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Abstract

According to the International Monetary Fund [9], the COVID-19 pandemic is currently affect-
ing both financial sustainability and the social adequacy of public pension systems. In this paper, we
measure the effects of the pandemic on the Italian public pension system by modeling the evolution
of some key variables, such as unemployment rate, wage growth rate, inflation rate, and mortality
rates, which are involved in the evaluation of the pension system from both the side of contributions
and benefits amount, considering or not the shock due to the pandemic. Our analysis shows that the
Italian system seems to be resilient in the long run to financial stress, however, showing a critical
evolution of social adequacy.

keywords: Notional Defined Contribution pension systems, COVID-19, Social adequacy, Fi-
nancial sustainability.

1 Introduction

On March 11, 2020, the coronavirus disease (COVID-19) outbreak has been declared a pandemic by the
World Health Organization (WHO [19]). Most of the countries worldwide have introduced restrictive
measures to contrast the spread of the virus. If on one hand, the containment measures imposed by gov-
ernments have partially limited the increase in infections and saved many lives, on the other, they have
seriously damaged the economic activities. The closure of many production activities caused significant
losses for the majority of the economic sectors. Many people have been directly affected by significant
economic losses, suffering wages cut due to the temporary closure of the work activities. While the
decrease in sales and the stop of production implied revenue losses for many companies.

The International Monetary Fund [9] argues that the COVID-19 pandemic is impacting both the fi-
nancial sustainability and the social adequacy of public pension systems. The restrictions on economic
activity associated with the pandemic are affecting the labor market by reducing employment and stag-
nating or deteriorating real wages, thus probably lowering contributions paid by both employees and
employers. Specifically, employers could be unable to honor their contractual obligations, then becom-
ing delinquent in their contributions and reducing the pension system revenue. The other source of
contribution to the pension system are the investment gains, also decreasing due to the financial crisis
following the ongoing COVID-19 pandemic. In funded pension schemes, lower returns reduce their as-
set values, then exposing the pension system to a fiscal risk. These developments, which make uncertain
the state’s budget, could influence the capacity of governments to maintain the solvency of the public
pension system under adverse conditions.

The aim of our paper is analyzing the effects of COVID-19 pandemic on the financial sustainabil-
ity and adequacy of the pension benefits to retirees of Notional Defined Contribution (NDC) pension
systems. The NDC pension system is founded on a pay-as-you-go (PAYG) mechanism, where total con-
tributions are used to pay the pensions of current pensioners.While the pension formula follows a defined
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contribution scheme with the accumulation of contributions during the working age and until the retire-
ment age in a individual account. At retirement, the accumulated contributions plus the earnings from a
virtual rate of return usually tied to economy is converted into a whole life annuity (or pension amount).
There is no asset set aside. The attribute notional is due to the PAYG funding mechanism involving
the institution of virtual or notional accounts which are the basis for the benefits calculation. The key
variables of such a system are the contribution rate which is fixed, the virtual rate of return or notional
rate, the retirement age, the benefits indexation and the conversion factor which transforms the notional
account into the pension benefit. Examples of NDC introduction are Sweden (1994), Italy (1995), Latvia
(1996) and Poland (1999) (Chloń-Domińczak et al. [3]).

The main appealing features of NDCs are the individual actuarial fairness as contributions are di-
rectly linked to pension benefits and the long-term financial sustainability favored by a defined contri-
bution nature (Palmer [14]). In theory, these systems are in equilibrium under constant demographical
and economic conditions (steady state), however longevity improvements, aging populations and fertil-
ity decreases, as well as worse economic and labor conditions, compromise the financial sustainability
and the guarantee of adequate (in terms of living standard) pensions to retirees. This latter condition is
defined as social adequacy.

Aiming at addressing the effects of COVID-19 on the financial sustainability and social adequacy
of a NDC pension system, we model the impact of the pandemic as a deterministic shock affecting
the unemployment rate, wage growth rate, inflation rate and survivor rates, which are involved in the
calculation of the pension system from both the side of contributions and benefits amount. All these
variables are modeled as stochastic.

The paper is organized as follows. Section 2 introduces the fundamentals of the NDC system. Sec-
tion 3 describes the models for the economic variables involved in the COVID-19 pandemic crisis. Sec-
tion 4 concerns the measurement of social adequacy and financial sustainability of the system. Section
5 illustrates the numerical application considering the Italian NDC system. Finally, Section 6 provides
the conclusions.

2 The fundamentals of the NDC system

This section provides the fundamentals of the NDC system. Particular attention is devoted to the descrip-
tion of how populations (active and beneficiary), contribution and benefits evolve over time. Finally, the
main characteristics of a PAYG funding mechanism are presented.

The pension system we consider only provides retirement pensions, while survivor benefits, inva-
lidity benefits and withdrawals are not included. The population is divided into four different states to
which each individual may belong: active (1), pensioner (2), dead (3), unemployed (4). The transition
probabilities between states depend on age and time. This implies that the eligibility for pension benefits
is independent from the years of service. We define the transition probability of an individual aged x in
state i at time t to arrive in state j at time t +h as h pi j(x, t), and the probability for the same individual
to remain in state i for time h as h pii(x, t).

Population dynamics. Let denote Ni(x, t) the number of individuals in state i at age x at time t and
Zi(x, t) the new entrants. The demographic dynamics at each time t is represented as follows:

Ni(x, t) = Ni(x−1, t−1)pii(x−1, t−1)+Zi(x, t) i = 1,2,3,4 (2.1)

The total population in the state i at time t is given by Ni(t) = ∑x Ni(x, t). The population evolution
illustrated in equation 2.1 indicates that the population at time t depends both on the previous-year
population who have survived by time t and the new entrants in state i aged x in year t, Zi(x, t).
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The number of new pensioners aged x in year t can be obtained as Z2(x, t) = N1(x−1, t−1)p12(x−
1, t− 1), where the probability p12(x− 1, t− 1) is zero before the minimum retirement age and one at
the maximum retirement age by considering the rules of the system and the retirement propensity.

The number of new deaths aged x occurring in the year t is given by:

Z3(x, t) = N1(x−1, t−1)p13(x−1, t−1)+N2(x−1, t−1)p23(x−1, t−1) (2.2)

According to the prevalent literature (see, for instance, Gronchi and Nisticò [7] and Alonso-García
et al. [1]), the future evolution of individuals in the active state is obtained by the growth rate of the total
active population, ρ(t), which equally affects all the contributors, given the initial number N1(0) of total
active population:

N1(t) = N1(t−1)(1+ρ(t)) (2.3)

From the evolution of the active population depends the total number of new actives (at time t),
which is calculated as follows:

Z1(t) = N1(t)−∑
x

N1(x−1, t−1)p11(x−1, t−1) (2.4)

Finally, the future evolution of individuals in the unemployed state is function of the unemployment
rate, υ(t), as described in the following equation:

N4(t) =
υ(t)

1−υ(t)
·N1(t) (2.5)

Similarly to the case of the active population, the evolution of the new unemployed population is
modeled by:

Z4(t) = N4(t)−∑
x

N4(x−1, t−1)p44(x−1, t−1) (2.6)

The number of new entrants in state i = 1,4 aged x in year t, is calculated by considering the relative
age distributions as follows:

Zi(x, t) = Zi(t)di
z(x, t) i = 1,4 (2.7)

Where di
z(x, t) is the relative age distribution of the new entrants in state i, and Zi(t) is the total new

entrants in state i at time t. For the number of new entrants in the unemployed state, Z4(x, t), we assume
that the new unemployed population has the same relative age distribution of the new actives, that is:
d4

z (x, t) = d1
z (x, t).

Contributions and benefits. Let denote s(x, t, i) as the wage for the i-th active aged x at time t, as-
suming the same wage for all the individuals belonging to the same generation, s(x, t, i) = s(x, t) for
all i, independently from their past service duration. The individual wage evolves according to a given
growth rate, as follows:

s(x, t) = s(x, t−1) [1+ξ(t)] (2.8)

Where ξ(t) is the growth rate of individual wage from t−1 to t. The individual wage multiplied by the
number of actives for the same age x and time t provides the total wage earned by the active population
aged x at time t:

S(x, t) = N1(x, t)s(x, t) (2.9)

Denoting S(t) = ∑x S(x, t) as the total wage at time t, the corresponding average wage is given by:

s(t) =
S(t)

N1(t)
(2.10)
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Denoting c(t) as the contribution rate of the pension system at time t, the individual contribution
paid by an active aged x at time t is:

c(x, t) = c(t)s(x, t) (2.11)

While the total contribution for the active population aged x at time t is given by:

C(x, t) = N1(x, t)c(x, t) = c(t)S(x, t) (2.12)

Finally, the amount of total contribution earned by the system at time t is:

C(t) = ∑
x

C(x, t) = c(t)S(t) (2.13)

A NDC system is characterized by a “defined-contribution” design, therefore the contribution rate
is fixed and assumed constant over time, c(t) = c for all t. The contributions of each participant are
noted on individual notional accounts and are remunerated each year t at a common rate of return, g(t).
Differently from financial defined contribution scheme, contributions are not invested in financial market
and g(t) is a notional rate established in the design in order to assure the financial stability of the system1.
The individual notional account for an active i aged x at the end of year t evolves as follows:

m(x, t, i) = [m(x−1, t−1, i)+ c(t)s(x, t)] [1+g(t)] (2.14)

For an unemployed i aged x the individual account at the end of year t only changes for the rate of return
as there are no new contributions paid:

m(x, t, i) = m(x−1, t−1, i) [1+g(t)] (2.15)

At retirement, the initial benefit is determined by converting the individual notional account into an
annuity consistently with the remaining cohort life expectancy, the expected indexation rate, λ∗, and the
expected rate of return, g∗. The annuity rate at time t for a new pensioner aged x, ä(x, t), assuming that
benefits are paid in advance, is determined as:

ä(x, t) = ∑
h=0

h p22∗(x, t) ·
t+h

∏
k=t

[
1+λ∗(k)
1+g∗(k)

]
(2.16)

where h p22∗(x, t) is the expected survival probability of a pensioner aged x at time t for h years. Eq. 2.16
can be rewritten as a function of a "deviation rate", j∗(k) = 1+g∗(k)

1+λ∗(k) −1, measuring the amount by which
the notional rate deviates from pension indexation (see Gronchi and Nisticò [7]), as follows:

ä(x, t) = ∑
h=0

h p22∗(x, t) ·
t+h

∏
k=t

[1+ j∗(k)]−1 (2.17)

Therefore, the initial benefit for a new pensioner aged x in the year t is calculated as:

bz(x, t, i) =
m(x, t, i)
ä(x, t)

(2.18)

While, the total benefits paid to the new retirees in the year t are given by:

Bz(x, t) = ∑
i∈Z2(x,t)

bz(x, t, i) (2.19)

1 Countries that introduced NDC schemes chose different rates: e.g., an average of the GDP growth rate in Italy, the per
capita growth rate of the contribution payment in Sweden. As observed by Holzmann [8]: "In an economic and demographic
steady-state environment, the key variables all offer the same value for the implicit rate of return of an unfunded scheme: the
growth rate of the labor force plus the rate of productivity growth."

4



The total pensions paid to all retirees aged x in the year t evolve as follows:

B(x, t) = B(x−1, t−1)p22(x−1, t−1) [1+λ(t−1)]+Bz(x, t) (2.20)

Note that the pension indexation experienced by the pensioners, λ, could be different from its estimated
value, λ∗.
Denoting B(t) = ∑x B(x, t) the amount of total pensions paid to retirees in the year t, the corresponding
average pension is given by:

b(t) =
B(t)

N2(t)
(2.21)

Financial sustainability and social adequacy of a PAYG pension system. In a balanced PAYG
scheme income from contributions are equal to expenditure on pensions, C(t) = B(t). Combining equa-
tions 2.10 and 2.13 in the left side, and remembering equation 2.21 for the right, we obtain the following
equilibrium equation:

N1(t) · c(t) · s(t) = N2(t) ·b(t) (2.22)

We define ĉ(t) as the contribution rate satisfying the equilibrium equation:

ĉ(t) =
N2(t)
N1(t)

· b(t)
s(t)

(2.23)

where the ratio N2(t)
N1(t) , that measures the proportion of the pensioners over active population, is usually

called dependency ratio and will be denoted as D(t) in the following. The ratio b(t)
s(t) is the average

replacement rate of the system in the year t and will be denoted as r(t). Consequently, the equilibrium
equation can be rewritten as:

ĉ(t) = D(t) · r(t) (2.24)

A PAYG system could experience periods with cash-flow deficit (surplus), C(t) < B(t) (C(t) > B(t)).
We denote as unfunded liabilities (UL) the difference between the pension expenditures and the income
from contributions:

UL(t) = B(t)−C(t) (2.25)

Even if a PAYG scheme is a non-funded system, a buffer or reserve fund could be introduced in order
to handle unexpected demographic and economic shocks. The reserve fund emerges from the difference
between income and expenditure, so it increases when the unfunded liabilities are negative (UL < 0) and
decreases when UL > 0. The evolution of the reserve fund F(t) in t ∈ [0,T ], with F(t)R 0, is given by:

F(t) = F(t−1) [1+g(t−1)]+C(t)−B(t) = F(t−1) [1+g(t−1)]−UL(t) (2.26)

Where the rate of return of the reserve fund is assumed equal to the notional rate, g. We assume no
reserve fund at initial time, F(0) = 0.
As observed by Boado-Penas et al. [2], the annual cash-flow deficit/surplus is often considered as a
solvency indicator of the pension system, but UL is only a liquidity indicator. In order to measure
the financial sustainability of the system, an actuarial balance should be compiled. In PAYG system
(NDC or DB), actuarial balance is usually compiled by comparing the Net Present Value of pension
expenditures and income from contributions in a long time horizon, NPV (0,T ), defined as follows (see
Godinez-Olivares at al. [6]):

NPV (0,T ) =
T

∑
t=1

B(t)
t−1

∏
h=0

[1+g(h)]−1−
T

∑
t=1

C(t)
t−1

∏
h=0

[1+g(h)]−1 (2.27)
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Equation 2.27 can be rewritten as in term of present value of the future unfunded liabilities UL(t),
t = 1,2, ...,T :

NPV (0,T ) =−
T

∑
t=1

UL(t)
t−1

∏
h=0

[1+g(h)]−1 (2.28)

A pension system will be sustainable if the NPV over a long time horizon is not negative, NPV (0,T )≥ 0.
If we introduce the reserve fund, the financial sustainability of the system can be measured by its value
in each year: a pension system will be sustainable if F(t)≥ 0 ∀t over a long time horizon.
It is interesting to note that the sustainability in terms of NPV can be expressed in terms of reserve fund.
Starting from equation 2.26, the expression of the reserve fund at time T is given by:

F(T ) = F(0)
t−1

∏
h=0

[1+g(h)]−
T

∑
t=1

UL(t)
T−1

∏
h=t

[1+g(h)] (2.29)

dividing by ∏
t−1
h=0 [1+g(h)] we obtain:

F(T )
T−1

∏
h=0

[1+g(h)]−1−F(0) = NPV (0,T ) (2.30)

therefore, assuming F(0) = 0, NPV (0,T )≥ 0 is equivalent to F(T )≥ 0.
In our numerical application we will study the system’s financial sustainability through the analysis of
the reserve fund in each year t ∈ [0,T ].
Demographic evolution and/or economic dynamics could undermine the PAYG equilibrium. While in
a pure Defined Benefit-PAYG system, being the benefits fixed, the equilibrium can be restored through
a change of the contribution rate, in a NDC system, where the contribution rate should be constant,
the equilibrium is obtained by changing (usually reducing) the replacement rate. This is automatically
obtained through changes in the notional rate, strictly linked to the economic conditions, and changes in
the expected probabilities used in equation 2.16, reflecting life-expectancy evolution2.
Changes in replacement rate could allow the system to be financially sustainable, but may produce inad-
equate pension benefits, reducing the living standard of pensioners and making the system not attractive
for new entrants. Therefore a "social sustainability" issue could arise. As observed by Schokkaert [18],
"an equitable and credible promise should relate future pensions to the future average living standard in
society", consequently social sustainability could be measured comparing the average pension paid by
the system and the average wage earned by the active population. Following Devolder et al. [4], we use
the replacement rate, r(t), to represent the social adequacy of a NDC system.

3 Modeling demographic and macroeconomic variables

In order to study the evolution of a NDC pension system under a pandemic crisis and its financial and so-
cial sustainability, assumption on transition probabilities and macroeconomic variables evolution should
be done. We introduce in our model two sources of risk: demographic (longevity) risk and economic
risk. Specifically, we assume that all the transition probabilities between the four states considered are
deterministic, except for death probabilities for pensioners, p23(x, t). Moreover, we model through time
series process the three macroeconomic variables that directly affect the pension system: unemployment
rate υ(t), wage growth rate ξ(t) and inflation rate i(t).
First, we choose the best models for the four variables, fitting them on data referred to the time period im-
mediately preceding the crisis, then we apply a deterministic shock in the first year of projection whose
amount is based on information about the impact of COVID-19 on mortality and economics known at

2 As observed by Devolder et al. [4], there are situations where a NDC system is not able to immediately restore the
equilibrium, therefore it remains vulnerable to demographic and economic shocks
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the time of writing. We assume independence between demographic and economic variables. Details
on the model selection process are provided in the following, a full description of the dataset used and
fitting results are provided in the next section.

Lee-Carter model and ARIMA With reference to pensioners’ mortality, we assume a Poisson dis-
tribution for the number of deaths: D(x, t) ∼ Poisson(E(x, t)m(x, t)), where E(x, t) and m(x, t) are the
exposed to risk of death and the central death rate for age x and year t, respectively. We adopt a Lee-
Carter model, which is considered a benchmark in the literature on mortality modeling, describing the
central death rates of pensioners by the following equation:

logm(x, t) = αx +βxκt (3.1)

where αx is the static age function, βx is the non-parametric age-period term and κt is the mortality time
index. The corresponding death probabilities p(x, t) are derived from:

p(x, t) = 1− exp(−m(x, t)) (3.2)

The mortality forecast is obtained by modeling and forecasting the time index κt by an Auto-Regressive
Integrated Moving Average (ARIMA) process with a Gaussian white noise with mean 0 and variance
σκ. The ARIMA(p,d,q) model, where p is the order of the AR model, d is the degree of differencing
and q is the order of the MA model, has the form:

(1−
p

∑
k=1

αkLk)(1−L)dXt = (1+
q

∑
i=1

βkLk)εt (3.3)

Where L is the lag operator.

VAR and VECM The macroeconomic variables are modeled as multivariate time series: we chose the
best model among Vector Auto-Regressive (VAR) and Vector Error Correction Term (VECM) classes
of models for inflation rate and wage growth rate, and chose the best model within the ARIMA class of
models for the unemployment rate. Unemployment rate is modeled apart due to the different nature of
this variable with respect to inflation rate and wage growth rate. Indeed, inflation rate and wage growth
rate represent variations from one year to the next, while the unemployment rate is a ratio between
specific groups of people.
A VAR(p) model has the form:

Yt = A1Yt−1 + . . .+ApYt−p +Ut (3.4)

where Yt = (Y1t , . . . ,Ykt , . . . ,YKt) is a set of variables, A j are (K×K) coefficient matrices for j = 1, . . . , p
and ut is a K-dimensional white-noise process with E(ut) = 0 and E(utu>t ) = Σu.
A VECM (in the transitory specification) model has the form:

∆Yt = αβ
>Yt−1 +Γ1∆Yt−1 + . . .+Γp−1Yt−p+1 +Ut (3.5)

with
Γ j =−(A j+1 + . . .+Ap) for j = 1, . . . , p−1

αβ
> =−(I−A1− . . .−Ap)

where α is the loading matrix and β contains the long-run relationship coefficients. These classes of
models are the most widespread in the macroeconomic literature (see, for example, Robinson [17]; Lack
[11]; Ette et al. [5]; Power and Gasser [15]).
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Each macroeconomic variable is forecasted using a mean-reversion to an exogenous long-run trend,
similarly to the approach in Lee and Tuljapurkar [12]3, where the main reason to include an exogenous
long-run trend is to control the long-run simulations. Indeed, statistical time-series usually are not
planned for long-term projections, and without this constrain they could provide unrealistic values. Thus,
we will choose the best ARIMA-CM (Constrained Mean) for the unemployment rate and the best either
a VAR-CM or a VECM-CM model for inflation rate and wage growth rate. This approach meets our
scope, which is to obtain reliable forecasts and simulation in line with the expected long-term trends and
give a robust stochastic structure to our framework in order to study the impact of COVID-19 on the
NDC pension systems.

As the unemployment rate affects the growth rate of the active population, the latter will be defined
as a function of the former and an exogenous long-run trend, τ, according to the approach suggested by
Lee and Tuljapurkar [12]:

1+ρ(t) =
1+ τ−υ(t)

1+ τ−υ(t−1)
(3.6)

Note that, if the unemployment rate is constant, then ρ = 0, i.e. the active population remains stable,
while if it increases (decreases), ρ decreases (increases).

We organize the model choice procedure as follows. For all the macroeconomic variables, we firstly
check the stationarity of the time series through the Phillips-Perron (PP) test and the Kwiatkowski-
Phillips-Schmidt-Shin (KPSS) test, both at a 5% significance level. The first one tests the null hypothesis
of non-stationarity (i.e. to have a unit root) against a stationarity alternative, while the KPSS tests the
null hypothesis of stationarity against a non-stationarity alternative. Then, in order to choose the best
ARIMA-CM model for the unemployment rate, we analyze the plots of Auto-Correlation and Partial
Auto-Correlation functions, the Akaike Information Criterium (AIC) and the residuals (by testing the
stationarity, the non auto-correlation and the normality hypothesis). Regarding the wage growth rate and
the inflation rate, we perform the Granger casuality test, we search the optimum number of parameters
for the VAR model and test the validity of the model similarly to what we do for the unemployment rate.

4 Numerical application

The numerical application is focused on the analysis of the impact of COVID-19 on the Italian NDC
pension system. The NDC system has been introduced in Italy by the Dini reform in 1995. It is based on
notional accounts, which are fed by contributions valorized with a rate of return related to nominal GDP
growth (as a five-year moving average). At retirement, the accumulated notional capital is converted into
an annuity taking into account average life expectancy at retirement. Currently, despite the introduction
of the NDC, the system is far from being balanced essentially because of the continuous increase of
the elderly population and the decrease in the number of active workers paying contributions. These
conditions could jeopardize the future adequacy of the pension benefits.

Essentially, it is likely that the COVID-19 pandemic affects the demographic and economic con-
ditions of the pension system in the form of a shift in the main demographic and economic variables
involved in the system. Therefore, in order to estimate the pandemic effects on the NDC system, we
apply a shock to the employment rate, wage growth rate, inflation rate and death rate. Specifically, we
assume a reduction in the employment, inflation and wage growth rates, and an increase in the death
rate.

The numerical analysis has been developed over 75 years, which is a very long time horizon, but
consistent with most of the actuarial reports assessing the pension systems’ financial sustainability (e.g.

3 The authors observed that the structural changes that happened in recent years in some key variables of a social security
system, such as fertility, productivity, and interest rate, resulted in mean values that differ from the average of their past values.
After much experimentation, they found that satisfactory forecasts were obtained by pre-specifying the long-term means of the
series, rather than estimating them from the data.
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US and Canada use 75 years, while Japan 95 years). A 75-year time horizon allows for exhausting
at the end of the projections the baby-boomers cohort, thus almost eliminating its effect on the final
demographic structure. This time horizon is used in the last long-term projections of Italian pension
expenditure developed by the Ministry of Finance is 2018-2070 (Ragioneria Generale dello Stato [16]).
The economic data consist of 37 past observations over the period 1983-2019 (the mortality data until
2017).

The reference population used in the analysis has been built from the demographic and economic
structure of the National Employees’ Pension Fund members. The assumptions concerning the de-
mographic and economic evolution have been taken from the long-term projections of Italian pension
expenditure developed by the Ministry of Finance (Ragioneria Generale dello Stato [16]).

We consider an initial active population N1(0) composed of 1,000 males with an age distribution
carried from the employees’ observed distribution in the Italian National Institute of Social Security
(INPS) pension scheme in 2015. The initial wage distribution of the active population by age derives
from the employees’ observed wage distribution in the INPS pension scheme in 2015. The initial number
of pensioners is set according to the dependency ratio of the INPS pension scheme for employees in
2015, i.e. N2(0) = N1(0) ·D(0) with D(0) = 43.6%. The initial age distribution of both pensioners and
pension benefits derives from the corresponding observed distribution of the INPS pension scheme in
2015. The age distribution of new actives, d1

z (x, t), is taken from the observed age distribution of actives
with past service duration less than 2 years in 2015. The same holds for the age distribution of the new
unemployed population, d4

z (x, t), that, by assumption, it is equal to the age distribution of new actives.
Finally, we assumed that d1

z (x, t) is constant over time.
With regards to the transition probabilities from active to pensioner, p12(x, t), we assume that all

the actives retire at age 63, therefore p12(x, t) = 0 ∀x < 63 and p12(x, t) = 1 ∀x ≥ 63. We make the
same assumption for the unemployed (p42(x, t) = 0 ∀x < 63 and p42(x, t) = 1 ∀x≥ 63. Age 63 has been
chosen consistently with the average retirement age of Italian employees in 2015.

In our analysis, we do not consider the active population mortality because of the features of the
Italian system, which disregards the distribution of inheritance gains from people who die before the
earliest possible retirement age. Therefore, the notional accounts are not affected by the active popula-
tion mortality, thus p13(x, t) = 0 for all ages and time. The same assumption is done for the unemployed,
p43(x, t) = 0 ∀x, t. With respect to pensioners’ death probabilities, we assume that they are equal to the
corresponding probabilities for the Italian general population. Both deaths D(x, t) and exposures to risk
E(x, t) involved in the calculation of the pensioners’ probability of death refer to years 1983-2015 and
are taken from the Human Mortality Database. The probabilities for the remaining years, 2016-2019,
are obtained from the Lee-Carter model best estimate.

The contribution rate c(t) is set to 30% according to the Italian pension system, which has fixed it to
33% but with the inclusion of the invalidity benefits, survivors’ benefits, and withdrawals. These latter
benefits are not considered in our case study.

The data on the macroeconomic variables are taken from the Italian National Institute of Statistics
(ISTAT). Specifically, υ is taken from the unemployment rate of the male population aged 25-75 over
the period 1983-2015, for the remaining years (2016-2019), it is obtained by regression analysis from
the unemployment rate of the male population aged 15-64. ξ(t), which is a nominal rate, derives from
the wage growth rate for the period 1983-2015, and from the gross contractual hourly remuneration of
employees for the last four years4. No adjustment is made for inflation rate, i(t).

The impact of the COVID-19 pandemic crisis on an NDC system is addressed by introducing a
shock in t = 2020 on the unemployment rate, υ(t), the wage growth rate, ξ(t), the inflation rate, i(t), and
the mortality probabilities, p23(x, t). The shock levels for the wage growth rate and the inflation rate are
set according to the estimates provided by ISTAT, regarding the estimation of the COVID-19 impact on
the Italian economy in 2020 (ISTAT [10]). The shock level for the unemployment rate is set according

4The two quantities differ less than 10−4 in the last 5 years of jointly data
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to the estimates provided by OECD for Italy (OECD [13]). The mortality shock is set in order to obtain
the pandemic extra deaths (36,002) occurred until October 5, 2020.

The analysis is organized in three steps. The first one consists of choosing the best model for the
macroeconomic variables (unemployment rate, inflation rate, wage growth rate) among the approaches
proposed in the previous section, and to estimate the parameters of the Lee-Carter model used to de-
scribe the mortality of pensioners. The second step regards the stochastic projections of the variables
characterizing the NDC system with and without the COVID-19 crisis. To do this, we simulate 1000
trajectories. The final step consists of analyzing the impact of the COVID-19 scenario on the reserve
fund and replacement rate of the pension system over the 75-year time horizon.

Regarding the macroeconomic time series, we firstly check their stationarity through the PP test
(null hypothesis: no stationarity) and the KPSS test (null hypothesis: stationarity) both at a 5% level.
We find the wage growth rate and inflation rate as stationary; hence, we cannot proceed by studying
the cointegration of the series and consider the VECM models that require first-differencing of the time
series. On the contrary, for the unemployment rate, we cannot reject the null hypothesis of both tests,
making it difficult to state if it is stationary or not. It is worth remembering that these tests perform
asymptotically and that in a finite sample is very hard to distinguish between a trend-stationary and a
difference-stationary behavior. An inappropriate transformation could cause serious issues in the fore-
casting. Therefore, we decided to not differencing the series and considering the ARMA models instead
of the ARIMA.

Concerning the unemployment rate, υ(t), the Auto-Correlation function (ACF) and the Partial Auto-
Correlation functions (PACF) plots suggest to analyze the models with both AR and MA components
until lag 5. We consider ARMA models with AR component always present, at least at lag 1 (since pure
MA models forecasting give exactly the mean of the process after a period equal to the chosen lag period,
and it is not what we are looking for). We eliminate the models with convergence problems and the ones
having no-significant parameters for at least the greatest lag of AR or MA component, then the choice
reduces to one model among ARMA(1,1), AR(2), and AR (4). Hence, we analyze the AIC values and
perform the log-likelihood ratio test at a 5% significance level, finding AR(4) as the best model. Finally,
we check the validity of the model through a residual analysis, confirming that residuals are station-
ary (we reject the PP test at a 5% level) and not auto-correlated (no significative lags emerge from the
ACF and PACF plots, and the null hypothesis of the Ljung Box Test is rejected for all lags at a 5% level).

Table 4.1: ARMA model selection

ARMA(1,1) AR(4) AR (2)
AIC 51.087 50.442 55.624

LLR p-value 0.0101*
*The comparison can only be done between AR(4) and AR(2).

The residuals distribution, the ACF and PACF are provided in Fig. 4.1 for the unemployment rate
(panel a), the wage growth rate (panel b) and the inflation rate (panel c). While, Fig. 4.2 illustrate the
Ljung-Box Q test.
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Table 4.2: AR(4). z test of coefficients.

Estimate Std. Error z value Pr(> |z|)
AR(1) 1.87451 0.14670 12.7777 < 2.2e−16***
AR(2) -1.51386 0.30281 -4.9994 5.751e−07***
AR(3) 0.99334 0.30114 3.2986 0.0009716***
AR(4) -0.41998 0.15102 -2.7809 0.0054213**
Signif. codes: ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001.

(a) Unemployment rate (b) Wage growth rate (c) Inflation rate

Figure 4.1: Residuals distribution, ACF and PACF for unemployment rate, wage growth rate and infla-
tion rate.

(a) Unemployment rate (b) Wage growth rate (c) Inflation rate

Figure 4.2: Ljung-Box Q test for unemployment rate, wage growth rate and inflation rate.

We graphically check if the distribution of the residuals is Gaussian (the mean is really close to 0
and there is only 1 observation over the 3σ interval) also considering the QQ plot (see Fig. 4.3) that
gives satisfactory results. The final model for the unemployment rate is AR(4) with a 5.5% exogenous
long-run trend.

11



(a) Unemployment rate (b) Wage growth rate (c) Inflation rate

Figure 4.3: QQ plot for unemployment rate, wage growth rate and inflation rate.

For the inflation rate and wage growth rate time series, that are stationary, we perform the Granger
casuality test at a 10% level. The results of the test show that inflation rate can help to predict wage
growth rate at lag 1, and that wage growth rate can help to predict inflation rate at lag 2. Therefore,
modeling them together can help to improve the forecast and it is sensible to continue the study with
VAR models. Therefore, we continue the analysis using the VAR models instead of studying them
separately. We find VAR(1) the best model. Similarly to the approach followed unemployment rate, we
then check for both wage growth rate and inflation rate, the stationarity of residuals (PP test is rejected
at a 5% level), their non auto-correlations (no significative lags emerge from the ACF and PACF plots,
and the null hypothesis of the Ljung Box Test is rejected for all lags at a 5% level), their normality
distributions (the mean is really close to 0 and there are no observations over the 3σ interval. They
graphically seem to approximately distribute like a Gaussian and the QQ plots confirm this intuition
(Fig. 4.3). The final model for the inflation rate and wage growth rate is VAR(1), with an exogenous
long-run trend of 4% for the wage growth rate and 1.5% for the inflation rate.

The long-term macroeconomic assumptions are coherent with the standard ones of the Ministry of
Finance for the projection of the national pension expenditure (Ragioneria Generale dello Stato [16]).
Therefore, we assume that the GDP growth rate is equal to the sum of the growth rate of the active
population ρ(t), growth rate of labour productivity and inflation rate i(t). Moreover, the growth rate of
the individual wage, ξ(t) and growth rate of the labour productivity are assumed equal.

According to the features of the Italian NDC system, the notional rate, g(t), is chosen equal to the
GDP growth rate, and the pension indexation rate, λ(t), is equal to the inflation rate i(t).

4.1 Results

Fig. 4.4 for the baseline scenario and Fig. 4.5 for the COVID-19 scenario illustrate the dynamics of
dependency ratio, replacement rate, equilibrium contribution rate, average wage5, average pension6, and
the ratio of contributions to pensions.

5Net of inflation. Logarithmic scale.
6Net of inflation. Logarithmic scale.
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Figure 4.4: Pension system evolution in the base scenario. Years 2019-2094.

Figure 4.5: Pension system evolution in the COVID-19 scenario. Years 2019-2094.

The dependency ratio increases from 43.6% to 86.8% in 75 years in both scenarios, showing a very
small impact of the COVID-19 pandemic in the medium/long run. Nevertheless, the number of pension-
ers per worker doubles during the time horizon, due to the life expectancy increase, which immediately
results in a worsening of the financial sustainability of the pension system. As expected in the short-run,
we observe a more significant impact of the pandemic on the dependency ratio due to the sudden in-
crease of the unemployment rate: in 2020, the COVID-19 shock on average caused a 2% increase of the
dependency ratio, which fall to -0.5% after 5 years and becomes +0.3% after 15 year7. The dependency
ratio is affected in opposite directions by the mortality shock (that reduces the pensioners and influences
the system in the next years) and the unemployment shock (that reduces the working population, and
whose effect is absorbed after a few years). Therefore, we observe a low variability of this indicator

7Respectively: 47.1% vs 45.1%; 45.2% vs 45.6%; 50.3% vs 50%.
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across the forecast horizon8.
The COVID-19 shock has an immediate impact on the average wage9 that persists over time. The

shock impacts about -1.3% in 2020, -0.6% in the medium term (in 2054), and -0.7% in 2094. As for the
average pension (at current prices), the impact of COVID-19 is more visible in the medium and in the
long run. In fact, the shock affects the notional account of active workers, that will be converted into a
pension benefit in the following years, in two ways: firstly, some workers will lose their jobs due to the
rising unemployment rate10, secondly and more important, GDP becomes negative involving a negative
notional rate for active people in 2020. The average COVID-19 impact on pensions is -1.1% after 5
years, -3.5% after 35 years, and -4.2% at the end of the time horizon.

The replacement rate11, which gives a measure of social adequacy, decreases from 68.5% to 36.7%
in the baseline case and 35.4% in the COVID-19 scenario. These outcomes reveal a social adequacy
issue in the Italian NDC system in the medium-long period: after only 15 years the reduction in the
baseline (shock) case is approximately -15.6% (-17%). In the COVID-19 scenario, the replacement
rate in 2020 is higher than in the baseline case, since the pandemic shock has an immediate impact on
the average wage and not on the average pension. In the medium term (after 15-45 years) the average
pension is more affected by the pandemic: for example, the replacement rate in the COVID-19 scenario
is about -1.4% after 15 years, and -1.3% after 35 years.

In the baseline scenario, the equilibrium contribution rate (the ratio between total pensions and total
wages) fluctuates around 30% during the entire time horizon12, decreasing in the medium term and
increasing in the long one. This ratio does not reach unsustainable values over the time horizon and,
in the end, it is in line with the initial fixed contribution rate. The COVID-19 shock has an immediate
adverse impact by increasing the equilibrium contribution rate (+1.8% in 2020) but has a favorable
impact in the following years (-1.1% in 2094). As previously observed, the pandemic shock does not
influence the dependency ratio but reduces the replacement rate.

As a liquidity indicator, we evaluate the ratio between contributions income and pensions expendi-
ture, C(t)

P(t) . If C(t)
P(t) = 1, the PAYG pension system is in equilibrium. If C(t)

P(t) >1, the fund F(t) is increased.

The opposite is true when C(t)
P(t) < 1. In our analysis, the average ratio stays in the range (90%,116%)

during the whole time horizon for both scenarios. It shows a significant variability in the medium/long
term, i.e., its standard deviation in both scenarios exceed 4% for t = 15 and the 99% confidence interval,
at the end of the time horizon, is (82.8%, 107.4%) for the baseline scenario and (85.4%,111%) in the
COVID-19 one. The pandemic shock results in an immediate reduction of the ratio in 2020 (-5.4%), in
an increase in the medium term (+2.2% in t = 15) and in the long term (+3.4% in t = 75). The overall
effect (joint with the timing of the deficits/surpluses) can be evaluated by analyzing the reserve fund
value, F(t), at the end of the time horizon.

Without the shock, the system is not financially sustainable, providing a final fund of about -63.5
million euro13. However, in the COVID-19 scenario, the final fund has a positive value of about 137
million euro, that means the system is financially sustainable over the 75-year time horizon. Therefore,
the shock has improved the financial sustainability of the system. This result may be surprising, but it is
in line with previous considerations. Actually, the main effect of the pandemic shock is on the notional
account, therefore on future pensions. As a consequence, the impact of the COVID-19 on the pension
system turns into a social adequacy problem, since, in the long-run, pensions suffer heavier reduction

8For example, in t = 75 the standard deviation is approximately 0.71% (0.73%) in the baseline (pandemic shock) scenario,
while the 99% confidence interval of D(t) is (85%,88.6%) for both scenarios.

9Before the payment of contributions and considering current prices.
10Consequently, they will not pay contributions and, at the end of their working life, will have a smaller notional account to

convert into a pension.
11It is worth remembering that this is an average replacement rate of the entire system and not the ratio between the first

pension and the last wage of a new pensioner.
12In fact, it is given by the product of dependency ratio and replacement rate that move in opposite directions.
13Note that the total contributions (in the baseline scenario) are about 90 million euro in 2020 and 170 million euro in 2094.
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with respect to salaries, than in the baseline case. This result is critical if we consider that even in the
baseline case there is a problem of social adequacy.

5 Conclusions

This paper focused on the impact of the COVID-19 pandemic on the financial sustainability and the
adequacy of pension benefits to retired of the Italian NDC pension system. Indeed, the restrictive mea-
sures on economic activity introduced to counter the spread of the virus are affecting the labor market by
reducing employment and wages, thus probably lowering contributions income. Furthermore, the rate
of return on notional accounts, that in Italy is an average of the GDP growth rate, will also be affected
by the pandemic, and future pensions will be accordingly reduced. Finally, the pandemic is producing
an increase in mortality rates, mostly at older ages, reducing the benefits paid to pensioners.

In order to address the effects of the COVID-19 on the pension system, the macroeconomic variables
involved in calculating contributions and pensions (unemployment rate, wage growth rate and inflation
rate), and mortality rates are modeled as stochastic time series. We introduce the impact of the pandemic
as a deterministic shock.

The outcomes show that, in the long run, there is no strong impact on the dependency ratio, while
an immediate reduction of about 1% on the average wages is observed, which remains flat for the entire
time horizon. A greater reduction (3%-5%) on the average pension affects future new pensioners who
experienced the COVID-19 during their working life. The motivation lays in the main impact of the
pandemic on the unemployment rate and mostly on the GDP, which is used as the notional rate of the
NDC system. As a consequence, the social adequacy of the pension system is worsened with respect to
the shock-free scenario that already exhibited replacement rate critical values. However, the financial
sustainability of the system does not suffer from the pandemic shock since the ratio of contributions to
pensions increases up to 3.5% on average. The financial sustainability of the NDC system is confirmed
by the reserve fund at the end of the time horizon that shows a higher value under the COVID-19 scenario
than in the baseline one. In conclusion, in the long run, the Italian system seems to be resilient to the
pandemic shock but, at the same time, it shows a critical evolution of social adequacy.

Future research will focus on the introduction of a floor in the reduction of the notional rate in case
of a pandemic shock, that may distribute the COVID-19 consequences between social adequacy and
financial sustainability of the pension system. Moreover, we will study the introduction in the system of
automatic balancing mechanisms aiming at reducing financial sustainability and social adequacy issues.
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