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Abstract

As the heterogeneity in life expectancy by socioeconomic status increases, pen-

sion systems become more regressive implying wealth transfers from short to long

lived individuals. Various pension reforms aim to reduce these inequalities that

are caused by ex-ante differences in life expectancy. However, these pension re-

forms may themselves induce redistribution effects since a) life expectancy is not

perfectly correlated to socioeconomic status and b) pension reforms themselves

will have an impact on life cycle decisions (education, consumption, health, labor

supply) and ultimately also on life expectancy and the composition of the popu-

lation. To account for these feedback effects of pension reforms in heterogenous

aging societies we propose an OLG framework that is populated by heteroge-

neous individuals that initially differ by their learning ability and disutility from

the effort of attending schooling. These initial heterogeneities imply differences
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Fiscal Policy Modelling Workshop of the European Commission, and NOeG 2020 for giving us
comments that helped us improving the paper.
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in ex ante life expectancies. Within this framework we study two pension reforms

that aim to account for these differences in ex ante life expectancies. We show

that by including the feedback of pension reforms on individual behavior, new

redistributions may result.

Keywords: Overlapping generations, Mortality and fertility differentials,

Inequality, Life cycle, Pensions, Progressivity

1. Introduction

Many studies have shown a negative and increasing correlation between mor-

tality rates and higher socioeconomic status (SES) by occupation, education, in-

come, and even wealth (Preston and Elo, 1995; Lleras-Muney, 2005; Waldron,

2007; Manchester and Topoleski, 2008; Luy et al., 2011; Olshansky et al., 2012;

NASEM, 2015; Chetty et al., 2016). The results imply a widening of the difference

in life expectancy between high and low SES in recent decades. One consequence

of this demographic trend is that pension systems become more regressive, since

through risk pooling low SES groups unexpectedly subsidize the pension bene-

fits of high SES groups. Because individuals who have on average a higher life

expectancy receive their benefits for more years compared to those who have a

low life expectancy.1 Thus, besides the necessary pension reform to cope with

the increasing life expectancy at retirement and its long-run sustainability, policy

makers also need to consider that individual aging is heterogeneous across SES

groups and propose reforms against the increasing regressivity of pension systems.

In a pension system with a flat pension replacement rate, a reform to avoid the

increasing regressivity across SES groups would imply that all SES groups receive

1For a detailed review of the heterogeneity in life expectancy by SES and its implication

on pension schemes see Ayuso et al. (2016), Auerbach et al. (2016), Lee and Sanchez-Romero

(2019), Palmer and de Gosson de Varennes (2019), ?, and Holzmann et al. (2019).
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the same return from their pension plans regardless their ex-ante life expectancy.2

This reform can be implemented through changes in contributions or in benefits.

Since different contribution rates by occupation may create unwanted labor incen-

tives (Pestieau and Racionero, 2016), this option is generally not considered by

pension systems. Instead, many proposals suggest modifying the benefit formula,

given that once individuals claim their pension benefits, they cannot modify their

working lives. However, it is still likely that individuals may react to changes in

the benefit formula before retiring (Sánchez-Romero et al., 2020; Sánchez-Romero

and Prskawetz, 2020), which may also induce an unwanted redistribution of re-

sources. Thus, in this paper we will study the redistributive properties of such

reforms within different birth cohorts not just at the time of retirement but over

the whole lifecycle.

For such reforms it is important to correctly choose the SES variable(s) used

for differentiating across groups. In particular, the choice of the SES variables

should be based on two main criteria. First, it should capture the strength of the

increase in the longevity gap by SES and, second, it should not change over the

lifecycle.3 In the literature, the most frequently suggested SES measures, that

satisfy both criteria, are education and lifetime labor income. However, neither

lifetime labor income nor education can by itself account for the full variance in

life expectancy by SES (Bosworth et al., 2016). Consequently, any model aiming

at analyzing the redistributive properties of reforms that aim to reduce the regres-

sivity of pensions should consider a population that is at least heterogeneous with

respect to life expectancy, education, and lifetime labor income. This implies the

necessity of implementing a model with more than one degree of heterogeneity.

2Ex-ante differences in life expectancy arise from differences in the probability of death, while

the ex-post difference in the length of life arises from the random process of death.
3See Lee and Sanchez-Romero (2019) for a discussion.

3



The models of Fehr et al. (2013), Fehr and Uhde (2013, 2014) and more recently

Laun et al. (2019), in which agents face idiosyncratic income risk, disability risk

and mortality risk by skill group, and the distribution of skill groups is the same

across cohorts, are potential candidates. However, in reality, education is chang-

ing across birth cohorts, which may cause that the observed increasing gap in

life expectancy by educational attainment is just driven by the fact that the low

educated group becomes more negatively selected over time (Goldring et al., 2016;

Hendi et al., 2021). To control for selection between life expectancy and SES, our

model allows individuals to (endogenously) choose their educational attainment

based on their initial endowments and, similar to Pestieau and Ponthiere (2016),

we link mortality and fertility to their education decision.4 We include hetero-

geneity in the schooling effort (Sánchez-Romero et al., 2016; Sánchez-Romero and

Prskawetz, 2020) to avoid that the inequality in life expectancy (as determined by

the endogenous schooling decision) is driven by responsibility and not by circum-

stances (Fleurbaey, 2008). Thus, individuals with a high learning ability do not

necessarily reach the highest educational attainment and thereby life expectancy,

because they can face additional psychological and social circumstances that pre-

vent them to attain their maximum educational potential.

In this paper we study, using a dynamic general equilibrium-overlapping gener-

ations model with a heterogeneous population by education, lifetime labor income,

and life expectancy, the redistributive properties of two pension reforms that aim

at minimizing the regressivity of the pension system induced by the ex-ante differ-

ence in longevity by SES. The two pension proposals are those suggested by Ayuso

4Our model set up relies on studies that link differences in longevity between educational

groups to education specific individual behavior (Preston and Elo, 1995; Doblhammer et al.,

2005; Shkolnikov et al., 2006; Manchester and Topoleski, 2008; Klotz, 2010; Luy et al., 2011;

Olshansky et al., 2012).
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et al. (2017) and Sánchez-Romero and Prskawetz (2020). The pension proposal of

Ayuso et al. (2017) (herein ABH) recommends adjusting the pension replacement

rate of each retiree according to the difference between the remaining years-lived

of the population subgroup of the retiree and that of the average retiree. With

this proposal, it is expected that all retirees will earn at the age of retirement the

same present value of benefits relative to the contributions paid. The proposal

of Sánchez-Romero and Prskawetz (2020) (herein SRP) suggests finding the level

of progressivity in the replacement rate such that the pension program is ex-ante

neither regressive nor progressive for any population subgroup.

We apply our model to Austria and study the impact of the afore mentioned

pension proposals (ABH and SRP) on the Austrian pension system. Austria’s pen-

sion system is an interesting case, because similar to many other non-progressive

pension systems it has neither implemented any policy that corrects for the in-

creasing life expectancy nor the diverging life expectancy by SES. However, like

many other pension systems, to guarantee its long-run sustainability proposals

are indispensable and should also consider the diverging trends of life expectancy

across different subgroups of the population.

To study the redistributive properties of the ABH and SRP proposals, we

calculate the internal rate of return (IRR) for population subgroups that differ

by their educational attainment and pension points (which is a good proxy for

lifetime labor income). Previous empirical studies analyzing the progressivity

of pension systems using the IRR are Aaron (1977), Hurd and Shoven (1985),

Duggan et al. (1993), Gustman and Steinmeier (2001) and Liebman (2002) in the

US, and Schröder (2012) and Haan et al. (2020) in Germany, among others. We

obtain the following results. First, under the current Austrian pension system

we obtain that agents with high SES receive a higher IRR than those with low

SES. The difference in IRR for all SES groups will decline from the 1960 birth
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cohort to the 2020 birth cohort. The fall in the IRR is explained by the fact that

the future social contribution rate will increase faster than the future gains in life

expectancy. Second, the decline in the IRR across cohorts is more pronounced for

the highly educated workers than for the low-educated workers. However, highly

educated workers will continue receiving an IRR that doubles that of low-educated

workers. Consequently, third, we find that the Austrian pension system is ex-ante

regressive due to the life expectancy gradient, which is a common characteristic

of all non-progressive pension systems. Fourth, after implementing the ABH and

SRP proposals, we find that both proposals (SRP and ABH) reduce the inequality

in the IRR across agents with different educational attainment and pension points

compared to the status quo, albeit the inequality reduction is stronger in the

SRP proposal than in the ABH proposal. Under the SRP proposal agents with

low educational attainment and with pension points in the lowest tercile get the

highest increase in IRR, bringing them closer to the average IRR. However, the

SRP proposal has a drawback since it also provides the highest IRR to those

agents who belong to the lowest pension points tercile and are highly educated.

This is because the SRP proposal compensates not only for differences in the

life expectancy but also for differences in pension points, while the ABH only

compensates for differences in life expectancy.

The paper is structured as follows. Section 2 is devoted to explain why it

is necessary that pension proposals account for differences in life expectancy in

the replacement rate when there exists a mortality gradient. In Section 3 we

present the model setup. In Section 4 we discuss the parametrization of the model

and the calibration strategy using the Bayesian melding method. In Section 5

we introduce the two pension proposals and present the results of the IRR for

different population subgroups that differ by their educational attainment and

their lifetime labor income. Section 6 concludes. We provide a detailed derivation
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of the economic model in the Appendix.

2. Intracohort redistribution of a pension system

To analyze the redistributive properties of a pension program the most fre-

quently used measure is the internal rate of return (IRR). The IRR is the return

that equalizes the present discounted value, survival weighted, of the contributions

and taxes paid and benefits received for a cohort

max age∑
age=0

Survivalage

benefitsage − (contributions+taxes)age

(1 + IRR)age
= 0. (1)

Eq (1) implies that the IRR increases the higher is the survival, the benefits re-

ceived, and the duration of retirement, while the IRR declines the higher are the

contributions and taxes paid and the longer is the duration paying contributions

and taxes.5 The IRR is preferable to the social security wealth (SSW) for an-

alyzing redistribution because high income earners pay more contributions than

low income earners and therefore their social security wealth is ex-ante by default

higher. In contrast, the IRR, as opposed to the social security wealth, is a measure

that is not affected by the scale of contributions paid and hence it is not affected

by the labor income level.

The IRR received from the pension system by an individual who is planning to

retire depends on two main components: the pension replacement rate (ϕ), that

transforms the contributions paid to pension benefits, and the expected remain-

ing years of life (LE). For convenience, let us rewrite the IRR as IRR (ϕ,LE) .

5The SSW is the present value of future benefits that an individual will receive less the

present value of future contributions and taxes that one has to pay. The SSW can be calculated

for each age and will start to be negative during working life and be highest around retirement

age.
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Applying the total derivate to the IRR we have

dIRR =
∂IRR

∂ϕ︸ ︷︷ ︸
+

dϕ+
∂IRR

∂LE︸ ︷︷ ︸
+

dLE, (2)

where the positive signs show that an increase either in the replacement rate or

in the expected remaining years of life has a positive effect on the IRR. Indeed,

since in non-progressive pension systems dϕ = 0, Eq. (2) shows that the IRR is

higher for those individuals with higher expected remaining years of life, ceteris

paribus all contributions and taxes paid.

To avoid that the pension system redistributes within each cohort from short-

lived individuals to long-lived individuals, the pension system should give the

same IRR to every individual regardless of their life expectancy. Consequently,

we have from (2) that if the goal is to provide the same IRR across all groups (i.e.

dIRR = 0) regardless their expected remaining years of life, the replacement rate

should satisfy

dϕ = −
(
∂IRR

∂LE

/
∂IRR

∂ϕ

)
dLE < 0. (3)

Therefore, in order that a pension system gives the same IRR to all individuals,

Eq. (3) suggests that individuals with a higher expected remaining years of life

should have a lower replacement rate level.

A large body of research has recently focused on studying the heterogeneity

in life expectancy (or the expected remaining years of life) by SES and its impact

on the pension system (for a survey, see Lee and Sanchez-Romero, 2019). To

estimate the life expectancy by SES, education (e) and lifetime income (LI) have

frequently been used as a measure of SES. Both measures have been found to

account equally well for differences in life expectancy and that neither one fully

captures all the covariation of life expectancy by SES (Bosworth et al., 2016).

Thus, for convenience, let us assume that the expected remaining years of life is
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simultaneously a function of LI and e; i.e. LE(LI, e). Totally differentiating LE

gives

dLE =
∂LE

∂LI
dLI +

∂LE

∂e
de. (4)

Then, substituting (4) into (3), and dividing by dLI shows how the pension re-

placement rate should be adjusted to changes in lifetime income

dϕ

dLI
= −

(
∂IRR

∂LE

/
∂IRR

∂ϕ

)
∂LE

∂LI
< 0. (5)

Notice that we have removed the term ∂LE
∂e

de
dLI

because education occurs before

the lifetime labor income is accumulated de/dLI = 0. Thus, whenever there exists

a positive relationship between the expected remaining years of life and lifetime

income, Eq. (5) suggests that the replacement rate should decline proportionally

to the increase in lifetime income.

Alternatively, the pension replacement rate can be adjusted according to the

educational attainment. Substituting the total derivative of LE in (3), and divid-

ing by de gives that the pension replacement rate should be adjusted to different

educational groups

dϕ

de
= −

(
∂IRR

∂LE

/
∂IRR

∂ϕ

)(
∂LE

∂LI

dLI

de
+
∂LE

∂e

)
< 0. (6)

Notice in (6) that the adjustment of the replacement rate through the educational

attainment turns out to be more complex compared to an adjustment through

the lifetime labor income in (5), since education has a direct and indirect impact,

through LI, on the expected remaining years of life. For this reason, in this article

we use the lifetime income as the SES measure to adjust the replacement rate.

This same approach has been taken in many other articles (e.g., NASEM, 2015;

Bosworth et al., 2016; Waldron, 2007).

As it should be expected, the two proposals analyzed (ABH and SRP) in sec-

tion 5 agree on the necessity of adjusting the replacement rate by differences in
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LE by SES, but they differ on the degree of proportionality that is represented by

the term in parenthesis in Eq. (5). Thus, we will analyze the proposals of ABH

and SRP, which assume two different degrees of proportionality. In particular, the

proposal of ABH implicitly assumes that the impact of the remaining years of life

on the IRR is equal to the impact of the replacement rate on the IRR. Therefore,

an increase of 1 percent in the remaining years of life should be compensated with

a reduction of 1 percent in the pension replacement rate. Instead, SRP argues

that the impact of an increase in the remaining years of life on the IRR is higher

than the impact of an increase in the replacement rate on the IRR. This is because

higher expected remaining years of life affect not only the retirement period, but

may also influence the labor supply and the educational attainment. For this rea-

son, in the following section we build a dynamic general equilibrium-overlapping

generations model with heterogeneous agents and allow them to optimally choose

their educational attainment and labor supply. Readers who are mainly interested

in the policy section can go to Section 5.

3. The model

This section provides a description of our discrete time dynamic general equilibrium-

overlapping generations model with heterogeneous households. Our model is pop-

ulated by Z = 500 generations, or birth cohorts. Each birth cohort is comprised

of N heterogeneous representative agents. The solution of the household problem

and the equilibrium path can be found in appendices A1 and A2.

3.1. Households

Households are comprised of an adult agent and dependent children. Agents

give birth each year to a fraction of children according to age-specific fertility

rates. This allows to incorporate changes over time in the family structure. Let

the household size in equivalent adult consumers units be denoted by H. Agents

10



Age
0 a a+ e J J Ω

Childhood
period

Extra
education
period

Retirement
transition

Working
period

Retirement
period

Decisions: Household consumption (c)
Length of schooling (e)

Household consumption (c)
Labor supply (l)

Household consumption (c)
Leisure time (l = 0)

Initial endowments
θn = (ηn, ξn)

Child leaves
parent’s household

Figure 1: Agents’ timeline

enter the model at age 0, face mortality risk, and may live up to a maximum

of Ω = 100 years. See agents’ timeline in Figure 1. Agents are raised by their

parents from birth until the age of finishing primary schooling, denoted by a.

After age a agents leave their parents’ home, settle their own household, and are

randomly endowed with a set of initial characteristics. We denote the set of initial

characteristics of an agent of type n ∈ {1, . . . ,N} by θn. The set of characteristics

is comprised of a level of effort of schooling ηn and an innate learning ability

ξn. Thus, the set of initial endowments of an agent of type n, or permanent

unobserved heterogeneity, is θn = (ηn, ξn) ∈ Θn, where Θn is the set of all possible

endowments for an agent of type n. After receiving the set of initial endowments,

agents decide on the additional length of schooling (e). Agents can choose their

educational attainment e across three education levels E ={primary, secondary,

college}. Each education level is associated with a different mortality and fertility

pattern.6 Moreover, agents will choose over their lifecycle the total consumption of

6For consistency reasons we assume that all education groups have the same net reproduction

rate within each cohort. As a consequence, agents with lower life expectancy have higher fertility
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the household and the number of hours worked. Since each agent type represents

a group of individuals who have similar initial characteristics (i.e. endowments),

from age J (i.e, minimum retirement age) until age J (i.e., maximum retirement

age) a fraction of agents of type n will retire. After age J all agents are assumed

to be retired and only devote time to leisure.

For notational simplicity, we present in this section all control and state vari-

ables with the age subscript a, the educational attainment subscript e, and sup-

press the birth cohort subscript z ∈ Z.

Preferences

Agents have preferences over household consumption (ca), years of schooling

(e), and hours worked (la). Preferences are assumed to be separable and logarith-

mic in consumption. The period utility function of an agent with education e at

age a is given by

U(ca,e, la,e) = vC(ca,e)− vE(a, e)− vL(la,e) + vJ(LEa,e)αJ(la,e). (7)

Eq. (7) implies that the utility increases through household consumption (vC(ca,e) =

Ha,e log (ca,e/Ha,e)), where Ha,e is the household size measured in equivalent adult

consumption units, and through the leisure time during retirement (vJ(LEa,e) =

v0 (LEa,e)
v1 with v0 > 0, v1 < 0). The utility from leisure is increasing with respect

to the inverse of the remaining life expectancy, LEa,e, as the amount of retirement

time is squeezed by delaying retirement (Sánchez-Romero et al., 2020). αJ(la,e)

is the fraction of people retired, which is inversely related to the labor supply,

i.e α′J(la,e) < 0. Utility decreases because of the cost of attending schooling and

hours worked. Agents incur a cost vE(a, e) = ηn1{a<a+e} by attending schooling

(Oreopoulos, 2007; Restuccia and Vandenbroucke, 2013; Le Garrec, 2015; Sánchez-

Romero et al., 2016; Sánchez-Romero and Prskawetz, 2020), where ηn > 0 is the

rates.

12



marginal cost of each additional year of schooling and 1{a<a+e} is an indicator

function that takes the value of one if a < a+ e and zero otherwise. We consider

ηn as a proxy for the socioeconomic background. Thus, higher (resp. lower) val-

ues ηn are associated with a lower (resp. higher) socioeconomic background. We

assume a standard isoelastic disutility from working vL(la,e), where the marginal

disutility from working la,e hours is v′L(la,e) = αL(la,e)
1/σL , with αL, σL > 0.

Human capital

We denote the stock of human capital of an agent of age a with e years of edu-

cation by ha,e. All agent types are assumed to start at age a with the same initial

stock of human capital, ha,e, but different learning ability ξn. We assume individ-

uals can increase their human capital by attending schooling. The accumulation

of human capital is described by the following Ben-Porath function

ha+1,e =

ha,e + ξn(ha,e)
γh a ≤ a < a+ e,

ha,e a ≥ a+ e,

(8)

where the number of years of education, e, is a discrete choice variable. Specifi-

cally, agents choose whether to stay with compulsory education (e = 0), complete

high school (e = 4), or complete college (e = 8).

Budget constraint

We assume the existence of a perfect annuity market in which agents can

purchase life-insured loans, when they are in debt, and annuities in case of having

positive financial wealth. Let us denote the conditional probability of surviving

from age a to age a+ 1 as πa,e and the financial wealth at age a as ka,e. There are

three sources of income after survival: the interests gained from the initial financial

wealth annuitized (Ra,e−1)ka,e, the labor income earned net of contributions and

taxes (1−τ l)(1−τ s)ya,e, and the pension benefits (net of taxes) (1−τ l)ba,eαJ(la,e).

The term αJ(la,e) represents the fraction of agents with similar endowments that
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are already retired. We assume αJ(l) is inversely related to the labor supply. The

income is used for consuming market goods (1 + τ c)ca,e and savings ka+1,e − ka,e.

We assume agents start with zero financial wealth ka,e = 0. The budget constraint

at age a of an agent with e additional years of education is

ka+1,e − ka,e + (1 + τ c)ca,e =

(Ra,e − 1)ka,e + (1− τ l)[(1− τ s)ya,e + ba,eαJ(la,e)], (9)

where Ra,e = (1 + r(1 − τ k))/πa,e is the capitalization factor of the annuity,

{τ k, τ c, τ l, τ s} is the set of tax rates on capital, consumption, and labor income and

the social contribution rate, respectively. Labor income ya,e is given by the product

of the wage rate wa,e and the labor supply la,e, which is normalized between zero

and one. The wage rate wa,e consists of three components: (1) the effective wage

rate w, (2) the efficiency of an individual with a− a− e years of experience after

e years of schooling, and (3) the human capital stock ha,e; i.e. wa,e = wεa(e)ha,e.

Pensions

The model replicates the Austrian social security pension system. The Aus-

trian pension system is an unfunded and defined benefit system. The general pen-

sion formula of the Austrian pension system follows the rule that after 45 years

of contribution, retiring at age 65, workers will receive 80 percent of their average

lifetime income (Knell et al., 2006; Sánchez-Romero et al., 2013). Nonetheless, to

account for all past pension proposals and those cases outside the general pension

rule, we model the pension system following the general framework of Sánchez-

Romero et al. (2020). The dynamics of the pension points is given by:

ppa+1,e = [αJ(la,e) + (1− αJ(la,e))Ra] ppa,e + φpPBI(ya,e), (10)

where Ra = (1 + ia)/π̄a is the capitalization factor of the pension system, which

depends on a capitalization index (ia) that is set by the social security system
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and on the average conditional survival probability of the cohort (π̄a). Note that

the average conditional survival probability of the cohort, π̄a, does not necessarily

coincide with the conditional survival probability of the individual, πa,e. φ
p is the

conversion factor of wage income to pension points and PBI(ya,e) is the pension

base increment.7 Pension points are capitalized until all individuals of the cohort

retire or αJ(l) = 1. Since the pension benefit is calculated based on the n best

years or the so-called pensionable income years, we create an ordered vector pa

for each agent comprised of the n best earnings years until age a; i.e. pa =

{(p1, p2, . . . , pn) ∈ Rn
+ : p1 > p2 > . . . > pn}. Thus, the pension base increment is

calculated as the difference between the current earnings and the lowest earnings

stored in pa; i.e. PBI(ya,e) = max(ya,e − pn, 0).

Agents can retire after the minimum retirement age J and no later than a

maximum retirement age J . We denote the normal retirement age by JN . The

amount of pension benefits claimed depends on three components: (i) a pension

replacement rate ϕ(pp), which might depend on the pension points accumulated

(notice that this variable has a direct relationship with lifetime labor income),

(ii) a replacement rate adjustment factor λa, which is a function of the average

years contributed and the average retirement age, and (iii) the pension points

accumulated ppa,e. When pension benefits fall below a minimum threshold bmin,

there is a supplementary benefit until the minimum pension benefit is reached.

On top of these three components, we consider the possibility that the govern-

ment introduces in the future a sustainability factor ρa ≤ 1, which will reduce

pension benefits when total pension claims exceed total contributions. The aver-

age pension benefits received at age a by an individual with education e is given

7We detail the historical changes of the main parametric components of the Austrian pension

system in the supplementary material.
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by

ba,e = max
{
λa ·ϕ(ppa,e) · ppa,e, b

min
}
· ρa. (11)

Through λa pension benefits are reduced (resp. increased) when (i) individuals

retire before (resp. after) JN and when (ii) individuals do not reach the minimum

of years of contribution. The pension replacement rate is assumed to have a fixed

average replacement rate ϕ, which will be adjusted through I(ppa,e) according to

the difference in life expectancy by number of pension points

ϕ(ppa,e) = ϕ
(
1− ζ · I(ppa,e)

)
, (12)

where ζ ∈ [0, 1] accounts for the phase-in/out period in which the adjustment

factor is introduced (ζ = 0 before the phase-in and ζ = 1 after the phase-out). To

account for the negative impact that the minimum pension benefit has on the labor

supply, the minimum pension benefit is modeled assuming that individuals start

with a minimum pension points; i.e. bmin = ϕ(ppmin)·ppmin. See Section A5 in the

supplementary material for more information on the evolution of the parametric

components of the Austrian pension system.

Recursive household problem

Households choose the optimal consumption path (c), labor supply (l), and

education (e) in two steps. First, agents determine the consumption path and

hours of work conditional on a particular educational attainment e ∈ E. Hence,

given a set of endowments θn = (ηn, ξn) ∈ Θn, an educational level e ∈ E, and the

set of state variables xa,e = {ka,e, ppa,e, ha,e}, an agent chooses consumption (c)

and labor (l) that maximizes from a = Ω to a = a the following Bellman equation:

V (xa,e; θn) = max
ca,e, la,e

{U(ca,e, la,e) + βπa+1,eV (xa+1,e; θn)} (13)

subject to eqs. (7)-(12) and the boundary conditions ka,e = 0, ha,e = ha. See the

derivation of the optimality conditions in Section A1 in the Appendix.
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Second, given the optimal paths of consumption, labor supply, and the vector

of state variables x∗a,e(θn) for each educational attainment e ∈ E, the agent chooses

the optimal level of education according to

e(θn) = arg max
e∈E

V (x∗a,e(θn); θn). (14)

Notice that given the stream of prices and demographic information each rep-

resentative agent is uniquely characterized according to her initial endowments.

Therefore, we denote from now on the optimal policy function of variable ‘X’ of

a representative agent born in year z at age a and with initial endowments θn as

Xz,a(θn).

3.2. Production

We assume one representative firm that produces a final good by combining

capital (K) and effective labor (L). Final goods can either be saved or consumed.

The production function, that exhibits constant returns to scale, takes the follow-

ing form

Yt = (Kt)
αY (AtLt)

1−αY , (15)

where Yt is output, αY is the capital share, and At is labor-augmenting technology,

whose law of motion is At+1 = (1 + gAt )At and gAt is the productivity growth

rate. Aggregate capital stock evolves according to the law of motion Kt+1 =

Kt(1 − δK) + It, where δK is the depreciation rate of capital and It is aggregate

gross investment.

We assume our representative firm maximizes the net cash flow by renting

capital and hiring labor from households in competitive markets at the rates rt

and wt, respectively. Capital and labor inputs are chosen by firms according to

the first-order conditions:

rt + δK = αY (Yt/Kt) , (16)

wt = (1− αY ) (Yt/Lt) . (17)
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3.3. Government

The government provides public goods and services, denoted by Gt, and trans-

fers all retirement pension benefits claimed, which are denoted by St. The total

amount of pension benefits claimed is

St =
∑Ω

a=0
Nt,a

[
N∑
n=1

∫
Θn

bt−a,a(θn) dPt−a(θn)

]
. (18)

Nt,a is the population size of age a in year t, N is the number of heterogeneous

agents, and Pt−a(θn) is the probability of having the initial endowments θn ∈ Θn.

For simplicity, we assume the government does not hold debt. Following the

Austrian pension system, social security contributions finance 70 percent of all

retirement benefits claimed. Thus,

0.70St = τ st wtLt, (19)

where τ st is the social security contribution rate. To finance Gt and the remaining

30 percent of St, the government levies taxes on labor income (τ l), on capital

income (τ k), and on consumption (τ c). The budget of the government in period

t is

Gt + 0.30St = τ lt (wtLt + 0.30St) + τ kt rtKt + τ ctCt, (20)

where Ct is the total final goods consumed. Notice that the total tax base of

labor income has to be augmented by the fraction of total pension benefits that

are not financed by social contributions. We have not included in the model the

progressivity of the Austrian tax system, since many pension systems are not

financed through the general budget. Consequently, for the case of Austria our

results will overestimate the differences in the IRR across agents with different

SES. Albeit this effect is expected to be small given that the total labor income

tax only represents 16.5 percent of the total revenues of the pension system. In
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contrast, our results will underestimate the inequality in the IRR for the same

mortality gradient across agents with different SES, in all other countries in which

the pension system is not financed through contributions.

4. Parametrization

The basic purpose of this section is to replicate the inflows and outflows of the

Austrian pension system so as to correctly calculate the IRR of our heterogeneous

agents. To do so we fit the model to historical economic and demographic data of

Austria for the period 1890–2010. Before introducing the calibration of our model

in section 4.5 we briefly summarize the reconstruction of education specific demo-

graphic parameters, the age profiles of labor income and taxes and the required

social contributions to finance the pension system.

4.1. Demographics by education

We extend the historically reconstructed population estimates for Austria im-

plemented in the AGENTA project (www.agenta-project.eu) by introducing dif-

ferential fertility and mortality by educational attainment. Demographic data

before 2010 is taken from historical records (Rivic, 2019), while the demographic

data after 2010 is based on Eurostat’s projections. Based on existing literature

(Lutz et al., 2007, 2014; Goujon et al., 2016), we assume a fixed difference in life

expectancy at age 15. We consider agents can attain any of the following three

educational groups: primary, secondary, and college. To be consistent with the

ISCED classification and taking into account that agents start making decisions

at age 14, we set the length of schooling, e ∈ E, at 0 years for primary edu-

cation, at 4 years for secondary education, and at 8 years for college. Agents

with primary or less education are assumed to have a life expectancy, LE15,0, five

years lower than those with college, while agents with secondary education have

a life expectancy, LE15,4, one year lower than those with college. The evolution
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across cohorts of the life expectancy (at birth) for the three educational groups

is presented in Fig. 2, panel A. Moreover, we assume that the population of each

educational group grows at the same rate. This assumption implies that in order

to overcome the lower proportion of agents surviving through the reproductive

ages, fertility is slightly higher for lower educated than for more educated agents.

See the evolution across cohorts of the total fertility rate for the three educational

groups in Fig. 2, panel B. As a result, agents with different educational attain-

ment will also face a different household size consistent with their mortality and

fertility profiles. The derivation of age-specific mortality rates and age-specific

fertility rates is provided in section A4 in the supp. material.
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Figure 2: Estimated vital rates by educational attainment in Austria for birth cohorts born

between 1800 and 2100: Primary or less (black), secondary (dark gray), and tertiary (light gray).

Source: Own calculations. Notes: Panel A shows the life expectancy at birth by educational

attainment. Panel B shows the total fertility rate (TFR) by educational attainment.

4.2. Life cycle earnings by education

The wage rate per hour worked of our agents depends on (i) the wage rate

per efficient unit of labor, on (ii) the age-specific labor productivity εa(e), which

is a function of the experience, and on (iii) the stock of human capital ha,e. The

20



age-specific productivity of an agent with e additional years of education and

a− a− e years of experience is assumed to follow a standard Mincerian equation

log εa(e) = β1(a− a− e) + β2(a− a− e)2, where a is the age at finishing primary

education and the parameters (β1, β2) reflect the importance of experience on the

wage rate, which are set to match EU-SILC 2011 data.

4.3. Private sector

Our choices for capital share and depreciation of capital are αY = 0.375 and

δK = 0.05, respectively. The values of these two parameters imply an interest rate

of 3.3% for an average capital-to-output ratio of 4.5. We assume no productivity

growth before year 1800. From 1800 to 2070 the exogenous productivity growth

rate is taken from two main sources. For the period 1890–2018 we take Austrian

historical productivity estimates from Bergeaud et al. (2016). For the period 2018–

2070 we rely on the productivity assumptions from the European Commission

(2018). After year 2070 we take the last productivity growth rate assumed by

the European Commission (2018) and assume that it stays constant until the

end of the simulation period. For the intermediate period 1800–1890 we linearly

extrapolate the productivity growth rate. See the productivity growth rate in

panel B, Figure 3.

4.4. Public sector

To account for the differential impact of capital taxes, labor income taxes,

and consumption taxes on the age profiles of labor income and pension bene-

fits, and given that taxes also finance thirty percent of the total public pensions

claimed (see Eq. 20), we collected historical information from Statistisches Hand-

buch Österreichs (1966, 1991) on the public consumption spending from 1913 to

2018. Before 1913 and after 2018 we assume that public consumption represents 8

percent and 20 percent of the total output, respectively, which coincides with the

21



first and the last public consumption to output ratio from the time series taken

from Statistisches Handbuch Österreichs (1966, 1991). See the ratio of public

consumption to output in panel A Figure 3.
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Figure 3: Public consumption to output ratio (A) and exogenous productivity growth rate

(B). Source: Data on public consumption to output ratio comes from Statistisches Handbuch

Österreichs (1966, 1991) and the National Accounts from Statistics Austria. The exogenous

productivity growth rate is taken from Bergeaud et al. (2016) and European Commission (2018).

Based on National Accounts data from Statistics Austria for the period 1995–

2018 we consider that labor income taxes finance 55 percent, consumption taxes

finance 35 percent, and capital income taxes finances the remaining 10 percent

of the total budget. The implementation of the evolution of all the historical

parametric components of the Austrian pension system is taken from the General

Law on Social Security (ASVG) and the General Pensions Act (APG).8 We detail

the values of the parametric components in Section A5 in the supplementary

material.

Under the current law of the Austrian pension system, we estimate that pen-

sion spending will represent more than 20% of the total output by year 2100,

8All the historical proposals can be found in the historic law database www.sozdok.at.
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which is 5 percent higher than the current pension spending. The social contribu-

tion rate, measured over the total cost of a worker, is expected to reach 25 percent

by year 2100, as compared to 19.1% in 2010.9 To reduce the expected increasing

cost of the pension system due to population aging and the longer life expectancy

of retirees, we introduce a pension sustainability factor, which guarantees a max-

imum social security contribution rate, denoted by τ st , of 22 percent. When the

maximum social security contribution rate is reached, the government will adjust

downwards the pension replacement rate by reducing the pension sustainability

factor, denoted by ρt, until the system is balancedρt = 1 and 0.70St = τ st wtLt if τ st < τ st ,

ρt < 1 and 0.70St = τ st wtLt if τ st ≥ τ st .

(21)

This policy will transform the DB system to a DC system once that the maxi-

mum social security rate is reached (see Sánchez-Romero and Prskawetz, 2019a).

In addition to the sustainability factor, in this paper, we analyze two pension pro-

posals that aim at correcting the regressivity of the pension system when there

is an ex-ante difference in life expectancy by socio-economic status. For the sake

of comparability, we assume that the two pension proposals are introduced by

cohort and have a similar phase-in/out period of 20 years

ζz =


0 for z ≤ 1960,

z−1960
20

for 1960 < z ≤ 1980,

1 for z > 1980,

(22)

where z denotes the birth cohort. Eq. (22) implies that the cohort that is currently

retiring (z = 1960) is the last cohort without any correction (ζz = 0) and that

9The social contribution rate is calculated as the total pension spending financed through

contributions divided by the total wage bill of the economy.
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this policy is fully implemented (ζz = 1) for all cohorts born after year 1980.

From the 1960 birth cohort to the 1980 birth cohort, the proposal is gradually

introduced, increasing the importance of the replacement rate adjustment factor

by 5%(=1/20) per year. The minimum pension points ppmin are set to match the

minimum pension benefits bmin, which in Austria is close to 1/3 of the average

income (ȳ) at the age of retirement.10

4.5. Calibration

We follow a two-stage process to replicate the evolution of the Austrian econ-

omy. In the first stage, we assign values using the literature on the parameters

governing the human capital accumulation and preferences. In a second stage, we

estimate using the Bayesian melding method the permanent unobserved hetero-

geneity and the number of heterogeneous representative agents that best fit the

evolution of the educational attainment in Austria. See the Appendix, Section A3,

for a detailed explanation of the Bayesian melding method.

We assume the same initial stock of human capital (ha,e) for all agents and

normalize it to one. The returns-to-education is set at γh = 0.65, similar to

Cervellati and Sunde (2013). The parameters governing the behavior of agents

are set to replicate specific features of the labor supply. Specifically, we assume

an intertemporal elasticity of substitution (IES) of consumption (σc) of 1.0, which

coincides with the upper range values for σc suggested by Chetty (2006) and

guarantees a steady-state equilibrium. We assume an IES of labor supply, σl,

equal to 0.40. Notice from Eq. (7) that σl coincides with the Frisch elasticity,

which is between the lower bound of 0.1 and upper bound of 2.0 (Keane and

Rogerson, 2012). The value of the weight of the disutility of labor (αL = 866.28)

10In year 2010, the minimum pension (“Ausgleichszulage”) was 10 976 Euros, which was 35

percent of the average income of the age group 56-60 (31 673 Euros) in Austria, see §293 ASVG

in year 2010.
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is chosen so as to obtain that prime aged agents work 33.0 percent of their available

time in year 2010. This is equivalent to an average of 37 hours of work per week

and year. The preferences for retirement v0 and v1 are set at 77.06 and -1.94,

respectively, to guarantee an average retirement age between 57 and 58 for the

cohort born in year 1950. The subjective discount factor β is calibrated to have a

(real) interest rate between 3 and 4 percent along the XXI century. This interest

rate should be thought as the opportunity cost of contributing to the pension

system.

Table 1: Model parameters

Parameter Symbol Value Parameter Symbol Value

Preferences Human capital

Marginal schooling cost† ηn [0,40] Learning ability† ξn [0.00,0.30]

Labor elasticity σL 0.40 Initial human capital ha 1.00

Labor weight αL 866.28 Returns to education γh 0.65

Max. labor supply before retirement L 0.4 Experience

Leisure in retirement v0 77.0552 Age β1 0.070

v1 -1.9425 Age-squared β2 0.00092

Subjective discount factor β 1.02

Production

Capital depreciation rate δK 0.05

Capital share αY 0.375

Productivity growth rate gAt see Fig. 3

† Parameter calibrated using the Bayesian melding method.

The last set of parameters corresponds to the initial endowments of our het-

erogeneous individuals θ ∈ Θ: the effort of attending schooling, ηn, and the innate

learning ability, ξn. These two parameters are estimated using the Bayesian meld-

ing method (Poole and Raftery, 2000; Raftery and Bao, 2010), which provides an
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inferential framework that takes into account both model’s inputs and outputs.

In particular, we apply the Bayesian melding method to derive the distribution

of the set of initial endowments that best replicate the educational distribution

for Austrian cohorts born between 1890 and 1980. Thus, by following this strat-

egy our model accounts for selectivity within educational groups, since agents

with different initial endowments endogenously choose their educational attain-

ment and, consequently, the characteristics (schooling effort and learning ability)

of each educational group changes across cohorts.
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Figure 4: Evolution across cohorts of the initial endowments of each educational group, birth

cohorts 1880–2100. Notes: Each panel shows for each education group (primary -red-, secondary

-green-, and college -blue-) the evolution of the mean (solid line), the 50% confidence interval

(darker area), and the 75% confidence interval (lighter area) of each initial endowment: schooling

effort (A) and innate learning ability (B).

The best fit to the educational distribution is obtained with N=25 hetero-

geneous agents.11 Figure 4 shows the evolution across cohorts of the initial en-

11We fitted the model to the educational distribution for N equal to 5, 15, 25, 35, 50, and
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dowments —generated with the model— that characterize agents belonging to

each educational group. Panel A, Fig. 4, shows the evolution of the schooling

effort (we use this endowment as a proxy for the SES of parents), which is the

most important endowment for choosing the educational attainment. Agents with

high schooling effort are likely to stay with primary education, while agents with

low schooling effort are more likely to attain college. The positive slope of the

schooling effort across cohorts suggests that the relative importance of schooling

effort for attaining higher education has decreased over time due to the rise in

technological progress and in the length of life. As explained by Sánchez-Romero

et al. (2016), our agents consider schooling effort as a fixed cost of education.

Hence, as the lifetime income raises, the marginal cost of education decreases and

it becomes more interesting for the agents to invest in education. Panel B shows

that the innate learning ability is also an important endowment for choosing the

educational attainment. Indeed, as the importance of schooling effort diminishes

for younger generations, the innate learning ability becomes a key determinant of

the educational attainment of agents. Consequently, agents with primary educa-

tion are becoming more selected and have lower learning ability levels (see the red

area). Instead, agents with college become more heterogeneous and have a higher

innate learning ability level (see the blue area).

Figure 4 has shown that given the set of initial conditions for our heteroge-

neous agents our model can control for selectivity within educational groups, since

our agents optimally choose their educational attainment and hence the charac-

teristics of each educational group endogenously change in the model. Besides the

choice of education, our representative agents also choose their consumption of

final goods, their labor supply, their financial wealth, their social security wealth,

their conditional survival probabilities, and the number of children. Moreover,

100.
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Fig 5 shows that the model is capable of replicating well the educational distribu-

tion for cohorts born between 1890 and 1980 in Austria, which we have targeted

with the Bayesian melding. The fit our the model (solid lines) to the educational

distribution data (dots), taken from the Wittgenstein Centre Database (2015), is

shown in Fig. 5, panel A. Panels from B to E, in Fig. 5, are used as an external

validation of the calibration procedure. For instance, the model reproduces well

the time series of pension spending to output ratio from 1950 to 2010 (panel B),

the evolution of per capita income (panel C), and the average labor income pro-

file in 2010 (panel E) taken from the AGENTA database. Besides, the model can

replicate the number of pensioners for years 2011 to 2017 (panel D). Hence, the

five panels in Fig 5 imply that our model is capable of matching key variables

necessary to replicate well the cost of the evolution of the Austrian pension sys-

tem. At the aggregate level, the evolution of the total pension spending and the

evolution of per capita income. At the micro level, the profiles of labor income

and pension benefits. Therefore, the model is validated to calculate the past and

future cost and benefits of the pension system and its redistributive consequences

on heterogeneous individuals by educational attainment.

5. Policy analysis

After solving the dynamic general equilibrium-overlapping generations model

with the existing pension system (status quo), in this section we study the redis-

tributive properties within each cohort that results from implementing either the

ABH or the SRP proposal, which aim at reducing the regressivity of the pension

system caused by the ex-ante difference in life expectancy. Consequently, we run

two additional simulations. As explained in section 2, both proposals account for

the relationship between the remaining years of life and lifetime labor income,

through the pension replacement rate. Nevertheless, since the number of pension
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points is already a measure of lifetime labor income, we assume the social security

system uses the number of pension points, pp, as the SES measure. Moreover, we

also assume, yet realistically, that the pension system does not have information

about the exact life expectancy of each agent.

5.1. Pension proposals: Adjustment factors of the pension replacement rates

The ABH proposal suggests adjusting the replacement rate of an agent of age

a according to the difference between the average life expectancy of the cohort at

age a and the life expectancy of the agent at age a. Since the government does not

have perfect information about the life expectancy of each agent, we consider that

the pension system follows Holzmann et al. (2019) and regresses the remaining

years of life on the log of the number of pension points (see section A6 in the

supplementary material). The adjustment factor of the replacement rate in the

ABH proposal is given by

IABH(ppz,a(θn)) = 1−
L̂E(ppz,a)

L̂E(ppz,a(θn))
, (23)

where L̂E(pp) denotes the estimated life expectancy as a function of the number

of pension points pp and ppz,a is the average number of pension points for the

cohort z at age a. From Eq. (23) and assuming that the ABH proposal is fully

implemented (i.e. ζ = 1), the pension replacement rate becomes

ϕABH(ppz,a(θn)) = ϕ
L̂E(ppz,a)

L̂E(ppz,a(θn))
. (24)

Thus, the ABH pension replacement rate will be equal to ϕ (i.e., the same as the

status quo) for agents with pension points equal to the average pension points

(ppz,a(θn) = ppz,a) and lower (resp. higher) than ϕ for those agents with pension

points higher (resp. lower) than the average pension points. Notice that since

life expectancy is positively related to the number of pension points, agents with
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higher (resp. lower) life expectancy would receive a lower (resp. higher) replace-

ment rate than agents with lower (resp. higher) life expectancy, ceteris paribus

the retirement age.

The second pension proposal by SRP suggests that the short-lived and poor

workers are compensated by finding the level of progressivity of the replacement

rate that makes the pension system ex-ante neither regressive nor progressive.

This proposal implies the following adjustment factor of the replacement rate

ISRP(ppz,a(θn)) =

[(
1−

L̂E(ppmin
z,a )

L̂E(ppmax
z,a )

)/(
1−

ppmin
z,a

ppmax
z,a

)]
︸ ︷︷ ︸

=φSRP

(
1−

ppz,a
ppz,a(θn)

)

(25)

where φSRP measures the average percentage change of life expectancy in response

to a change in the number of pension points, or average elasticity between life

expectancy and pension points, and (ppmin
z,a ,ppmax

z,a ) are respectively the minimum

and maximum pension points of the cohort z at age a. From Eq. (25) and assuming

that the SRP proposal is fully implemented (i.e. ζ = 1), the pension replacement

rate in the SRP proposal becomes

ϕSRP(ppz,a(θn)) = ϕ
(1− φSRP)ppz,a(θn) + φSRPppz,a

ppz,a(θn)
. (26)

Notice in Eq. (26) that the positive relationship between life expectancy and

lifetime labor income, explained in section 2, is contained in the elasticity term

φSRP. Using the simulation results from the benchmark case we set the value of

φSRP at 0.1348 (see section A6 in the supplementary material). Thus, Eq. (26)

implies that those agents with pension points equal to the average number of

pension points (ppz,a(θn) = ppz,a) will also receive a replacement rate equal to ϕ

(as in the ABH proposal and the status quo). While agents with pension points

lower (resp. higher) than ppz,a will have a replacement rate that is φSRP ppz,a

ppz,a(θn)

times higher (resp. lower) than that of the average replacement rate ϕ.
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5.2. Pension proposals: Redistributive effects

To study the redistributive properties of the ABH and SRP proposals we use

the internal rate of return (IRR), which reflects the average return received by

each contribution paid to the pension system. See section 2 for more details. An

interesting characteristic of the Austrian pension system is that 30 percent of the

total pension spending is also financed through the general budget. Thus, our cal-

culations of the IRR include the social contributions paid by each representative

agent and the fraction of labor income tax, capital income tax, and consumption

tax devoted to finance the pension system. To assess the redistributive effects

of ABH and SRP proposals, we divide our N (=25) heterogeneous agents into 9

groups according to their educational attainment and the pension points accumu-

lated until age 65. We choose age 65 in order to guarantee that almost all agents

of a cohort are retired. Moreover, each agent type belongs to one out of three pos-

sible educational groups E = (primary, secondary, college) and one out of three

possible levels of pension points accumulated (low, middle, high). Given that an

absolute number of pension points will not mean the same for different cohorts

and that its value will not lay over time in the same position of the pension points

distribution, we split our heterogeneous agents by pension points terciles.

Figure 6 shows the IRR by educational attainment and pension points tercile

for four selected birth cohorts (1960, 1980, 2000, and 2020). For each of the nine

groups, the IRR is calculated as the mean IRR across the 1 000 random simulations

drawn from the posterior distribution of the initial endowments (learning ability

and schooling effort). We include in Figure 6 the 1960 birth cohort in order to

show the IRR before the pension proposals are introduced. See the phase-in/out

period in Eq. (22). Figure 6 is divided in three panels: (a) the benchmark (or

status quo), (b) the ABH pension proposal, and (c) the SRP pension proposal.

The benchmark case shows the model results without the implementation of any
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policy correcting for the difference in life expectancy by pension points. Thus,

we use the benchmark case to assess the marginal effects of the ABH and SRP

policy proposals by comparing them to the status quo. In addition, to better read

Fig. 6, for each cohort, the cell(s) with a lighter color represents the group(s) of

agents who have the lowest IRR, while cell(s) with a darker color highlights the

group(s) of agents who have the highest IRR.

We obtain the following results from panel (a) in Fig. 6. First, agents with

college education receive a higher IRR than that received by agents with lower

education. For instance, for the 1960 birth cohort, the average IRR is 3.95 percent

for those with college education, 2.68 percent for those with secondary education,

and 1.92 percent for those with primary education. Second, the difference across

cohorts in the IRR between those with college education and those with primary

education will diminish from 2.03%(=3.95%-1.92%) to 1%(=1.98%-0.98%) from

the 1960 birth cohort to the 2020 birth cohort. This is because the decline in

the IRR from the 1960 to the 2020 birth cohort is more pronounced for those

with college education, from 3.95 percent to 1.98 percent, than for those with

primary education, from 1.92 percent to 0.98 percent. However, despite the more

pronounced decline among the highly-educated, third, agents with college educa-

tion will continue receiving an IRR that doubles the IRR of those with primary

education (3.95/1.92≈ 2.06 for the 1960 birth cohort and 1.98/0.98≈ 2.02 for the

2020 birth cohort). As a result, we can conclude that the Austrian pension system

is ex-ante regressive.

Panels (b) and (c), in Fig. 6, show the IRRs in the ABH and SRP pension pro-

posals across the nine different subgroups. In both pension proposals we observe

the same IRR pattern by education and by pension points tercile. On the one

side, since in both pension proposals the replacement rate is inversely related to

the number of pension points, ceteris paribus the educational attainment, agents
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in lower pension points terciles receive a higher IRR than those in the highest pen-

sion points tercile. Thus, for agents born in 2020 who have college education, we

find in the ABH proposal that the IRR is 1.73% for those in the highest pension

point tercile and 2.15% in the lowest pension point tercile and, similarly, in the

SRP proposal the IRR is 1.78% for those in the highest pension point tercile and

2.34% in the lowest pension point tercile. On the other side, since education is

positively related to life expectancy, ceteris paribus the number of pension points,

agents who are highly-educated receive a higher IRR than those agents who are

low-educated. Looking at agents born in 2020 who belong to the lowest pension

points tercile, we find in the ABH proposal that the IRR is 1.34% for those with

primary education and 2.15% for those with college education. Similarly, in the

SRP proposal the IRR is 1.61% for those with primary education and 2.34% for

those with college education. As a result, these two patterns reduce the differ-

ence in the IRR across educational groups but, conditional on a specific education

level, both proposals also increase the difference in the IRR across pension points

terciles as compared to the benchmark case. An advantage of the SRP proposal,

relative to the other cases, is that low-educated agents in the lowest pension points

tercile receive in this pension system the highest IRR (=1.61% for the 2020 birth

cohort). However, the SRP proposal has as a drawback that it also provides the

highest IRR (=2.34% for the 2020 birth cohort) to those agents who belong to

the lowest pension points tercile and are highly educated. On the other hand,

the ABH proposal generates an IRR that is between the benchmark case and

the SRP proposal for those agents who belong to the lowest pension points tercile

and are either low-educated (=1.33% for the 2020 birth cohort) or highly-educated

(=2.2% for the 2020 birth cohort). This is because the SRP proposal compensates

not only for differences in the life expectancy but also for differences in pension

points, while the ABH only compensates for differences in life expectancy.
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An alternative way of analyzing the ABH and SRP proposals is to look at the

IRR only across pension points terciles (see Fig. 7) and only across educational

groups (see Fig. 8). First, looking only across pension points terciles, Figure 7

shows in the benchmark case that agents that belong to the lower pension points

terciles receive a lower IRR than those that belong to the highest pension points

tercile. For the 1960 birth cohort, the average IRR of agents in the lowest pension

points tercile is 2.17% and 3.46% for those in the highest pension points tercile.

For the 2020 birth cohort, the average IRR of agents in the lowest pension points

tercile is 1.64% and 1.96% for those in the highest pension points tercile. The

reduction in the regressivity of the pension system as the rates of returns decline,

was already found in the US pension system by Steuerle and Bakija (1994). This

is because a reduction in the IRR generates a larger fall in the net benefits of

high income earners than in the net benefits of low income earners (Feldstein and

Liebman, 2002). Under the ABH and SRP proposals (see panels (b) and (c) in

Fig. 7), we find for the 2020 birth cohort that the ABH proposal will make the

pension system more favorable to the average retiree (i.e., those agents in the

middle pension points tercile). Agents in the lowest pension points tercile have

an IRR of 1.83%, which is higher than the IRR of 1.74% received by agents in

the highest pension points tercile. But those agents with the medium pension

points tercile receive the highest IRR, which is equal to 1.87%. Instead, the

SRP proposal gives the highest IRR to agents in the lowest pension points tercile

(1.99%), followed by those with medium pension points (1.92%), and the lowest

IRR is given to agents in the highest pension points tercile (1.79%). Hence, only

looking across pension points, we can see for the 2020 birth cohort that the SRP

proposal will transform the pension system into a progressive system. Nonetheless,

it should be noticed that for earlier cohorts (i.e., 1980 and 2000), all the analyzed

pension systems are still regressive across pension point terciles.
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To compare the IRR results using an alternative SES measure, Figure 8 shows

the IRR only across educational groups. Panel (a), in Fig. 8, reports the same IRR

values as those shown in Figure 6, panel (a). This is because we have assumed

that life expectancy depends on the educational attainment. However, contrary

to Fig. 7 we find that neither the ABH proposal nor the SRP proposal makes the

pension system progressive once that we analyze the IRR only across educational

groups. Indeed, even for the 2020 birth cohort, in both proposals agents with

secondary education receive the highest IRR (1.89% in the ABH proposal and

1.98% in the SRP proposal) and agents with primary education receive the lowest

IRR (1.34% in the ABH proposal and 1.61% in the SRP proposal). The fact that

the IRR is the lowest for those with primary education is mainly due to the fact

that both replacement rate adjustment factors, I(·), do not fully compensate for

the difference in life expectancy. Moreover, when the overall IRR is higher, we

can see for the 1980 birth cohort that both pension proposals are regressive.

5.3. Pension proposals: The impact on inequality

We have seen in Section 5.2 that both the ABH and the SRP proposals reduce

the difference in IRR across educational groups, giving both pension proposals

quite similar results. To provide an additional insight on the advantages and

disadvantages of each proposal, Figure 9 shows for the three pension cases the

coefficient of variation (CV) of the IRR. The CV is frequently used as a measure

of inequality. The CV is calculated with all the N (=25) heterogeneous agents

in order to maximize the variance in the data. For each birth cohort, the height

of the bar gives the CV, which is also displayed as a number at the bottom of

the bar. We associate a blue color to the benchmark, a light blue color to the

ABH proposal, and a dark blue to the SRP proposal. Fig. 9 shows for the 1980

birth cohort that the highest IRR inequality is found in the benchmark case (0.18),

followed by the ABH proposal (0.12) and then the SRP proposal (0.10). The same
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inequality gradient is observed for the 2020 birth cohort, in which the highest CV

is 0.14 for the benchmark, followed by the ABH proposal with a CV of 0.10 and

the SRP proposal with a CV of 0.09. Therefore, Fig. 9 clearly shows that the SRP

proposal provides a more equal IRR across all agent types. The ABH proposal

also reduces the inequality in the IRR, compared to the benchmark case, but to

a lesser extent.

5.4. Pension proposals: The impact on labor supply and education

In this subsection we analyze whether the ABH and SRP proposals lead to

additional behavioral reactions that will change the labor supply and the edu-

cational attainment found in the benchmark model (or status quo). Comparing

the underlying variables that determine the IRR calculations, our results indicate

that the pension points and the retirement ages are almost the same in the three

pension proposals (see figs A5–A6 in the supp. material). Agents with primary

education accumulate 50% of the pension points gained by agents in the reference

group (ref=secondary education), while agents with college education accumulate

188% of the pension points of the reference group, which is almost three times

greater than the pension points of those with primary. These two values are rel-

atively close to the penalties and advantages of education on salaries reported

by the OECD (2014) for Austria, that suggests values of 70%(less than upper

secondary) and 171% (tertiary education), respectively. Notice, however, that the

OECD estimates are derived from a period perspective, while our calculations are

done from a cohort perspective. For those cohorts born between 1980 and 2020,

agents with primary education tend to retire at age 58, with second education

at 59, and slightly above 60 for those with college education. Thus, given that

we are controlling for the years of education, these results imply that the ABH

and SRP proposals have the same incentives and disincentives for working and

retiring as the benchmark case. In contrast, we detect a marginal disincentive,
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relative to the benchmark, in both pension proposals to attain higher education

(see fig A7 in the supp. material). Nonetheless, this effect is small and does

not significantly affect on the IRRs reported. In sum, we obtain that the ABH

proposal and the SRP proposals have similar incentives as the current pension

system for education, labor supply, and retirement.

6. Conclusion

Population aging, as caused by low fertility levels and increasing life ex-

pectancy, challenges any social security system that is based on the redistribution

of resources from the employed towards the dependent older population. The

persistent population aging observed in most developed countries prompts gov-

ernments to introduce pension reforms that guarantee the long-run sustainability

of their social security systems. Such proposals are, among others, delaying the

effective retirement age, introducing penalties and rewards for early and late retire-

ment, and linking the pension replacement rate to the remaining life expectancy,

among others. However, in many countries, the difference in life expectancy be-

tween the high and low socioeconomic groups have widened in recent decades.

Ignoring this heterogeneity might jeopardize any proposal, as pension schemes

become highly regressive. The introduction of any pension proposal needs to take

into account that individual aging is heterogeneous across socioeconomic groups.

Therefore, it is necessary to investigate how pension proposals that correct for

ex-ante differences in life expectancy impact on the decisions of heterogeneous

individuals by SES and on the degree of regressivity of the system across so-

cioeconomic groups. This task implies developing models that account for the

behavioral response of heterogeneous individuals with different life expectancies

to changes in the pension system.

To account for potential behavioral responses and to control for the implica-
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tions of changes in the educational distribution on the life expectancy gradient,

this paper builds a computable overlapping generation model of labor supply with

endogenous length of schooling and life expectancy. Agents are heterogeneous

by their learning ability, life expectancy, and their effort of attending schooling.

The model is applied to Austria and analyzes the redistributive characteristics of

implementing two pension proposals: Ayuso et al. (2017) (ABH) and Sánchez-

Romero and Prskawetz (2020) (SRP), which aim at reducing the regressivity of

the pension program caused by the difference in life expectancy by SES.

Our simulations suggest the following results. Under the current Austrian

pension system we obtain that agents with high SES receive a higher IRR than

those with low SES. The difference in IRR for all SES groups will decline from the

1960 birth cohort to the 2020 birth cohort. The decline in the IRR will be more

pronounced for the highly-educated workers than for the low-educated workers.

Nonetheless, highly-educated workers will continue receiving from the pension

system an IRR that doubles that of low-educated workers. Once that the ABH and

SRP pension proposals are implemented, we obtain a reduction of the inequality

in the IRR across agents with different educational attainment and pension points

compared to the status quo. Comparing the effects of both proposals, we find that

the SRP proposal provides a more equal IRR across population subgroups than

the ABH proposal. The main advantage of the SRP proposal is to provide the

highest IRR to agents who are short-lived and belong to the lowest pension points

tercile. Its main disadvantage is that this proposal also provides the highest IRR

to those agents who belong to the lowest pension points tercile and are highly

educated. This result is due to the fact that the ABH only compensates for

differences in life expectancy, while the SRP proposal compensates for differences

in life expectancy as well as for differences in pension points. Comparing the

ABH and SRP proposals to the current Austrian pension system, we did not find
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any significant distortion on lifecycle decisions of education, labor supply, and

retirement.

Our simulation results also show that is crucial to introduce heterogeneity

in several dimensions when analyzing the degree of progressivity/regressivity of

pension proposals, since partial analyses might lead to contradictory results. In

particular, if we report the IRR only by pension points, we find that the SRP

proposal will transform the pension system into a progressive system for the cohort

born in 2020. In contrast, if we report the IRR only by educational attainment,

we find that the pension system will become regressive across educational groups,

even when both proposals (ABH and SRP) are implemented.

This model is the first step to evaluate from a lifecycle perspective different

social programs. In future work we plan to incorporate in this model an additional

layer of heterogeneity by health status in order to analyze the IRR of other social

benefits such as health care, disability, and other family benefits.
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Figure 5: Model fit, 1880–2100. Notes and sources: Panel A shows the fit of the model (solid

lines) to the educational distribution data (shaped lines) from Wittgenstein Centre Database

(2015). Panel B shows the fit of the model (solid line) to the total pension spending to output

ratio (dots). Panel C shows the model fit (solid line) to the per capita income (dots) taken from

Bergeaud et al. (2016). Panel D shows the model fit (solid lines) to the number of pensioners

(gray dots) from Statistics Austria. Panel E shows the model fit (solid lines) of labor income

and pension benefits profiles in year 2010 to AGENTA data (dots) (see http://dataexplorer.

wittgensteincentre.org/nta/).
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(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure 6: Internal rate of returns (IRR) of the Austrian pension system by pension points tercile

(1=low, 2=middle, 3=high) and educational attainment (P=primary, S=secondary, C=college):

selected birth cohorts under three different pension proposals. Source: Authors’ calculations.

Note: The reported IRR in each cell is the mean IRR across the 1 000 random simulations drawn

from the posterior distribution.
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(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure 7: Internal rate of returns (IRR) of the Austrian pension system by pension points tercile

(1=low, 2=middle, 3=high): selected birth cohorts under three different pension proposals.

Source: Authors’ calculations. Note: The reported IRR in each cell is the mean IRR across the

1 000 random simulations drawn from the posterior distribution.
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(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure 8: Internal rate of returns (IRR) of the Austrian pension system by educational at-

tainment (P=primary, S=secondary, C=college): selected birth cohorts under three different

pension proposals. Source: Authors’ calculations. Note: The reported IRR in each cell is the

mean IRR across the 1 000 random simulations drawn from the posterior distribution.
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Figure 9: Coefficient of variation of the internal rate of return (IRR) for selected birth cohorts

under three different pension proposals. Source: Authors’ calculations. Note: The estimated

CV is calculated as the mean CV across the 1 000 random simulations drawn from the posterior

distribution.
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Online Appendix for “Redistributive effects of

pension reforms: Who are the winners and losers?”

By Miguel Sánchez-Romero, Philip Schuster, and Alexia Prskawetz

A1. Solution: Household problem

Given the set of endowments θn ∈ Θn we solve the household problem of

maximizing the lifetime utility (13) and the educational decision (14) subject to

the constraints (7)-(12) and the boundary conditions ka,e = 0 and ha,e = ha. For

notational convenience, let us define the marginal rate of substitution between

pension points and assets for an agent of age a with education e as

Pa,e =
∂V (xa,e; θn)

∂ppa,e

/
∂V (xa,e; θn)

∂ka,e

and the marginal rate of substitution between human capital and assets for an

agent of age a with education e as

Ha,e =
∂V (xa,e; θn)

∂ha,e

/
∂V (xa,e; θn)

∂ka,e
.

Each marginal rate of substitution measures the value, assigned by an agent with

endowments θn, of investing in each state (pension points and human capital)

relative to investing in assets.

The first-order conditions (FOCs) of this problem are:

Uc(ca,e, la,e) = βπa+1,e
∂V (xa+1,e; θn)

∂ka+1,e

(1 + τ ca), (A.1)

−Ul(ca,e, la,e) = Uc(ca,e, la,e)
(
1− τLa,e

)
wa,e, (A.2)

where τLa,e =
τca+τ la+τSa,e+τJa,e(−α′J (la))

1+τca
is the effective labor income tax. Notice that

the effective labor income tax includes the effective social security tax rate at the

intensive margin, denoted by τSa,e, and the retirement tax/subsidy rate, denoted
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by τJa,e, which are given by

τSa,e = τ sa(1− τ la)− Pa+1,eφ
pPBI′(ya,e), (A.3)

τJa,e = (1− τ la) (1 + εb,αJ ,e)
ba,e
wa,e
− (Ra − 1)

ppa,ePa+1,e

wa,e
. (A.4)

The term εb,αJ ,e is the retirement-elasticity of pension benefit; i.e. 1
ba,e

∂ba,e
∂la,e

αJ (la,e)

α′J (la,e)
.

Eqs. (A.3)-(A.4) coincide with the effective social security tax rate and the retire-

ment tax/subsidy rate in Sánchez-Romero et al. (2020).

The envelope conditions (ECs) imply that:

Uc(ca,e, la,e) = Ra+1,eβπa+1,e
1 + τ ca

1 + τ ca+1,e

Uc(ca+1,e, la+1,e), (A.5)

Ra,ePa.e = (1− τ la)
∂ba,e
∂ppa,e

αJ(la,e) + Pa+1,e

∂ppa+1,e

∂ppa,e
, (A.6)

Ra,eHa,e =
(
1− τ la − τSa,e

) ya,e
ha,e

+Ha+1,e
∂ha+1,e

∂ha,e
, (A.7)

Combining FOCs and ECs we have that the total expenditure on final goods

not only changes with age because of the difference between the market and the

subjective time discount factors, but also because of changes in the household size

(1 + τ ca+1)ca+1,e

(1 + τ ca)ca,e
= β(1 + ra(1− τ ka ))

Ha+1,e

Ha,e

. (A.8)

The labor supply of our representative agents is given by

la,e =


(

1
αL

(1−τLa,e)wa,e

ca,e/Ha,e

)σL
if a < J,(

1
αL

(1−τLa,e)wa,e

ca,e/Ha,e
− 1

αL

v0(LEa,e)−v1

L

)σL
if a ≥ J.

(A.9)

Eq. (A.9) implies that agents who have lower effective labor income tax and higher

wage rates, relative to the average consumption of the household, supply more la-

bor. Once that retirement is allowed, those agents with longer life expectancy,

lower effective labor income tax, and lower wage rates, relative to the average
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consumption of the household, will retire later, ceteris paribus the initial endow-

ments.

The value of Ha, which is also calculated backwards, gives

Ha,eha−1,e =
Ω−1∑
s=a

(
s∏

z=a

1

Rz,e

)(
1− τ ls − τSs,e

)
ys,e. (A.10)

The value of human capital times the stock of human capital is the present value of

the remaining lifetime income, which includes the present value of future pension

benefits through the stream of {τSa,eya,e}Ja=a values.

A2. Equilibrium conditions

Given initial time, cohort, and age sets {T ,Z,A}, the set of education levels E,

the probability space of initial endowments (Θ,θ,P), the number of heterogeneous

agents N in each birth cohort, the model parameters (see Table 1), exogenous eco-

nomic data {At}t∈T , and demographic data {Nt,a, πz,a,e, ferz,a,e, Hz,a,e,∆e}t∈T ,z∈Z,a∈I,e∈E,

a recursive competitive equilibrium is a sequence of a set of household policy func-

tions {cz,a(θn), lz,a(θn),kz,a(θn),ppz,a(θn), hz,a(θn)} for z ∈ Z, a ∈ A,θ ∈ Θ, n ∈ 1, . . . ,N ,

government policy functions {Gt, τ
c
t , τ

l
t , τ

k
t , τ

s
t }t∈T and factor prices {wt, rt}t∈T

such that

i. Given the factor prices and government policy functions, household policy

functions satisfy (7)-(14).

ii. Factor prices wt, rt equal their marginal productivities.

iii. The government’s budget constraints (18) and (20) are satisfied.

iv. The stock of capital and the effective labor input are given by:

Kt =
∑Ω

a=0

∑N

n=1
Nt,a

∫
Θn

kt−a,a(θn)d Pt−a(θn), (A.11)

Lt =
∑Ω

a=0

∑N

n=1
Nt+1,a+1

∫
Θn

εa(et−a(θn))ht−a,a(θn)lt−a,a(θn)d Pt−a(θn).

(A.12)
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v. The market of final goods clears

Yt = Ct +Gt + It. (A.13)

Aggregate consumption of final goods is given by

Ct =
∑Ω

a=0

∑N

n=1
Nt,a

∫
Θn

ct−a,a(θn)d Pt−a(θn). (A.14)

A3. Bayesian melding method

We use the Bayesian melding method to derive in our dynamic general equilibrium-

overlapping generations model the unobserved initial heterogeneity of our hetero-

geneous agents, while keeping consistency between the micro- and the macroe-

conomic information. To implement the Bayesian melding we initially used the

sampling importance resampling (SIR) algorithm (Poole and Raftery, 2000). How-

ever, after running the algorithm thousands of times the number of unique points

was very low, which is a signal of poor performance and suggests that the algo-

rithm is not suitable for finding the most likely parameters. To cope with this

problem, Raftery and Bao (2010) suggest to use a more sophisticated algorithm

such as the incremental mixture importance sampling (IMIS) algorithm, which

outperforms the Markov chain Monte Carlo (MCMC) algorithm. We modify the

IMIS algorithm of Raftery and Bao (2010) in order to allow for heterogeneous

agents.

Let our large scale dynamic general equilibrium-overlapping generations model

be M(·). Let us assume each cohort is represented by a set of N heterogeneous

agents whose endowments are randomly assigned at birth. Let the set of endow-

ments characterizing the n-th agent be θn = (ξn, ηn) or permanent unobserved

heterogeneity. Let Θ be the the product set of Θ1, . . . ,ΘN that consists of all N -

tuples (θ1, θ2, . . . , θn, . . . , θN ) where θn ∈ Θn for each n. Let a realization of Θ be

θ. The initial endowments θ are random variables with a joint prior distribution
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denoted by q1(Θ). We assume independent uniform priors for the distribution on

the inputs

q1(Θ) = U ([0, 0.3]× [0, 0.4]) .

Let Φ = (ez0(θ), . . . , ezT (θ)) be the set of outputs of the dynamic general equilibrium-

overlapping generations model given the model inputs θ; i.e., M(θ) = Φ. We

assume the likelihood of the model’s output is given by

L(Φ|data) ∝ −1

2

zT∑
z=z0

(mz(θ)− m̂z)
′Ŵ−1(mz(θ)− m̂z) (A.15)

where mz(θ) = (E[ez(θ)];σ[ez(θ)]) is the vector with the model mean and stan-

dard deviation of the additional years of education for cohort z, m̂z is the vector

with the estimated mean and standard deviation of the additional years of ed-

ucation for cohort z, and Ŵ = diag (σ[µe], σ[σe]) is the weighting matrix with

the standard deviations of the estimated mean and standard deviation of the

additional years of education across all cohorts.

IMIS algorithm (Raftery and Bao, 2010)

1. Initial Stage:

(a) Run B0 samples of θ ∈ Θ realizations from the joint prior distribution

on inputs q1(Θ) obtained with the SIR algorithm

(b) For each θi sampled, run the model to obtain the set of output M(θi) =

Φi,

(c) Calculate the likelihood of each model output

L(Φi|data) for i = {1, . . . , B0}

(d) Construct the importance sampling weights (ISW)

w0(θi) ∝
L(Φi|data)∑B0

i=1 L(Φi|data)
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2. Importance Sampling Stage: for k = 1, 2, . . . , until a stopping criteria is

satisfied

(a) Compute N multivariate Gaussian distribution H
(k)
n with center µ

(k)
n

and covariance Σ
(k)
n for n ∈ {1, . . . ,N}. Choose the input set θi =

(θi1, . . . , θiN ) with maximum weight, wk−1(θi). Choose as the center

µ
(k)
n the set of parameters θ

(k)
in . Calculate the weighted covariance ma-

trix Σ
(k)
n with the (B) agents, one for each sampled ϑ, with the smallest

Mahalanobis distance to θ
(k)
in and the weights are the average between

the importance weight and 1/Bk.

(b) Sample B new inputs θjn, with j ∈ {1, . . . , B}, from H
(k)
n for each

n-th agent and form inputs θj and combine them with the previous

realizations.

(c) Compute steps 1(b)–(c) and calculate the new importance sampling

weights as follows

wk(θi) ∝ L(M(θi)|data)×
N∏
n=1

q1(θin)

q
(k)
n (θin)

,

where q
(k)
n (θin) is the mixture sampling distribution for the n-th agent,

with q
(k)
n (θin) = B0

Bk
q1(θin)+ B

Bk

∑k
s=1H

(s)
n (θin) and Bk = B0 +Bk is the

total number of inputs up to iteration k.

3. Resample Stage: For J equal to 1 000, if the expected fraction of unique

points after resampling Q̂(w) = 1
J

∑Bk

i=1(1 − (1 − wi)
J) is less than 63%,

go to Step 2.; otherwise, resample (J) 1 000 inputs with replacement from

θ1, . . . ,θBK
with weights w1, . . . , wBK

, where K is the number of iterations

at step 2.

After running the IMIS algorithm we have obtained the 1 000 most likely

inputs (i.e., initial endowments). Figure A1 shows how the two initial endowments
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(learning ability and schooling effort) are positively correlated. Table A1 reports

the mean and standard deviation across the 1 000 initial endowments for each of

the N clusters.

Figure A1: Correlation matrix of the initial endowments ϑ for the N = 25 agents of each cohort.

Notes: Dots represent the initial endowments of the most likely set of parameters obtained from

the posterior distribution.

A4. Introducing differential fertility and mortality in the model

Mortality. We use standard mortality differentials by education based on existing

literature (Lutz et al., 2007, 2014; Goujon et al., 2016). The next table shows the

difference in life expectancy at age 15 between agents with education e and those

with college (reference group).

To include the differential mortality by educational group across cohorts, we

first calculate the life expectancy of the reference group (=college). Let us denote

by ∆e the difference in life expectancy at age 15 between agents with education

e and those with college. Thus, the life expectancy at age 15 of an agent born in

year z with educational attainment e can be written as LEz,e = LEz,8 −∆e. Let
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the average life expectancy at age 15 of the cohort born in year z be denoted by

LEz, which can be expressed as

LEz =
∑

e∈E

Nz,eLEz,e

Nz

=
∑

e∈E

Nz,e

Nz

(LEz,8 −∆e) = LEz,8 −
∑

e∈E

Nz,e∆e

Nz

,

(A.16)

where Nz,e

Nz
is the fraction of people of cohort z with education e. Rearranging

terms in (A.16) we have that the life expectancy of cohort z at age 15 with

Table A1: Mean and standard deviation of the initial endowments across the 1 000 parameter

sets withdrawn from the posterior distribution

Cluster Learning ability, ξn Schooling effort, ηn

N E[ξn] sd[ξn] E[ηn] sd[ηn]

1 0.144 0.003 0.040 0.003

2 0.058 0.002 14.162 0.002

3 0.090 0.002 18.726 0.001

4 0.133 0.002 19.653 0.003

5 0.131 0.001 20.253 0.001

6 0.193 0.002 20.277 0.003

7 0.092 0.002 21.404 0.002

8 0.117 0.003 21.716 0.008

9 0.221 0.003 22.819 0.005

10 0.063 0.002 22.912 0.003

11 0.133 0.001 23.460 0.001

12 0.186 0.002 23.563 0.004

13 0.170 0.005 26.250 0.004

14 0.063 0.002 28.675 0.002

15 0.278 0.002 28.724 0.002

16 0.245 0.002 28.764 0.002

17 0.189 0.003 30.291 0.004

18 0.100 0.006 30.548 0.008

19 0.280 0.002 30.859 0.002

20 0.124 0.002 31.955 0.001

21 0.151 0.002 32.102 0.001

22 0.256 0.002 32.128 0.002

23 0.229 0.003 37.456 0.006

24 0.262 0.003 37.780 0.004

25 0.241 0.001 38.894 0.002
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Education level, Primary or less Secondary College (Ref.)

e (e = 0) (e = 4) (e = 8)

Life expectancy differential, ∆e -5.0 -1.5 0

education e is given by

LEz,e = LEz +
∑

e∈E

(
Nz,e

Nz

− 1

)
∆e. (A.17)

Second, assuming that πz,a,e = (πz,a)
κme , we calculate the age-specific conditional

survival probabilities by education e of each cohort z (i.e. πz,a,e) as

min
κme ∈R

(
LEz,e −

∑Ω

a=15

[
Πa
s=15 (πz,s)

κme
])

for e ∈ E. (A.18)

Fertility. We introduce the fertility differential by education assuming that the

net reproduction rate (NRR) is the same across educational group; i.e. NRRz,e =

NRRz for all e ∈ E. The total number of daughters born from the birth cohort z,

or net reproduction rate, is

NRRz =
∑Ω

a=0
[Πa

s=0πz,s] ferz,affab, (A.19)

where ferz,a is the age-specific fertility rates for the cohort z and ffab is the fraction

of females at birth. Let us now consider that the birth cohort is comprised of in-

dividual with different educational attainment. Thus, we can rewrite the previous

equation as

NRRz =
∑

e∈E

Nz,e

Nz

(∑Ω

a=0
[Πa

s=0πz,s,e] ferz,a,effab

)
︸ ︷︷ ︸

NRRz,e

, (A.20)

where ferz,a,e is the age-specific fertility rate for agents that belong to cohort z

with education e.
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Figure A2: Austrian demographics, 1880–2100. Source: Data taken from Rivic (2019). Notes: Panel A

shows the life expectancy at birth, Panel B shows the total fertility rate, Panel C shows the inverse of the old-age

support ratio, and Panel D is the educational distribution by birth cohort. The inverse of the old-age support

rate is the ratio of the population aged 65+ to the economically active population (ages 15-64).
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To minimize the change in the age distribution of the population caused by

the introduction of heterogeneity by education, we assume that fertility profiles

across the different education groups are given by ferz,a,e = κfe ferz,a, where κfe is

calculated as

κfe = NRRz

/(∑Ω

a=0
[Πa

s=0πz,s,e] ferz,affab

)
. (A.21)

A5. Parametric components of the Austrian Pension System

The model has been designed to reflect at each age the average pension points

accumulated and the average pension benefit of the members of a cohort and not

of a single individual. In what follows we explain how we have introduced in the

model the cohort perspective.

Following Sánchez-Romero et al. (2020) the contribution period of the Austrian

pension system can be summarized through a pension point system according to

the following equation

ppa+1 = [αJ(la) + (1− αJ(la))Ra] ppa + φpPBI(ya,e), (A.22)

where ppa are the pension points, αJ(la) is the proportion of individuals retired

at age a within the cohort, Ra is the capitalization factor, φp is the conversion

factor of wages to pension points or accrual rate, and PBI(y) is the increase of

the pension base. The accrual rate φp is defined as the inverse of the pensionable

income years n, i.e. φp = 1/n. The second column in Tab. A2 shows the evolution

of the pensionable income years across cohort.

The pension benefit at age a ≥ J of the Austrian pension system can be

summarized through the following equation

ba = max
{
λa · ϕ · ppa, b

min
}
. (A.23)

where ba is the pension benefit, λa is the adjustment factor of the replacement rate,

ϕ is the full pension replacement rate, ppa are the pension points, and bmin is the
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minimum pension benefit. The replacement rate ϕ of the Austrian pension system

is 80% when retiring at the normal retirement age JN and after having contributed

wyz years (see the evolution of wyz in Tab. A2); otherwise, the replacement rate is

adjusted according to λa. This adjustment factor takes into account the average

number of years contributing to the system and the average retirement age of the

cohort. Since not all individuals of the cohort retire simultaneously, we write λa

recursively as follows12

λa =
L̄− la−1

L̄− la

(
fa−1 + λyc

a λ
ra
a

la−1 − la
L̄− la−1

)
with λJ = λyc

J λ
ra
J . (A.24)

The constant term L̄ is set at 0.40, which is the fraction of time devoted by an

individual who works full time, i.e. L̄ = (52−5−3)×40
52×7×(24−12)

. We calculate the penalty fac-

tor of the pension benefit for not having contributed enough years before retiring

as

λyc
a =

[
lyJ + (a− J)

]
/wy. (A.25)

where lya is the average number of years worked until the minimum retirement

age is reached

lya+1 = lya +
(
la
/
L̄
)

for a < a ≤ J (A.26)

Therefore, Eq. (A.25) implies that an additional year of work after the minimum

retirement age increases the pension benefit by 1/wy or 2.2%. We also adjust

the pension pension formula by taking into account the penalties and rewards for

early and late retirement, respectively,

λra
a =

1 + pen · (a− JN) if J ≤ a ≤ JN ,

1 + rew · (a− JN) if JN < a ≤ J.

(A.27)

12Notice from Eq. (A.24) that the average replacement rate adjustment factor is the sum

across age of the replacement rate adjustment factor applied to individuals retiring at age a

times the fraction of individuals retired at age a, i.e. λa =
∑a

i=J (λyci λ
ra
i ) li−1−li

L−la
with lJ−1 = L.

12



Both the penalty rate (pen) and the reward rate (rew), introduced in a sequence

of pension proposals that started in the early 2000s, are

pent =


0 for t < 2000,

0.042 for 2000 ≤ t < 2013,

0.051 for t ≥ 2013,

rewt =

0 for t < 2000,

0.042 for t ≥ 2000.

(A.28)

A6. Pension proposals

Life expectancy by pension point level. The two pension proposals by ABH and

SRP correct the pension replacement rate for differences in life expectancy at

retirement. However, we assume, yet realistically, that the social security system

has no information on the life expectancy of each agent. To make this calculation

we consider that the social security system uses the information on the number

of pension points, which is known by the social security, to estimate the average

remaining years of life at age 65 for all agents belonging to the same pension points

quintile. Note that the number of pension points is a good proxy for lifetime labor

income, which is frequently used to calculate the difference in life expectancy by

SES (see, for instance, Chetty et al., 2016; Holzmann et al., 2019). Thus, we

follow the literature and regress the relative average remaining years of life at age

65 to the logarithm of the relative number of pension points

leij = a+ b log(pij) + uij, (A.29)

where leij ∈ [0, 1] is the relative remaining year of life at age 65 in quintile i and

model j with respect to the highest life expectancy at age 65 in model j (i.e.,

leij = LE65,ij/max(LE65,j)), pij ∈ [0, 1] is the relative number of pension points

at age 65 in quintile i in model j with respect to the maximum number of pension

points at age 65 in model j (i.e., pij = pp65,ij/max(pp65,j)) and uij is the error

term.

13



Table A3 shows the estimated parameters (â, b̂) for a group of selected cohorts

(1980, 2000, 2020, and those living in the final steady-state ∞). We obtain that

an increase of 1% in the relative number of pension points is associated with an

increase between 7.33% (cohort 2020) and 9.33% (cohort 2000) in the remaining

years of life at age 65 relative to the highest life expectancy at age 65. Since the

paper focuses on the impact of both proposals on cohorts 1980–2020, we use the

intermediate parameters values of the 1980 birth cohort (â = 1.0244, b̂ = 8.64%)

to calculate l̂eij for each representative agent.

The difference in the estimated value of b̂ across cohorts reflects the variance

of the educational distribution of each cohort. In particular, the smaller is the

variance of the educational distribution of a cohort, the smaller is the difference

in life expectancy across groups and hence the smaller is the value of b̂. Figure A3

shows the relationship between the relative remaining years of life at age 65 and

the relative number of pension points at age 65. The red line represents the fit of

model (A.29) to the simulated data, where the value of b̂ is the slope of the red

curve.

Pension replacement rate progressivity. Both pension proposals imply that the

pension replacement rate varies according to the life expectancy. Hence, we have

from (A.29) that under the two pension proposals the pension replacement rate

becomes a function of the number of pension points accumulated. Substituting

(A.29) in (24) the penalties and rewards by life expectancy in the model of ABH

is given by

L̂E(pp)− L̂E(pp)

L̂E(pp)
=

L̂E(pp)

L̂E(ppmax)
− L̂E(pp)

L̂E(ppmax)

L̂E(pp)

L̂E(ppmax)

=
b̂[log(p)− log(p)]

â+ b̂ log(p)
, (A.30)
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(a) Cohort 1980 (b) Cohort 2000

(c) Cohort 2020 (d) Cohort 2150

Figure A3: Relationship between the cohort life expectancy and the relative number of pension

points at age 65. Source: Authors’ calculations using the results of the benchmark model.

while plugging (A.29) in (25) the penalties and rewards by pension point in the

model of SRP is given by[(
1− L̂E(ppmin)

L̂E(ppmax)

)/(
1− ppmin

ppmax

)]
︸ ︷︷ ︸

=φSRP

(
pp

ppmax − pp
ppmax

pp
ppmax

)
= φSRPp− p̄

p
, (A.31)

where p is the average relative number of pension points and φSRP is the degree of

progressivity (with φSRP = 1−â−b̂ log(pmin)
1−pmin

≈ 0.1348). Figure A4 shows the increase

and the reduction in the pension replacement rates across agents with different

pension points that results from applying the pension proposal of ABH (see red

dots) and SRP (see blue diamonds). Notice that under both pension proposals

fig. A4 shows that the agents with pension points below the average pension

points have a higher replacement rate, while agents with pension points above

15



the average pension points have a lower replacement rate. It is also important

to notice that the penalties and rewards are more pronounced in the proposal

proposed by SRP than in that proposed by ABH. This is because the proposal of

SRP not only compensates for the difference in life expectancy as in ABH, but

also through the difference in pension points.

Figure A4: Penalties and rewards by relative number of pension points and policy proposal.

Source: Authors’ calculations using the model results for the cohort born in the final steady-

state. Notes: Blue diamonds correspond to the proposal of Sánchez-Romero and Prskawetz

(2020) and red dots correspond to the proposal of Ayuso et al. (2017).
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(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure A5: Average retirement age by pension points tertile (1=low, 2=middle, 3=high) and

educational attainment (P=primary, S=secondary, C=college): selected birth cohorts under

three different pension proposals. Source: Authors’ calculations.
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Table A2: Parametric components of the Austrian pension system by birth cohort

Birth Pensionable Working Early Normal Late Replacement

cohort income years years retirement retirement retirement rate

z nz wyz Jz JNz Jz ϕz

...
...

...
...

...
...

...

1875 5 45 57.0 63.0 68 0.00

1880 5 45 57.0 63.0 68 0.01

1885 5 45 57.0 63.0 68 0.06

1890 5 45 57.0 63.0 68 0.40

1895 5 45 57.0 63.0 68 0.74

1900 5 45 57.0 63.0 68 0.79

1905 5 45 57.0 63.0 68 0.80

1910 5 45 57.0 63.0 68 0.80

1915 5 45 57.0 63.0 68 0.80

1920 5 45 57.0 63.0 68 0.80

1925 5 45 57.0 63.0 68 0.80

1930 12 45 57.0 63.0 68 0.80

1935 15 45 57.0 63.0 68 0.80

1940 15 45 57.0 63.0 68 0.80

1945 15 45 59.0 63.0 68 0.80

1950 15 45 60.4 63.0 68 0.80

1955 15 45 60.9 63.0 68 0.80

1960 20 45 61.4 63.0 68 0.80

1965 25 45 61.9 63.8 68 0.80

1970 30 45 62.0 65.0 68 0.80

1975 35 45 62.0 65.0 68 0.80

1980 40 45 62.0 65.0 68 0.80

1985 45 45 62.0 65.0 68 0.80
...

...
...

...
...

...
...

Notes: Men and women combined.
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Table A3: OLS regression of the relative remaining years of life at age 65 by the relative number

of pension points

Cohort: 1980 2000 2020 ∞

(Intercept) â 1.0244 1.0283 1.0183 1.0064

(0.0005) (0.0005) (0.0002) (0.0002)

log p b̂ 0.0864 0.0933 0.0733 0.0384

(0.0005) (0.0006) (0.0002) (0.0003)

R2 0.8753 0.8773 0.9567 0.8402

Adj. R2 0.8752 0.8773 0.9567 0.8401

Num. obs. 4000 4000 4000 4000

19



Birth cohort 1960 Birth cohort 1980 Birth cohort 2000 Birth cohort 2020

P S C P S C P S C P S C

0%

50%

100%

150%

200%

Educational attainment

P
en

si
on

 p
oi

nt
s

(a) Benchmark

Birth cohort 1960 Birth cohort 1980 Birth cohort 2000 Birth cohort 2020

P S C P S C P S C P S C

0%

50%

100%

150%

200%

Educational attainment

P
en

si
on

 p
oi

nt
s

(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure A6: Average pension points relative to the mean by educational attainment (P=primary,

S=secondary, C=college): selected birth cohorts under three different pension proposals. Source:

Authors’ calculations.
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(b) Experiment 1: Ayuso et al. (2017)
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(c) Experiment 2: Sánchez-Romero and Prskawetz (2020)

Figure A7: Distribution of agent across pension points terciles and educational attainment

(P=primary, S=secondary, C=college): selected birth cohorts under three different pension

proposals. Source: Authors’ calculations.
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