (we) Income tax rate at mean income 0.116 BEA national accounts

Ko Asymptotic income tax rate 0.631 OECD tax database

K1 Income tax progressivity 0.574 OECD tax database

) Income tax scale parameter 0.505 OECD tax database

K3 Income tax rate at zero income -0.205 OECD tax database

2 Available in Online Appendix F.

5.1 Demographics

The United Nations (2024) World Population Prospects provides annual estimates on age-specific survival
rates, age-specific fertility rates (births per woman), and aggregate net migration between 1950 and 2100.
For earlier years, I collect age-specific survival rates and fertility rates from Bell and Miller (2005) and
Heuser (1976), and use aggregate immigration data from the US Department of Homeland Security (2020)
as proxy for aggregate net migration. The age distribution of migration is assumed throughout to match
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(a) Population growth rate (b) Old-age dependency ratio
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Figure 2. Demographic evolution.

the US Census Bureau’s (2023) population projection. Fertility rates by age are only available from 1917,
so for earlier years I adjust the 1917 rates by the change in the total fertility rate between these years and
1917 using estimates from the Gapminder Foundation (2024). The fertility rates and migration levels are
then converted into births and migrants per person using population estimates from the Census Bureau’s
intercensal population tables and the UN World Population Prospects. Finally, I smooth all demographic
variables with an HP-filter using an annual smoothing parameter of 6.25.

The resulting demographic variables for the year 2100 generate a steady-state population with near-zero
growth. For simplicity, I marginally adjust migration rates by a common term so that population growth
is exactly zero in the final steady state. I similarly impose a stable and constant population in the initial
steady state which is consistent with the data on survival rates, fertility rates, and population size, again by
adjusting migration rates with a common term.!® Figure 2 plots the implied demographic development
and shows that the calibration closely matches United Nations estimates.

5.2 Households

Households start their economic lives upon turning 20 and die with certainty at 100. I set the Frisch
elasticity of labour supply 6 to 0.5, as recommended by Chetty et al. (2011) along the intensive margin. This
value is also consistent with Domeij and Flodén (2006a), who explicitly account for the bias arising from
uninsurable income risk and borrowing constraints. The inverse intertemporal elasticity of substitution, o,
is calibrated following Boppart and Krusell (2020), who present macro evidence that 2 percent productivity
growth in the long run implies a fall in hours worked by roughly 0.4 percent per year. Since the steady-state
growth rates of hours worked and technology in Definition 2 are linked via 1 + g, = (1 + g») T , this
empirical pattern suggests that 6(1 —0)/(1 + 0o) ~ —0.2. Given 0 = 0.5, this generates a ¢ of 1.75. While
based on long-run macro trends, these parameter values are also consistent with micro evidence: Heathcote,
Storesletten and Violante (2014) consider an incomplete-markets model with similar preferences and
estimate (o, 0) = (1.71, 0.46) using US micro data.

. . . . . . Si+mi+x i .
13 If x is a common migration rate shifter, a steady-state population satisfies Nj,1 = %N] = (]_[i: 0 S"Y”Tffx) Np. Consist-

ency with fertility rates requires that (1+n) Ny = Z}:O fiNj. Combining these yields the condition 1 +n = Z]I:o (H;{;é sk"i":;” ) fi

which can be solved for x numerically.
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_ &
The adult equivalence weights w' "'~

Ejrnaes (2009), who estimate equivalence scales for low- and high-educated households that include age-

and the household scale parameter { are based on Browning and

specific weights for children and economies of scale. Browning and Ejrnaes use UK data, though Fernandez-
Villaverde and Krueger (2007) demonstrate with US data that a similar age-varying equivalence scale
explains the hump shape of life-cycle consumption better than a traditional scale. The equivalence weights
are set to the average of Browning and Ejrnees’ estimates for the two education groups. Browning and
Ejrnees’ economies-of-scale parameter, call it (g, is linked to the scale parameter here via (gg 0 = ¢=-0)
Given ¢ = 1.75 and choosing (g = 0.86, again the average of Browning and Ejrnees’ estimates, then yields

{ = 1.49.

I estimate the deterministic age-efficiency profile {sj}]; by a fixed-effects regression of real log wages
on a quadratic in age using 1968-2019 Panel Study of Income Dynamics data (see Online Appendix B
for details). The resulting profile features a standard hump shape that peaks between the ages of 40 and
50. The idiosyncratic productivity shocks are assumed to follow the AR(1) process log#n’ = ¢logn +e,
where € ~ N(0, 62). The persistence parameter ¢ and error variance o7 set to 0.97 and 0.02, following
the evidence in Heathcote, Storesletten and Violante (2010). This process is discretised into a five-state
Markov chain using Rouwenhorst’s method (Kopecky and Suen, 2010).

5.3 R&D Production Function

The R&D production function contains three parameters: the productivity level v, the duplication extern-
ality A, and the knowledge spillover ¢. The first one is a scale parameter; I set it so that z = Z = 1 in the
initial steady state. Bloom et al. (2020) highlight that there is no consensus on the correct value for A, so I
simply follow the calibrations in Jones and Williams (2000) and Comin and Gertler (2006) and set it to
0.75.

Like Jones and Williams (2000) and Bloom et al. (2020), I calibrate ¢ to make the R&D production function
consistent with the time-series relationship between TFP and real gross investment in intellectual property
products (IPP).!* Figure 3, which plots data from the Penn World Table and the Bureau of Economic
Analysis (BEA, NIPA Table 5.2.3), shows that these variables exhibit roughly constant growth rates of
1.11 and 5.97 percent per year since the 1950s. To be consistent with these trends, the model R&D
equation 1 +g, = 1 — 8, + vQ*z#~! must generate stable growth in which the last term on the right-hand
side remains constaint whenever z and Q grow at similar constant rates. Assuming this condition holds,

_a 1=p
log-differentiating the last term and substituting the TFP definition Z = z™== # then yields the calibration
equation ¢ =1 — )tﬁ % gg;%, where grpp and grpp are the growth rates from Figure 3. Given the baseline
values for A, a, and p, this results in ¢ = —0.068.!> This calibration, in turn, implies steady-state growth

exponents yz and y, of 0.22 and 0.18, close to the mid-range of Jones’s (2002) estimates.'®

14 Besides formal R&D, IPP investment includes nonrival goods such as computer software and entertainment, literary, and
artistic originals. This broader measure is arguably closer to the model’s notion of innovation, so I use total IPP investment rather
than formal R&D as the relevant calibration variable.

15 This value is larger than what Bloom et al. (2020) finds for the aggregate US economy. However, Bloom et al. estimate ¢
under the implicit assumption that p = a. Imposing the same restriction here yields a similar value.

16 A steady state with (y, ¥y) = (0.22,0.18) and for example 1.2 percent annual population growth exhibits TFP and output
per capita growth of 0.26 and 0.21 percent per year.
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Figure 3. USTFP and aggregate IPP investment in the data.

Source. TFP from the Penn World Table (Feenstra, Inklaar and Timmer, 2015), expressed as Harrod-neutral technological change
using labour shares from the same source. IPP investment from BEA NIPA Table 5.2.3.

5.4 PublicSector

I set the gross pension replacement rate y to 0.413 based on Clingman, Burkhalter and Chaplain’s (2021)
estimates for average-income workers who retire at the normal retirement age. The normal retirement age,
R™™ is 65 and the earliest age to collect retirement benefits, R™", is 62. Early and delayed retirement
adjustment via ps(R) is similar to that of the US Social Security system. For every year of early retirement,
the base level benefit is reduced by 6 % percent per year for the first three years and 5 percent per any
additional year. For every year of delayed retirement, the base level benefit is scaled up by 3 percent until a

maximum age of 70. After 70, no extra benefit is given for delaying retirement.!”

The income tax rate 7%(e) at household earnings e is parametrised by the Gouveia and Strauss (1994)

e =1 (o (£) 1)

where x controls the asymptotic tax rate lim,_,., 7¥(e) = o + k3, k; determines the degree of tax

form:

+ K3, (35)

progressivity, and «; is a scale parameter. Equation (35) augments Gouveia and Strauss’ original function
with average labour earnings e, which makes the tax function invariant to units of measurement, and the
parameter k3, which allows for a non-zero marginal tax rate at zero earnings.

To calibrate the taxes, I first construct tax rates on consumption, capital, and labour income using national
accounts data from the BEA by dividing the aggregate revenues of each tax with its corresponding tax base.
Taking the average of each tax rate between 1950 and 2022 gives 7¢, 7, and 7% (e), the latter being the
income tax rate at average earnings. Next, I estimate {j, k1, k3, k3 } using the OECD tax database, which
provides income-specific tax rates that incorporate federal, state, and local government taxes plus several
deductions and credits. These estimates are available annually since 2000, but only for a few representative
income levels. I therefore replicate the OECD’s methodology to compute tax rates over a full grid of

17 These are the exact retirement ages and scaling rules used by the Social Security Administration for cohorts born before
1924. Later cohorts have higher normal retirement ages and more generous delayed retirement credits, though Online Appendix E
shows that the quantitative results are insensitive to a more accurate development of R"*"" and ps(R).
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(a) Assets by age group (b) Disposable income by age group
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Figure 4. Life-cycle profiles in 1950 in the model and the data.

Source. Net worth from the 1949 Survey of Consumer Finances (Goldsmith, 1955, Table XLIII). Disposable income from the
1950 Survey of Consumer Expenditures (US Bureau of Labor Statistics, 1957, Table 1-1).

incomes for each year and fit (35) to these estimates. Finally, for consistency with the aggregate data, I
shift the level of the tax curve by adjusting the estimated parameters until the tax rate at average earnings,
7%(e), equals the tax rate obtained from the national accounts. Online Appendix C outlines all the details
of these steps.

5.5 Internally Calibrated Parameters

Seven parameters are estimated using the simulated method of moments procedure for Auerbach and
Kotlikoft (1987) models proposed by Ludwig (2005): the discount factor (f3), the utility weights on
labour supply and bequests (y, Q4), the depreciation rates for capital and R&D (8, 0;), and the production
function parameters (a, p). The calibration aligns model-generated moments from the pre-1950 calibration
phase of the transition path to their empirical counterparts over the same period, thus ensuring consistency
with historical data. This estimation and the computation of the transition path are consequently performed
simultaneously, a computationally intensive and time-consuming task.

In order of the parameters above, the matched moments and their sample years are: the capital-output ratio
(1901-1949), hours worked per person aged 20-64 (1901-1949), the average net worth of individuals aged
65+ relative to those aged 55-64 (1950), consumption of non-IPP capital relative to GDP (1901-1949),
consumption of IPP capital relative to GDP (1929-1949), and the labour and profit shares of national
income (1901-1949). Given the lack of official US data for first half of this period, I construct the empirical
moments by splicing historical sources with BEA and Bureau of Labor Statistics data. One exception
is IPP depreciation, which, to my knowledge, does not exist before the BEA series, thus restricting this
moment to the 1929-1949 subperiod. Online Appendix D provides further details and shows the fit of the
model-generated time series to their empirical counterparts.
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(a) Retirement by age in 1950 (b) Share in retirement
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Figure 5. Retirement in the baseline model and the data.

Source. Social Security Administration (2024, Tables 5.B5 and 6.B5).

5.6 IsThis an Empirically Realistic Model?

Lastly, before turning to the main results, I examine how key predictions from the baseline calibration
compare to nontargeted data along the computed equilibrium transition path.

Figure 4 compares predicted and empirical cross-sectional age profiles of assets and after-tax income at the
onset in 1950. The fit of the asset profile is reasonable, and the calibrated bequest motive ensures that the
relative difference between peak and retirement ages is consistent with the data. Yet, discrepancies arise as
the model generates too much saving at younger ages. This is a consequence of the discount factor being
larger than one, which increases the weight households place on future consumption. A more realistic
cross-sectional profile of assets (and consumption) requires a 3 less than one, but such a discount factor is
inconsistent with the capital-output ratio being targeted in the calibration. Given the research question of
the paper, the latter is given priority. This choice and the resulting value of f is also consistent with the
seminal paper of Hurd (1989), who presents empirical support for precisely f = 1.011 when accounting
explicitly for mortality risk. No such tension exists for income, where the model provides an excellent fit
of the data.

What about retirement behaviour? While we should neither expect nor demand the stylised retirement
framework to perfectly replicate the data, Figure 5a shows that it aligns well with cross-sectional retirement
patterns in 1950. At that time, however, Social Security eligibility was limited; as the program expanded,
the average retirement age declined—a pattern not reflected in the model. Nevertheless, Figure 5b reveals
that from the 1970s onward—when Social Security approached universal coverage—the model closely
tracks the share of retired workers in the data. The difference in earlier years occurs precisely because
the model assumes universal coverage and constant eligibility rules throughout. While counterfactual,
this assumption eliminates policy-induced variation in the model, thus providing a cleaner numerical
experiment focused solely on demographic change. The predicted retirement share also closely mirrors the
fraction of the population aged 65 and above, which suggests that the model at minimum performs as well as
the benchmark case without endogenous retirement, where such a trend is imposed by assumption.
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(a) Gross saving rate (b) Gross IPP investment rate
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Figure 6. Partial correlations of savings, investment, and life expectancy: model and data.

Notes. The blue squares are predictions from the model between 1970 and 2020, after partialling out population dependency
rates (0-14 and 65+ population shares). The red line shows the OLS fit. The gray elements are the OECD data in Figure 1.

Ultimately, the cross-sectional profiles are of secondary importance as long as the predictions for the
key mechanisms remain reasonable over time—not only for the share of people in retirement but also
the aggregate saving rate and, in particular, the R&D investment rate. To assess the model along these
dimensions, I replicate Figure 1 using gross saving and investment rates from the model’s baseline transition
path for comparable years. Figure 6 plots the results against the original data from Figure 1. Between 1970
and 2020, the model predicts that a one-year increase in life expectancy at age 20 raises the gross saving
rate by 0.78 percentage points and the gross R&D investment rate by 0.20 percentage points, conditional
on the population age structure. These estimates are identical to the overall OECD data, thus supporting
the model’s ability to accurately capture the core channels driving the results in the next section.

6 Quantitative Results

The lack of population growth in the initial and final steady states means that there is no long-run economic
growth. The growth impact of the demographic transition is therefore purely transitory. This section
illustrates and quantifies this impact and its underlying mechanisms via three quantitative exercises: (i) a
growth accounting analysis of per-capita growth in the baseline model, (ii) counterfactual simulations
that identify the key demographic factors at work, and (iii) a comparison to an equivalent model without

1‘18

endogenous growth to assess the importance of the TFP channel.”® Throughout, I take “per capita” to mean

“per adult equivalent person”, since children only affect the economy through the household size.

The growth accounting exercise decomposes aggregate labour—the total efficiency units supplied by
households—into total employment (E), average hours per worker (h), and average productivity per hour

worked (¢): L = E hé. Combining this with output per capita, y = Z (%) B I%, and log-differencing
between subsequent periods yields the growth accounting identity
o
& = 8z + 7T 8K/Y + 8E/N * &h t+ e (36)

18 Additional figures of other variables are available in Online Appendix F.
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Figure 7. Comparative statics: population structure and output per capita.

Notes. Figure 7b shows the cumulative growth in output per capita and each of its contributing factors along the demographic
transition. The numbers in parentheses displays their relative contributions to overall growth.

where g, denotes the net growth rate of a variable x. Equation (36) splits the change in output per capita
into changes in technology, the capital intensity, the employment rate, average hours per worker, and
average productivity per hour worked, which makes it easy to quantify the transitional mechanisms at
work.!?

6.1 Comparative Statics

Following the discussion in Section 2, it is useful to first consider comparative statics of the baseline
scenario. Figure 7 displays the overall change in the age structure and the cumulative percentage change in
output per capita between the initial and final steady states, which reveals that the change in the population
structure raises output per capita by 45 percent. This follows primarily from a substantial increase of 72
percent in TEP relative to its initial level. The capital intensity also increases by 17 percent while the higher
share of old-age households in the population reduces the employment rate by 22 percent. The qualitative
changes in the underlying channels are therefore precisely as the simple model predicts.

A natural question immediately emerges from Figure 7: why is the magnitude of the change in TFP so much
larger than any of the other changes? It is not because an overwhelming majority of household savings
are allocated to R&D rather than to capital investments.2’ Rather, this is the effect of the endogenous
growth scale effect from Section 2, which occurs when the demographic transition increases the population
size. A simple decomposition of TFP illustrates this point. Specifically, per Definition 2 we can exploit
that TFP is proportional to the size of the labour force E raised to yz in steady state. The corresponding
proportionality constant provides a measure of the R&D intensity, just as in Equation (4) of the simple
model. The scale effect is pinned down by the overall change in employment, Er/Ey, where 0 and T denote

19 Generally, for any fixed long-run population growth rate 7, we can identify and decompose transitional growth as in Jones
Y, y g pop g P g

(2002) via gy = yyi = (g2 =yzn) + 155 8/v + 8e/N + (8 — Vh7) + g
20 Capital investment exceeds R&D investment by a factor of 4 during most of the transition and the growth rate of the capital
stock relative to TFP is even higher; see Figure E6 in Online Appendix F.
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Figure 8. Growth accounting of the baseline model.

the initial and final steady states. We then obtain the following:

vz
Zr  Zr|EY [E Change i
TFP change = e e Y = a.nge 1n. X Scale effect,
Zo Zo/ Egz E, R&D intensity
172% 118% 147 %

where the percentages show the cumulative change in each factor between the initial and final steady
states. The 72 percent rise in TFP is due to a 18 percent increase in the R&D intensity and a 47 percent
increase in scale. Changes in household behaviour and composition thus impact output per capita through
the R&D intensity much like they do through the capital intensity. The difference between TFP and the
other factors of production instead lies in the fact that technology is nonrival, as seen from the large scale

effect.?!

6.2 Growth Dynamics

Comparative statics are illustrative but says little about the dynamics during the transition. Therefore, we
now turn to the period of interest: 1950 to 2100. Figure 8 plots the growth rate and its corresponding
decomposition (that is, the right-hand side of (36)) during this period. Focusing first on the overall growth
rate, three key developments emerge. First, the demographic transition positively affects output per capita
throughout the second half of the twentieth century, with growth firmly above zero. Then, this effect fades
after the turn of the century, causing a significant drop in the growth rate. Finally, despite this decline, the
demographic development does not negatively affect output per capita. Instead, growth remains around
zero throughout the twenty-first century.

Looking at the underlying mechanisms, we again find a qualitative development as predicted in Section 2:
the demographic transition generates positive TFP growth and capital deepening, but lowers the employ-

21 A caveat here is that using employment as the relevant scaling variable is somewhat arbitrary. We could just as well use the
overall population size, since it grows in parallel with employment in steady state. Switching to the population size (measured in
adult equivalents) yields a slightly larger scale effect, 55 percent, although this does not change the basic point of the exercise.
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Table 4. Growth accounting of the baseline model.

Output TEP Capital Employment Hours per Efficiency
per capita intensity rate worker per hour
Period I gz o 8K)Y 8E/N 8h 8e
1950-2100 0.16 % 0.25 % 0.11 % -0.15% —0.06 % 0.01 %
1950-2000 0.33 % 0.33 % 0.07 % —0.05 % —0.06 % 0.04 %
2001-2100 0.08 % 0.21 % 0.13 % -0.20 % -0.05 % 0.00 %
1995 0.55 % 0.37 % 0.25 % —-0.07 % -0.17 % 0.16 %
2030 0.02 % 0.28 % 0.18 % —-0.41 % -0.07 % 0.05 %
Difference —0.53 pp. —0.09 pp. -0.08 pp. —0.34 pp. 0.10 pp. —0.11 pp.

Notes. The table reports average annual growth rates according to the growth decomposition in Equation (36). Individual
growth rates may not sum to totals due to rounding.

ment rate. Moreover, average hours worked declines in periods of positive growth (and vice versa) while
average efficiency per hour worked rises in periods where the share of middle-aged workers is higher. The
former is due to the parametrisation of household preferences, where the income effect of higher wages on
leisure dominates the substitution effect, while the latter follows from the hump shape in workers’ life-cycle

productivity profile.

Table 4 quantifies these observations by summarising the average annual growth rates of output per capita
and its components, first for the entire period considered and then separately for each century. Overall, the
demographic transition boosts output per capita by 0.16 percent per year. The effect is primarily driven by
the twentieth-century development, where the average annual growth rate is 0.33 percent. By comparison,
the observed long-run growth rate of GDP per person in US data is approximately 2 percent per year.
From this viewpoint, the impact obtained here is quantitatively significant; taken at face value it implies
that over 15 percent of actual US post-war growth can be attributed to transitory demographic factors.
This contribution makes demographics comparable in importance to rising educational attainment, whose
contribution US growth over the same period is also around 20 percent according to estimates by Fernald
and Jones (2014).

Just as in the comparative statics, what stands out quantitatively from both Figure 8 and Table 4 is the
importance of TFP. Over the full period, TFP grows by 0.25 percent per year, thus accounting for more
than 160 percent of economic growth. Its contribution is about two and a half times as large as that of
capital deepening. The effect is even larger during the twentieth century, with TFP growing by 0.33 percent
per year, about five times faster than the capital intensity, thus driving the bulk of output growth.

A declining share of workers in the population constitutes the main drag on output growth, depressing the
annual growth rate by on average 0.15 percentage points overall and by 0.20 percentage points during
the twenty-first century. This happens as the average retirement age does not keep up with increasing life
expectancy; recall Figure 5b, which shows that although there is a small shift towards later retirement over
time, the increase in the retirement age is too marginal to meaningfully increase the gap between the share
of retired workers in the population and the share of people aged 65 and above.
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Figure 9. Demographic counterfactual scenarios.

Notes. The total fertility rate and the life expectancy are computed under the assumptions that the fraction of women in an age
group and the average fraction of the year lived at the age of death remain the same as in official data and projections.

Due to concerns about recent declines in observed growth rates, it is also interesting to zoom in on the
growth decline from peak in 1995 to trough in 2030. The decomposition for this period is shown in
the lower half of Table 4. The growth rate and most of its components change monotonically between
these years, so it suffices to consider snapshots at the beginning and end of this period and the differences
between them. Overall, changes in the demographic structure lead to a 0.53 percentage point drop in the
growth rate over the last three decades, thus suggesting that demographics exerts significant downward
pressure on contemporary growth rates. The decline stems in part from roughly similar declines of 0.1
percentage points in the growth rates of TFP, capital intensity, and average efficiency. The growth rate of
hours increases by a similar magnitude, therefore marginally counteracting the overall development. The
majority, however, comes from the retirement of the baby boom: growth in the employment rate declines
by 0.34 percentage points, accounting for 65 percent of the total decline.

6.3 Is It All About Boomers? Identifying the Demographic Effects

Related to the last point above, it appears at first sight that Figure 8 just reflects the baby boom dynamics
predicted in Section 2. The share of young workers increases when the baby boomers enter adulthood in
the 1960s and 1970s, which improves the employment rate and worsens the capital intensity and average
productivity. When these cohorts become middle-aged in the 1980s and 1990s, growth through TFP,
the capital intensity, and average productivity improves. Finally, they retire in the early decades of the
twenty-first century, thereby causing a negative growth impact via the employment rate. Yet, Section 2
also stresses the increase in life expectancy from rising middle- and old-age survival rates. Which of these
forces, if any, is the key driver of the results above?

To answer this question, I consider three counterfactual scenarios. First, I simulate the model under the
assumption that neither the baby boom nor the rise in survival rates happens. That is, I replace fertility
rates between 1935 and 1975 with interpolated values and hold survival rates above the age of 50 fixed
from 1950 onward. As shown in Figure 9, these adjustments remove the hump shape in fertility associated
with the baby boom and almost all life expectancy improvements after 1950. I then switch either fertility
or mortality back to the baseline calibration and look at the change relative to the baseline model. Without
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Figure 10. Identifying the impact of the demographic forces.

strong interaction effects, these scenarios isolate the impacts of the baby boom, of the change in middle-
and old-age mortality, and of all other demographic changes.

Figure 10 plots the resulting decomposition of the cumulative change in output per capita into each
demographic factor. While the growth swings in Figure 8 are clearly attributed to the life-cycle phases of
the baby boomers, they are by no means the sole explanation behind the overall development. Between
1950 and 2100, output per capita rises by a total of 27.5 percent, which is accounted for by an 8.2 percent
increase due to the baby boom, a 3.0 percent increase due to middle- and old-age mortality changes,
and a 14.7 percent increase due to other demographic factors. The baby boom and changing mortality
consequently explain around half of the baseline results, with remaining demographic changes accounting
for the rest.

Table 5 displays the demographic contributions to each component of the average growth rate between
1950 and 2100. This shows that the baby boom and changing mortality generate around a quarter each of
the total technological progress. Transition dynamics notwithstanding, this TFP contribution (and the
subsequent income effect on hours worked) is the baby boom’s only impact in the end, thus confirming
the prediction from the simple model. This is unsurprising since the counterfactual fertility rates affect
the cohorts that become adults after 1955 and die with certainty no later than 2075. Before and after these
years, the age structure of the adult population is nearly identical to the baseline. Most changes in the
capital intensity and the employment rate are instead driven by life expectancy improvements. Despite its
positive impact on output per capita, longer lifespans also increase hours per worker, reflecting households’
need to finance longer retirement.

What explains the residual factor? First, the population in 1950 is not stationary. Changes in the population
structure therefore occur even without further changes in the underlying demographic variables, thus
impacting the saving rate, the employment rate, and the average productivity per hour worked. This shift
in the age structure is largely complete by the end of the twentieth century. Additionally, the changes in
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Table 5. Growth decomposition of the demographic forces.

Output Capital Employment  Hours per Efficiency

. TFP . .
per capita intensity rate worker per hour
Period & &z o5 &K/Y 8E/N &h 8e
Average growth rate 0.16 % 0.25 % 0.11 % -0.15% —0.06 % 0.01 %
Baby boom 0.05 pp. 0.07 pp. 0.00 pp. 0.00 pp. —0.02 pp. 0.00 pp.
50+ mortality 0.02 pp. 0.06 pp. 0.05 pp. -0.12 pp. 0.03 pp. 0.00 pp.
Other changes 0.09 pp. 0.13 pp. 0.05 pp. —0.04 pp. —0.07 pp. 0.01 pp.

Notes. The table reports average annual growth rates between 1950 and 2100 according to the growth decomposition in
Equation (36) and the percentage point contributions by each demographic factor. Individual growth rates may not sum to totals
due to rounding.

fertility, mortality, and migration rates that nevertheless occur raise the population size, so the scale effect
on TFP is also at work here, as seen from the large impact on TFP growth.

6.4 Islt All About Technological Progress? The Exogenous Growth Case

The finding that the demographic transition does not negatively impact per-capita output contrasts with
the general notion of population ageing as a major drag on economic activity. For instance, Krueger and
Ludwig (2007), the perhaps closest paper to the analysis here, use a similar quantitative model and find a
12.6 percent cumulative drop in US output per capita between 2005 and 2080 due to the demographic
transition. However, most previous work, including Krueger and Ludwig, ignore the TFP channel. Another
important question is thus to what extent this additional mechanism explains the difference.

As a final exercise, I therefore analyse a version of the model without technological change. Specifically,
the benchmark model nests a standard model without endogenous growth as the special case with perfect
substitution between intermediate firms (p = 1) and a zero intermediate-firm exit rate (6, = 0). The
former eliminates profits, thus forcing the patent price and R&D investment to zero, which in turn reduces
the intermediate-firm dynamics to z¢.; = (1 — 8;)z;. The latter ensures that the measure of intermediate
firms remains constant over time. I also recalibrate the structural parameters 8, ¥, 4, and j here to
maintain the baseline calibration targets.

Figure 11a plots the growth rate under this specification against that of the baseline model. The positive
effects now disappear, with growth rates consistently around 0.1 to 0.4 percentage points below the baseline.
The cumulative decline in output per capita is nearly identical to Krueger and Ludwig (2007): 12.1 percent
between 2005 and 2080 and 12.2 percent over the full period. In comparison, for the same periods the
baseline model exhibits positive cumulative growth of 6.3 and 27.5 percent, respectively. The difference
is driven almost entirely by the TFP difference, as shown in Figure 11b. The impacts on the capital
intensity, the employment rate, and the average efficiency are virtually unchanged.?? There is also a small
counteracting effect in hours worked: lower income leads to a rise in hours, and this raises output. But this
effect is too small to offset the lack of technological progress. Thus, whether the demographic transition
raises or lowers output per capita turns out to depend crucially on whether or not we account for its impact
on technological change.

22 See Figure E7 in Online Appendix F, which fully decomposes the growth rate gap.
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Figure 11. Comparing growth with and without endogenous technological change.

6.5 Taking Stock

In sum, neither the comparative statics nor the transition dynamics of the model suggests that the demo-
graphic transition, and population ageing in particular, is detrimental to economic growth once we account
for its effect on technological progress. If anything, the impact is (temporarily) positive. Although demo-
graphics create significant downward pressure on growth rates over the last three decades due to a rising
share of retirees in the population, it is important to stress that this is not because population ageing is
particularly bad for economic output. In fact, it is hardly due to population ageing at all. Rather, the
temporary rise in births that led to the baby boom generates a long period of above-normal growth in the
last quarter of the twentieth century, when these generations were of prime working age. We are just now
experiencing the end of that period as these generations retire. As already stressed in the simple model,
the subsequent growth decline would occur even in the absence of improving life expectancy.

7 The lmportance of the R&D Production Function

A central element in the results above is the R&D process, and this section closes the paper by examining the
model’s sensitivity to two critical components: the knowledge spillover parameter ¢ and the specification
of the R&D production function. The former is particularly important, since ¢ determines the extent
to which R&D becomes easier or harder over time, and its true value is likely subject to considerable
uncertainty due to the challenges in measuring productivity growth and R&D investment. Additional
robustness checks, detailed in Online Appendix E, include (i) gradually raising the normal retirement age as
scheduled by the Social Security Administration, (ii) removing idiosyncratic income risk, (iii) eliminating
the bequest motive, (iv) adopting a flat income tax, (v) imposing log preferences on consumption to fix
long-run hours worked, and (vi) introducing a part-time wage penalty on hours worked. None of these
adjustments meaningfully alter the benchmark results.

To assess the role of knowledge spillovers, I vary ¢ to ensure that the growth exponent y, aligns with the
upper and lower bounds identified by Jones (2002). For weaker spillovers, I set ¢ = —1.4, for which y,
equals 0.07. This is also the value of ¢ found by Bloom et al. (2020) for the aggregate US economy when
A = 0.75. For stronger spillovers, I set ¢ = 0.4, which gives y, = 0.36. To evaluate the specification of the
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Figure 12. Growth rates with different degrees of knowledge spillovers and R&D inputs.

R&D production function, I consider an alternative commonly used in the growth literature, where labour
rather than final goods serves as R&D input:

e = (1-8,)z + vI\2!,

where L,; represents total R&D labour.*> For comparability, I set ¢ = 0.13 to match the long-run growth
rate of the baseline model. In all cases, I again re-estimate the internally calibrated parameters to maintain
consistency with the baseline calibration targets.

Figure 12 displays the growth rates from these alternatives against that of the baseline. Qualitatively, chan-
ging the knowledge spillover is straightforward: the larger the knowledge spillover, the larger the growth
impact from R&D, since researchers become more productive the more knowledge is created. Figure 12
confirms this prediction. Meanwhile, changing the R&D input from final goods to labour generates a
higher demand for labour relative to capital from producers, with subsequent general equilibrium effects
on factor prices. Since the R&D sector is a small share of the total economy, these effects are minor. None
of the key mechanisms of the model changes here, as the cost of R&D (the wage bill of researchers in this
case) and the patent purchases by intermediate firms are still financed via household savings. The impact
relative to the baseline is therefore negligible.

Growth rates are overall positive across the board (albeit quantitatively insignificant with small knowledge
spillovers). Relative to the baseline, the average annual growth rate between 1950 and 2100 decreases and
increases by about 0.1 to 0.15 percentage points with the different degrees of knowledge spillovers and
remains unaffected when labour is the sole R&D input. Only in the most pessimistic calibration do we
observe a negative impact on per-capita output during the twenty-first century, but even here the impact

23 The labour and goods market conditions also become L; + L = Zj N /X €jt(x) d®j; and Yt + Altvil =Ct+ Gy + [KH] -

(1= 8%)K:|. As shown in Online Appendix A, long-run growth again follows the population growth rate via 1 + gz = (1 + n)%,

. _ A
but now with y = W-

1+00 1-a p
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is small at about —0.02 percent per year. Therefore, although reasonable variations of the R&D process
impact the quantitative findings, they do not change the basic point of this paper: that the demographic
transition and the ageing of the population improves output per capita under endogenous technological
change.

8 Conclusion

The model in this paper allows the population structure to affect output per capita via three main channels:
through the fraction of people who work, through capital accumulation, and through technological
progress. This framework stands in stark contrast to standard macroeconomic life-cycle models, in which
technological change is exogenous. It also contrasts with most models of endogenous growth, which hide
the entire population structure in a representative household. A key point throughout the paper is that
this matters for how we think about demographic change and its impact on output per capita.

My main findings suggest that current and projected US demographic change from 1950 onward raises
output per capita and that this effect is quantitatively large; at least on par with the growth contribution
from US educational attainment over the second half of the twentieth century. I show that this is primarily
due to the inclusion of endogenous technological change. Removing this channel completely reverses
the positive impact. Overall, these findings challenge a seemingly conventional wisdom that current
demographic developments are detrimental to economic activity.

The framework employed here admittedly leaves out several potentially important channels, such as human
capital accumulation, automation, or international technology flows. However, papers that consider
endogenous responses in human capital or automation typically find that these extra adjustment margins
improve the impact of population ageing on output per capita, much like the inclusion of technological
progress in this paper. Moreover, the demographic transition is a global phenomenon, so imported
technologies ultimately stem from countries that follow similar population trends. Thus, if anything, I
would expect these mechanisms to only strengthen the main takeaways of the paper.

The results also raise questions about the conclusions drawn in other literatures that rely on exogenous
growth models. For example, the pension system is a key determinant of the savings rate and, since the
savings rate is central to technical change here, an immediate question is therefore whether social security
reform becomes more or less costly under R&D-driven growth. Other topics include migration policy,
different types of fiscal policy reform, and optimal taxation. Jones (2022b), for instance, suggests that the
optimal income tax progressivity is significantly altered by the endogeneity of technological change. The
model considered here could serve as a basis to analyse these questions further.
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on the estimation of the life-cycle productivity profile; (c) details on the calibration of taxes; (d) details
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Appendix A Deriving the Stationary Growth Rates

The stationary growth rates of the benchmark model and of the version with labour as the only R&D input
are straightforwardly derived following Jones (1995) and Boppart and Krusell (2020).

A.1 TFP, Output Per Capita, Hours Per Worker

In a stationary equilibrium, interior solutions to the household problem are characterised by the Euler
equation, the intratemporal first-order condition for hours worked, and the budget constraint:

Q; Q.
e~ k bo\- j+1.c -
1+TC({7'G:(1+r(l_T)){(l_sj)Qa(aﬁ'l) 0+5jﬂmE|:Cj+(17|l/]]}, (A.1)
1 — " (we) — %) wein
AT ! ~, A2
v s ¢’ (1+7°) (&2)

a1+ (1+7¢ = (1+r(1-7%)a + (1 - “(w8) — 1°)wé + tr + b(R)), (A.3)
where 7" (e) = % (7¥(e)e) in (A.2) denotes the marginal income tax rate. Let g, denote the stationary
growth rate of a variable x. By the Euler equation, constant growth of consumption requires a constant
interest rate. Wages are standard neoclassical, so in a stationary equilibrium with a constant interest rate
and capital-output ratio, wages grow with the rate of TFP. For the first-order condition (A.2) to hold along
a balanced growth path, we then necessarily need (1 +g,)"/? = (1 +g7)(1 + g.)~°. Likewise, the budget
constraint (A.3) is only consistent with balanced growth if consumption grows with the rate of output
per capita and labour income: 1 +g. = 1+g, = (1 +gz)(1 +g,). Meanwhile, TFP is just the measure
1

o 17P
of intermediate firms raised to a power, Z = z'-¢ ¢, so its growth rate is similarly the growth rate of
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intermediate firms raised to the same power. Combining these conditions yields that the growth rates of
TFP, output per capita, and hours per worker must satisfy

_a 1-p + 0(1-0)
l+g,=(1+g)T5 7, 1+g, = (1+g) 5, 1+g, = (1+gy) 107, (A4)
and substituting 1+g, = (1+n)* for some y into Equation (A.4) gives the growth rates in Definition 2.

A.2 Intermediate-Firm Growth Rate: Baseline Model

Next, the intermediate-firm growth rate is given by 1 + g, = 1 — 8, + vQ*z%~1, and this is constant if and
only if the last term on the right-hand side is constant. The latter holds only if

A+g)'? = 1+t (A.5)

The growth rate of R&D investment equals the aggregate output growth rate (1 + gz)(1 + gz) by the goods
market condition. Employment grows by the rate of the population 1 + n whereas labour productivity
is constant for a fixed population age structure. The labour force growth rate is therefore given by
1+g = (1+g,)(1+n). Together with Equation (A.4), this allows us to rewrite the growth rate of R&D
investment into

+0 _a 1-
1+go = (1+g)(L+g)(14n) = (1+g) 0757 (1+n).

Plugging this into (A.5) and rearranging terms yields the growth rate in Definition 2 in the paper:

1+g = (1+n)k where % (A.6)

A.3 Intermediate-Firm Growth Rate: R&D With Only Labour

If R&D uses only labour, then the R&D process is given by 1 + g, = 1 — &, + vL}z#~!. In steady state,
R&D labour L, must grow by the rate of total labour supply according to the labour market condition.
Again inspecting the right-hand side, we thus get a constant growth rate 1 + g, if and only if

A+ = 1+ gt (A7)

Using Equation (A.4), we can rewrite the labour force growth rate into

6(1-0) o 1-p
1

L+g = (T+gn)(1+n) = (1+g) W =7 (1+n).
Plugging this into (A.7) and rearranging terms yields the growth rate

A
1—(/5—)(6(1_0) o 1;TP

1+60 1-a

1+g = (1+n)k, where X (A.8)

Note that TFP growth collapses to the benchmark growth rate in Jones (1995) if we consider a steady state
with constant hours worked (via log preferences, ¢ — 1) and a substitution parameter for intermediates
that exactly equals the capital share parameter (p = «).
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Appendix B Estimating the Life-Cycle Earnings Profile

I parametrise the age-efficiency profile {sj}][:l as the exponential of a quadratic age polynomial: ¢ =
exp {9 + 91+ 92/2}. In the model, the hourly wage of an individual i of age j at time ¢ is given by
wijt = We&Nijr, where wy is a common wage trend and #;j; captures any idiosyncratic differences. This
motivates the fixed effects regression

In wijt = 0t + 0i + 80 + 91] + 92]-2 + u,-jt, (Bl)

where g; is a time fixed effect, g; is an individual fixed effect, and u;j is an error term. Equation (B.1)
implicitly captures cohort effects through the individual fixed effects and it is well known that collinearity
between age, time, and cohorts prohibits simultaneous identification of these effects. As a partial remedy,
I use the approach advocated by Heckman and Robb (1985) and replace the time fixed effect by two
macroeconomic variables which plausibly proxy for the underlying unobserved time variables in the
context of an earnings regression: log of the aggregate real wage level and the percentage point deviation of
the unemployment rate from its long-run mean. The former corresponds to In w; and controls for secular
wage growth and the latter (which is also used by French, 2005) controls for fluctuations in the business
cycle.

I estimate Equation (B.1) with micro data on earnings from the nationally representative SRC sample of
the Panel Study of Income Dynamics (PSID) for survey years 1968 to 2019 (which correspond to calendar
years 1967 to 2018). Individual wages are imputed as total annual labour income divided by annual hours
worked. The aggregate wage used to proxy the time fixed effect is obtained from the national accounts by
dividing total private industry wages (BEA NIPA Table 2.3) by total private industry hours worked (BEA
NIPA Table 6.9). The unemployment rate is taken from the Bureau of Labor Statistics (BLS, series ID
LNS14000000). All nominal variables are deflated into 2012 dollars using the PCE price index (BEA NIPA
Table 2.3.4).

For the benchmark estimation, I impose standard sample restrictions (see for instance French, 2005,
Heathcote, Storesletten and Violante, 2010, and Huggett, Ventura and Yaron, 2011): I select male household
heads with no inconsistencies in reported age, who work between 300 and 5,840 hours a year (30 percent
of part time and twice full time, respectively), and whose hourly wage exceeds $3 per hour and does not
exceed $100 per hour in 2012 dollars. I consider individuals between the ages of 18 and 75. This goes
against the standard practice of excluding ages at the beginning and end of the working life to avoid sample
selection issues relating to work-life entry and exit. This choice is motivated by the need for an efficiency
profile for all ages above 20, given that retirement in the model is endogenous. The alternative, estimating
the age profile on individuals between, say, the ages of 25 and 60, instead requires extrapolation of the age
profile to younger and older ages, and it is not clear that this approach is preferable. An upper bound at
75 is nevertheless imposed to ensure there are at least 100 observations in each age group. Extrapolation
beyond 75 is inconsequential, since between 95 and 99 percent of model households retire before 75. The
final sample consists of 90,832 person-year observations.

Table B.1 shows the estimation results along with several robustness checks. Column (1) corresponds
to the age profile in Figure F.5a in Appendix F. Column (2) shows standard OLS estimates and column
(3) includes only individual fixed effects. In both cases, secular wage growth is interpreted as life-cycle
earnings differences, and this generates steeper profiles; productivity at peak age is 115 to 130 percent
larger than the initial age, compared to 70 percent for the main estimation. This underlines the importance
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Table B.1. Estimation of deterministic age-efficiency profile.

Benchmark Robustness checks
(1) (2) (3) (4) (5) (6) (7)
Constant —1.3734*** 0.9857*** 1.1419"*  —0.9102***  —1.2920***  —1.0902***  —1.1382***

(0.2250) (0.0191) (0.0365) (0.1783) (0.2043) (0.1655) (0.1045)

Age 0.0734**  0.0954™**  0.0835**  0.0813"*  0.0709"**  0.0610"*  0.0606*
(0.0020) (0.0010) (0.0018) (0.0018) (0.0018) (0.0015) (0.0010)

Age squared —0.0008**  —0.0010***  —0.0008"**  —0.0008***  —0.0008**  —0.0007**  —0.0007***
(0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000)

Individual FE v v v v v ve
Time controls? v v v v v
Aggregate wage from BEA BLS BEA BEA BEA
Female heads v v v
Spouses/partners v v
Additional controls® v
Observations 90,832 90,832 90,832 90,832 110,169 165,034 161,012
Adjusted R? 0.160 0.121 0.156 0.162 0.158 0.152 0.153

Notes. Dependent variable: log real hourly wage. Wages defined as labour earnings/hours. Regressors of interest: quadratic age

polynomial. Robust standard errors in parentheses. *, **, and *** denote statistical significance at the 10 percent, 5 percent, and 1

percent levels, respectively.

2 Includes controls for the aggregate real wage level (using BEA or BLS data) and business cycle fluctuations (as proxied by the
deviation of the unemployment rate from its long-run mean).

b Includes controls for education level (eight groups), family size, marital status (married, single, widowed, divorced, separated),
and fixed effects for place of residence (50 states and D.C. plus abroad).

of controlling for time effects. Column (4) changes the aggregate wage measure to average hourly earnings
of production and nonsupervisory employees (BLS, series ID CES0500000008). This wage exhibits lower
growth in recent decades than the imputed wage from the BEA, and the estimation results are therefore
similar to columns (2) and (3).! Columns (5) to (7) expand the sample to include spouses, partners, and
female household heads and add additional individual-level controls that may change over time. These
additions lower the point estimates somewhat, although these samples raise additional concerns for sample
selection and also provide worse fits to the data as measured by the adjusted R%.

Lastly, for the model scenario in which wages are an increasing function of hours worked in Appendix E,
I run identical estimations to above with the only exception that individual wages are constructed as
(total annual labour income)/(annual hours worked)!4!> in the PSID data. Table B.2 shows the results
from these regressions.

Appendix C Constructing Tax Rates

This section explains the calibration of the model taxes. First, I describe the construction of the aggregate
tax rates from the national accounts, then the estimation a progressive income tax function, and finally
the calibration of the income tax function used in the model (which builds on the former two).

1 T use the BEA wage measure as the benchmark since the BLS wage is more limited in scope.
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Table B.2. Estimation of deterministic age-efficiency profile with part-time wage penalty.

Benchmark Robustness checks
(1) (2) (3) (4) (5) (6) (7)
Constant —4,1083*** —1.8276™*  —1.6727"**  —3.6135""*  —4.0415"**  —3.9382"** = —3,9195"**

(0.2291) (0.0200) (0.0366) (0.1809) (0.2084) (0.1669) (0.1121)

Age 0.0540%**  0.0757***  0.0634**  0.0616™*  0.0515"**  0.0438"**  0.0400"**
(0.0020) (0.0010) (0.0018) (0.0018) (0.0018) (0.0014) (0.0010)

Age squared —0.0006™*  —0.0008**  —0.0006™* —0.0006™** —0.0006*  —0.0005*  —0.0004™**
(0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) (0.0000)

Individual FE v v v v v ve
Time controls? v v v v v
Aggregate wage from BEA BLS BEA BEA BEA
Female heads v v v
Spouses/partners v v
Additional controls® v
Observations 90,832 90,832 90,832 90,832 110,169 165,034 161,012
Adjusted R? 0.123 0.094 0.120 0.125 0.120 0.110 0.113

Notes. Dependent variable: log real hourly wage. Wages defined as labour earnings/hours!#1>. Regressors of interest: quadratic
age polynomial. Robust standard errors in parentheses. *, **, and *** denote statistical significance at the 10 percent, 5 percent,
and 1 percent levels, respectively.

2 Includes controls for the aggregate real wage level (using BEA or BLS data) and business cycle fluctuations (as proxied by the
deviation of the unemployment rate from its long-run mean).

b Includes controls for education level (eight groups), family size, marital status (married, single, widowed, divorced, separated),

and fixed effects for place of residence (50 states and D.C. plus abroad).

C.1 Aggregate Tax Rates

The methodology to construct the aggregate tax rates on consumption, capital, and labour income is taken
off-the-shelf from Fernandez-Villaverde et al. (2015), which in turn builds on Jones (2002) and Mendoza,
Razin and Tesar (1994). In short, each tax rate is given by aggregating all relevant tax revenues at the
general government level and then dividing by the corresponding tax base. All data for this exercise are
taken from BEA NIPA tables. Table C.1 summarises the variables that I use.

The average consumption tax rate 7¢ is given by

TPI - PRT
¢ = . Cl
T = C_(TPI-PRT) (€D

The numerator of (C.1) is the revenue from consumption taxation. I subtract property taxes from total
taxes on production because homeowners in the national accounts are treated as businesses that rent
their properties to themselves. Property taxes are therefore incorporated as taxes on capital instead. The
consumption tax base in the denominator is total personal consumption expenditures net of consumption
taxes paid (that is, the pre-tax value of consumption).
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Table C.1. Tax variables in the national accounts.

Variable Explanation Source

C Personal consumption expenditures BEA NIPA Table 1.1.5 line 2
EC Compensation of employees BEA NIPA Table 1.12  line 2
w Wages and salaries BEA NIPA Table 1.12  line 3
PRI Proprietors’ income?® BEA NIPA Table 1.12  line 9
RI Rental income of persons® BEA NIPA Table 1.12  line 12
cp Corporate profits® BEA NIPA Table 1.12  line 13
NI Net interest and miscellaneous payments BEA NIPA Table 1.12  line 18
PCT Personal current taxes BEA NIPA Table 3.1 line 3
TPI Taxes on production and imports BEA NIPA Table 3.1 line 4
CcTr Taxes on corporate income BEA NIPA Table 3.1 line 5
CSI Contributions for government social insurance BEA NIPA Table 3.1 line 7
PRT Property taxes BEA NIPA Table 3.3 line 9
LABSH  Labour share of national income BEA NIPA Table 1.12°

2 With inventory valuation adjustment and capital consumption adjustment.
b See Appendix D for details.

The NIPA tables do not provide a breakdown of personal current taxes into labour and capital income. To
make this split, I construct an average personal income tax rate 7% as an intermediate step via

PCT

P =
W + LABSH - PRI + CI’

where CI = (1 - LABSH)PRI + RI + CP + NI.

The numerator is the sum of personal current taxes at the federal, state and local levels. The tax base is
the sum of wages, proprietors’ income, and capital income (CI). Here, proprietors’ income is assumed to
be split between labour and capital income in the same proportion as overall national income, which is
consistent with the construction of the labour share in Appendix D.

I then estimate the total revenue from personal taxes on income and capital as 77 (W + LABSH - PRI) and
7PCI, respectively. The average labour income and capital tax rates are subsequently given by

r TPCI+CT +PRT
and ™ = . (C.2)
EC+ LABSH - PRI CI+PRT

» » W+ LABSH - PRI
T =T

While not used directly in the benchmark model, one may also construct a social security tax rate as

- CSI
" EC+LABSH - PRI’

(C.3)

The sum of 7% and 7% gives the average labour income tax rate used by Fernandez-Villaverde et al. (2015).
Figure C.1 plots the estimated tax rates, which highlights that imposing constant tax rates in the model for
consumption, labour income and capital is a reasonable assumption.

C.2 Estimating the Income Tax Rate Function

To estimate the income tax function, I compute average tax rates at hypothetical levels of income and fit
Equation (35) in the main paper to these synthetic data. This process follows the methodology of the
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Figure C.1. Aggregate tax rate estimates from the national accounts.

OECD tax database for the United States, which creates effective tax rates by applying applicable tax rules
and regulations for given years and earnings levels and then dividing the resulting net tax liabilities by
gross earnings. These calculations include taxation at all levels of government for a household assumed to
live in Detroit, Michigan.

For simplicity, I only consider single households without children, in line with the primary estimates
published by the OECD.? This choice is of secondary importance since I eventually scale the estimated tax
function to match the national accounts. I also abstract from social security contributions since those are
modelled separately in my framework. The subsections below outline the formulas and parameters for

this particular case.?

C.2.1 Taxable Earnings

Taxable earnings at government level x € {fed, state, local} is given by gross income GI minus a tax
allowance TAXALLOWy,, provided that this is positive:

e*(GI) = max{GI - TAXALLOWy, 0}.

Atthe federal level, the allowance consists of a standard deduction STDALLOW and a personal exemption
EXEMPTjeq. The personal exemption is reduced at a taper rate ¢ for every USD 2,500 that gross
income exceeds the threshold THOLD ;. At the state and local levels, the allowances are fixed personal
exemptions EXEMP Tgiate and EXEMPTocq, respectively. Thus,

ex

r | max{GI — THOLD, 0}
TAXALLOWieq = STDALLOW + EXEMPTsq (1 - ¢ ,

2500

2 See Table 1.5, available for download at OECD.Stat.

3 The implementation code (available upon request) also incorporates different household compositions (with respect to
children and marital status) and social security contributions. Supplementary documentation for these cases and the parameter
values used are given in the OECD publication Taxing Wages available at the OECD iLibrary.
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TAXALLOWgate = EXEMP Tstator

TAXALLOWioear = EXEMPTocal,

where [-] is the ceiling function: [x] = min{n € Z : n > x}.

C.2.2 Taxes

Taxable earnings at the state and local levels are subject to flat tax rates 75'2* and 7'°°®!. The federal
income tax is progressive, with higher marginal tax rates at higher levels of income. Consider N federal
fed, L Tf\?d starting at earnings thresholds ey, . . ., ey, where &; = 0.
Given a largest applicable federal tax bracket I = max{i : e®%(GI) > e;}, the tax liability at each level of

government is then given by functions T*(GI) of gross income as follows:

tax brackets with marginal tax rates 7

I-1
T*d(aD) = 7l (é,‘+1 - éi) 4 7fed (efed(GI) - EI),
i=1
Tstate(GI) - Tstate estate(GI),

Tlocal(GI) — Tlocal elocal(GI)'

C.2.3 TaxCredits

The OECD considers two types of federal tax credits for households without children: the Earned Income
Tax Credit (EIC) and the Making Work Pay tax credit (MWP). The EIC and the MWP provide refundable
tax credits equal to some fractions ¢ ¢;c and @ yp 0f gross income up to some maximum amounts @ ejc eic
and mwp. The tax credits are phased out at taper rates ¢~ _and (pfnwp once gross income exceeds thresholds
THOLD ¢jc and THOLD pp. The total tax credit amounts from these programs are thus given by

eic(GI) = max {(peic min {GI, &;} - ‘P7;1c max {GI — THOLD g0, 0}, O}
and

mwp(GI) = max { min {‘mep GI, mwp} - (pLWp max {GI — THOLD mup, O}, 0}.

Total federal tax credits is the sum of EIC and MWP. At the state level, the OECD includes the Michigan
Earned Income Tax Credit, which is an additional refundable credit equal to a fraction ¢ meic of the
federal EIC amount. The local level incorporates the Michigan City Income Tax Credit (CTC) which is a
nonrefundable credit equal to some fraction of the total local tax liability T°°°(GI) up to some maximum
amount ctc. Below this upper bound, the CTC credit rates decline with income. Consider N credit rate
brackets with marginal credit rates @; ctc, . - . » ¢, ctc Starting at tax liability thresholds Ti, ..., Ty, where
T, = 0. Givena largest applicable tax credit bracket I = max{i : T*°?(GI) > T;}, the total tax credit at
each level of government is then given by functions C*(GI) of gross income as follows:

C*4(GI) = eic(GI) + mwp(GI),
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CState(GI) = @ meic eiC(GI):

I-1

C°®?(GI) = min { Z Pictc (Tm - Ti) + Preic (Tlocal(GI) - TI): &} :

i=1

C.2.4 Effective Income Tax Rate

The effective income tax rate 7% (GI) at gross income GI is the total tax liability net of tax credits measured
as a percentage of gross income:

(GI) = é > (TX(GI) —CX(GI)),

xeX

where X = {fed, state, local}. In the practical implementation of these calculations, we consider an aver-
age gross income level GI and then express all other gross incomes as a percentage of that average.

C.2.5 Estimation

Using the methodology above, I create effective income tax rates on a grid of gross incomes for each year
between 2000 and 2022. The grid is linearly spaced with 401 points, ranging from 0 to a multiple 20
of average gross income. The parameter values for this exercise are collected from the OECD and are

K1 —%
available upon request. I then fit the income tax function 7% (GI) = «q [ 1- (Kz( % ) + 1) ! ] +x3 bya

nonlinear OLS to these tax rates.

Figure C.2 shows the constructed tax rates for the lower end of the income grid together with the cor-
responding fit and its estimated coefficients. Even though this period saw two major tax reforms (the
Economic Growth and Tax Reconciliation Relief Act of 2001 and the Tax Cuts and Jobs Act of 2017) and
underwent three economic downturns (the early 2000s recession, the Great Recession, and the COVID-19
recession), effective income tax rates remain stable over time. Therefore, the estimated tax function
provides a close fit, as seen by the high R? of 0.97.

C.3 Changing the Tax Rate Level While Maintaining Progressivity

Once the income tax function is estimated, I adjust its level so that the tax rate at average earnings matches
the tax rate from the national accounts. To this end, I follow Guvenen, Kuruscu and Ozkan (2014) to
ensure that the degree of progressivity remains the same before and after. Thus, let 7(e) be some tax rate
function of the Gouveia and Strauss (1994) form:

Z(e) :;zo[l—(;zz( )

Denote its corresponding marginal tax rate by 7" (e) = % (T(e)e). To change the level of this tax function

1

3 )
+1

+ K3. (C4)

Il

into a similar function 7(e) with parameters xy, . . ., k3 without changing the progressivity, we need the
ratio of net take-home shares at any two earnings levels e and e’ to be the same in both tax systems:

1-1"()  1-7"(e)
1-—1m(e) 1-7m(e)’
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Figure C.2. Estimation of the income tax function.

This expression can be rearranged to obtain

™ (e) = I—E(l -7"(e)), where k= 1:;—:22:; (C.5)

is a level ratio between the two tax systems that we are free to choose. Since 7(e)e = foe 7 (x) dx, we can
integrate Equation (C.5) to obtain an average tax rate of a similar form:

t(e) = 1-k(1-7(e)). (C.6)

Substituting Equation (C.4) into (C.6) and rearranging terms, we finally get

e = o 1= (e (£)" 1)

where ko = k - Ko, k1 = %1, k2 = K and k3 = 1 — k(1 — %3). The calibrated o, . . ., k3 in the benchmark

+ K3,

model use the estimates in Figure C.2 as Ky, . . ., k3 and set the scale parameter k such that the tax rate
at average income e matches the income tax rate T from the national accounts. Specifically, the latter

requires that 7(e) = ™4 = 1 — k(1 — 7(¢)), which can be rearranged to give the scale parameter as

_ 1-— NA . _ _ _;{_L
k= — L where T(€)=K0[1—(K2+1) !

—, + &:
1-1(e) ’

is a function of estimated parameters only.

Appendix D Internal Calibration of Model Parameters

The internally calibrated parameters are obtained by a method of moments procedure using model-
predicted and empirical data. Denote the vector of parameters by ® = (3, v, Qu, 6k, 82, a, p). Let y; be
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the vector of empirical observations in period t for the variables whose moments we wish to match,
and let f;(©) be the corresponding model-predicted observations as a function of the parameters. The
residual between model and data is then u,(®) = y; — f;(®) fort = 1,..., T. I obtain the parameter
vector from the method of moments estimator by setting the sample averages of u;(®) to zero (up to some

tolerance):

T T

—~ (1
e = arg(;nln ( T Z u (®)

t=1

T

%Z u (0)

t=1

The moment estimators for & and p have analytical solutions and can be directly determined from the data.
The remaining parameters are estimated by simulation. The practical implementation of this estimation
is the same as in Ludwig, Schelkle and Vogel (2012), which I refer to for further details. In short, the
algorithm proceeds as follows:

(i) Start with the empirical moments as calibration targets.
(ii) Use these targets to calibrate the model out of steady state.
(iii) For the estimated parameters, compute the equilibrium transition path.
(iv) Obtain the corresponding model-predicted moments for the relevant transition periods.
(v) If the predicted moments exceed the empirical moments, decrease the steady-state calibration target
(and vice versa).
(vi) Iterate until the predicted moments converge to the empirical counterparts.

Because the model begins before most official US data series, constructing the empirical moments requires
some special care. The following summarises the data choices for the internal calibration.

o Output: I use Kendrick’s (1961, Table A-III) real GDP series until 1929, inflate it with the implicit
GNP deflator from his Tables A-IIa and A-IIb, and splice it with the BEA's GDP series (NIPA Table
1.1.5).

« Capital stock: I sum structures, producer durables, and nonfarm land from Goldsmith, Brady and
Mendershausen’s (1956) Table W-1 and splice it with BEA data on total fixed assets net of IPP assets
(FAA Table 1.1).

« Hours worked: I splice KendricK’s (1961, Table A-X) aggregate hours estimates with Bureau of Labor
Statistics data on hours for all workers in the total US economy. I then divide by the population
aged 20 to 64, as reported in the Census Bureau’s intercensal population tables, and convert to the
unit interval assuming a 16-hour daily time endowment. The estimation considers normalized
hours worked, h/Z0(1=0)/(1+00) '\vhere Harrod-neutral TFP is obtained as the residual between
gross output and labour and capital inputs in Kendrick’s Table A-XIX using the labour shares below.

« Life-cycle profile of assets in 1950: I take this from the 1949 Survey of Consumer Finances, as
reported in Goldsmith (1955, Table XLIII).

 Depreciation of non-IPP capital: before 1929, I use Goldsmith, Brady and Mendershausen’s (1956,
Table N-5) estimates and splice them with BEA data on total consumption of fixed capital less
intellectual property products (NIPA Table 5.2.5).

« Depreciation of IPP capital: this does not exist before the NIPA start year, which restricts this
moment to the 1929-1949 subperiod when it is available (NIPA Table 5.2.5).

« Labour share: I extend the BEAs national income data (NIPA Table 1.12) back to 1900 using income
components from Martin (1939, Tables 4 and 41) and Goldsmith, Brady and Mendershausen (1956,
Tables N-1 and N-5). The labour share is calculated as compensation of employees divided by GDP
net of subsidies, taxes on production and imports, and proprietors’ income. The latter subtraction
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Figure D.1. Time series for simulated method of moments.
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imposes the assumption that the self-employed use labour as intensively as the rest of the economy,
per recommendation of Karabarbounis (2024).

« Profit share: is constructed analogously to the labour share using corporate profits—the sum of
taxes on corporate income, net dividends, and undistributed corporate profits—as numerator, again
assuming the same profit share for proprietors as in the corporate sector.

Figure D.1 plots the resulting empirical time series against the model’s predictions (the life-cycle profile
of assets is already shown in Figure 4a in the main body of the paper). The figure reveals that the model
closely fits the data on average, with most deviations being due to the large swings associated with the
Great Depression and its subsequent recovery.

Appendix E Additional Sensitivity Analyses

This appendix complements Section 7 in the main paper with additional robustness checks. Each robustness
scenario recalibrates the parameters f3, y, Q, 8k, and §, to match the baseline calibration targets if needed.
The growth rate of each scenario is plotted against the baseline in Figure E.1, while Figure E.2 shows their
growth decompositions. Overall, neither alternative alters any qualitative conclusions.

Increased retirement age. The social security system in the benchmark model has a fixed normal
retirement age (NRA) and early/delayed pension scaling schedule, contrary to reality. Since the average
age of retirement influences all growth mechanisms in the paper, I therefore consider an alternative which
more accurately describes the NRA and the delayed retirement credits. Specifically, I increase the NRA
to 66 for cohorts born between 1940 and 1956 and to 67 for subsequent cohorts. Moreover, the delayed
retirement credit is increased by 0.5 percentage points for every other cohort between 1924 and 1943. That
is, the delayed retirement credit is 3 percent for cohorts born before 1925, 3.5 percent for the 1925-1926
cohorts, ..., 7.5 percent for the 1941-1942 cohorts, and 8 percent for all subsequent cohorts. Overall,
these changes nevertheless leave the baseline results unaffected because most households in the baseline
already retire between the ages of 65 and 70.

Deterministic earnings. In the baseline, households face uninsurable idiosyncratic productivity shocks
that add a savings motive beyond the standard life-cycle motive. In an alternative, I remove this feature
and consider deterministic earnings. Although this reduces inequality and the overall level of household
savings, the difference to the baseline turns out to be negligible. The large one-off growth spike in this
simulation is not a numerical error. Rather, this is a year in which households choose to start retiring one
year later than prior cohorts. Since the model is deterministic, this change applies to everyone within a
cohort, thus generating a large increase in the employment rate in this particular period.

No bequest motive. Without a bequest motive, an increase in life expectancy strengthens the life-cycle
savings motive and unambiguously raises the saving rate. Warm-glow bequests act as a counteracting
force, since higher survival rates dampen the savings motive of leaving bequests. To assess whether this is
an important aspect, I set the utility weight of bequests ({),;) to zero and rerun the model. As expected,
the growth impact is now larger, although it is quantitatively insignificant and changes no insights from
the baseline.

Flatincome tax. Rather than considering a progressive income tax, I analyse an alternative in which

all households face a constant marginal (and average) income tax rate equal to that obtained from the
national accounts: ¥ = 0.116. Contrary to the deterministic earnings scenario, imposing a flat tax
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Figure E.1. Sensitivity check: growth rates with different model specifications.

increases inequality and the level of household savings. Again, the difference to the baseline is nevertheless
negligible.

Log preferences. Another nonstandard feature is that I consider preferences of the Boppart and Krusell
(2020) class that generate declining hours worked along a balanced growth path. By contrast, a large
part of the macroeconomic literature restricts itself to the subset of this class defined by King, Plosser
and Rebelo (1988), in which hours worked are constant in the long run. Constant long-run hours in

my model are obtained as the special case when ¢ — 1, so that flow utility becomes u(c;, hj, a;’ﬂ) =
1+1/6
Q;c log(¢;) — wm +(1-5)Q, log(aj’ﬂ). In this case, the income and substitution effect on leisure exactly

offset each other, so hours worked do not fall when growth is positive. Between 1950 and 2000, annual
growth with logarithmic preferences is therefore about 0.1 percentage points higher. This difference
is explained entirely by the different adjustments in hours worked. Growth during the twenty-first
century does not change since, with wage growth around zero, the response in hours is similar in both
scenarios.

Part-time wage penalty. Several authors stress the importance of nonconvexities in the budget set
to generate endogenous retirement (see for instance Rogerson and Wallenius, 2013, and Ljungqvist and
Sargent, 2014). Social security plays this role in the baseline model. Another commonly used nonconvexity
is nonlinear wages, which is motivated by the empirical observation that part-time work does not pay as
high hourly wage as full-time work. Thus, following French (2005), consider household labour earnings
given by wsjnthf, with § > 0. The labour market condition then changes to L = }; fX ginhj(x)*¢ dd; and,
by similar derivations as in Appendix A, the long-run growth rate of intermediate firms becomes

A

146 a l-p°
1-¢- A g oa-a1oa 5

1+g, = (1+n)f where %
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Figure E.2. Sensitivity check: growth decompositions with different model specifications.
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The long-run growth rates of output per capita and hours per worker similarly become

1+0 6(1-0)
1 +gy — (1 +gZ) 1+00—¢6(1-0) and 1 +gh — (1 +gZ) 1+00-¢6(1-0) .

For & = 0, wages are a linear function of hours worked and we obtain the benchmark model. Here, I follow
French and set the value of & to 0.415 based on Aaronson and French’s (2004) empirical finding that a 50
percent reduction in hours corresponds to a 25 percent lower hourly wage. I recalibrate the model under
the assumption that £ = 0.415 holds, which lowers the intertemporal elasticity of substitution, o = 1.84,
and flattens the age-efficiency profile.*

With these adjustments, the growth rate is similar to the baseline on average but exhibits more stable
dynamics during the twentieth century. The latter is due to two changes to the average productivity per
hour worked. First, declining hours worked negatively impacts average productivity since the productivity
of an individual worker, sjnhf, now includes hours worked. Second, the age-efficiency profile is flatter than
in the baseline. Changes in the age composition of the labour force, which are more prominent in the
twentieth century, therefore leads to smaller changes in average efficiency.

4 For the baseline, I estimate the age-efficiency profile {sj}}:l from a PSID wage measure obtained by dividing

annual labour income with annual hours. Here, I assume that £ = 0.415 holds and construct PSID wages as
(total annual labour income)/(annual hours worked)!41% (see Appendix B for estimation details).
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Appendix F Additional Figures

Total fertility rate, live births per woman
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Figure F.1. Fertility across major economies.

Source. Gapminder Foundation (2024).
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Figure F.2. Increase in survival probabilities by age group across major economies, 1950-2100.

Source. United Nations (2024).
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(a) Child weights by age of child (b) Household size by age of head
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Figure F.5. Calibrated productivity and tax profiles.
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(a) Gross investment (b) Capital intensity decomposition
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Figure F.6. Investment and capital deepening in the baseline scenario.

Notes. Figure E6b displays the growth decomposition 1% gx/y = ®(gx — gz — §E — §n — §e)> which is obtained by log
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Figure F.7. Growth difference between the baseline and exogenous growth scenario.

53



Appendix References

Aaronson, D., and French, E. (2004). ‘The effect of part-time work on wages: Evidence from the social security rules’.
Journal of Labor Economics, vol. 22(2), pp. 688-720. (Cited on page 49.)

Boppart, T., and Krusell, P. (2020). ‘Labor supply in the past, present, and future: A balanced-growth perspective’.
Journal of Political Economy, vol. 128(1), pp. 118-157. (Cited on pages 34, 47.)

Fernandez-Villaverde, J., Guerr6n-Quintana, P, Kuester, K., and Rubio-Ramirez, J. (2015). ‘Fiscal volatility shocks
and economic activity’. American Economic Review, vol. 105(11), pp. 3352-3384. (Cited on pages 38, 39.)

French, E. (2005). “The effects of health, wealth, and wages on labour supply and retirement behaviour’. Review of
Economic Studies, vol. 72(2), pp. 395-427. (Cited on pages 36, 47, 49.)

Gapminder Foundation. (2024). Babies per woman (total fertility rate). Version 15. (Cited on page 50.)

Goldsmith, R. W. (1955). A study of saving in the United States. Vol. 1. Introduction; tables of annual estimates of
saving, 1897 to 1949. Princeton University Press. (Cited on page 44.)

Goldsmith, R. W,, Brady, D. S., and Mendershausen, H. (1956). A study of saving in the United States. Vol. 3. Special
studies. Princeton University Press. (Cited on page 44.)

Gouveia, M., and Strauss, R. P. (1994). ‘Effective federal individual income tax functions: An exploratory empirical
analysis’. National Tax Journal, vol. 47(2), pp. 317-339. (Cited on page 42.)

Guvenen, E, Kuruscu, B., and Ozkan, S. (2014). “Taxation of human capital and wage inequality: A cross-country
analysis’. Review of Economic Studies, vol. 81(2), pp. 818-850. (Cited on page 42.)

Heathcote, J., Storesletten, K., and Violante, G. L. (2010). ‘The macroeconomic implications of rising wage inequality
in the United States’. Journal of Political Economy, vol. 118(4), pp. 681-722. (Cited on page 36.)

Heckman, J., and Robb, R. (1985). ‘Using longitudinal data to estimate age, period and cohort effects in earnings
equations’. In W. M. Mason and S. E. Fienberg (Eds.), Cohort analysis in social research (pp. 137-150).
Springer. (Cited on page 36.)

Huggett, M., Ventura, G., and Yaron, A. (2011). ‘Sources of lifetime inequality’. American Economic Review, vol.
101(7), pp. 2923-2954. (Cited on page 36.)

Jones, C. 1. (1995). ‘R & D-based models of economic growth’. Journal of Political Economy, vol. 103(4), pp. 759-784.
(Cited on pages 34, 35.)

Jones, J. B. (2002). ‘Has fiscal policy helped stabilize the postwar U.S. economy?’ Journal of Monetary Economics, vol.
49(4), pp. 709-746. (Cited on page 38.)

Karabarbounis, L. (2024). ‘Perspectives on the labor share’. Journal of Economic Perspectives, vol. 38(2), pp. 107-136.
(Cited on page 46.)

Kendrick, J. W. (1961). Productivity trends in the United States. Princeton University Press. (Cited on page 44.)

King, R. G,, Plosser, C. I, and Rebelo, S. T. (1988). ‘Production, growth and business cycles: I. the basic neoclassical
model’. Journal of Monetary Economics, vol. 21(2-3), pp. 195-232. (Cited on page 47.)

Ljungqvist, L., and Sargent, T.]. (2014). ‘Career length: Effects of curvature of earnings profiles, earnings shocks,
taxes, and social security’. Review of Economic Dynamics, vol. 17(1), pp. 1-20. (Cited on page 47.)

Ludwig, A., Schelkle, T., and Vogel, E. (2012). ‘Demographic change, human capital and welfare’. Review of Economic
Dynamics, vol. 15(1), pp. 94-107. (Cited on page 44.)

Martin, R. E (1939). National income in the United States, 1799-1939. National Industrial Conference Board, Inc.
(Cited on page 44.)

Mendoza, E. G., Razin, A., and Tesar, L. L. (1994). ‘Effective tax rates in macroeconomics: Cross-country estimates
of tax rates on factor incomes and consumption’. Journal of Monetary Economics, vol. 34(3), pp. 297-323.
(Cited on page 38.)

Rogerson, R., and Wallenius, J. (2013). ‘Nonconvexities, retirement, and the elasticity of labor supply’. American
Economic Review, vol. 103(4), pp. 1445-1462. (Cited on page 47.)

United Nations. (2024). World population prospects 2024, online edition. Department of Economic and Social Affairs,
Population Division. (Cited on page 50.)

54


http://dx.doi.org/10.1086/381252
http://dx.doi.org/10.1086/704071
http://dx.doi.org/10.1257/aer.20121236
http://dx.doi.org/10.1257/aer.20121236
http://dx.doi.org/10.1111/j.1467-937X.2005.00337.x
https://www.gapminder.org/data/documentation/gd008/
https://archive.org/details/bwb_W8-BOY-985_1
https://archive.org/details/bwb_W8-BOY-985_1
https://archive.org/details/studyofsavinginu0003gold
https://archive.org/details/studyofsavinginu0003gold
http://dx.doi.org/10.1086/NTJ41789070
http://dx.doi.org/10.1086/NTJ41789070
http://dx.doi.org/10.1093/restud/rdt042
http://dx.doi.org/10.1093/restud/rdt042
http://dx.doi.org/10.1086/656632
http://dx.doi.org/10.1086/656632
http://dx.doi.org/10.1007/978-1-4613-8536-3_5
http://dx.doi.org/10.1007/978-1-4613-8536-3_5
http://dx.doi.org/10.1257/aer.101.7.2923
http://dx.doi.org/10.1086/262002
http://dx.doi.org/10.1016/S0304-3932(02)00113-7
http://dx.doi.org/10.1257/jep.38.2.107
https://www.nber.org/books-and-chapters/productivity-trends-united-states
http://dx.doi.org/10.1016/0304-3932(88)90030-X
http://dx.doi.org/10.1016/0304-3932(88)90030-X
http://dx.doi.org/10.1016/j.red.2013.04.001
http://dx.doi.org/10.1016/j.red.2013.04.001
http://dx.doi.org/10.1016/j.red.2011.07.001
https://archive.org/details/in.ernet.dli.2015.84256
http://dx.doi.org/10.1016/0304-3932(94)90021-3
http://dx.doi.org/10.1016/0304-3932(94)90021-3
http://dx.doi.org/10.1257/aer.103.4.1445
https://population.un.org/wpp/

	Endogenous Technological Change Along the Demographic Transition
	Abstract
	1 Introduction
	2 A Simple Model to Understand the Mechanisms
	2.1 Components of Output Per Capita in Steady State
	2.2 Population Ageing via Increasing Survival Rates
	2.3 A Baby Boom via Temporarily Increasing Fertility Rates
	2.4 Taking Stock

	3 A Quantitative OLG Model With Endogenous Growth
	3.1 Demographics and Household Composition
	3.2 Household Endowments and Preferences
	3.3 Production
	3.4 The R&D Sector
	3.5 The Public Sector
	3.6 Equilibrium

	4 Numerical Experiment and its Computation
	5 Bringing the Model to the Data
	5.1 Demographics
	5.2 Households
	5.3 R&D Production Function
	5.4 Public Sector
	5.5 Internally Calibrated Parameters
	5.6 Is This an Empirically Realistic Model?

	6 Quantitative Results
	6.1 Comparative Statics
	6.2 Growth Dynamics
	6.3 Is It All About Boomers? Identifying the Demographic Effects
	6.4 Is It All About Technological Progress? The Exogenous Growth Case
	6.5 Taking Stock

	7 The Importance of the R&D Production Function
	8 Conclusion
	References

	Endogenous Technological Change Along the Demographic Transition Online Supplement
	Appendix A Deriving the Stationary Growth Rates
	A.1 TFP, Output Per Capita, Hours Per Worker
	A.2 Intermediate-Firm Growth Rate: Baseline Model
	A.3 Intermediate-Firm Growth Rate: R&D With Only Labour

	Appendix B Estimating the Life-Cycle Earnings Profile
	Appendix C Constructing Tax Rates
	C.1 Aggregate Tax Rates
	C.2 Estimating the Income Tax Rate Function
	C.2.1 Taxable Earnings
	C.2.2 Taxes
	C.2.3 Tax Credits
	C.2.4 Effective Income Tax Rate
	C.2.5 Estimation

	C.3 Changing the Tax Rate Level While Maintaining Progressivity

	Appendix D Internal Calibration of Model Parameters
	Appendix E Additional Sensitivity Analyses
	Appendix F Additional Figures
	Appendix References


