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Population heterogeneity in defined contribution pension schemes 
Abstract 

Population ageing has implications on sustainability of pension systems and governments have acted in recent years to 
find more sustainable pension schemes. In this regard, in many countries a gradual shift from Defined Benefits (DB) to 
Defined Contributions (DC) system is occurring. According to the latter scheme, contributions paid during the work-
ing life are accumulated until the retirement age, when the amount is converted into a life annuity through annuitiza-
tion factors taking into account the forecasted expectancy of life. In order to ensure actuarial fairness of pension 
contracts longevity risk has to be taken into account. Moreover, fairness is hindered by mortality heterogeneity. In 
fact, mortality rates are influenced by race, ethnicity, income, wealth, marital status and educational attainment but 
these aspects are not considered in DC pension plans and the same annuitization factors are applied for different 
individuals. The aim of this paper is to analyze the effect of mortality heterogeneity on DC plan, focusing on the 
resulting redistribution of wealth between different groups of individuals. Computationally, numerical analyses on the 
Italian dataset are provided. 
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Introduction © 

Population ageing has implications on sustainability 
of pension systems, which need to be reformed and 
flanked by new investment products and private 
pension funds. In fact, pension plan sponsors face a 
myriad of risks, one of which is longevity risk that 
arises from the increasing life expectancy trends 
among pensioners. For this reason, plausible mortal-
ity forecasting techniques have to be used to consis-
tently predict these trends. Governments have acted 
in recent years to find more sustainable pension 
systems as well. In many countries, for example, 
pension legislations has been reformed during the 
last decade, moving from Defined Benefits (DB) to 
Notional Defined Contributions (NDC) system, the 
last one considering particularly important the rules 
to take into account in the pension formulae life 
expectancies and their changes (Belloni, Mac-
cheroni, 2006). In Italy, the switch from the DB to 
the NDC occurred with the 1995 pension reform. 
On the basis of this reform, different rules are ap-
plied to different workers and the differences are 
based on the seniority accrued in 1995. According 
to NDC, pensions are determined on a defined con-
tribution basis, and notionally accumulated contri-
butions are transformed into an annuity at retire-
ment. In particular, contributions paid during the 
working life are accumulated at the expected eco-
nomic growth rate until the retirement age, when 
the amount is converted into a life annuity taking 
into account the forecasted expectancy of life. If 
the forecasting of the GDP and that of mortality 
evolution are correct, both the macroeconomic 
and longevity risk are transferred by pension pro-
viders to workers. 
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A first draft of this paper was discussed to the 6th Conference in Actu-
arial Science & Finance on Samos, June 3-6, 2010 and the authors are 
grateful to the participants for their helpful comments. 

New scheme is not applied to all workers at the 
same way. It is not applied, for example, to workers 
with at least 18 years of seniority in 1995, while it is 
fully applied to all who are employed from 1996 
onward; younger workers are treated with a pro rata 
method.  

The NDC pension formula is based on a computa-
tion given by two steps. The first step consists in 
computing the individual accrued fund at retirement. 
The second one allows to compute the pension ben-
efit, multiplying the accrued fund at retirement 
times the transformation coefficient specific for the 
retirement age x. The transformation coefficient is 
given by the inverse of the expected present value of 
an annuity of one euro revertible to the spouse. 

In the actual formulae differences between genders 
are averaged out and transformation coefficients are 
the same for males and females with the same age. 
This produces a redistribution of wealth from men, 
who have a shorter expectancy of life, to women. In 
fact, according to the current legislation, transforma-
tion coefficients are calculated on the basis of the 
entire population. 

The aim of this paper is to catch mortality hetero-
geneity and to value its impact on the calculation of 
transformation coefficients and on pension system 
as well. We know that individuals are different with 
respect to mortality due to different race, ethnicity, 
income, wealth, marital status, geographical area and 
so on. Researchers have noted that individuals at the 
same age may differ substantially in their endowment 
for longevity, and that individual differences are im-
portant to population-based mortality studies. Con-
sequently, the differences in mortality rates between 
the reference population and different groups in 
which the data set can be decomposed on the basis 
of specific factors, can compromise accuracy in the 
mortality projection. Thus actuarial valuation can be 
warped if heterogeneity is not considered. 
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The paper is organized as follows. Section 1 focuses 
on a particular issue regarding the mortality hetero-
geneity in the framework of defined contribution 
pension scheme. In order to deal with such issue, 
Section 2 introduces the Lee Carter model in its 
Poisson version. A numerical application of Italian 
transformation coefficients is provided in Section 3. 
The final section concludes. 

1. The mortality heterogeneity in the framework 
of defined contribution pension scheme 

In 1995 Italian Law 335/95 determined a shift from 
DB to NDC scheme, in which notional accumulated 
contributions on individual accounts were converted 
into an annuity at retirement. Unlike the preceding 
method, the latter takes into account the amount of 
contribution paid throughout the whole working life 
accumulated at the expected GDP (Gross Domestic 
Product) growth rate, the life expectancy of the pen-
sioner at retirement age and the number of years that 
a survivor’s benefit will be withdrawn by any widow 
or widower, according to actuarial equivalence prin-
ciple. The NDC formula to compute pension benefits 
for retirement at age x is the following: 
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where ci is the contribution paid by the worker at 
seniority i, a is seniority at retirement, jg  is the 
geometric mean of nominal GDP growth rate calcu-
lated according the observations in the 5 years pre-
ceding the year in which seniority is j, δx is the 
transformation coefficient for retirement at age x (to 
deep the formula, see Piscopo, 2011). The term in 
brackets represents the total contribution accumu-
lated by worker during the working life; it is trans-
formed into pension benefit by the transformation 
coefficient δx, that is calculated according to the 
following formulas: 
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where m stays for “male”, f stays for “female”, γ is 
an actuarial factor to take into account different 
frequencies in pension payment and is fixed by law, 
lx is the number of survivors at age x, gf is the long-
run expected GDP growth rate, W

txa 1++  is the ex-

pected present value of a unitary annuity paid to the 
widow or widower at time 1++ tx , θ is the quota of 
pension revertible to the widow or widower1. 

Particularly important for the NDC systems are the 
rules which establish how to incorporate in the 
pension formulae life expectancies and their changes. 
If the population-based value of mortality is taken into 
account but its heterogeneity within the population is 
not, there is redistribution from shorter to longer living 
individuals. Although in some cases it can be consi-
dered desirable in a “solidarity” view of Public 
Pension Programs, in others it cannot. For this reason 
our research consists in providing more actual trans-
formation coefficients for 2013. To this aim, we take 
into account the heterogeneity in the data depending 
on the geographical area. The degree of heterogeneity 
may significantly vary in different populations, de-
pending on economic and social criteria. Wilkinson 
(1997) argues that the relation between individual 
income and mortality is primarily an effect of relative 
income. He states that absolute income levels are no 
longer important in the developed world, rather there is 
a relation with income distribution, whereby health is 
worse when there is greater inequality across the social 
gradient. He does acknowledge that within a small 
area of analysis, income is related to mortality and 
income distribution is not, due to the lack of hetero-
geneity in a small area. Kennedy et al. (1996) also 
suggest a significant positive relation between income 
distribution and life expectancy and infant mortality. 
These results were robust to adjustments for poverty, 
median household income and household size. Kenne-
dy et al. (1996) found that the relation of income in-
equality to total mortality was higher for the black 
population but comment that the association between 
income inequality and mortality is not completely 
explained and that income distribution may be a proxy 
for other social indicators. 

Because the differences in mortality rates can com-
promise accuracy in the mortality projection, we 
aim to derive different survival probabilities for 
different geographical areas (North, Center and 
South of Italy). The ultimate aim is to exploit the 
obtained survival probabilities for generating more 
reliable transformation coefficients and consequent-
ly more reliable pension benefits. In order to model 
and forecast mortality we will focus on the Lee 
Carter method in its Poisson version. 

2. The Poisson Lee Carter model 

The Lee Carter (LC) model combines the informa-
tion about mortality level and age pattern to explain 

                                                      
1 Equations (2)-(4) form a simplied version of the formula estabilished 
by law, which takes into account also the probability for the window(er) 
to marry again and the reduction in the window(er)’s pension due to 
her(his) additional income. 
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the observed mortality rates. Since its introduction 
in 1992, this model has undertaken a leading role in 
the framework of mortality forecasting. In its origi-
nal version, the LC model suggested a log-bilinear 
form for the death rate mx,t expressed by: 

( ), , ,ln ,x t x x t t x tm kα β ε= + +      (5) 

where αx is a parameter depending on the age and 
βx,t a parameter depending on the age and time, 
while kt is a time-varying parameter. The final term 
εx,t is the error term, assumed to be homoschedastic. 
The parameters αx, βx,t and kt can be estimated from 
historic data using the method of Singular Value 
Decomposition (SVD) (see LC (1992) for more 
details). The homoschedasticity hypothesis has been 
considered quite unrealistic: the logarithm of the 
observed force of mortality is much more variable at 
older ages than at younger ages because of the much 
smaller absolute number of deaths at older ages. For 
this reason, we consider the log-bilinear Poisson ver-
sion of the Lee Carter model as in Renshaw and Ha-
berman (2003), who keep unchanged the LC log-
bilinear form for the central rate of death, but base 
their approach on heteroschedastic Poisson error 
structures. In this version, the LC parameters are 
estimated under the assumption that the number of 
deaths recorded at age x during year t, Dx,t are distri-
buted according to the Poisson distribution: 

),( ,,, txtxtx EPoissonD μ≈ ),exp(, txxtx kβαμ +≈   (6) 

where Ex,t is the number of exposure to the risk of 
death from which Dx,t occurred. To catch the hetero-
geneity in the data, we apply the Poisson LC model on 
sub-populations (North, Center and South of Italy) so 
that we work on more homogeneous groups. 

3. Numerical application 

As aforementioned, to catch the heterogeneity in the 
data, we consider sub-populations (North, Center, 
South) so that we work on more homogeneous 
groups. On this geographical stratified data, we im-
plement an iterative regression methodology in R 
for the analysis of age-period mortality data based 
on the Poisson LC model. The LC-based modelling 
frameworks is viewed in the current literature as 
among the most efficient and transparent methods of 
modelling and projecting mortality improvements. 
Thus, we make use of the modelling approach dis-
cussed in Renshaw and Haberman (2003), which 
extends the basic LC model and proposes to make 
use of a tailored iterative process to generate para-
meter estimates based on Poisson likelihood.  

Once we have fitted the Poisson LC model on 
North, Center and South mortality data, we produce 
forecasts of future mortality rates and compute the 
corresponding future life expectancy for the differ-
ent geographical areas. Finally, we make use of the 
survival probabilities for area, to estimate transfor-
mation coefficients for 2013. We choose the year 
2013, because since the 1st of January 2010, new 
transformation coefficients are applied to compute 
pension benefits and further revisions are made 
every three years. 

In Figures 1 and 2, we show the fitted parameters 
for Italian male and female population. What we can 
notice are the differences in the parameter estimates 
between genders. On the basis of the results of this 
comparison, we carry on our analysis to check if 
there are differences also in the parameter estimates 
between areas. Thus, we fit the Poisson Lee Carter 
model on geographical stratified data. 

 
Fig. 1. The parameter estimates of LCP on Italian male mortality data 
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Fig. 2. The parameter estimates of LCP on Italian female mortality data 

 

The values of alpha, beta and kappa derived by the fitting of the Poisson LC model on male subpopulations 
are shown in Figures 3 and 4. 

 
Fig. 3. The parameter estimates of LCP on North male mortality data 
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Fig. 4. The parameter estimates of LCP on South male mortality data 

In these figures, we show the results just for North 
and South, even if we have implemented the proce-
dure also on Center data. We can notice the differ-
ences in the parameter estimates among North and 
South. For example, if we look at the estimated kt 
for North, the pattern is essentially linear throughout 
 

its span. For South, this feature is much less pro-
nounced, the trend being much more erratic. 
This fitting supports our issue, to keep making fore-
cast for area. These differences in the parameter 
estimates are even more pronounced for female (see 
for example the beta in Figures 5 and 6). 

 
Fig. 5. The parameter estimates of LCP on North female mortality data 
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Fig. 6. The parameter estimates of LCP on South female mortality data 

By way of illustration, in Figures 7 and 8, we show 
the estimated values of kt for North and South, to-
gether with the 20-year forecasts and prediction 
intervals. We also display the life expectancy at 60 

for both areas. If we look at the geographical results, 
male from the north has a life expectancy greater 
than the South (22,88 years for the North versus 
22,22 years for the South). 

 
Fig. 7. Life expectancy at 60 for male (North population) 
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Fig. 8. Life expectancy at 60 for male (South population) 

If we have a look at the results of the same analysis, but for female, this discrepancy between North and 
South is even more accentuated (Figures 9 and 10). 

 
Fig. 9. Life expectancy at 60 for female (North population) 

 
Fig. 10. Life expectancy at 60 for female (South population) 
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