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Abstract

We analyze the effect of health risk on consumption and saving policies in the
post-retirement period by generating a life-cycle model with a stochastic health
transition process and endogenous mortality risk. We consider both a benchmark
model with only risk-free savings and an extended version that incorporates
portfolio choice between risk-free and risky assets. The model is estimated using
HRS data and the method of simulated moments. We find that healthier individuals
tend to consume less and accumulate more wealth, driven by lower marginal utility
and longer life expectancy, while those in poorer health tend to deplete wealth
more rapidly. The share of risky assets declines with age, while health-related
heterogeneity in portfolio choice at a given age is limited. The model provides
a tractable framework for analyzing the economic impact of health deterioration
and longevity risk in retirement, especially in light of population aging and the

expanding retired population.

Keywords: Life-cycle model, retirement, health risk, endogenous mortality,

portfolio choice
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Chapter 1

Introduction

As populations age and life expectancy continues to rise for many countries,
the understanding of the economic behavior of retirees becomes more and more
important for both researchers and policymakers. Most of the existing life-cycle
literature primarily focuses on the preretirement period and often treats the
post-retirement period as a simplified extension of the former. However, the
shift in the primary sources of uncertainty creates a substantial gap between the
two phases. In particular, health deterioration and the associated mortality risks
are key determinants of consumption and saving behavior among retirees, rather
than the labor income risk in the pre-retirement phase. A growing number of
studies on the post-retirement period incorporate health uncertainty in the model
by highlighting the monetary consequences of medical expenditure risk. However,
the direct impact of health status and longevity expectations on utility remains

relatively underexplored in the existing literature.

Building on the existing post-retirement models of health-related saving behavior,
we develop a more focused model to examine the influence of the health transition
and corresponding mortality risk on the post-retirement individual behavior. Our
model integrates the utility specification of health status and consumption from
De Nardi et al. (2010) and modifies the health transition process introduced by Yogo
(2016) to maintain tractability. We also extend the classic portfolio choice model

generated by Cocco et al. (2005) to better reflect the health- and longevity-driven
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features specific to post-retirement behavior. This integrated approach allows us
to better capture the influence of health dynamics on retirement behavior and
asset allocation decisions, thereby presenting a more explicit understanding of the
economic consequences of health deterioration and longevity expectations in the

post-retirement period.

The rest of the thesis is organized as follows. Chapter 2 reviews the related
literature. Chapter 3 presents the life-cycle model in retirement. Chapter 4
introduces the data source and outlines the methodology used to construct the
simulated model. Chapter 5 demonstrates the results obtained from the simulated

model and discusses several extensions. We present conclusions in Chapter 6.



Chapter 2

Literature Review

2.1 Life Cycle Model of Consumption and Saving

The life-cycle model was first proposed in the 1950s. Several papers suggest a
similar idea with slightly different emphasis that individuals face a consumption and
saving choice during their lifetime. Among them, Modigliani and Brumberg (1954)
proposes the theory that individuals aim to solve the consumption-saving problem
during their lifetime and maximize the utility subject to their budget constraints.
In addition, Friedman (1957) suggests a related idea which is presented as the
permanent income hypothesis (hereafter PIH). The PIH suggests the consumption
levels for individuals depend not on their current income, but rather on their

expected lifetime (or ‘permanent’) income.

The empirical data provide support for the PIH, among which Campbell and
Mankiw (1989) argues the PIH holds for a portion of the population while the
rest are hand-to-mouth and borrowing constrained. Zeldes (1989) empirically
confirms the presence of the borrowing constraint by comparing the parameter
linked to current income on consumption growth across groups with different

wealth-to-income ratios.
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2.2 Precautionary Savings and Uncertainty

However, the empirical data reveal a puzzling pattern: aggregate consumption
closely follows income, while the correlation between the two at the individual
level is weak. Therefore, Carroll and Samwick (1997) examines the empirical
data and provides some of the first direct evidence that consumers facing greater
income uncertainty tend to hold systematically higher levels of wealth. This study
introduces the concept of the precautionary saving motive when individuals face
uncertainty. Empirical studies (such as Gourinchas and Parker (2002)) also provide

support to the precautionary saving concept.

Most of the literature investigates labor income risk as the primary source of
uncertainty, as it primarily focuses on the pre-retirement period. For instance,
Storesletten et al. (2004) investigates the uninsurable labor income risk by
constructing an overlapping generations general equilibrium model and finds that
the risk realized throughout the working years has a greater impact on household
inequality. For a comprehensive survey of household behavior over lifetime, see
Gomes et al. (2021) for an overview. In contrast, relatively few studies focus on
household behavior in the post-retirement phase, where the labor income risk is no
longer the primary source of uncertainty and households instead face risks related

to health and mortality.

2.3 Modeling the Retirement Period

The rising academic research on the retirement period suggests the growing
importance of retirement as the population ages and life expectancy continue to
increase. In the classical literature, the retirement period is often treated as a
simplified extension of the pre-retirement period. To address this limitation, several

factors have been introduced to enrich the retirement model.

The main sources of the uncertainty during the retirement period come from health,
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medical expenditure, and lifespan. Palumbo (1999) incorporates health status
into the utility function, distinguishing between two discrete states: healthy and
unhealthy. French and Jones (2004) decomposes the out-of-pocket medical expense
process similarly to the decomposition of the labor income before retirement.
De Nardi et al. (2010) combines those two and finds that the mortality risk and
expensive medical care are the key drivers of elderly savings. These studies
incorporate health uncertainty and highlight the monetary consequences of medical

expenditure risk.

Yet, the direct utility effect from health deterioration and the associated mortality
risk is somewhat less explored in the literature. While several studies focus on the
direct effect of health on wealth (e.g., Mahler and Yum (2024) and De Nardi et al.
(2024)) or earnings (e.g., Hosseini et al. (2021)) over the entire life cycle, and others
explore how health influences labor supply and retirement timing (e.g., Blundell

et al. (2023) and French (2005)), few of them emphasize the post-retirement period.

Retirees could allocate their wealth across different asset classes to mitigate
the effects caused by health risks and maximize lifetime utility. Cocco et al.
(2005) provides a general solution to the portfolio allocation rule at different ages,
imposing an exogenous mortality risk during retirement. In the presence of health
and mortality risks, Yogo (2016) develops a rich model by allowing the asset
allocation across bond, stock, and housing. Moreover, this paper treats health as
“health capital” and allows the health capital to change endogenously in response

to health investment.

2.4 Model Foundations and Contributions

Building on the existing literature, our thesis generates a more focused and tractable
model investigating the effect of health and related mortality risk. Specifically, we

follow De Nardi et al. (2010) in modeling the direct utility effects of health status
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and consumption. We extend their framework by allowing asset allocation between
risk-free and risky assets and adopting a richer specification of the health transition
process, following Yogo (2016). This allows us to incorporate an endogenous
mortality rate that varies with age and health status. We simplify the health and
non-health investment opportunity set compared to Yogo’s richer specification to
maintain tractability while focusing on the role of health dynamics. In addition, we
build on the classic portfolio choice model of Cocco et al. (2005) by enriching
it with a more detailed structure during retirement, capturing the health- and

longevity-driven features specific to post-retirement behavior.



Chapter 3

Model

3.1 Fundamental Concept of the Life-Cycle Model

The objective of the life-cycle model is to maximize the expected lifelong utility,
based on current circumstances and future expectations. The life-cycle model
describes how individuals should allocate their wealth between consumption,
savings, and investment throughout their lives. The main idea of the model is
as follows. Individuals tend to have relatively low savings and consume on labor
income when they are young. During middle age, individuals begin to receive
higher salaries and accumulate wealth. Subsequently, individuals consume from
accumulated wealth as well as pension income after retirement. We focus solely
on the post-retirement period and study the allocation policies of retired individuals

when facing health risk. We introduce two models in this thesis.

1. Benchmark model: Individuals maximize their utility by choosing
consumption corresponding to health risk and saving at the fixed risk-free

rate.

2. Model with Portfolio Choice: Extending the benchmark model by
incorporating the risky asset.  Hence, individuals could choose the

consumption and optimal risky share when allocating their savings.
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3.2 Utility Function

We follow De Nardi et al. (2010) to model the retiree’s flow utility as a combination

of consumption level and health status:

1—y

Ct
-y

u(es hy) = 6(hy)

Y represents the coefficient of relative risk aversion, whereas ¢; refers to the
consumption of the retiree in period . The utility function is based on the Constant
Relative Risk Aversion (CRRA) specification, which captures diminishing marginal
utility of consumption and risk preferences through the parameter 7. To incorporate
the role of health in shaping utility, our model introduces a multiplicative weighting
function 6(h,). The specification keeps the standard CRRA structure while

extending it to account for health-related variation in utility.

The Dependence of utility on health status is as follows.

The function models the direct effect of health status and consumption on the utility.
0 is the health risk factor. A positive 0 indicates that better health increases the
marginal utility of consumption, leading healthier individuals to consume more.
Conversely, a negative § indicates that better health status reduces the marginal
utility of consumption; thus, a healthier individual would consume less and save

more. h; refers to the health status of the retiree.

3.3 Budget constraints

The risk-free asset has a constant rate of return (14 7). Following Yogo (2016),

the risky asset has a stochastic gross rate of return

Rs,t+1 = Rsss,tJrl )
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2
where log(&;41) ~ A (—%5, GS2> is independently and identically distributed.

The retiree receives pension income Y every year from Social Security. Let x;
denote cash-on-hand, which is the total cash amount of the retiree in period ¢. The
retiree consumes each period from the cash-on-hand, and the rest goes into the

savings.

The intertemporal budget constraint for Benchmark Model is:
X1 = (1 +rf)at +Y

In Benchmark Model, only investment in risk-free assets, such as treasury bonds,
is allowed. ry is the risk-free rate of return. g, is the saving in period 7. The rationale
behind the function is that, the cash-on-hand level in period ¢ 4 1 should equal the
sum of the savings in period t, the risk-free return on savings in period t, and the

pension income Y.

The intertemporal budget constraint for Model with Portfolio Choice is:
Xt+1 = (1 - at)(l -+ rf)a[ + (X[RSJ_‘_]CZ; + Y

In Model with Portfolio Choice, the retiree could invest in the risk-free asset as
well as the risky asset. Similar to Benchmark Model, the core idea is that the
cash-on-hand level in period 7 4- 1 should equal to the sum of the savings in period ¢,
investment return on savings in period ¢, as well as the pension income Y. Since the
retiree now has more investment options, she could invest a portion of the savings
into the risky asset and the rest into the risk-free asset. Let 0 < o < 1 denote the
percentage of the savings invested in the risky asset. Individuals cannot short the
risky asset. Similarly, 0 < 1 — o < 1 represents the percentage of savings invested

in the risk-free asset.
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3.4 Objective Function

The objective function is defined recursively as

-y
V(t,x0, Y, he) = max {8 (hy) lcf_ 7

+BE(Lip,, 200V (E+1xe1, Y b)) + 14, =0y 0) }

where 1, oy denotes an indicator function which equals zero if a retiree dies in

period (# 4 1). And B is the subjective discount factor.

It is also commonly referred to as the value function. The value function of period
t consists of the utility from period # and the expected value function of next period
t + 1. The first-order conditions and the corresponding Euler equations are derived

from the Bellman equation and presented in Appendix A.



Chapter 4

Calibration

4.1 Data Source

4.1.1 Overview of the HRS
The Health and Retirement Study (HRS) is a longitudinal survey conducted by

the University of Michigan. The HRS provides comprehensive data on the health,
economic, and social conditions of individuals over 50 years old and their spouses
in the United States. Participants are interviewed biennially starting from the year

of 1992 until their death.

Since the HRS provides comprehensive data on health conditions and wealth status,
it is particularly suitable for research on life-cycle behavior under health risk. To
the best of our knowledge, most of the research papers in this area in the context of

the United States use the HRS as their data source.

In our thesis, the HRS is utilized for the following key purposes:

1. Health Status Transition: The HRS provides self-reported health of
interviewees. We use the data to estimate transition matrices of health status
over time, which is critical for modeling health shocks in the life-cycle
framework. Additionally, we embed the mortality risk into the health
transition matrices, making the probability of death an endogenous factor

in our model.
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2. Income and Wealth Distribution: The HRS provides observations on
retirement income (e.g., Social Security, pensions) and wealth status across
different age groups. We use the data to generate the initial pension income

and wealth distribution.

Given its unique combination of health, financial, and demographic data, the HRS
serves as an essential empirical foundation for constructing and calibrating the

retirement life-cycle model developed in our thesis.

4.2 Sample Description

Our sample includes primary respondents aged 67 and above, who were single
(including widowed or divorced), and retired at the time of interview. All

respondents in the sample have both positive income and wealth.

We focus on individuals aged 67 and above, as this corresponds to the legal
retirement age in the United States. We select single respondents because the
HRS dataset reports wealth at the household level, making it difficult to attribute
individual wealth to married respondents. Equal division of household wealth by
the number of household members may introduce bias into the model. Besides,
respondents who were previously excluded since married may enter the sample as

they are widowed or divorced.

4.3 Model Inputs

4.3.1 Health Transition Probabilities

The HRS provides the self-reported health status of each interviewee on a biennial
basis, spanning from 1992, when the first interview was conducted, to the year
of the interviewee’s death. In the HRS, the self-reported health status is divided
into 6 levels. A larger h; represents a healthier status. If an interviewee becomes

unreachable, the survey team will contact the interviewee’s family members to
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check their situation.

0 Dead
1 Poor
2 Fair
B =
3 Good
4 Very good
5 Excellent

\

We collect the self-reported data of interviewees who meet our criteria in section 4.2
and cluster the data into different health status and age groups. Then we calculate
the corresponding probabilities of the interviewees in each group, changing from
the current health status to all 6 health statuses in the next period. For example,
if the retiree’s health status is ’Good’ and her age is 85, according to figure 4.1
(a), the probability of becoming ’Fair’ in 87 is around 30%. Notably, since the
interviews were conducted every two years, the interval between the periods in our

model is also two years.

Figure 4.1 shows that if the retiree starts with a ’Poor’ or ’Fair’ health, in her early
age she has a much higher probability to recover from it and become healthy again,
while in her older days she faces great risk to stay in poor health condition, even
die. A similar situation happens to a retiree with good health conditions. A retiree
who starts with good health conditions is likely to stay healthy in her early years.
However, in her later years, she faces a significantly higher probability of health

deterioration.

4.3.2 Initial Wealth Distribution

We use the empirical data from the HRS survey to assign the initial wealth in our

model. To simulate the initial wealth situation for individuals who have just retired
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(a) Present health = 1 (Poor) (b) Present health = 2 (Fair)
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(e) Present health = 5 (Excellent)
Figure 4.1: Overall caption for five health transition matrices of different present health

status.
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from their jobs, we collect the wealth data of respondents at the age of 67 or 68

years old. Since we aim to study the effect of health on the life-cycle model, we

divide the respondents into 5 health groups according to their self-reported health

status and assign the initial wealth based on the corresponding wealth distribution

separately.

Group: Health Status = 1

Frequency

3 6 12

9
Log Wealth

(a) Present health = 1 (Poor)

Group: Health Status = 3

Frequency

o 3 6 12 15

9
Log Wealth

(c¢) Present health = 3 (Good)

Group: Health Status = 5

Frequency

L] 3 6

12 15

9
Log Wealth

(e) Present health = 5 (Excellent)

40 |

w
3

Frequency

10

Frequency
w
8

20

S

Group: Health Status = 2

3 6 12 18

9
Log Wealth

(b) Present health = 2 (Fair)

Group: Health Status = 4

3 6 12 15 18

9
Log Wealth

(d) Present health = 4 (Very Good)

Figure 4.2: Overall caption for wealth distributions of five health groups.

Figure 4.2 shows that each group exhibits distinct distributional characteristics.

Group 1 skewed to the left as individuals with poorer health conditions tend to be
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trapped in worse financial conditions. Group 5 contains no individuals with log
wealth below 6, which aligns with our expectations, as wealthier individuals are
more likely to enjoy better health conditions. Group 2 and Group 4 exhibit the
same patterns with a peak around the log wealth value of 12, frequency gradually
declines on both sides of the mode, representing a relatively balanced dispersion
of wealth within those health groups. Individuals in Group 3 clustered around the
log wealth value of 12, suggesting that individuals with stable health conditions are
often in stable financial situations as well. Notably, the sample sizes in Group 1
and Group 5 are relatively small, which is consistent with expectations, as extreme

health states tend to be less prevalent in the general population.

4.3.3 Retirement Income

We assign the initial income based on the same overall income distribution from
all respondents in the HRS data aged 67 or 68, as income is generally distributed
more equally than wealth and is also computationally easier to work with. Figure

4.3 shows the income distribution.

4.4 Model Simulation and Estimation Strategy

4.4.1 Dynamic Programming of the Model

The life-cycle model is solved numerically using dynamic programming — every
individual faces stochastic health transition risks and wishes to maximize their
value function from today’s utility as well as the expected future value. In our
model, every individual is assigned an initial wealth and a constant pension income
throughout their retirement life. The health transition process for an individual
is a Markov chain in which the health status in the next period depends only on
the health status in the current period, without the effects from the earlier periods.
Each individual considers the conditional expected future health status based on
their most recent health status by taking the probability of transitioning to every

health status (including the probability of death) into account. Moreover, one period
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Income Distribution

200 F
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6 8 10 12
Log Income

Figure 4.3: Income distribution

corresponds to two calendar years since the HRS data is biennial. We set the initial
age of 68 years old, and the maximum age the individual can live up to is 100
years. Individuals make consumption and saving decisions based on their current
age, health status, wealth, and income, which is constant over time but varies across

individuals. Individuals would exit the model upon death.

In each period, an individual’s cash-on-hand consists of the savings from the
previous period and the pension income they receive in the current period.
Borrowing from the future is not allowed in our model, so individuals must have
non-negative savings. The cash-on-hand is either used for consumption or savings

in the current period.

Following Carroll (2006), we choose to grid over saving (which is also *wealth’ in
empirical data) rather than cash-on-hand to avoid root-finding steps in the solution
of the Euler equation, greatly improving computational efficiency. The maximum

saving grid is set to one million to cover most situations of wealth in the empirical
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data, and the number of points on the saving grid is 100. We use linear interpolation
to solve for the wealth level that falls between two grid points. For the saving level
that exceeds the upper grid (i.e., the super-rich individuals), the policy function
is extrapolated linearly. Based on classic academic literature (e.g., Campbell and
Mankiw (1989)), it is widely accepted that there is a considerable proportion of
individuals who consume all the money they have without saving anything for
the next period. Therefore, to capture the ’eat-everything’ behavior of the poor
individuals, we increase the accuracy of the policy function by adding fifty grids
between the lowest cash-on-hand level corresponding to minimal saving and the
lowest income level in case the lowest saving grid is too high for a relatively

substantial fraction of individuals.

The policy function is solved backwards, as it is difficult to solve the stochastic
process forward. Solving forward requires estimating the future value function and
making an optimal decision simultaneously when facing uncertainty to calculate
the expectation on the right-hand side of the Euler equation. By using backwards
induction, the consumption in the next period is known, and therefore, it is more

convenient to solve for the previous state when the expectation is known.

In the last period, the optimal policy for an individual is to consume everything
and save nothing since it is assumed that there is no bequest motive in our model.
After solving the last period for each saving grid, the consumption between the
two periods can be linked using the Euler equation as mentioned in Appendix
A. Therefore, by solving backwards, the policy function can be derived for the
individual at any cash-on-hand level, conditional on different retirement periods of

life, health status, and income level.

For the model with portfolio choice, the optimal share is retrieved by maximizing
the expected future value function given the saving level. Shorting the risky assets

is not allowed in our model hence the optimal portfolio share is between zero and
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one and is extrapolated by holding its value fixed at the boundary.

4.4.2 Simulation Procedure

We simulated the life-cycle path for 100,000 individuals. At the initial state, each
individual is assigned an initial health status that reflects the empirical distribution
of initial health statuses in HRS data. In addition, individuals’ pension income
follows the log normal distribution with mean and standard deviation calibrated to

the HRS data.

Given the initial health distribution, individuals are then assigned the initial wealth
based on the log distributions with different means and standard deviations under
different health groups according to the empirical data. The wealth distributions

vary across different health groups at age 68.

When simulating the subsequent health procedure, the individual would face
different health transition probabilities that vary by different periods and current
health statuses, as described in Section 4.3.1. In general, individuals face declining
health conditions, which implies that older individuals are less healthy and might

face a higher likelihood of health deterioration.

Following the setting in Yogo (2016), there is one simulated portfolio gross rate of
return for all individuals where the return is calculated as the product of a constant

and a log-normally distributed error term.

For each period, the cash-on-hand of an individual is calculated by adding savings
from the previous period and pension income received in this period. Then, the
optimal consumption and saving policy corresponding to a certain cash-on-hand

level can be determined based on the policy function derived in Section 4.4.1.
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4.4.3 The Method of Simulated Moments

The model is estimated following the approach from De Nardi et al. (2010).
First, we calibrated parameters (f3,7,rf,R;, 05), which can be identified directly
from empirical data or follow the commonly used values from existing academic
literature. Second, the Method of Simulated Moments is adopted to estimate the

health risk factor 6.

In the first step, we obtain the constant risk-free rate ry and the stochastic gross
return process of the risky asset following the assumption in Yogo (2016). The
annual risk-free rate ry = 2.5% is calibrated as the average real return on the
one-year Treasury bond, adjusted for inflation using the CPI (consumer price index)
from 1958 to 2008. In addition, the stochastic gross annual rate of return on the
risky asset is calibrated as the product of a constant (R) and an error term (&)
which follows an independent and identical distribution log(€&;) ~ .4 (—%’2, O'SZ).
These two parameters are calibrated as R; = 1.065 and oy = 0.18 using the gross real
return on the Center for Research in Securities Price value-weighted stock index,
adjusted for inflation using the CPI from 1958 to 2008. With this calibration, the
annual equity premium for our simulated risky asset is 4%, which is slightly lower
than the historical estimation of 4.5% but follows the widely accepted assumption
in the existing life-cycle literature (Cocco et al., 2005). Moreover, the subjective
annual discount factor B = 0.96 and the risk aversion parameter ¥ = 5 are also
calibrated following Yogo (2016), and both values fall within the range of classical

economics literature.

In the second step, we follow a standard Method of Simulated Moments (MSM)
approach to estimate the health risk factor 8, conditional on the calibrated
parameters in the first step. The purpose of the MSM is to minimize the distance
metric between the moments from the empirical and simulated data by changing
the model parameter (i.e., the health risk factor §). We start by assuming each

moment in the model has an identical weight when estimating the parameter, from
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which a first-stage estimated 0 can be obtained. In addition, due to the instability
of stochastic simulation, the optimal weighting matrix should be computed over
multiple simulation runs to mitigate the impact of unstable moments. For example,
the number of individuals in the excellent health group would be low when
individuals are old, hence the simulated outcomes could have substantial variation
across replications due to a relatively small subsample size. The optimal weighting
matrix is computed as the inverse of the covariance across multiple simulation
draws. Subsequently, we minimize the weighted distance metric to obtain the ’best
match” between the simulated and empirical moments and derive the second-stage
estimated 6 as the final result. By adjusting using the optimal weighting matrix,
greater weights would be assigned to the moments from the stable group, hence the

impact of instability from stochastic simulation could be diminished.

4.4.4 Targeted Moments

To calibrate the health risk factor 6, we match the simulated moments with the
empirical medians of wealth-to-income ratios at ages 70, 76, and 82 across five
health groups. This choice reflects one of our key motivations: to understand
how health status affects saving behavior and wealth accumulation, as well
as how transitions across health states influence consumption decisions in the
post-retirement period. Furthermore, we choose to use medians instead of means to
reduce sensitivity to outliers and potential small subsample sizes. Moments from
very old individuals are not selected as targets since the samples might be too small,
and the fact that rich people live longer (De Nardi et al., 2009), also the bequest

motive from the super-rich (De Nardi, 2004) could skew the data.



Chapter 5

Results

5.1 Estimation Results

The estimated result of the health risk factor 6 is —0.18. The negative sign
of the health risk factor indicates a consistent direction of the effect of health
on consumption, as other existing literature (e.g., De Nardi et al. (2010)). An
anticipated change from excellent health status (where 4, = 5) to a very good one
(hy = 4) would increase the optimal consumption by 22.87%, whereas a change
from fair health status (where h; = 2) to a poor one (h; = 1) would increase the

optimal consumption by 5.08%.

When the consumption level is held fixed, being in a better health condition
lowers the marginal utility of consumption, hence, healthier individuals would
choose to consume less and save more. In contrast, individuals with poorer health
would consume at a higher level as a means of compensating for the disutility
associated with their bad health. An alternative interpretation is that the higher
consumption observed among less healthy individuals may serve as a proxy for
medical expenditure. In this case, the negative 0 is reasonable because individuals
in poor health may be forced to allocate more resources to meet their medical needs.

These two mechanisms may jointly contribute to the observed consumption pattern.
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5.2 Policy Functions
5.2.1 Benchmark Model: Health Risk Only

5.2.1.1 Consumption Policy
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Figure 5.1: Consumption Policy

Figure 5.1 shows the optimal consumption policy for selected age, income level, and
health status. Apart from the imposed hand-to-mouth behavior at low cash-on-hand
level, the optimal consumption is an increasing and concave function. The shape of
the consumption policy reflects that consumption does not grow proportionally as
wealth increases. Taking into account other variables, individuals with a high level
of cash on hand tend to save at an even higher rate and smooth consumption during

their useful life in response to future uncertainty.

Figure 5.2 compares different consumption policies for individuals with the same
health status and income level at the ages of 70 and 86. The optimal consumption
level is lower for 70-year-old individuals. Theoretically, the expectation of health

status of 86-year-old individuals is significantly lower than that of 70-year-old
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cp under same health status with diff ages
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Figure 5.2: Consumption Policy for Different Ages

individuals. Based on the Euler equations, the anticipated change from good
to bad health status should increase the consumption. Additionally, since our
model generates an endogenous mortality rate linked to the health expectation, the
70-year-olds have a longer life expectancy than the 86-year-olds, holding other
factors constant. Without gaining any utility from leaving a bequest to children,
individuals tend to use up all (at least spend as much as possible) of their wealth
within their limited lives. Therefore, it is reasonable for older individuals to

consume more while holding the same cash-on-hand level.

Figure 5.3 illustrates the comparison between different health groups. With the
same age and income level, healthier individuals would prefer to consume less and
save more for the future. The mechanism behind the gap is similar to the rule
we discussed when comparing the consumption policy for different age groups. In
reality, a healthier retiree has a higher probability of maintaining good health. Then,
according to the Euler equation, minor changes in potential health conditions would

not move the optimal consumption significantly. Besides, the healthier retiree has a
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cp under same age with diff health status

3.0x10" |
c
2
B 2.0x10' F
£
3
w0
c
=]
]
1.ox10" |
consumption for good health
consumption for poor health
D C 1 1 1 1 1

0 5.00%10" 1.00%10° 1.50%10° 2.00%10°
cash-on-hand level

Figure 5.3: Consumption Policy for Different Health Groups

longer life expectancy than the unhealthier one, and a smoother consumption along
the lifespan would be expected. Thus, the individual with a poorer health condition
exhibits a higher consumption level within a shorter remaining lifespan, holding

other factors the same.

5.2.1.2 Saving Policy

Figure 5.4 presents the optimal saving policy for selected ages, income levels, and
health status. Similar to the consumption policy above, apart from the imposed
hand-to-mouth behavior at low cash-on-hand levels, the optimal saving is an
increasing function and convex since saving is defined as the difference between
cash-on-hand and consumption. Individuals with a high cash-on-hand level tend to

increase the rate of saving in response to future uncertainty.

Figure 5.5 reports the comparisons of saving policies between different ages
and different health groups separately. We can draw the same conclusions as

those obtained from analyzing the consumption policy that younger and healthier
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Figure 5.4: Saving Policy

individuals have stronger incentives to save at a higher rate, considering their longer

life expectancy and lower risks of health deterioration.
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Figure 5.5: Comparison of Saving Policy

5.2.1.3 Value Function
As shown in Figure 5.6, the value function is an increasing and concave function of
the cash-on-hand level. The concavity demonstrates that individuals are risk-averse

when facing uncertainty and would be happier with a certain average cash-on-hand
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value function
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Figure 5.6: Value Function

rather than random utility from it. The properties of the value function are in line

with results observed from empirical analyses (e.g., Carroll and Samwick (1997)).

According to the properties of the CRRA (Constant Relative Risk Aversion) utility
function, individuals exhibit positive prudence, that is, for a given level of risk,
there is a decreasing response as the consumption level rises. In other words, richer

individuals show lower sensitivity when facing the same level of risk.

5.2.2 Model with Portfolio Choice

This model extends the benchmark model by introducing a risky asset. Individuals
can choose the optimal share to invest in the risky asset and maximize the expected
lifetime utility. The consumption, saving, and value functions in the portfolio choice
model are very similar to the ones in the benchmark model, and the mechanisms

behind them are the same. For a detailed illustration, refer to Appendix B.
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5.2.2.1 Optimal Portfolio Share Policy
Optimal Share of Risky Asset
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Figure 5.7: Optimal Share of Risky Asset

The optimal share of the risky asset invested in the next year as a percentage of
wealth is presented in Figure 5.7, where the optimal risky share decreases with
wealth. Apart from the hand-to-mouth individuals forced to save nothing in the
risky asset, poor individuals would invest more in the risky asset for a higher
expected return rate. Our result is in line with Merton’s solution (Merton et al.,

1971):
oW, u

W, +PDV;(FY;) ~ yo}

oy is the optimal risky share, W, represents the financial wealth, PDV;(FY;) is the
human capital — calculated as the present value of the future income, y and oy
indicates the expected excess return and variance of the risky asset, and 7y is the
risk-aversion level of individuals. In Figure 5.7, U, oy, and y are the same across
individuals. Since we plot the optimal share of the risky asset in a group with the
same age and health status, the expected remaining lifetime is identical across the
group. Consequently, the human capital part PDV;(FY;) is a constant within the

group. Therefore, wealthier individuals are holding less risky shares.
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An intuitive interpretation of this mechanism would be to consider the future
pension income as the substitution of the risk-free asset. Thus poor individuals
would adopt a more aggressive strategy on risky assets because the “risk-free asset”
already constitutes a large share of their total wealth, and they are looking for
a higher future return. Whereas pension income plays a less significant role for
richer individuals among those who have the same income level. When wealth is
sufficiently high, the optimal proportion of the risky asset in our model is slightly
higher than the complete market solution derived by Merton (1969) and Samuelson

(1975):

U 4%

yoZ ~ 5.0-0.0374 ’

A detailed derivation of G% is provided in Appendix C.
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Figure 5.8: Optimal Share Comparison for Different Levels of Risk Aversion

As shown in Figure 5.8, individuals with a lower risk-averse level invest more in

the risky asset since they pay less attention to the risk and prefer a higher expected
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future return. This result is also in line with Merton’s solution. The group with low
risk aversion serves here for comparison purposes only; we will not examine it in

depth in the subsequent discussion.

Risky Share with Different Ages
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Figure 5.9: Optimal Share for Different Ages

Figure 5.9 compares the difference in optimal share for two age groups. Younger
individuals always hold more share as percentages of wealth compared to older ones
at the same cash-on-hand level. Again, this result aligns with the optimal portfolio
rule since the human capital is higher for younger individuals. It is also consistent
with the findings of Cocco et al. (2005), who show that the share of risky assets
declines with age in a rather simple post-retirement setting. While Yogo (2016)
demonstrates that the optimal shares of the risky asset across ages are relatively
stable, the discrepancy may be due to the richer set of investment options available
in his model, where the wealth can be allocated between bond, stock, and housing.
When we focus solely on the risk-free asset, our results are consistent with Yogo’s

finding that the share of the risk-free asset increases as individuals age.
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Risky Share with Different Health Status
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Figure 5.10: Optimal Share for Different Health Status

According to Figure 5.10, the difference in optimal risky share between the two
health groups is marginal, and the corresponding difference in the risk-free asset
share is similarly small, which is consistent with Yogo (2016). The optimal shares

for the two health groups converge to the same value as wealth increases.

5.2.3 Comparison of Policy Functions from Different Models

In this section, we compare the difference between policy functions of the
benchmark model with health risk only and the model with optimal portfolio choice,
within the 68-year-old individuals who have a Good health status (h; = 3) and a

median level of income.

5.2.3.1 Consumption Policy Comparison
As shown in Figure 5.11 (a), the optimal consumption in the benchmark model is
slightly lower than that in the optimal portfolio choice model. Since individuals

would expect a higher rate of return on wealth when the risky asset is involved
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in the model, it allows a higher consumption and less saving to achieve the same
level of expected future resources. Figure 5.11 (b) clearly reports the difference in

consumption levels increases with wealth.
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Figure 5.11: Consumption Policy Comparison for Different Models

5.2.3.2 Saving Policy Comparison

Figure 5.12 (a) demonstrates the result of the comparison between saving policies
for different models. Saving is the opposing choice of consumption, so individuals
would save more in the benchmark model compared to the model with portfolio
choice which requires less saving to maintain equivalent expected future resources.
The group of individuals we choose to plot are rather healthy and in the very early
stage of retirement; thus, they save at a relatively high proportion of wealth while
consuming less than they save. As a result, the two saving policy lines nearly

overlap. The difference between the two saving policy functions is clearly depicted

in Figure 5.12 (b).

5.2.3.3 Value Function Comparison

Figure 5.13 compares the value functions under two different models. The value
function obtained from the benchmark model is slightly lower than that from
the model with portfolio choice, especially when the cash-on-hand level is high,
indicating that allowing individuals’ participation in the stock market would

increase the utility in retirement life. The relative shape of the value function
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Figure 5.13: Difference in Value Function

might reflect more conservative behavior in the benchmark model, such as lower

consumption and higher savings due to the absence of allocation flexibility, as

demonstrated in Section 5.2.3.1 and Section 5.2.3.2. Individuals in the benchmark

model could be regarded as those who choose not to participate in the stock market

even when participation is allowed.
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5.3 Comparison of Empirical and Simulated Moments

The comparisons of the medians of the wealth-to-income ratio between the
simulated model and empirical data under different health statuses are demonstrated

in Figure 5.14.
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Figure 5.14: Comparison of Empirical and Simulated Wealth-to-Income Ratio

In general, our model provides a better fit among individuals who have a
relatively worse health status. As shown in Figure 5.14 (a) and (b), the simulated
wealth-to-income ratios for the Poor and Fair health groups reasonably match

both the trend and magnitude of the empirical data. This relatively accurate
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fit may reflect the effectiveness of the endogenous mortality rate and health
transition process, which capture two key dynamics: the high mortality risk
among individuals in poor health, and the gradual health deterioration among
initially healthier individuals. These forces jointly influence the composition of the
observed less healthy groups over time. In particular, the relatively stable (or even
increasing) wealth-to-income ratios in the poorer health groups may be driven not
by individual wealth accumulation but by the exit of the less healthy and wealthy
individuals through mortality and the inflow of moderately healthy and wealthy
individuals whose health has deteriorated. Thus, once the model clarifies the
effect of mortality-driven selection and health deterioration processes, the wealth
decumulation driven directly by the health risk parameter § can be more clearly

identified.

For the Good health status, the simulated trend aligns reasonably well with
the empirical data in the earlier stages, although there is some discrepancy in
magnitude, as shown in Figure 5.14 (c). The similarity of trends may result from
the dynamics mentioned above, whereas the discrepancy in magnitude could stem
from differences in the initial assigned wealth-to-income ratios. Additionally, the
empirical wealth-to-income ratio increases more steeply than the simulated one as
individuals age. This may indicate that the effect of health transition risk on wealth
decumulation is overstated in the model. Thus, the model may lack key incentives
for individuals to save apart from the health risk, such as a bequest motive, as in
Ameriks et al. (2011) or precautionary saving for future medical expenditures, as in

De Nardi et al. (2010).

Our model fails to replicate the empirical data pattern accurately within the healthier
groups. As in Figure 5.14 (d), the simulated medians exhibit an opposite direction
from the empirical data in the Very Good health status, even under the condition that
the two initial wealth-to-income ratios are similar. Figure 5.14 (e) indicates that the

wealth decumulation tendencies in the simulated model are similar to the pattern
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in the empirical data in the Excellent health status. However, there is a substantial
difference in the magnitudes of the wealth-to-income ratios. The downward trend
in the Excellent health status suggests that the health risk parameter § allows the
model to successfully capture health-driven wealth decumulation. However, in the
Excellent health group, the empirical wealth decumulation is slower than in the
model, and in the Very Good group, wealth-to-income ratios even increase with
age, suggesting that health status may be more persistent than the Markov process
assumed in the model. The model may underestimate the strength of precautionary
saving or bequest motives among healthier individuals, who tend to live longer and
possibly plan for late-life medical costs or intergenerational transfers, as discussed

previously in the context of the Good health group.

Potential mechanisms beyond health risk will be further discussed in Section 5.5.

5.4 Solution to the Life-Cycle Model

Table 5.1 reports the predicted values of portfolio share of risky and risk-free
assets, wealth level (represented by wealth-to-income), consumption and health

distribution in our model.

Panel A shows the proportion of risky assets as a percentage of total wealth.
Individuals in relatively poor or good health tend to allocate a smaller share of
their portfolio to risky assets. Within the poorer health group, the share of risky
assets declines with age and converge to approximately 80% by the age of 92. At
earlier ages, as discussed in Section 4.2, health status is closely associated with
wealth levels, with less wealthy individuals more likely to be in poorer health, and
vice versa. Consequently, individuals in better health may allocate less to risky
assets, as pension income represents only a small portion of their total wealth, and
they may prefer to diversify risks with other risk-free assets as well. On the other

hand, individuals in poor health also tend to reduce their risky asset holdings due
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to the need to reserve funds for potential future medical expenses. The rationales

behind Panel B are similar to those in Panel A.

Panel C presents the wealth level across different health conditions and ages,
measured by the wealth-to-income ratio. We use savings in each period to represent
the wealth. We follow the approach of Yogo (2016) to use the wealth-to-income
ratio instead of absolute wealth values, as the absolute values tend to vary
substantially across individuals and are therefore less suitable for cross-group
comparisons. Moreover, given that income serves as the primary cash inflow
contributing to wealth accumulation in our model, using the wealth-to-income
ratio provides a more meaningful and standardized measure. Individuals in better
health exhibit significantly higher wealth-to-income ratios at age 68, with the ratio
declining as age increases. This pattern aligns with a core assumption of our
model: with no bequest motive, individuals aim to deplete their wealth before
death to maximize lifetime utility. As individuals age, they consume more of their
accumulated wealth, which results in a gradual decline in the wealth-to-income
ratio. In contrast, individuals in poorer health share an opposite pattern, which is
inconsistent with the model’s assumptions. One possible explanation is related to
sample composition: at younger ages, the sample size is larger and includes many
individuals in very poor health, often associated with low wealth. As age increases,
those individuals are more likely to have died, and the remaining population in
poor health may consist of previously healthier individuals who have experienced
health deterioration, but retain relatively higher wealth. This dynamic may explain
why, by age 92, the wealth-to-income ratio converges to approximately 3 across all

health groups.

Panel D reports the consumption level as a percentage of cash-on-hand. As
discussed in Section 3, cash-on-hand refers to the total spendable wealth available
at the beginning of each period, and is therefore used in place of savings as a more

relevant measure. Within each health group, the consumption level increases with
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age, which is consistent with the model’s core assumption mentioned above. At
any given age, individuals in worse health conditions exhibit higher consumption
ratios, which aligns with economic theory that lower-wealth individuals are more
likely to allocate a larger share of their resources to basic necessities. In contrast,
wealthier individuals are more likely to reserve a greater portion of their wealth in

the expectation of potential future health deterioration.

Table 5.1: Solutions to the portfolio choice model

Health Age
status

68 74 80 86 92
Panel A: Risky Asset (% of total wealth)
Poor 79.6 79.4 77.0 77.1 77.0
Fair 86.5 80.0 78.4 80.0 78.5
Good 81.9 79.5 79.5 81.5 80.1
Very good 75.9 78.0 80.2 84.4 87.5
Excellent 75.8 77.8 79.3 82.4 89.1
Panel B: Risk-free Asset (% of total wealth)
Poor 20.4 20.6 23.0 22.9 23.0
Fair 13.5 20.0 21.6 20.0 21.5
Good 18.1 20.5 20.5 18.5 19.9
Very good 24.1 22.0 19.8 15.6 12.5
Excellent 24.2 22.2 20.7 17.6 10.9
Panel C: wealth-to-income
Poor 1.43 2.19 2.97 1.73 3.07
Fair 1.24 2.50 2.84 2.97 3.10
Good 2.31 291 3.01 2.96 3.08
Very good 4.71 3.34 3.01 3.02 2.93
Excellent 5.01 3.72 3.09 3.14 2.94
Panel D: Consumption (% of cash-on-hand)
Poor 54.2 59.8 66.2 75.9 88.1
Fair 53.5 54.8 61.8 73.8 86.2
Good 43.8 48.4 57.0 69.7 84.3
Very good 31.2 41.9 51.6 64.8 80.6
Excellent 27.2 36.2 44.6 57.5 74.4
Panel E: Simulated Health distribution
Poor 6.9 8.2 10.8 11.8 14.8
Fair 19.7 20.9 23.7 26.8 28.3
Good 32.5 34.1 33.8 333 30.7
Very good 30.8 28.9 25.9 22.1 20.6

Excellent 10.0 8.0 5.8 5.9 5.7
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5.5 Discussions

From an overall perspective, the simulated data generates a lower wealth-to-income
ratio than observed data. Moreover, the empirical medians of wealth-to-income
ratios within each health group remain stable across different periods. In contrast,
the simulated medians seem to converge to the same value for all health groups as

age grows.

(a) Wealth-to-Income Ratio in Simulated Model (b) Wealth-to-Income Ratio in Empirical Data

Figure 5.15: Comparative Analysis of Simulated and Empirical Data

Since the health status for most individuals deteriorates over time (see Figure 4.1),
there are three typical processes of health status changes. First, a large percentage
of individuals move from an initial healthier status to a deteriorated one. Second,
some of the individuals with a bad initial health status would exit the model earlier
than their healthier counterparts. Third, the number of individuals with excellent
health status declines over time, as the probability of health improvement is lower.
Moreover, the composition of the healthier group (excellent and very good) is

relatively stable.

5.5.1 Bequest Motive

Based on the mechanism listed above, the substantial differences between simulated
and empirical data in the excellent and very good health groups (even the minor
difference in the good health group) might be due to the lack of mechanisms for

individuals to save beyond their life, that is, the lack of the bequest motive. Without
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the bequest motive, the optimal policy for each individual is to consume everything
and save nothing before they die. Even for healthy individuals who have a relatively
long life expectancy, the wealth should deteriorate slowly with age. The stability
of the empirical wealth levels may suggest the presence of a bequest motive in
the model, which is in line with prior research (Ameriks et al., 2011) highlighting

bequest motives as a key determinant of late-life wealth accumulation.

5.5.2 Medical Expenditure

Medical expenditure is a commonly used component in most classical literature.
Some studies treat it as an exogenous process (De Nardi et al., 2010), while
others allow individuals to choose out-of-pocket medical spending based on their
health status, age, and wealth (Yogo, 2016), with spending rising substantially as
health deteriorates. These approaches offer a more precise account of how health
influences consumption and saving behavior. In contrast, our model does not allow
the medical expenditure mechanism, thus resulting in less flexibility for individuals
to allocate their wealth when facing the health risk. Though the direct model of the
medical expenditure process would clearly identify the change in wealth, focusing

solely on medical expenses might underestimate the influence of actual health risks.

5.5.3 Heterogeneity

We assume that everybody follows the same health transition probabilities, whereas
this is not always the case in reality. For example, we assume the health transition
process follows a Markov chain. However, in reality, the health status could be
persistent where the future health status depends not only on the current health
status but also on the one from a more distant past. On the other hand, a sudden

health shock in old age might deteriorate the health status dramatically.

Medically, the health transition process could be influenced by health investment,

lifestyle behavior, genetic predispositions, and so on, let alone the unclear
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underlying mechanisms. The heterogeneity of health transition probabilities for

individuals may create a bias between simulated and empirical data.

In addition to the heterogeneity of the health transition process, preference
heterogeneity is another concern. The different risk-aversion levels and time
preferences (the discount factor) would affect individuals’ behavior significantly
over the life cycle. We assume homogeneous preferences across individuals for

computational efficiency.
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Conclusion

Our thesis develops a life-cycle model of retired individuals that incorporates health
shocks and endogenous mortality risk into consumption, saving, and portfolio
choice decisions. Our model extends the model developed by De Nardi et al.
(2010), which assumes a binary health state and exogenous mortality. By doing
so, our model enables a more nuanced analysis of the relationship between health

dynamics and the financial behavior of retirees.

The result of the health risk factor suggests that individuals in better health
conditions accumulate more wealth and exhibit lower consumption rates, due to
longer life expectancy and lower marginal utility of consumption. Moreover, our
findings replicate two key patterns documented in the existing literature: a declining
risky asset share with age, and limited health-related heterogeneity in portfolio

choice conditional on age.

While the model performs better in capturing the wealth decumulation of less
healthy individuals, potentially due to its ability to capture the health dynamics,
it shows some misalignment with the empirical wealth decumulation pattern
from HRS. In particular, the model underestimates the wealth levels of healthier
individuals at older ages, possibly due to the absence of some saving motives and

health persistence.
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Future research could enhance the model by adding the out-of-pocket medical
expenditure mechanism to better capture the financial implications of health risk in
retirement. In addition, introducing additional saving motives—such as a bequest
motive or the option to purchase health-contingent financial products—would allow
for a more realistic representation of precautionary saving behavior under health

uncertainty.

Overall, this study highlights the importance of health dynamics in shaping
post-retirement financial behavior and provides a tractable framework for evaluating

retirement policy under health uncertainty.
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Appendix A

Euler Equations

The Euler Equation of the Benchmark model:

_ 1 _
C; Y = B(l + rf)Et(l{h;H;éO}(l + 5l’lt+])Ct+y1 + 1{ht+1:0}0>
1+

The Euler Equation of the portfolio choice model:

LB .
o7 = g [+ (1= 00) B [Lgs 0y (14 8h)e 414, 20)0)

Ry 4100 By [1g, 20y (14 8hesr)e, ) + 1{ht+1:0}0H




Appendix B

Optimal Consumption and Saving
Policy for Model with Portfolio
Choice

consumption policy
:l.ﬂl'.h-:lO5 B
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5.00x10" |
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Figure B.1: Consumption Policy
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cp under same health status with diff ages
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Figure B.2: Consumption Policy for Different Ages
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Figure B.3: Consumption Policy for Different Health Groups



saving

saving

8.0x10"

6.0x10"

4.0x10°

2.0x10"

4.0x10"

3.0x10"

2.0x10"

1.0x10"

56

saving policy

savings
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Figure B.4: Saving Policy
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Figure B.5: Saving Policy for Different Ages
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Figure B.6: Saving Policy for Different Health Groups
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Figure B.7: Value Function



Appendix C

Derivation of the Variance of the

Risky Asset

The risky return is modeled as:

Rs,t =R;- &1,

2

where log(&;) ~ A (—%, s2>

E(g,) =E(X), X~ .4 (u,0%)

2
where 1 = —%, o’ = Gsz

Use the moments generating function of normal distribution:

E[eaX] — eau-i—%azcrz

Hence:
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The variance of &,:
Var(e,,) = E(e2,) — (E(&,))* = (eoz . 1) Q2H+o’
Substituting ¢ and o, we get:
2

Var (&) = <e"~?-f - 1)

Then, the variance of Ry is:
Var(Ry,) = R2 - Var(g,;) = R2- <e<’3-t . 1)

Given R, = 1.065, and o, = 0.18, we can compute:

Var(Ry,) = (1.065)% - (1.03295 — 1) ~ 0.0374
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