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Abstract

Motivated by the fact that within-cohort inequality in wealth and
in life expectancy increase over the life cycle, we propose a normative
framework for studying how heterogeneous individuals, who differ by
ability and initial health conditions, accumulate human capital, assets,
social security wealth, and health deficits over the life cycle. To do
so, we implement a life cycle model in which individuals face mortality
risk and optimally decide about their education, consumption, their
labor supply (intensive and extensive margins), and on their health
care expenditure, which is used to reduce the speed of accumulation of
health deficits and hence their risk of dying. Based on a calibration for
the US, we study how productivity growth and medical progress bear
on the life-cycle behaviors and outcomes of set of birth cohorts ranging
between 1910 and 1970. We identify a key role for medical progress in
driving increases in health care spending and life expectancy as well as
for the expansion of education and the reversal from an initial tendency
towards earlier retirement to a postponement. We also find that both
productivity growth and medical progress contribute considerably to
growing inequality.

*This project has received funding from the Austrian National Bank (OeNB) under Grant
no. 17647.



1 Introduction

Following years of seemingly unabated and universal growth in economic pros-
perity as well as in life expectancy in developed economies, two challenges
emerged over the past decade following the aftermath of the 2008 recession.
First, many economies are struggling to sustain their welfare states which have
now come under the twin pressure of population aging and austerity policies.
Second, in many countries inequality is reemerging as a policy issue, with
inequality relating to income and wealth as well as to health and longevity
(Autor et al., 2008; Atkinson et al., 2011; Chetty, 2016; Saez and Zucman,
2016; Case and Deaton, 2017; OECD, 2017).

Here, the recognition that people are typically most vulnerable during their
childhood and during old age - and in particular so in societies in which family
ties are weakening - has triggered a specific interest in the evolution of inequal-
ity over the life course (e.g. National Academies of Sciences, Engineering, and
Medicine (2015) and OECD (2017)). A thorough understanding of the life-
cycle dynamics of inequality is important for a number of reasons: First, it
is important to recognize the multi-dimensionality of inequality (education,
wealth, health, living conditions, etc.) and the fact that from a life-course
perspective many of these ”factors” can be seen both as drivers and as out-
comes, depending on the particular stage of the life-cycle. Early-life health,
for instance, determines educational outcomes (e.g. Bleakley, 2007, 2010; Field
et al., 2009), which jointly determine mid-life health and income (e.g. Smith,
2007; van Kippersluis et al., 2010). By contrast, education and mid-life in-
come determine later life health. Second, the progression of (inequality in) life-
cycle outcomes follows from the interaction of two processes: (i) the sequential
transmission of initial early-life inequality into later-life cycle behaviors and
ultimately into later-life outcomes, and (ii) the accumulating impact(s) of a
process of (correlated) shocks to earnings, employment and health over the
life-cycle. While the former could be understood as a form of fundamental in-
equality that should be addressed by redistributive policies, the latter can be
understood to be a matter of insurance rather than (re-)distribution. Third,
moving from an individual (or cohort) life-cycle perspective to a population
(or cross-cohort) perspective, the emergence of life-cycle patterns of inequality
over time is prone to be subject to two forces: changes in socio-economic con-
ditions due to e.g. productivity growth or medical progress, which are prone
to translate into (i) different starting conditions and life-cycle dynamics for
successive cohorts and (ii) into different (early-life) incentives for members of
successive cohorts to select into certain socio-economic sub-groups, e.g. by
choice of an educational pathway, which in and of themselves induce changing



life-cycle patterns and outcomes. A thorough understanding of these processes
and the resulting life-cycle patterns and outcomes is a crucial prerequisite for
policy-making, not the least as policy interventions themselves will shape the
emergence of life-cycle outcomes depending on which stage of the life-course
they are targeted at.

In this paper we seek to gain a deeper understanding of the behavioral
incentives and resulting life-cycle dynamics within the nexus of health, educa-
tion, labour supply and wealth, how they vary with an individual’s endowment
in terms of health and ability, and how the resulting patterns of increasing
inequality emerge over time depending on (i) productivity growth and (ii)
medical progress.

For reasons of tractability and in order to focus on the role of "fundamen-
tal” heterogeneity rather than life-cycle risks, we abstract in this study from
random shocks over the life-cycle, leaving only survival to follow a random
process. We motivate this by pointing to the seminal study by Huggett et
al. (2011) who show that initial heterogeneity (ability to learn, human capital,
wealth at age 23) rather than random shocks explain about 61.2, 62.4 and 66.0
percent of the variation in US lifetime earnings, lifetime wealth and lifetime
utility, respectively. This is consistent with earlier findings by Cunha et al.
(2016) that about 60 percent of earnings variability is foreseen by agents and
cannot therefore be attributed to uncertainty.

Specifically, we model the life-cycle for a succession of birth cohorts in an
economy with ongoing productivity growth and medical progress, the latter
rendering health care more effective. Members of each cohort are drawn from
a time-constant distribution in regard to the initial endowment, consisting of
the initial number of health deficits, an (effort) cost of schooling, and abil-
ity to convert education into human capital. Individuals face three stages of
their life-course —education, working life, and retirement— the length of these
stages being determined endogenously through the initial selection into an ed-
ucation pathway which determines the duration of schooling and through the
choice of a retirement age and (implicitly) a maximum duration of life. In addi-
tion, individuals decide on a consumption path; a path of health investments,
determining the accumulation of health deficits; and, during their working age,
a path of labour supply. In so doing, they maximize their expected life-cycle
utility, the mortality risk being determined by the number of health deficits.
By considering a large number of random draws from the initial distribution
for each cohort (taken at 10 year intervals), we obtain distributions of life-cycle
outcomes for each of three educational categories (primary, secondary, post-
secondary). Then allowing self-selection into education of individuals accord-
ing to their initial endowment, we can model life-cycle outcomes by educational



category. We calibrate the model to US data trying to replicate developments
of key life-cycle indicators, such as the emergence of longevity, the spending
share on health care, retirement age, life-cycle income, and the distribution
of education over time. Our model then allows a more detailed analysis of
the various pathways by which the emergence of the various indicators within
and across education categories trace to the individual’s endowment as well
as to the socio-economic environment in terms of productivity and state of
medicine. We round-off our analysis by studying two counterfactual scenarios,
in which we alternately shut down productivity growth and medical progress.
This allows us to identify the role of these trends in shaping the emergence of
the distribution of life-cycle outcomes over time.

Our benchmark analysis traces very well the data on the evolution of edu-
cational structure, retirement, life-expectancy, the health care spending share
and the value of life for cohorts born between 1910 and 1970 into the US econ-
omy and yields the following insights. The increase in life expectancy, afforded
by ongoing medical progress, together with productivity growth translates into
an increasing incentive for individuals with a given endowment to select suc-
cessively into higher modes of education. This provides a further boost to
income, which in turn raises the value of life and, thus, the incentive to spend
on health care. Indeed, the health care spending share is growing very much in
line with the literature. There is marked heterogeneity in health care spending
across education groups, with the spending share of high-educated individu-
als with high earnings increasing much more strongly. Together with medical
progress this translates into a widening gap in life-expectancy.

Both the increase in life-expectancy and productivity growth translate into
an incentive to postpone retirement. This is offset, however, by an income
effect calling for an earlier retirement in order to enjoy more leisure. This
effect dominates for early-born cohorts who do not benefit yet too much from
an expansion of longevity. For these cohorts the only way to expand their
retirement stage is to retire earlier. A reversal occurs for later-born cohorts
who experience a strong expansion of their life-time and who can therefore
afford to postpone retirement in order to allow for greater consumption during
old age. Again, there is a considerable divergence in retirement age across
education groups, with the trend towards a postponement of retirement setting
in much later for the lesser-educated. This leads to a widening in the retirement
gap. Strikingly, these divergent life-cycle trends do not result in an increase
in the inequality with respect to the value of life at age 14 as a measure of
life-cycle utility.

Our counterfactuals highlight both productivity growth and medical progress
as important drivers of the evolution and heterogeneity of life-cycle outcomes.
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While the transition into higher education, the trend towards a postponement
of retirement, health care spending growth and the increase in life-expectancy
tend to be weakened in the absence of productivity growth, the ongoing pres-
ence of medical progress continues to drive these life-cycle developments. By
contrast, a shutting down of medical progress leads to rather different out-
comes. Stagnating medical effectiveness translates into both a stagnation of
the health care spending share and a stagnation in life-expectancy. Strik-
ingly, there is now an “adverse” selection into lower education groups, which
is partly explained by the fact that the benefits from productivity growth in-
discriminately accrue to all education groups. Given that health care spending
does not become more effective, income gains are transformed predominantly
into consumption and leisure. This implies an unbroken trend towards earlier
retirement. Altogether, this suggests a pivotal role of medical progress for
explaining observed life-cycle outcomes, as has not been identified before.

Our modeling combines various strands of the literature. First, it relates
recently developed life-cycle models of health and health behavior which are
based on a biologically plausible mechanism of deficit accumulation (e.g. Mit-
nitski et al., 2002a,b; Dalgaard and Strulik, 2014, 2017; Schiinemann et al.,
2017; Dragone and Strulik, 2018; Strulik, 2018) to a literature which uses the
statistical value of life as a measure that governs individual incentives to invest
in their health (e.g. Murphy and Topel, 2006; Hall and Jones, 2007; Kuhn et
al., 2015). In this contribution we derive in a rigorous way the value of life
within a life-cycle model of deficit accumulation, show how they relate to each
other, and study how they govern incentives to invest in health and longevity.
In addition, we broaden the scope to include retirement and education choices
both at the individual level, as studied e.g. by Cervellati and Sunde (2013) and
Sanchez-Romero et al. (2016) but without the health dimension.! In contrast
to all of the named models, we apply our model to examine systematically
how the resulting life-cycles vary with the individuals’ endowments in terms
of health deficits, ability and disutility of schooling effort.?

Second, in this last aspect our paper relates to the literature that explores
the heterogeneity of life-cycle behaviors and outcomes.” While structural mod-

Ld’Albis et al. (2012) is a prequel in the sense of examining the impact of exogenous
changes in life-expectancy on retirement decisions alone. Kuhn et al. (2015) and Dalgaard
and Strulik (2017) examine the interaction of the demand for health care and retirement
choices but both papers disregard education.

2Strulik (2018) explores the education gradient in health and health behavior but does
not develop the full nexus of inequality.

3By additionally, including occupational choices and health-related life-styles, Galama
and van Kippersluis (2018) formulate an even richer theory of a socio-economic gradient



els typically focus on the impact of health and earnings shocks on the accu-
mulation of wealth over the life-cycle (e.g. de Nardi et al., 2010; Kopecky
and Koreshkova, 2014; Capatina, 2015; Laitner et al., 2018), we focus on the
way in which initial heterogeneity translates into later-life inequality both
through the (early) selection into educational groups (and by implication into
different career paths) and through the adoption of divergent life-cycle behav-
iors in respect to savings, health investments, labour supply, and retirement.
As such, our work is more akin to Sanchez-Romero and Prskawetz (2017),
studying how initial differences in ability and frailty translate into differing
accumulation of human capital and financial wealth depending on the pension
scheme; and Frankovic and Kuhn (2019), studying how differences in initial
skills/education translate into differences in the utilization of innovative health
care and resulting longevity.

Finally, in studying the long-run implications for life-cycle behaviors and
outcomes, especially in relation to health care spending and longevity, of pro-
ductivity growth as opposed to medical progress our work contributes to a
literature seeking to identify the contributions of these factors to the simulta-
neous boost in health care spending and longevity over the past decades (e.g.
Hall and Jones, 2007; Fonseca et al., 2013; Jones, 2016b; Bohm et al., 2018;
Frankovic and Kuhn, 2018). In contrast to these models, we do not only depict
the impact of these changes not only on the mean but also on the distribution
both across and within educational sub-groups.

The remainder of the paper is organized as follows. Section 2 introduces
the model, derives the optimal allocation and discusses some of the salient
pathways; Section 3 deals with the calibration of the model; Section 4 presents
our findings; and Section 5 concludes.

2 The model

2.1 Individual behavior

We build our model by connecting the literature on the impact of longevity
improvements on schooling and retirement by Sanchez-Romero et al. (2016)
and the willingness to pay for health and its impact on retirement by Kuhn
et al. (2015) with the health deficit model developed by Dalgaard and Strulik

in health based on the Grossman (1972) style model of a health stock. While their work
identifies many similar incentives analytically, they abstain from a full-blown calibration
and numerical analysis.



(2014). Moreover, we assume heterogeneous individuals that differ with re-
spect to their learning ability level, initial health deficits, and schooling effort.

Budget constraint. Consider an individual who faces a mortality risk as
in Yaari (1965). Given a set of a priori endowments on learning ability, 6,
initial health deficits, D(0), and schooling effort, ¢, the individual chooses the
consumption path, ¢(t), health care, h(t), the fraction of time devoted to work,
0(t), the length of schooling, F, and the retirement age, R, that maximize a
lifetime utility V. As we are considering a partial equilibrium setting and do
not aggregate across cohorts, we can interpret the variable ¢ as both age and
time. The individual accumulates health deficits D(¢) which tend to increase
the mortality risk (Mitnitski et al., 2002a,b). We assume that a number of
deficits D(t) > D is entirely incompatible with survival and we denote by T the
age at which D(t) = D. Health care investments slow down the accumulation
of health deficits and hence reduce mortality and postpone age T

The life span of the individual is divided into three stages: schooling,
working life, and retirement. In the first stage (= schooling) the individual
chooses consumption, health care, and the number of years of schooling, E.
Additional schooling increases the future wage rate per hour worked according
to a standard Ben-Porath (1967) mechanism

1
1—v

H(E|f) = eF (Ho +(1— 7)0/0}5 e‘“”)tdt) : (1)

where Hj is the initial stock of human capital, which is normalized to one, § > 0
is the human capital depreciation rate, 0 < v < 1 is the returns to education,
and 6 > 0 is the innate ability of the individual. However, attaining a higher
educational level comes at the expense of two costs: First, a disutility from
the effort of attending school, where the effort accounts for the socioeconomic
environment and other non-monetary factors that tend to deter the individual
from attaining education as well as for a possible myopic lack of foreseeing
the returns of higher education (Oreopoulos and Savanes, 2011). Second, the
present value of the income stream that is foregone during the time spent on
education.

In the second stage (= working life), the individual chooses consumption,
health care, the number of hours worked in exchange of a wage rate, and the
amount of savings necessary to finance the expenditures during retirement. In
the third stage (= retirement), the individual consumes the stock of capital
on consumption goods and health care and enjoys leisure.



To rule out adverse selection of health investment on retirement and mor-
tality, as in Kuhn et al. (2015), and in the spirit of much of the life-cycle
literature, we assume individuals do not purchase annuities. Moreover, we
assume the individual starts and dies without wealth, i.e. k(0) = k(T") = 0.
Thus, the lifetime budget constraint is

/0 e (c(t) + pa()h(t) + pm () (D)) dt = / e”"w(t, BO)(()dt,  (2)

E

where 7 is the market interest rate, pp(t) is the price of health care goods
at time ¢, and p,,(t)u(t) is the expenditure on emergency care required at
time/age t. We assume emergency care to be proportional to the mortality
hazard, u(t), at age t, the price p,,(t) then reflecting the appropriate conversion
rate into money. All consumption goods and health care costs are financed by
the labor income earned during the working period between ages FE and R.
The labor income earned at age t is given by the labor supply, £(t), at this age
and the wage rate w(t, E|0).

Preferences. The expected lifetime utility at time 0, conditional on the
years of schooling, F, longevity, T', retirement age, R, consumption path, c,
employment path, ¢, and health care path, h, is given by

V(E,T,R,c,l,h) = /OT e Pt S (t)ule(t), 0(t))dt

E T
— gb/ e P*S(t)dt +/ e PtS(t)p(t)dt. (3)
0 R
The first term on the right-hand side accounts for the utility of consump-
tion and the disutility of work (with u(c,€) > 0, ul(c,€) > 0, uy(c,f) < 0,
ul.(c,l) < 0, uj,(c,l) <0, and uly(c,?) < 0). The second term reflects the
effort of attending school (Sédnchez-Romero et al., 2016; Restuccia and Van-
denbroucke, 2013; Oreopoulos, 2007), which is an increasing function of the
length of schooling, E. The last term captures the utility of leisure during
retirement, where () > 0 is the marginal utility of leisure during retirement
(Sédnchez-Romero et al., 2019). We assume ¢'(t) > 0; i.e., the marginal util-
ity of leisure in retirement increases with age as the remaining life-time in
retirement is squeezed.

Survival and health deficit accumulation. To connect the health deficits
model of Dalgaard and Strulik (2014) to the conventional value of life approach

8



(Murphy and Topel, 2006; Hall and Jones, 2007; Kuhn et al., 2011, 2015), we
follow Schiinemann et al. (2017) and Dragone and Strulik (2018) and intro-
duce survival, S(t), as a distinct third state variable, which is subject to the
dynamics .

S(t) = —u(D(8)S5(1). (4)
w(D(t)) is the instantaneous mortality (hazard) rate at age ¢, which is a func-
tion of the state variable: stock of health deficits at time ¢, D(t). According
to Mitnitski et al. (2002a,b), the stock of health deficits, D(t), measures the
proportion of possible deficits an individual has at age t. Therefore, by con-
struction D(t) takes values between zero and one. Moreover, Mitnitski et
al. (2002a) show that the instantaneous mortality rate can be expressed as a
function of health deficits according to

Bu

WD) =+ o (P2 it DO 2 vt an )
where {o,, B,,7.} and {aq, B4, 74} are positive parameters associated with a
Gompertz-Makeham law on mortality and on health deficits, respectively.”
Eq. (5) shows how an increase in health deficits raises the mortality hazard
rate, Following Dalgaard and Strulik (2014) we assume health deficits to
accumulate with age according to a natural rate of aging, (4, which can be
slowed down by investing in health, h(t). Thus, the stock of health deficits
evolves at age t according to

D(t) = B4 (D(t) — A(t)(t)" —~a) with D(T) =D, (6)

where D is the maximum stock of health deficits compatible with being alive,
7 measures the returns to health investments, which is assumed to range be-
tween zero and one, and A(t) represents the state of the health technology at
time ¢. For simplicity, we assume the state of health technology to increase
exponentially at a constant rate gp; i.e. A(t) = A(0)e?»'. From (5) and (6)
we can rewrite the mortality hazard rate in terms of the Makeham—Gompertz
law on mortality and of health investments as

ult) = 2+ o { Byt + g1~ Re(t) | @
where .
Re(t) = g—j/o A(0)h(s)"ePa=gn)s g, (8)

4Mitnitski et al. (2002a) obtain that more than 99% of the total variance in mortality
rates is explained by combining these two Gompertz-Makeham laws.
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Therefore, (5) shows a positive and increasing relationship between health and mortality as estimated by Schwandt (2018).

Schwandt, H. (2018). Wealth shocks and health outcomes: Evidence from stock market fluctuations. American Economic Journal: Applied Economics, 10(4), 349-77.



with 0 < Re(t) < 1, represents the rate of "rejuvenation” at age ¢, amounting
to the compounded health-care-driven deficit reduction up to this age. Taken
together, egs. (7) and (8) imply that as the individual accumulates health care
investments, the speed of aging, or senescence, is slowed down. By differenti-
ating (7) with respect to Re(t), we obtain

ult) _ Bulu(t) =)
ORe(t)  Ba(l — Re(t)

< 0. 9)

Thus, the impact of the rejuvenation rate on the reduction of mortality is
greater the higher is the mortality (hazard) rate and the greater is the level of
the rejuvenation. However, since limyo, Re'(t) = (8a/cq) A(0)h(t)7ePa=9n)t =
0, for B4 > g, the rejuvenation rate will reach a plateau at old age and there
will not be further reductions in mortality.

An important feature of eqs. (7) and (8) is that they allow us to derive
the overall impact on mortality of an increase in the state of the medical
technology. Differentiating (7) with respect to the initial state of medical
technology, A(0), we obtain

Ou(t) _ Ou(t) Re(t)
9A(0) ~ ORe(t) A(0) (L+nea@a(t) - (10)

where € 4(0)5(t) is the average elasticity of health care investments in response
to medical technology at time t. > Thus, a higher state of medicine reduces
the mortality rate, i.e. gzgt) < 0, if health care investments increase with
medical technology on average or at least do not decline by too much, such
that €4(0),(t) > —1. In this case, Re'(t) > 0 and at((%’;é(g)) < 0 imply that
better medical technology will reduce mortality disproportionately at higher
ages.

2.2 Optimal life-cycle allocation

The problem of the individual is to maximize (3) subject to (1)—(2) and the
boundary conditions on health deficits D(0) = Dy, D(T) = D and on capital
k(0) = k(T) = 0. To solve the individual problem numerically we assume an
additively separable instantaneous utility function in consumption and labor

u(c,l) = (cl_”c_1> / (1 — 00_1) - (EHUZ_I) / (1 + O'l_l) + 1, (11)

5The elasticity is defined as €4(0),n( fo (21((2) g%%)) A A(T;:(T)):e:i{;,dT ds.
0
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where 0 < 0., 0, < 1 are the intertemporal elasticities of substitution (IES)
on consumption and labor, respectively; where a; > 0 is the weight of the
disutility of labor; and where @ > 0 is a baseline benefit from being alive. Its
value is assumed to be large enough to guarantee that u(c,¢) > 0 holds for all
ages, which guarantees a willingness to survive throughout.®

We derive the optimal choices of the individual in four steps. First, condi-
tional on a particular length of schooling, F; retirement age, R; and maximum
age, T', we obtain the optimal consumption path, health care investments, and
hours worked. Second, based on the conditional choices of the optimal con-
trols, the length of schooling, and the maximum age, we obtain the optimal
retirement age. Third, we derive the optimal maximum age conditional on the
optimal controls and the optimal retirement age for any given length of school-
ing. Finally, we calculate the length of schooling that maximizes the lifetime
utility. A full derivation of the individual problem can be seen in Appendix A.

For simplicity’ sake, we define u(-) such that

u(c(t),0) — ¢ for0 <t < FE,
u(t) = < u(c(t), 0(t)) for B <t <R, (12)
u(c(t),0) +¢(t) for R<t<T,

which is always a positive function. Using the current-value Hamiltonian

H = Su+A\p(rk+wll —c—pph—pmp(D)) + ApBa(D — AR" —74) — Asp(D)S,

(13)
where 1 is an indicator function that takes the value of one for £ < ¢t < R and
zero otherwise. The necessary conditions for an optimum are:

S(H)et) ™ = Me(t), (14)
S(Helt) = M(w(t, E|O) for £ <t <R, (15)
—Ap(1)BaA()nh(t)"™ = A (t)pa(t), (16)

where A (t) > 0is the shadow price of capital and Ap(t) < 0 is the shadow price
of health deficits. Note that the individual problem has three state variables:
capital, health deficits, and survival. Therefore, there exists a A\g(t) > 0 that
is the shadow price of the probability of surviving to time t. Condition (14)
shows that consumption at time ¢ increases the higher is the probability of
surviving to time ¢, while consumption at time ¢ decreases the higher is the

6A positive baseline benefit is important even for a; = 0, as we are assuming o, < 1.
This latter assumption guarantees an increase in the health care spending share with income
that is in line with the data (Hall and Jones, 2007).
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monetary value of assets at time t. Substituting (14) into (15) we obtain the
standard condition that the marginal rate of substitution between labor and
consumption must equal the wage rate, implying that the labor supply at
time ¢ increases with the wage rate and decreases with consumption at time
t. Condition (16) governs optimal health investments and is similar to that
obtained by Dalgaard and Strulik (2014). When dividing through by (),
the condition states that the marginal (monetary) value of health care at time
t must be equal to its (dollar) price.

Before we proceed to analyze the dynamic characteristics of the control
variables, we define the value of life and the value of health deficits. First,
let us define the value of life, hereinafter VOL, at time ¢ in the absence of an
annuity market as’

VI (t) = —)\S)(\Z)(f;(t) = /t e_r(s_t)lllll(—is))ds > 0. (17)

Eq. (17) is the monetary value at age ¢ of the discounted stream of utility
flows over the remaining life span. VOL can also be defined as the marginal
rate of substitution between the probability of surviving to age ¢ and assets.
Thus, VOL is a measure of the willingness to pay for avoiding death at time t.
Second, let us define the value of health deficits, from now on VOD, at time ¢
in the absence of an annuity market as

BP(1) = A&(:)) — P (T)e~lr—BaT=0)_

- / e~ =860 1 (D(5)) (65 (5) + pu(5))ds < 0, (18)

VOD is the marginal rate of substitution between deficits and assets. The VOD
amounts to the sum of (i) the present value of the VOD at the maximum
attainable age and (ii) the present value of lost survival prospects over the
whole remaining life course that arises from an additional deficit at age t.
Here, the deficit induced loss in survival for each future life year is evaluated
by the sum of the VOL and the price of emergency health care at that given
age/time. Note that discounting takes place according to the net discount
rate r — [Op, i.e. the distance between interest rate and the rate of deficit
accumulation.

TIf the individual can annuitize a fraction & € [0, 1] of the assets, the value of life at time

. T _ris—t) {S()\T uls
tisydt)= [, e ( t)(SEt;) u,c((s))ds.
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Rearranging terms in (16), we obtain a closed form solution for the optimal
investment in health care:®

_ D Al) ) =
bit) = (a0 20 (19)
According to (19), the demand for health care increases with the state of
medical technology and with the VOD in absolute terms while it declines with
the price of health care.
From the first-order conditions and the envelope conditions we obtain the
laws of motion for consumption, labor, and health care:

S = o= o= (D), (20)
= (% Fp-r+ M(D(t))) , (21)

hty 1 (o AW g (D) (@) + palt)
01— ( A0 m) e ) -

Eq. (20) is the Ramsey-rule in the absence of annuities. For r > p, the con-
sumption path follows an inverted U-shape, since consumption starts to decline
when the mortality hazard rate becomes sufficiently high. Eq. (21) shows how
hours worked evolve over the working life according to the difference between
the relative change in the wage rate and the relative change in consumption.
The intuition is simple. When the interest is high, the individual works harder
today in order to save, whereas the individual prefers to postpone work when
the discount factor is high, the mortality hazard rate is high, or when the
future wage rate increases. Eq. (22) shows the evolution of the age profile of
health care. Health care investments tend to increase over time (i.e. they are
postponed) according to the difference between the interest rate and the rate
of accumulation of health deficits, and the difference between the growth of
health technology and the growth of the price of health care, but they tend
to be advanced to the extent that the VOD is written off year by year. Thus,
health investments tend to be realised before deficits tend to bear heavily on
mortality and while that risk is still weighted with a VOL and/or causes high
emergency expenditure.

8From (19) we obtain that the elasticity of health investments with respect to health

care technology at time t as e4n(t) 1= %gg((i)) = ﬁ(l + wAD((t%) 8(55((5)))

improvements in the state of medical technology tend to increase health investments at
time ¢ if the VOD increases in absolute terms or if it declines inelastically.

. Hence,
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Optimal retirement age. Given the length of schooling, F, longevity, T,
and the optimal consumption path, the optimal retirement age, R*, satisfies
the condition:

PR S(ROUL0)w(R) = e (o) (1 +o)p(R)) T . (23)

The left-hand side of Eq. (23) is the marginal benefit of continued working,
while the right-hand side accounts for the marginal cost of postponing retire-
ment. d’Albis et al. (2012), Kuhn et al. (2015), and Sénchez-Romero et al.
(2016) investigate how changes in the mortality rate at each age, either ex-
ogenously or through health investments, affect the optimal retirement age.
They show that mortality improvements early in the working life promote
early retirement, while mortality improvements after retirement lead to the
postponement of retirement. To show how changes in mortality at any age z

affects the optimal retirement age, we totally differentiate (23) with respect to
R* and p(D(xp))

* _1 _9S(RY) 11 _Oc(R)
R — S(R*) ou(D(wo))  oc c*(R*) Ou(D(zo)) (24)
* 86* * / *) *
du(D(xo))  p—7r+ pu(D(R*)) + Uicc*&{*) 8(11?,{ ) 4 - Z((If*))

This result is very similar to that shown in d’Albis et al. (2012) and Sénchez-
Romero et al. (2016) with annuities. However, there are two important dif-
ferences in our model with respect to the previous ones. First, in this model
mortality is endogenously chosen. Therefore, the differential age effect of the
impact of mortality on retirement will be triggered by changes in the medi-
cal progress or in the technological progress. Given that these two exogenous
factors affect on the mortality rate mainly at old ages, as it was shown in
Eq. (10), mortality improvements will lead to late retirement (d’Albis et al.,
2012) . Second, we have assumed that individuals do not purchase annuities.
This assumption implies that the lifetime human wealth effect, or the pos-
itive impact of mortality on consumption due to the raise in the likelihood
of receiving a future labor income stream, is shut down. Therefore, only the
years-to-consume effect, which is the reduction in consumption to finance a
longer lifespan, is present in the model. The years-to-consume effect has a
negative impact on leisure and hence the individual delays the retirement age.

Optimal longevity and the value of health deficits. The individual
reaches its possible maximum age, 7', when D(T) = D. To guarantee that
T = T* is optimal, T must satisfy the terminal age condition, H(7T*) = 0.
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Using the terminal age condition, we derive the final VOD:

(1) (1 = 742 ) + ol T)(D)

S =- 54D — ) "
byt (L= Bam) (B AT\
) Ba(D — 7a) ( pr(T) ) - ()

A unique P (T*) < 0 exists if n € (0,1) and if the first term on the right-hand
side of (25) is negative. We then obtain three important insights from (25).
First, VOD increases with total expenditure (net of health care investments).
Thus, wealthier individuals invest more money than poorer individuals on
health care at time T*.° Second, higher prices — w, pp,, and p,, — raise the
VOD. Third, an increase in the state of medical technology, A(T*), reduces
the VOD at time T*. Thus, the net effect of a simultaneous increase in labor
productivity, which raises all prices including wages, and in the state of the
medical technology is a priori ambiguous.

Optimal length of schooling. We assume the length of schooling is a dis-
crete choice. This assumption has an advantage over a continuous framework,
since this setting allows the possibility that the individual becomes trapped
in a specific educational group when it becomes too costly to move to the
next educational level.!” Only the individual who is indifferent between two
educational levels has the option of moving between levels. Hence, rather than
finding an E* that equates the marginal returns of education to the sum of
the marginal costs of schooling, the individual chooses the educational level,
among a set [£ of possible alternative, that reports the highest lifetime utility:

E* =argmax V(E, T*, R*,c", (", h"). (26)
E€E

9When individuals purchase annuities, the consumption profile monotonically increases
with age. Hence, ceteris paribus, we should expect a wider difference in the VOD at time T
across income groups in economies in which individuals purchase annuities than in economies
in which individuals do not purchase annuities. Therefore, our model assumptions produce
conservative estimates of the difference in health care investments and life expectancy across
income groups.

10Note that if the length of schooling is a continuous variable, individuals can always react
to changes in the economic circumstances by marginally changing the length of schooling.
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3 Calibration

We calibrate the model for the average US male born in year 1910, whose life
expectancy at age 14 is 54.3 (Bell et al., 1992), the average length of schooling
is 11.8 years, and the average retirement age is 64.8 (Sanchez-Romero et al.,
2016).

Table 1: Model parameters

Preferences Prices

IES on consumption Oc 0.7500 Productivity growth g 0.0200

IES on labor oy 0.2000 Rate of growth of health prices g 0.0120

Utility weight of labor o 15.0000 Interest rate r 0.0400

Discount factor p 0.0000 Initial price of health services  py $674

Initial utility of retirement ©wo 3.5000 Initial price of emergency care  p, $9103

Mortality and health deficits Human capital

Natural rate of aging Ba 0.0430 Returns to experience 61 0.0904
Qg 0.0111 Returns to experience-squared [, -0.0013
Yd 0.0200 Depreciation of human capital — dy, 0.0011

Senescence rate Bm 0.0768 Returns-to-scale to education Yh 0.6500

Minimum mortality rate log(a,) -8.4636

Makeham component Ym 0.0000 Health investments

Maximum health deficits D 0.2200 Health technology A 0.000547

Returns-to-scale of health n 0.2000

Similar to Dalgaard and Strulik (2017) we specify the parameters governing
the accumulation of health deficits by setting the natural rate of aging (54) at
0.043, 74 at 0.02, and a4 at 0.00312, which all correspond to the parameters
of the health deficit function estimated by Mitnitski et al. (2002a) for Canada.
Parameter 7, or the returns-to-scale of health investments, is set at 0.20. The
value of 7 is taken from Hall and Jones (2007), which deviates from the one
used by Dalgaard and Strulik (2014) by 0.01. A is set at 0.000547 so that
individuals born in 1910 spend 10 percent of their lifetime income on health
care, which is the share of health care expenditure observed in year 1980 in
the US. We choose the year in which the individual turn 70 years old, because
this age corresponds to the mean-age of health care receivers observed in the
US (Lee and Sanchez-Romero, forthcoming).

For consistency with the economic model, we assume the mortality rate
follows a Gompertz law; i.e., 7, = 0. As a consequence, we abstract from

Since we analyze the behavior of individuals over their lifecycle, we use cohort data from
www.ssa.gov, rather than period data from the Human Mortality Database (HMD).
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the influence of infectious diseases or accidents on mortality. The minimum
mortality rate, cy,, and the senescence rate, 3, are set at exp(—8.4636) and
0.0768, respectively, which correspond to the estimated values of {c,, 5, } for
US males born in 1910 (Bell et al., 1992).

Julia/Mortality. jpeg

Figure 1: Survival probability and accumulation of health deficits: Birth co-
hort 1910.

We consider the wage rate per hour worked as a function of the educational
attainment, conditional on the ability level, H(E|#), the productivity growth
rate g, which is assumed to increase at an annual rate of 0.02 (Jones, 2016a),
and experience. Hence, the log of the wage rate per hour worked of an indi-
vidual born in year ¢ at age ¢, with E years of education and ability level 6, is
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given by
logw;(t, E|0) = log H(E|0) 4+ gi + gt + Bo + B1(t — E) + Be(t — E)*. (27)

We consider individuals can attain any of the following three educational
groups: primary, secondary, and postsecondary. To be consistent with the
ISCED classification and taking into account that our model starts at age 14,
we set the length of schooling, F, at 0 for primary education, at 4 for sec-
ondary education, and at 7 for postsecondary. The returns-to-education is set
at v, = 0.65, similar to Cervellati and Sunde (2013), and ¢ is set at 0.0011.
We differ the explanation of the calibration for ¢ at the end of this section.
The last three Mincerian parameters in (27) are taken from Heckman et al.
(2006), Table 2, which represents well the wage rate of the US cohort born in
1910 at age 30.

Prices in the health care sector are assumed to increase annually at the
same rate as wages (e.g. g=2 percent). This value coincides with the growth
rate of health expenditures by age for the US, as shown by Dalgaard and
Strulik (2014) using data from Keehan et al. (2004). The annual growth rate
of health technology, gy, is set at 1.2 percent in order to match the increase
in life expectancy at age 14 of cohorts born between year 1910 and 1970 (see
Figure 2). Since the value of g5, may not necessarily represent well the reality,
in Section 4 we present counterfactual experiments in which g, is canceled out.

The parameters governing the behavior of the individual are set to replicate
specific features of the consumption path and labor supply. Specifically, we
assume an IES of consumption (o.) of 0.75, which is within the range (0.5 and
1) of values for o. suggested by Chetty (2006). We assume an IES of labor
supply, o7, equal to 0.20. The weight of the disutility of labor («) is set at
15.0 in order to obtain that prime aged individuals work 40.0 percent of their
available time, which is equivalent to 44.8 hours of work per week. We set the
interest rate r and the subjective discount factor at 4 percent and 0 percent,
respectively, in order to match two facts. First, the observed increase by age of
the cross-sectional per capita consumption profile in the US, which is around
1 percent per year. This value is calculated using the fact that cross-sectional
profiles of consumption per capita grow by age at a rate equal to o.(r—p) —g.
Second, an interest rate of 4 percent also gives a decline of 1 percent in the
price-adjusted quality of health care at age 40 (Cutler et al., 1998), which is
close to the average age of the population. The initial utility of retirement
(o) is set at 3.5 for individuals secondary education in order to replicate the
average retirement age of US males born in 1910.

The last set of parameters corresponds to the initial endowments of our
heterogeneous individuals: innate ability, @, initial health deficits, Dy, and the

18



Julia/LEe14US. jpeg

Figure 2: Male life expectancy at age 14. Source: Authors’ simulations and Bell et
al. (1992) (red diamonds)

schooling effort, ¢. We consider each one of these endowments is uniformly
distributed within a minimum and a maximum value, which are set so as
to replicate the distribution of the educational attainment of US males born
in year 1910: primary=48%, secondary=43%, and postsecondary=8%. Data
on educational attainment by birth cohort is taken from the project Edu20c
(Goujon et al., 2016). Thus, we obtain that the schooling effort is distributed
according to ¢ ~ u(0.22, 0.325), the innate ability to 8 ~ u(0.09, 0.16), and
the initial health deficits to Dy ~ u(0.0235, 0.0239). For expositional’ sake,
we classify in Table 2 each endowment by low, medium, and high.

Figure 3 show how the combination of these three endowments influence on
the schooling decision of our individuals. In particular, Figure 3(a) shows that
completed postsecondary education (blue dots) is attained by individuals with
high innate ability and low schooling effort (i.e., individuals coming from rich
families). On the contrary, individuals facing a higher schooling effort (i.e.,

19


http://edu20c.org/wordpress/

Table 2: Classification of initial endowments

Low Medium High
Schooling effort o | (0.2200, 0.2550)  (0.2550, 0.2900) | (0.2900, 0.3250)
Innate ability 6 | (0.0900, 0.1133) (0.1133, 0.1367) | (0.1367, 0.1600)
Initial health deficits Dy | (0.0235, 0.0236) (0.0236, 0.0238) | (0.0238, 0.0239)

Julia/EduByAbility&SchoolEffortB. jfelia/EduByAbility&HealthB. jpe

(a) (b)

Figure 3: Impact of the initial health deficit (D), innate ability (), and
schooling effort (¢) on educational attainment. Notes: Each panel is based on a
sample of 12500 random draws of the set of parameters.

individuals coming from low income families), despite having a high innate
ability, do not complete postsecondary education. This result is consistent
with the existing report on educational attainment by ability and family char-
acteristics (Fox et al., 2005). Looking at the influence of health on education,
Figure 3(b) shows that postsecondary education is more likely to be attained
individuals with high innate ability, who face low initial health deficits.
Figure 4 shows one thousand alternative optimal trajectories over the lifecy-
cle, randomly generated with the model, for the cohort born 1910. Individuals
are heterogeneous with respect to their schooling effort, innate ability, and
initial health deficits. Higher profiles of labor income, consumption, value of
life, and assets holding at the end of life correspond to individuals choosing
postsecondary education, whereas lower per capital lifecycle profiles depict the
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Figure 4: Life cycle profiles for different levels of innate ability, schooling effort,
and initial health deficits: Birth cohort 1910.

behavior of individuals with primary education.

4 Results

We simulate three experiments. In the first experiment (our benchmark) we
consider there exist medical progress, g,, and labor-augmenting technologi-
cal progress, ¢g. In the second experiment we shut down the effect of labor-
augmenting technological progress, while we assume the existence of medi-
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cal progress. This experiment is named “constant prices”, since all prices
{Pn, pm, w} are assumed to depend on g. In the third experiment we as-
sume there is no medical progress, but prices keep rising according to g. For
each experiment we simulate the life cycle profiles of 20 000 individuals, that
randomly differ according to their innate ability, initial health deficits, and
schooling effort.

4.1 Distribution of educational attainment

Figure 5 shows in each column bar the distribution of the educational at-
tainment of each cohort. In the benchmark model (see Fig. 5(a)), we obtain
that the proportion of individuals with primary education increases from co-
hort 1910 to cohort 1930 and then it progressively declines. This is because
individuals born before year 1940, who are indifferent between primary and
secondary education, use the additional wealth to avoid the effort of attend-
ing schooling. However, individuals born after 1930 experience, on the one
side, a lower schooling effort relative to the income level and, on the other,
the necessity to finance the consumption over a longer life span (see Fig. 2).
These two factors explain the necessity of individuals born after 1930 to invest
in higher education. Thus, those individuals who remain in primary educa-
tion becomes more selected over time. Table 3 reports under the benchmark
scenario the evolution across cohorts of the average endowments for each ed-
ucational group. We can see in Table 3 that individuals born in year 1970
who remain in primary education have (on average) low ability, average initial
health deficits, and face high schooling efforts. On the contrary, the observed
swing in the educational attainment between those with secondary education
does not occur for individuals with postsecondary education since the latter
group face lower schooling efforts and have higher returns to education (see
the bottom of Table 3 for the cohort 1910).

Fig. 5(b) shows the marginal influence of the labor-augmenting technolog-
ical progress on the distribution of educational attainment by birth cohort.
The first important result we observe in Fig. 5(b) is that the educational at-
tainment distribution for the cohort 1970 is lower than that in the benchmark.
This is because the lack of technological progress reduces the growth rate of
wages and hence the returns of education diminishes. Second, we obtain that
the average educational attainment monotonically increases across cohorts,
even though wages do not increase. Therefore, Fig. 5(b) suggests that medical
progress at old age is a key factor explaining the increase in education. Never-
theless, since the increase in the educational distribution is greater in fig. 5(a)
than in fig. 5(b), this difference suggests that rising wages complement medical
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(a) Benchmark

Figure 5: Educational distribution: Birth cohorts 1910-1970.

Source: Authors’ simulations.

(b) Constant prices

progress to explain the increase in the length of schooling.

(¢) No medical progress

Table 3: Average values of initial endowments by educational attainment under
the Benchmark: Birth cohorts 1910-1970 (in %)

Birth cohort 1910 1920 1930 1940 1950 1960 1970
Primary

Schooling effort, ¢ 28.2 28.3 28.1 28.2 28.2 28.4 29.1
Innate ability, 0 10.9 11.0 11.1 11.0 10.7 10.3 9.8
Initial health, Dy 23717 23717 23723 23727 2.3725 2.3738 2.3774
Secondary

Schooling effort, ¢ 26.8 26.8 26.8 27.2 27.4 27.4 27.7
Innate ability, 0 13.9 14.0 14.0 13.8 13.3 12.1 10.5
Initial health, D 2.3704 2.3712 2.3709 2.3713 2.3723 2.3734 2.3763
Postsecondary

Schooling effort, ¢ 23.5 23.3 23.7 24.2 25.2 26.3 26.8
Innate ability, 0 15.1 15.1 15.1 14.9 14.6 14.1 13.1
Initial health, D 2.3688 2.3680 2.3661 2.3669 2.3675 2.3682 2.3699

Note: Darker colors are associated to higher values of the specific endowment. The range

of values associated to each color and endowment are detailed in Table 2.

To complete the analysis with respect to education, Figure 5(c¢) shows how
the medical progress impacts on the optimal choice of the length of schooling.
By shutting down medical progress and allowing all prices to rise with the pro-
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ductivity growth rate, we observe in Fig. 5(c) an overall decline in educational
attainment. On the one side, individuals use the rise in wages to avoid the
schooling effort. On the other side, individuals do not find optimal investing in
education in order to pay for extending the lifespan, since the lack of medical
progress makes ineffective to invest in health care. Therefore, Fig. 5(c) further
supports the result that medical progress is crucial for explaining the increase
in educational attainment. Moreover, we find that increasing wages without
medical progress that extends the life span tends to reduce the educational
attainment.

4.2 Retirement age

Figure 6 shows the evolution of the optimal age of retirement across birth
cohorts in the benchmark and in the two counterfactuals. We make use of
box-plots to simultaneously show the median values and the dispersion. Fig-
ures 6(a) and 6(b) correspond to the benchmark model. In Figure 6(a) we
can see the evolution of the retirement age for the whole sample of individ-
uals simulated. In Figure 6(b) we show the evolution of the retirement age
conditional on the educational attainment. Figures 6(c)-6(d) depict the opti-
mal retirement ages by educational attainment under the two counterfactual
experiments. Our two counterfactuals allow us to understand the different
effects driving the evolution in the retirement age.

We can see in Fig. 6(a) that the average retirement age across cohorts first
decreases and then it increases sharply. This is explained by four different
effects. First, following d’Albis et al. (2012) and Sénchez-Romero et al. (2016),
mortality improvements produce a differential effect on retirement due to the
lifetime human wealth effect and the years-to-consume effect. Lifetime human
wealth effect stands for the positive impact that a mortality decline has on
consumption, due to the fact that it raises the likelihood of receiving a future
labor income stream. In this model, however, we have cancelled out the lifetime
human wealth effect by not allowing individuals to purchase annuities and
also by not imposing a borrowing constraint. The years-to-consume effect
reflects the overall reduction in consumption due to a longer lifespan. Although
these two effects directly affect on consumption, given that consumption and
leisure —i.e., retirement— are both normal goods, the impact of mortality
on consumption is translated into retirement as it is shown in Eq. (?77). As
a consequence, the increase in the lifespan, due to medical progress, leads
individuals to retire later (i.e., years-to-consume effect). This is clearly seen
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Figure 6: Retirement age by educational attainment.
Source: Authors’ simulations.

in Fig. 6(c) in which there is medical progress and prices are kept constant.'
On the contrary, the initial decline in the retirement age is explained by an
income effect caused by the increase in wages, which is used to buy more

12 Allowing individuals to purchase annuities will trigger the lifetime human wealth effect.
Hence, the decline in retirement will be more pronounced, ceteris paribus the maximum
longevity.
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leisure time. In this regard, Fig. 6(d) shows that when medical progress do
not allow further increases in lifespan, the rise in wages lead to early retirement.
However, comparing the cohort born in 1910 in Fig. 6(c) to that in Fig. 6(d),
we also find the technological progress increases the initial retirement age. The
intuition is simple. The increase in productivity raises wages and increases the
benefits of continue working. Last, the sharp increase in the retirement age
from cohort 1940 onwards is also driven by a compositional effect. As it is
shown in Fig. 5(a), the share of individuals attaining postsecondary education
increases with later-born cohorts.

Two additional facts are worth noticing. The first fact is the progressive
increase across cohorts in the dispersion of the retirement age, except for the
cohort born in 1970. On the one hand, this is due to the increasing difference
across cohorts in the retirement age between educational groups, see Fig. 6(b).
On the other, we have that the shares of the educational groups become similar
in size, which also increases the variance between groups. The second fact is
that the model is capable of replicating the positive relationship between a
longer schooling period and the retirement age, while individuals with primary
education work more years than those with postsecondary education.

4.3 Health care expenditure

Figure 7 shows the evolution of the life-cycle health care spending share, i.e.
the present value of total health care spending over the life-course in relation
to the present value of life-cycle income, across birth cohorts in the benchmark
and in the two counterfactuals. Again, the use of box-plots illustrates median
values and dispersion.

As we see from panels (a) and (b) in Figure 7, the health care spending
share increases strongly for successive cohorts. Assuming a mean spending age
at around 70, the average spending shares of 10.2 percent, 11.6 percent and
13.5 percent for the birth cohorts 1910, 1920 and 1930 are well in line with the
cross-sectional spending shares in the years 1980, 1990 and 2000, respectively.
For an ongoing trend to labour productivity and medical progress, and absent
any policy intervention, our model then predicts spending shares of around
20 percent in 2020 and 38.5 percent in 2050. These spending trends are not
grossly out of line with similar results reported e.g. by Hall and Jones (2007)
and Jones (2016b).

Our numerical analysis also shows that the variation in health care spend-
ing increases over time both across the whole population as well as both within
and across the educational subgroups. Notably, the spending ratio between
the post-secondary educated and those with primary education reverses from
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Figure 7: Total health expenditure to human capital ratio by educational
attainment.
Source: Authors’ simulations and Hall and Jones (2007) (red diamonds).

0.898 for the 1910 cohort to 1.504 for the 1970 cohort, the switch occurring
for the 1930 cohort, which in the cross-section corresponds to around the year
2000. Notably, this is consistent with recent evidence reported by Dickman
et al. (2016) on health care spending patterns by income. The increase in
variation across educational groups can be explained by the complementarity

27



between income and medical effectiveness as determinants of health care ex-
penditure. To see this, recall from Eq. (19) that health investments h increase
in a multiplicative way with the willingness to pay, as measured by VOD and
VOL, which we will show to increase with income and education further on
below, and with the state of medical technology. If the latter is low, then it is
not worth to spend much on health care regardless of income, whereas medical
progress magnifies the higher propensity of well-educated high income earners
to spend on elective health care. This is consistent with the mechanism iden-
tified by Frankovic and Kuhn (2019). Furthermore, emergency care is a more
prominent component of health care spending for the early-born cohorts. The
higher mortality risk of the lesser-educated cohorts then implies greater total
health care spending on their part. The reversal in spending then occurs only
once medical progress has raised the spending incentive of the better-educated
to a sufficient extent.

Finally, consideration of the counterfactual scenarios depicted in panels
(c) and (d) in Figure 7 is instructive in regard to the drivers of health care
spending growth. The shutting down of productivity growth, and consequently
earnings growth, as in panel (c), strongly curbs the growth in the health care
spending share, which is well in line with Hall and Jones (2007), Fonseca et al.
(2013) and Frankovic and Kuhn (2018). Interestingly, however, the shutting
down of medical progress brings the growth in the health share almost to a
standstill: health care spending continues to grow but only in line with income
growth. This suggests that medical progress is the more important driver of
health care spending, a finding that is well in line with Fonseca et al. (2013)
and Frankovic and Kuhn (2018).

4.4 Life expectancy

In this section we use the model to study the increase in life expectancy across
cohorts and the causes of the increasing gap in life expectancy by education.
Figure 8 shows the evolution of the life expectancy at age 14 across cohorts.
Similar to figs. 6 and 7 we divide the plot in four panels. The top panels
correspond to the benchmark simulation, whereas the bottom panels depict
the results for the counterfactuals.

Fig. 8(a) shows the increase in life expectancy (at age 14) from 54.7 years
(1910 cohort) to 64 years (1970 cohort), which is in line with estimates of
cohort life expectancy done by the US Social Security Administration (Bell et
al., 1992). Fig. 8(b) complements the previous figure by showing that the rise
in life expectancy is faster for individuals with postsecondary education (from
55.4 to 64.8 years) than for individuals with primary education (from 54.4 to
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Figure 8: Life expectancy at age 14 by educational attainment.
Source: Authors’ simulations and Bell et al. (1992) (red diamonds).

60.2 years). Thus, the increasing trend in life expectancy across cohorts is not
only driven by the increase in life expectancy for each education group, but
also by the change in the educational distribution of cohorts from primary to
postsecondary education (see Fig. 5).

Looking at Fig. 8(d), we can see that by shutting down medical progress the
conditional life expectancy by education increases very mildly across cohorts.
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Therefore, medical progress explains completely the increase in life expectancy.
If we control for changes in the educational composition by comparing Fig. 8(¢)
to Fig. 8(b), we find that when there is technological progress the rise in prices,
including labor income, accounts between sixteen and twenty percent of the
observed increase in life expectancy. Thus, since the sum of the effect of
medical progress and that of prices on life expectancy is greater than one, the
model reports that the rise in prices reduce the benefits of medical progress
on life expectancy.

An important feature of the model is that it allow us to replicate the
increasing gap between the minimum life expectancy and the maximum life
expectancy (see Fig. 8(a)). In particular, we obtain an increasing gap between
the lowest and the highest life expectancies at age 14 from 3 years, for the
cohort born in 1910, to more than 10 years, for the cohort born in 1970. The
average gap in life expectancy between individuals with postsecondary and
with primary education is of 1 year for the 1910 cohort and 4.6 for the 1970
cohort. To explain the causes of the increasing gap, figs 8(b)-8(d) provide
the necessary information. Since individuals will devote an increasing share
of their income to health care as the income rises (Hall and Jones, 2007), the
combination of an increasing income with a more effective medical progress
leads to a divergence in health care spending across education groups and
hence in life expectancy.

4.5 Value of life (VOL)

We conclude with a brief take on how the VOL at age 14, i.e. at the age
at which individuals start to make economic decisions, emerges for successive
cohorts over time. Figure 9 presents the now familiar scenarios. Panels (a) and
(b), relating to the benchmark, document a strong increase in the VOL for the
whole population, amounting to an increase by a factor of 5.5 from the 1910 to
the 1970 cohort, as well as for all education groups. Note that this is very well
in line with recent evidence by Costa and Kahn (2004). At the same time, there
is no clear-cut trend to the variation in the VOL: While the standard deviation
is increasing, this is mostly amounting to a scale effect. Strikingly, when
comparing the median VOL across the groups with post-secondary as opposed
to primary education, inequality is declining: Here, the VOL of the highest
educated is 2.461 times the VOL of the lowest educated for the 1910 cohort, but
this ratio diminishes to 1.787 for the 1970 cohort. This can be interpreted in
two ways: In a straightforward way, the shrinking in the dispersion of the VOL
across education groups reflects the disproportionate increase in the health care
spending share of the higher educated. Recall here from Eq. 17 that the VOL

30



increases with the level of consumption. Thus, to the extent that the better
educated use a greater and increasing share of their income gains for health
care spending rather than consumption, this suggests a weaker increase in their
VOL. Alternatively, one could interpret the VOL at age 14 as a summary
measure of life-cycle utility. Under this interpretation, the discrepancy in
the VOL across education groups suggests significant differences in welfare.
Surprisingly, however, the increase in inequality with respect to many of the
life-cycle indicators does not translate into an increase in inequality if measured
by the ratio of VOL across education groups.

Finally, the trend of the VOL over time that is depicted in panels (c¢) and
(d) of Figure 9 reflects in a straightforward way the underlying counterfactuals:
In the absence of productivity growth in panel (c), the VOL remains broadly
flat at a relatively low level. While the health share increases moderately,
consumption can be kept at a constant level despite stagnant productivity
growth. This is because the increase in life expectancy translates into greater
incentives to acquire better education and a shift of the population into higher
education groups. The resulting education-driven increase in earnings then
allows individuals to accommodate the greater health care spending without
having to compromise much on consumption. This is reflected in the stagnant
VOL. In contrast, the absence of medical progress in panel (d) leads to a strong
increase in the VOL across the board. The reason is that productivity-driven
increases in income are predominantly spent on consumption and leisure. The
resulting boost to the VOL reflects a growing unmet demand for longevity. As
it turns out, this demand cannot be met, as in the absence of medical progress
additional health care spending remains ineffective in raising longevity.
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Figure 9: Value of life (VOL) by educational attainment.
Source: Authors’ simulations and Costa and Kahn (2004) (red diamonds).
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5 Conclusion

In this paper we have developed a normative framework to study the increase in
within-cohort inequality in wealth and in life expectancy. Following the reports
by the National Academies of Sciences, Engineering, and Medicine (2015) and
OECD (2017), we have taken into account that the increase in inequality
is not only affected by endogenous decisions in labor supply, consumption,
and wealth accumulation, but also by compositional effects and selectivity.
In order to control for the last two factors —i.e., compositional effects and
selection bias— in a lifecycle model with endogenous decisions on schooling,
consumption, labor supply, and life expectancy, we have considered individuals
who are heterogeneous at three margins: innate ability, initial health deficits,
and (effort) cost of schooling.

Using our normative framework we have investigated how medical progress
and productivity growth may trigger the observed increase in within-cohort
inequality across educational groups. In so doing, we have run counterfactual
experiments in which we shut down the influence of each factor in alternate
turns in order to isolate its contribution on the increase in within-cohort in-
equality. We have found that medical progress is the main driver explaining
the rise in educational attainment, retirement age, health care spending, and
life expectancy. Moreover, technological progress, without medical progress,
produces an adverse selection into lower educational attainment and early
retirement. Our simulation results also show that the combination of tech-
nological progress with medical progress considerably contribute to widening
health care spending across educational groups, and hence they can explain
the increase in the life expectancy gap between income groups.
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A The economic problem

The current value Hamiltonian during the three different periods are:

Schooling period (for zo <t < F)

Hy = S(u(c) — @) + Aa(ra — ¢ — pph — pup(D))
+ ApBa(D — AR™ — 74) — Asp(D)S.

Working period (for F <t < R)

Hy = S(u(c) — av(l)) + Ao(ra +wl — ¢ — pph — puu(D))
+ ApBa(D — AR" — 7a) — Asp(D)S.

Retirement period (for R <t < T')

Hy = S(u(c) + ¢) + A\o(ra — ¢ — pprh — pup(D))
+ ApfBa(D — A" — 7a) — Asp(D)S.
The term u(c) is the utility from consumption, ¢ stands for the disutility of

schooling, v(¥) is the disutility of work, ¢ is the utility from being retired.
The optimality conditions for this problem are:
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e First-order conditions:

OH OH OH

%_ ) %:0, WZO, Vs € (S,R) (28)
e Envelope conditions:
: 0OH : 0H : 0OH
Ao — PAa EPe Ap — pAp 3D’ As — pAs 55 (29)

e Transversality conditions:
A(T) =0, As(T) =0, Ap(T) = —v, H(T)=0, (30)
where v is the Kuhn-Tucker multiplier associated to the maximum number of

health deficits.
Given E and R we obtain the first-order conditions for ¢, ¢, and h:

SuL(e) = A (31)
Sawvy(l) = w,, (32)
prn = =P BaAnh. (33)
The envelope conditions or the dynamics of the adjoint variables are:
Ao = Xalp—1), (34)
Ap = Ap(p = Ba) + Aatd (D) (4 +p,), (35)
As = As(p+ (D)) = ulc, 0), (36)

where we define ¥ = % as the value of life. Also, let us define ¢P = )/‘\—’;’ as
the value of health deficits.
Combining the first-order conditions with the envelope conditions, we get

the following dynamics for the control variables

f— e - (D)), (37)
l_ o (v

= o (o). 9
hoo1 # (D) (¥° + py)
E_E<T_Bd+gh_g_ —yD > (39)

Integrating the shadow prices with respect to age and using the boundary
conditions we obtain the values for each state variable:
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Value of money (VOM)

Aa() = Aa(0)eP77. (40)
Value of life (VOL)
S g) = Te—r(x—s) U(.I') -
w0 = [ 4

Value of deficits (VOD)

WP(t) = YP(T)e” 0PI — /t e TTINET0 (D () (% () + pu(s))ds.

(42)
A.1 Optimal retirement age
Proof: Let the individual’s problem be
T
7O = [ sl (43)
0

subject to the lifetime budget constraint

| el it + ma D = [ rwear

E

Differentiating J(0) w.r.t. R and equating the result to zero gives the
optimal retirement age condition

/0 " s (u’c(t)a(;g) - u;(t>8;—g)) dt

+ /0 e_”tag—g)u(t)dt = e "S(R) (p(R) + av({(R))). (45)

Using the FOCs and the adjoint variable associated to assets in the previous
equation gives

+ /0 e"’t%g)u(t)dtze_pRS(R) (p(R) + av(((R))) (46)
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Differentiating the budget constraint w.r.t. R and equating the result to zero
we have

[ ()

+ /0 e "t <phag—](%) +pu,u’(D(t))a§—Rt)) dt = e " Fw(R)((R). (47)

By substituting (47) in (46) we have

70 (e - [ T (% + D) "5 ) )

+ /0 e‘pt%u(t)dt = e "S(R) (¢(R) + av({(R))) =

= Xa(0)e " Fw(R)U(R) = e *S(R) (p(R) + av(((R)))
- /O et (ag—g)u(w —Aa(t) <pha§—g) + pu,u’(D(t))ag—g))> dt (48)

Taking A,(f) as a common factor inside the integral and using the first-order
condition on consumption gives

() UR “’RS( ) ((R) + av(t(R)))

(R) =
e u(t) Oh(t) D(t)
ol (S t aR u.(t) Pr=gp~ ~ Pul "(D(t ))W> dt =

>~
5
=
Q)
l
=
=3
=

JU(R) = e "S(R) (p(R) + av(((R)))

+Aa(0) /0 6‘”<u(t) /0 u’(D(s))agé)ds phagé)+pMM'(D(t))_aD t)) i@t
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Changing the order of integration for the first component of the integral gives

Aa(0)e " w(R)I(R) = e ""S(R) ((R) + av({(R)))

OR OR

+Aa<o>/o (”’<D<t>>aD(t) / e W U)o OB D)

u;(s)

Using the definition of the value of life and taking x/(D(t))?2Y as common

: OR
factor gives

Aa(0)e " Mw(R)U(R) = e " S(R) (p(R) + av(((R)))

#2000 [ e (S0 050 + ) + G ) e 5
If we solve 85)—1(;) and change the order of the integrals for the solution of 8?}?,
the whole third term cancels out. Then,
Aa(0)e  Fw(R)U(R) = e "PS(R) (p(R) + aw({(R))) =
= Aa(R)w(R)I(R) = S(R) (p(R) + av(((R))) =
) , v(U(R))
= M(R)w(R)(R) = S(R) | p(R) + av'(U(R)) ’(K(R))K(R)E(R) =
__veR) N _
= (RuE) (1= )~ spr). 6

Using the first-order condition and the instantaneous utility function defined
in (11), we get

w,(R)w(R)U(R) = (14 o1)(R). (53)
Finally, substituting ((R) = ("/C(%ZU(R))W in (53) gives the condition for opti-

mal retirement

1

u (R)w(R)) = ((ar)” (L + 01)(R)) 7 . (54)
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B Additional figures and tables

B.1 Length of schooling

Table 4: Average values of initial endowments by educational attainment:
Constant prices

1910 1920 1930 1940 1950 1960 1970
Primary
E[0] 0.116 0.114 0.112 0.110 0.107 0.104 0.102
E[D) 0.023719 0.023719 0.023721 0.023720 0.023721 0.023725 0.023747
E[¢] 0.280 0.281 0.280 0.280 0.279 0.279 0.286
Secondary
E[0] 0.147 0.144 0.143 0.141 0.137 0.129 0.116
E[D) 0.023714 0.023712 0.023707 0.023718 0.023706 0.023723 0.023725
E[¢] 0.262 0.259 0.267 0.274 0.276 0.276 0.275
Postsecondary
E[0] 0.155 0.156 0.154 0.152 0.148 0.146 0.140
E[D) 0.023645 0.023658 0.023668 0.023687 0.023676 0.023690 0.023697
E[¢] 0.226 0.230 0.234 0.239 0.247 0.257 0.268

Table 5: Average values of initial endowments by educational attainment: No
Medical Progress

1910 1920 1930 1940 1950 1960 1970
Primary
E[0] 0.111 0.114 0.118 0.119 0.121 0.122 0.123
E[D) 0.023713 0.023718 0.023717 0.023719 0.023714 0.023713 0.023718
E[¢] 0.282 0.281 0.280 0.277 0.277 0.275 0.274
Secondary
E[0] 0.141 0.144 0.146 0.148 0.151 0.153 0.154
E[D) 0.023707 0.023713 0.023703 0.023702 0.023696 0.023711 0.023704
E[¢] 0.266 0.256 0.251 0.246 0.241 0.236 0.229
Postsecondary
E[0] 0.154 0.156 0.158 - - - -
E[D) 0.023686 0.023630 0.023559 - - - -
E[¢] 0230  0.226 0.222 - - - -
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B.2 Retirement age

Table 6: Retirement

Birth cohort

1910 1920 1930 1940 1950 1960 1970

Benchmark

Total

Average 63.49 63.02 62.65 6247 62.62 63.31 65.15
Std. Dev. 080 082 082 096 122 156 1.63
Primary

Average 62.73 6229 61.93 61.59 61.34 61.29 61.44
Std. Dev. 0.10 0.08 0.05 0.03 005 0.09 0.17
Secondary

Average 64.06 63.67 63.31 63.07 63.00 63.17 63.63
Std. Dev. 0.14 014 0.0 0.11 014 019 0.27
Postsecondary

Average 65.08 64.65 64.35 64.20 64.30 64.78 65.90
Std. Dev. 0.14 010 0.09 0.09 0.16 029 061
Constant prices 1910 1920 1930 1940 1950 1960 1970
Total

Average 59.70 59.81 59.98 60.16 60.55 61.22 62.28
Std. Dev. 0.86 093 1.02 114 131 154 1.69
Primary

Average 59.11 59.13 59.17 59.20 59.31 59.45 59.72
Std. Dev. 0.05 005 0.04 0.02 003 0.06 0.09
Secondary

Average 60.88 60.92 60.99 61.10 61.25 61.50 61.91
Std. Dev. 0.09 0.09 0.08 0.08 009 011 0.17
Postsecondary

Average 62.24 62.26 62.36 62.48 62.71 63.07 63.69
Std. Dev. 0.05 0.06 0.05 0.07 0.09 015 0.26

No medical progress 1910 1920 1930 1940 1950 1960 1970

Total

Average 63.34 62.72 62.09 61.51 60.96 60.43 59.95
Std. Dev. 0.73 065 0.58 048 041 031 0.22
Primary

Average 62.70 62.24 61.75 61.29 60.80 60.34 59.91
Std. Dev. 0.12 009 0.10 0.08 0.08 0.06 0.07
Secondary

Average 64.01 63.52 63.02 62.49 62.00 61.50 61.00
Std. Dev. 0.15 0.16 0.14 0.12 0.11 0.08 0.08
Postsecondary

Average 64.98 64.37 63.80

Std. Dev. 0.15 0.10 -
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B.3 Health care expenditure

Table 7: Total health care expenditure

Birth cohort

1910 1920 1930 1940 1950 1960 1970

Benchmark

Total

Average 0.102 0.116 0.135 0.161 0.202 0.268 0.385
Std. Dev. 0.006 0.005 0.006 0.012 0.024 0.044 0.062
Primary

Average 0.108 0.119 0.134 0.153 0.181 0.218 0.270
Std. Dev. 0.001 0.002 0.003 0.004 0.007 0.011 0.015
Secondary

Average 0.097 0.112 0.133 0.160 0.197 0.246 0.311
Std. Dev. 0.002 0.004 0.005 0.007 0.011 0.015 0.021
Postsecondary

Average 0.097 0.116 0.143 0.180 0.231 0.304 0.406
Std. Dev. 0.003 0.005 0.007 0.011 0.016 0.026 0.045
Constant prices 1910 1920 1930 1940 1950 1960 1970
Total

Average 0.058 0.063 0.071 0.082 0.099 0.127 0.178
Std. Dev. 0.001 0.003 0.005 0.008 0.014 0.025 0.043
Primary

Average 0.058 0.063 0.069 0.077 0.088 0.104 0.129
Std. Dev. 0.001 0.001 0.002 0.003 0.005 0.007 0.011
Secondary

Average 0.058 0.064 0.074 0.086 0.102 0.123 0.156
Std. Dev. 0.002 0.003 0.004 0.005 0.007 0.010 0.015
Postsecondary

Average 0.061 0.072 0.083 0.099 0.122 0.156 0.210
Std. Dev. 0.003 0.003 0.005 0.007 0.010 0.016 0.029

No medical progress 1910 1920 1930 1940 1950 1960 1970
Total

Average 0.094 0.099 0.105 0.110 0.115 0.120 0.126
Std. Dev. 0.008 0.007 0.006 0.005 0.004 0.003 0.002
Primary

Average 0.101 0.105 0.109 0.113 0.117 0.121 0.126
Std. Dev. 0.000 0.001 0.001 0.001 0.001 0.001 0.001
Secondary

Average 0.086 0.090 0.094 0.099 0.104 0.109 0.115
Std. Dev. 0.002 0.002 0.002 0.002 0.002 0.003 0.003
Postsecondary

Average 0.082 0.088 0.095

Std. Dev. 0.002 0.002 -
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B.4 Life expectancy at age 14

Table 8: Life expectancy at age 14

Birth cohort

1910 1920 1930 1940 1950 1960 1970

Benchmark

Total

Average 54.66 55.21 55.94 56.92 58.37 60.50 64.01
Std. Dev. 0.87 092 1.02 117 145 193 241
Primary

Average 54.37 54.89 55.51 56.31 57.40 58.69 60.22
Std. Dev. 080 082 086 0.89 1.00 1.09 1.09
Secondary

Average 54.87 55.45 56.27 57.23 58.42 59.92 61.74
Std. Dev. 081 084 091 094 1.03 1.13 1.26
Postsecondary

Average 55.37 56.17 57.26 5840 59.92 62.00 64.85
Std. Dev. 0.83 085 091 101 1.10 133 1.86
Constant prices 1910 1920 1930 1940 1950 1960 1970
Total

Average 54.36  54.81 55.45 56.24 57.30 58.83 61.17
Std. Dev. 082 085 094 1.03 122 151 203
Primary

Average 54.21 54.61 55.17 55.86 56.70 57.80 59.21
Std. Dev. 078 078 085 090 097 1.05 1.19
Secondary

Average 54.65 55.11 55.79 56.57 57.53 58.72 60.37
Std. Dev. 081 084 088 091 1.02 1.09 1.27
Postsecondary

Average 55.09 55.99 56.39 57.36 58.58 60.14 62.45
Std. Dev. 0.89 068 0.85 1.00 1.08 130 1.62

No medical progress 1910 1920 1930 1940 1950 1960 1970

Total

Average 53.99 53.98 54.00 53.98 54.02 54.03 54.03
Std. Dev. 0.79 079 078 077 077 0.76 0.76
Primary

Average 53.80 53.84 53.89 53.89 53.97 54.00 54.01
Std. Dev. 0.76 075 0.75 0.74 076 0.75 0.75
Secondary

Average 54.18 54.19 54.29 54.37 54.40 54.45 54.50
Std. Dev. 0.75 079 077 079 075 0.80 0.76
Postsecondary

Average 54.58 55.09 55.64

Std. Dev. 0.81  0.60 -
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B.5 Value of life

Table 9: Value of life (VOL)

Birth cohort

1910 1920 1930 1940 1950 1960 1970

Benchmark

Total

Average 684111 892243 1168346 1567871 2155965 2913851 3815051
Std. Dev. 232519 305225 391427 528922 701790 839938 717559
Primary

Average 462619 619126 822243 1083929 1410520 1813553 2286107
Std. Dev. 4418 5355 6739 8555 8306 5222 8030
Secondary

Average 763651 1018497 1339402 1724386 2166363 2596531 3017395
Std. Dev. 49919 62712 78478 105681 126750 135467 124493
Postsecondary

Average 1138689 1494564 1931711 2469912 3055004 3641267 4084548
Std. Dev. 71421 85618 119716 153777 217030 316358 440597
Constant prices 1910 1920 1930 1940 1950 1960 1970
Total

Average 268381 274404 282436 289274 303833 325421 343656
Std. Dev. 63343 68830 74988 79522 87691 93901 87264
Primary

Average 225592 225817 226353 226877 227173 227525 227107
Std. Dev. 2830 2771 2879 2932 2959 2880 2520
Secondary

Average 352408 350028 347302 342146 335044 321236 300155
Std. Dev. 16222 16857 17008 17852 17457 15983 11813
Postsecondary

Average 492493 490214 483399 476518 462955 444979 417387
Std. Dev. 10018 14719 13648 18548 23347 28920 36612

No medical progress 1910 1920 1930 1940 1950 1960 1970
Total

Average 625588 790397 990590 1251786 1595158 2020111 2580851
Std. Dev. 195998 228585 266285 312405 357722 368830 350419
Primary

Average 462974 621279 829798 1101080 1456783 1916333 2512423
Std. Dev. 4382 5264 7191 8667 11740 14438 18810
Secondary

Average 785627 1062968 1422298 1892125 2512870 3323649 4365885
Std. Dev. 42627 52266 62561 72320 78599 83489 83838
Postsecondary

Average 1191093 1602757 2150000

Std. Dev. 40268 27160 -
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B.6 Lifetime income (HK)

Table 10: Lifetime income (HK)

Birth cohort

1910 1920 1930 1940 1950 1960 1970

Benchmark

Total

Average 189596 225931 272482 338671 438644 583729 819274
Std. Dev. 45004 55129 67039 87813 118076 153876 162162
Primary

Average 145330 175344 211990 257105 312320 381891 470454
Std. Dev. 195 263 448 715 1263 2270 3851
Secondary

Average 207444 251485 304569 367440 441784 522768 621188
Std. Dev. 9303 11067 13143 17255 20547 21425 18749
Postsecondary

Average 274325 331234 399861 486339 589721 718136 882207
Std. Dev. 11562 13291 17944 23053 33709 54100 93798
Constant prices 1910 1920 1930 1940 1950 1960 1970
Total

Average 100312 102106 104538 106913 111875 120085 130381
Std. Dev. 16841 18268 20055 21614 24491 27685 28347
Primary

Average 88836 89007 89255 89578 89980 90632 91581
Std. Dev. 179 189 205 235 287 383 511
Secondary

Average 122974 122842 122739 122313 121765 119976 116965
Std. Dev. 3675 3866 4029 4435 4533 4499 3561
Postsecondary

Average 155743 155770 155864 155975 155348 155081 154525
Std. Dev. 2352 3073 2855 4157 5549 7297 10251

No medical progress 1910 1920 1930 1940 1950 1960 1970

Total

Average 177360 205080 236515 275286 323100 378730 447699
Std. Dev. 38285 41181 44023 47185 49508 46963 41149
Primary

Average 144919 174335 209870 252493 303928 365503 439653
Std. Dev. 200 259 359 432 561 709 921
Secondary

Average 210170 254973 308078 372131 450250 544867 657606
Std. Dev. 7T 8313 9090 9743 9624 9589 8561
Postsecondary

Average 280790 339978 411586

Std. Dev. 6427 3854 DIV/0!
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Julia/HKToBirthCohortB. jpeg Julia/HKToBirthCohortBO1. jpeg

(a) Benchmark (b) Constant prices

Julia/HKToBirthCohortB02. jpeg

(¢) No medical progress

Figure 10: Present value of lifetime income (HK) by educational attainment
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