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Abstract

We derive the optimal portfolio for retirees in a developing country context facing uncertain lifespan,

catastrophic medical expenditures, and long-term care costs. In the model, retirees can choose from

a portfolio consisting of life annuities, critical illness insurance, long-term care insurance, and bonds.

The model is calibrated with Chinese data. We find that in emerging economies like China, an optimal

portfolio highly depends on a retiree’s economic background. For retirees with an average pension, we

find a substantial demand for critical illness insurance. An annuity is most important for those with a low

pension. The demand for long-term care insurance is small. Choice of a lower health investment provides

the larger welfare compared with an adequate health investment, and it reduces the demand for critical

illness insurance. These optimal insurance amounts for retirees with different economic backgrounds can

inform governments and insurers to design insurance system and to advise retirement planning. Our

research also provides insights for governments and individuals to decide which insurance to expand or

to purchase under budget constraints. Finally, our study suggests that bundling longevity and health-

related insurance products is one way to achieve a lower price for insurers facing tight regulations and it

can increase annuity demand for more affluent retirees.
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1 Introduction

Ageing populations in both developed and developing countries put pressure on the sustainability of public

pension and healthcare systems. Uncertainties due to the COVID-19 pandemic bring about additional

challenges to retirement planning and increase the awareness of general health risks. Individuals are required

to take more responsibilities to manage retirement risks, and can allocate their retirement savings to a range

of financial products. Life annuities have been identified as the appropriate product to address longevity

risk (Yaari, 1965), yet voluntary annuity markets are thin worldwide. A growing literature investigates

behavioural and rational explanations for the lack of interest in life annuities.1 However, Davidoff et al.

(2005) prove that Yaari’s result is still robust, considering many of these explanations. One key component

missing in Yaari’s model is that the impact of health shocks is ignored. The mortality development is

assumed to be deterministic given an initial health state, and the probability of death acts only as a weight

parameter to discount utility at each age. Sudden reductions in expected life expectancy are not allowed nor

large out-of-pocket (OOP) expenditures related to health risks. These health risks are typically covered by

national health insurance programs, although coverage differs between the developed and developing world.

Long-term care financing remains a gap worldwide. In developing countries, the mortality and monetary

shocks due to dreadful diseases are substantial. Critical illness insurance that provides a lump sum benefit

is potentially an important component in retirement planning.

In this study, we develop a life-cycle model where a retiree faces the risk of critical illness, long-term

care term dependence, and uncertain longevity, as well as stochastic medical and care expenditures. We

also consider a health-state dependent utility function under which the utility of non-medical consumption

depends on the retiree’s current health state. The retiree chooses consumption and allocates his retirement

wealth among a portfolio of life annuities, critical illness insurance, long-term care insurance, and a savings

account to maximise his expected lifetime utility. We show the optimal portfolios for retirees in developing

countries with different economic profiles and health investment strategies.

We set the individual in China and model China’s social insurance in retirement.2 We select China as

an example of a rapidly ageing country with a less well-developed social insurance system.3 Individuals in

China face the risk of catastrophic medical expenditures due to a limited public healthcare system (Meng

et al., 2012; Hou et al., 2014; Zhang et al., 2017). There is also a large economic inequality among older

Chinese (e.g., Hanewald et al., 2019). We use China’s official mortality curves and disease incidence curves,

1Benartzi et al. (2011) and Brown (2009) provide excellent summaries explaining the role and problems of life annuities in
retirement planning.

2Section 2 provides a short description of China’s retirement system.
3Several studies make suggestions for reforms of the social security system in China: the pension system (Barr and Diamond,

2010; Lu et al., 2014), the healthcare system (Sun et al., 2017), and the long-term care system (Lu et al., 2015; Yang et al.,
2016).
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as well as estimated long-term care transitions from the China Health and Retirement Longitudinal Study

(CHARLS) to calibrate the health transition processes.

We are the first to consider life annuities, critical illness insurance, and long-term care insurance together

in a life-cycle framework for retirement planning. Our study is closely related to research on the role of

uncertain health cost risks on consumption behaviour and portfolio selection in retirement (e.g., Pang and

Warshawsky, 2010; Yogo, 2016; Koijen et al., 2016; Peijnenburg et al., 2017; and Ameriks et al., 2020), and

our results provide a reference for studies that elicit stated preferences for retirement portfolio allocation

(e.g., Wu et al., 2017; Wan et al., 2020). We also build on the literature focusing on stochastic mortality

developments and the correlated health costs in explaining the annuity puzzle (e.g., Ai et al., 2017; Reichling

and Smetters, 2015).

We find that in emerging economies like China, the optimal portfolio highly depends on a retiree’s

economic background. Assuming retirees seek adequate medical services to treat critical illnesses, for those

with an average pension of ¥3,000 (USD 450) per month, the optimal portfolio includes a substantial amount

of critical illness insurance. Retirees with a low pension of ¥1,000 (USD 150) per month should annuitise

almost half of their wealth if they have high retirement savings of ¥1 million (USD 150,000), and annuitise

fully if they have low retirement savings of ¥150,000 (USD 22,500). There is a small demand for long-term

care insurance for retirees with the four pension and savings amounts mentioned above. Allowing for choices

of lower health investment reduces the demand for critical illness insurance, and a lower than adequate

health investment strategy is optimal across all economic backgrounds considered in this analysis. These

optimal portfolios predicted for retirees with different economic backgrounds provide substantial welfare

gains compared with no private insurance (the status quo situation for retirees in China). The welfare

gains with the optimal portfolios range from approximately 10% to more than 100% of the initial retirement

savings for portfolio allocation, and the gain is higher for retirees with less wealth or pension income.

An important contribution is that we model the impact of health investments on optimal portfolio choice.

This relates our study to the literature on health-state dependent utility of consumption, i.e., whether the

utility of consumption is higher or lower in a poorer health state (e.g., Viscusi and Evans, 1990; Edwards,

2008; Finkelstein et al., 2013; Tengstam, 2014; Gyrd-Hansen, 2017; Gerking et al., 2017). We allow the

consumption of medical services, i.e., health investment, to impact post-illness mortality developments,

which indirectly affects the lifetime utility, and we model health-state dependent utilities of non-medical

consumption. Specifically, we are the first to consider both a lower and a higher weight on the utility of

consumption simultaneously when health deteriorates in a life-cycle model. We find that annuity demand

increases from zero to at least 10% of the initial retirement savings for the wealthiest retirees when health-

state dependent utility of consumption is considered, regardless of whether a higher or lower weight is
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assumed in poorer health states. For retirees with more pension or savings, higher weights on the utility

of consumption in the poorer health states often result in more demand for health-related insurance, while

lower weights often decrease it. For retirees with less pension or savings, the optimal portfolios are mainly

driven by their financial constraints and considering the impact of health state on utility of consumption

slightly modifies the results.

In developing countries like China, insurance industry can face tight regulations of pricing to avoid

solvency risks, and there is a large economic variation among individual retirees as well as local governments.

Our research finds that an optimal portfolio highly depends on a retiree’s economic background. The optimal

insurance amounts for retirees with different economic backgrounds provide a reference for governments

to develop insurance system and for insurers to advise retirement planning. Our research also provides

insights for governments and individuals to decide which insurance to expand or to purchase under budget

constraints. Finally, our study suggests that bundling longevity and health-related insurance products is one

way to achieve a lower price for insurers facing tight regulations, and it can increase annuity demand for more

affluent retirees. These findings provide insights for policymakers in developing countries to consider how to

expand their social insurance system for insurance companies to develop long-term insurance products.

Our paper is organised as follows. In Section 2, we provide a background of China’s retirement insurance

system. In Section 3, we introduce the life-cycle model of consumption and portfolio allocation in retirement

and explain how we calibrate the parameters. In Section 4, we present the benchmark results for retirees

with different economic backgrounds and examine the impact of health investment strategies. In Section

5, we illustrate the sensitivity of the results to changes in key model parameters. Section 6 discusses the

practical implications for the policymakers and insurance industry to design retirement insurance products

in a developing country context. Section 7 concludes.

2 Background of China’s retirement insurance system

This section provides a brief background of China’s public and private insurance for retirement. For detailed

information about the history and reform of China’s social insurance, please refer to Fang and Feng (2018)

for the pension system and Sun et al. (2017) for the healthcare system.

2.1 Pension

2.1.1 Public pension system

In 2020, China’s social pension mainly had two systems, the Basic Old Age Insurance that unifies the

Government Pension (covering employees in China’s government and related institutes) and the Employee
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Pension (covering employees in enterprises), and the Resident Pension that unifies the Urban Resident

Pension (covering residents in urban areas) and the New Rural Resident Pension (covering residents in rural

areas).4 The Government Pension provides the most generous income while the Resident Pension provides

the least support. Zhu and Walker (2018) estimated that the average monthly income from the Government

Pension was ¥2,894 while that from the Urban Resident Pension was only ¥267.

The Employee Pension covers most of the working population in China. The average pension payment

of the Employee Pension was ¥2,496 per month (Zhu and Walker, 2018). The pension amount is adjusted

annually according to a growth rate published by the Ministry of Human Resources and Social Security of

China (MHRSS). The annual growth rate was about 10% in 2005 and gradually slowed down to 5% in 2020.

However, there is no mechanism to guarantee that China’s social pension growth can cover inflation in the

future. In more developed cities like Beijing or Shanghai, the average Employee Pension per month is around

¥4,000 (USD 600), while in less developed provinces, the average pension amount is half of that, although

the cost of living is also lower. The replacement rate of the Employee Pension has fallen since 1995 from

over 80% to around 40% (Zhu and Walker, 2018).

2.1.2 Private annuity

A large number of private annuity products are offered in China, but the annuity ownership is less than 5%,

according to the CHARLS survey conducted in 2015. This is partly caused by the regulation that requires

using a low discount rate for pricing long-term insurance products and a conservative official mortality

table. Among the private annuity holders, 76% were farmers and the self-employed, and 17% were enterprise

employees (Zhu and Walker, 2018).

2.2 Health insurance

2.2.1 Public health insurance

After a series of reforms, China had achieved nearly universal health insurance by 2011 (Yip et al., 2012).

Currently, the main components of China’s public health insurance are the Employee Medical Insurance and

the Resident Medical Insurance.5 Both programs provide basic coverage for major diseases and the Resident

Medical Insurance has a lower reimbursement rate compared to the Employee Medical Insurance due to a

lower contribution by its participants. Their capacities to reduce financial strains on families caused by

critical illnesses are limited: Public health insurance often exclude innovative ex- pensive imported drugs

4Since 2014, the New Rural Resident Pension was merged into the Urban Resident Pension, and since 2015 the Government
Pension was merged into the Employee Pension (Fang and Feng, 2018). However, at least eight types of social pension exist in
China due to a series of reforms (Zhu and Walker (2018)).

5Since 2016, China started to integrate the Urban Resident Basic Medical Insurance and the New Rural Cooperative Medical
Scheme into the Resident Medical Insurance (Pan et al., 2016).
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and medical treatments;6 Retirees must pay by themselves if they prefer to access advanced medical services

in cities where they are not participants of the local insurance programs.7 Past studies have suggested using

private health insurance to finance the medical services that are not covered by the public health insurance

(e.g., Li et al., 2013a). For example, China’s government recently started to develop supplemental insurance

for large medical expenditures. Its management has been outsourced to insurance companies (Liu et al.,

2017). Overall, the reimbursement rate for large critical illness medical expenditure is approximately 50%

(Zhu et al., 2016). A vast regional difference of economic and healthcare developments has caused patients

with more serious illnesses tend to spend more to receive medical treatments in cities like Beijing for their

high-quality resources while other patients may prefer to receive average medical treatments from nearby

hospitals. 8

In China, long-term care services are mainly provided by family members (Zhen et al., 2015). China

started the first social long-term care insurance pilot program in 2012 (Lu et al., 2015) and there were

29 pilot programs by September 2020. The requirements to receive long-term care services vary and the

schemes are heavily funded by local governments. The government guidance emphasises the use of the

employee insurance funds; however, it is unlikely to be sustainable (Yin et al., 2019).

2.2.2 Private health insurance

China’s private health insurance is growing fast, and critical illness insurance is the most popular health

insurance product.9 However, products specifically designed for the old are still rare. Critical illness insurance

products available for the old often have an age limit. Long-term products for medical insurance or care

insurance almost do not exist.10 The overall ownership of private health insurance is less than 5%, according

to the CHARLS survey conducted in 2015.11

6The more expensive drugs or treatments are often not included in the National Essential Medicine Scheme or the local
Reimbursement Drug list, which is a catalogue of drugs and treatments that are priced at the manufacturer’s cost and has
higher reimbursement rates available (Liu et al., 2017; Li et al., 2013c).

7A policy in 2015 aimed to reduce such friction to allow public health insurance usable in other cities, but the actual
implementation state varies.

8For instance, the average inpatient care cost of cancer was tripled in Beijing than that in inland provinces like Anhui,
Chongqing or Gansu (Yin et al., 2019; Sun et al., 2018).

9According to Ernst & Young, in 2017, the premium of critical illness insurance accounted for approximately 57% of the
total premium of the health insurance market in China. Medical insurance accounted for 32%, and care insurance accounted for
111%. See at https://www.ey.com/Publication/vwLUAssets/ey-white-paper-on-china-commercial-health-insurance/$File/ey-
white-paper-on-china-commercial-health-insurance.pdf.

10A new type of “Million RMB Coverage” medical insurance has become popular since 2016. However, it is mostly a one-year
product and often sets an age limit. Since October 2020, the government of Beijing has worked with an insurance company to
provide a long-term supplementary medical insurance to reduce catastrophic medical expenditures and the elderly is covered.
However, such kind of insurance is still rare in China.

11Aside from the traditional insurance channels, a popular “insurance” that emerged recently is a crowd-funded mutual aid
program named ”Xiang Hu Bao”, which aims to provide cover for critical illness. However, this program also has an age limit
of 60.
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2.3 Summary

China’s public insurance for retirement provides universal but basic coverage, and the public long-term

care insurance is in a pilot phase and is not widely available in most cities. China’s private insurance

market offers annuities, medical insurance, critical illness insurance, and long-term care insurance. However,

many products have an age limit to purchase or lack of a long-term contract. Overall, the ownership of

private insurance is low. Recent insurance market data has shown a growing demand for health insurance,

especially for disease-related products. The COVID-19 pandemic has further increased the general awareness

of health risks, especially for the elderly (Wan et al., 2020)). There is support from a policy level to advocate

innovations to create retirement insurance products.

3 Model

This section describes the individual decision framework in the post-retirement phase. An individual is

assumed to have public insurance and retirement savings. The individual faces the risk of critical illness,

long-term care term dependence, and uncertain longevity and uncertain health-related cost, and he can

choose from a life annuity, critical illness insurance, and long-term care insurance to maximise his expected

lifetime utility of retirement consumption. In this section, we first describe the insurance products and

the financial market. Next, we describe the health transition models and the health-related cost functions.

Finally, we describe the life-cycle model and an individual’s optimisation problem.

3.1 Insurance products and financial market

At retirement, an individual can purchase a life annuity, critical illness insurance, and long-term care insur-

ance. The individual is not allowed to sell the insurance or to purchase more in the future.12 The life annuity

pays a fixed amount of real income Annuityt at each period t until death. The critical illness insurance pro-

vides a real lump sum payment CIIt when the insured becomes critically ill for the first time at period t.

The long-term care insurance provides a fixed amount of real income LTCIt each period in which the insured

requires long-term care, i.e., the insured cannot independently perform three or more of the following six

activities of daily living (ADLs): bathing, dressing, eating, toileting, continence, transferring in and out of

bed.13 Both the annuity and the critical illness insurance are priced in an actuarially fair way according

to age and gender using official tables in China.14 However, there are no official tables for long-term care

12This is because: a) the health-related long-term insurance such as critical illness insurance and long-term care insurance
usually are not available for purchase after age 60 in China, and b) delayed annuitisation is rare in developed countries.

13In China, failing to perform at least three ADLs is usually required to qualify for private long-term care insurance payments.
14We use the mortality table for pension business provided by the China Bank and Insurance and Regulatory Commission

(CBIRC) to price annuity, and we use the CBIRC table for critical illness incidence rate and the CBIRC mortality table for
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insurance, and we have based our estimates on the CHARLS data.15 The pricing details for long-term care

insurance are described in Appendix A. In addition, we assume a 15% insurance loading for all insurance

products, which is consistent with Mitchell et al. (1999) for longevity insurance and Karaca-Mandic et al.

(2011) for health insurance. We investigate the impact of different pricing assumptions in Section 5.

The remaining retirement savings after insurance purchase is held in a savings account that earns a risk-

free rate. We do not consider investment in stocks because stock market participation is very low in China

(Chen and Ji, 2017), particularly among the elderly (Zheng et al., 2019).

Throughout the paper, we assume a real interest rate of 2% per year, and set the real discount rate for

insurance pricing as 1.5%, in line with insurance regulation in China.16

3.2 Health transitions models

In our model, the health status of the individual is assumed to be objective and verifiable by medical

underwriting, and we do not assume any residual subjective health information that can influence the

demand for insurance. In each period t, an individual’s health state is one of the four states Ht ∈ {1, 2, 3, 4},

where Ht = 1 corresponds to healthy, Ht = 2 corresponds to critically ill, Ht = 3 corresponds to long-term

care dependent, and Ht = 4 corresponds to death. Following Yogo (2016) and Koijen et al. (2016), we also

use a Markov process to model the health evolution over time. We denote the 4-by-4 transition probability

matrix at period t by P t, where its element πt(i, j) denotes the transition probability from the health state

Ht = i in period t to the health state Ht+1 = j in period t+ 1:

πt(i, j) = Prob(Ht+1 = j|Ht = i). (1)

This stylised health model allows to study the impact of three key risks faced by retirees: longevity,

critical illness, and long-term care risk. In our benchmark health transition model, we assume a) there is

no recovery to the healthy state from the critically ill or the long-term care state; b) there are transitions

between the critically ill and the long-term care state, and we assume these transition probabilities are the

same as those from the healthy state to the critically ill or the long-term care state.

The transition probabilities are calibrated using official tables and estimates based on the CHARLS

data.17 Table 1 summarises the calibration method for each health transition. For example, the transition

health insurance business to price critical illness insurance.
15The insurance industry in China prices annuity and critical illness insurance separately based on regulated official tables.

For long-term care insurance, both the census data and the longitudinal surveys like the CHARLS have been used to estimate
the health transitions relevant for pricing. However, the definitions of long-term care state are not consistent.

16The CBIRC requires that the nominal pricing interest rate cannot be set above 3.5% for long-term products and we assume
an inflation rate of 2% based on a 10-year average of China’s national CPI.

17A better approach is to estimate the full transition model based on the same data. However, longitudinal surveys like the
CHARLS do not provide sufficient information to accurately identify the state of being critically ill.
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probability from healthy to critically ill at each age is calibrated by the critical illness incidence rates provided

by CBIRC, and the probability of death from the healthy state is calibrated by the CBRIC mortality curve

for pension business adjusted to exclude the deaths from being critically ill or in the long-term care state.

Long-term care transitions are calibrated with the CHARLS data. A multinomial logit model has been

selected based on the Akaike Information Criterion to estimate the transition rates for the male data.18 The

technical details are provided in Appendix A.

Table 1: Calibration methods for health transition probability matrix

Healthy Critically ill Long-term care Death

Healthy 1-rest CBIRC incidence rates CHARLS estimates
Adjusted CBIRC mortality
rates for pension business

Critically ill 0 1-rest CHARLS estimates
Adjusted from CBIRC inci-
dence rates and kx
CBIRC mortality rates

Long-term care 0 CBIRC incidence rates 1-rest CHARLS estimates

Death 0 0 0 1

To investigate the impact of health investment on optimal portfolio, we further extend the health transi-

tion probability matrix to allow the amount of medical expenditures spent on treating illnesses to affect the

mortality rate in the state of being critically ill. In Section 4.2, we examine the impact of health investment

by considering three health investment strategies. In Section 5.1, we relax the restrictions on the health

transition matrix to allow for a higher incidence of diagnosing with a critical illness or needing long-term

care in poorer health states.

3.3 Health cost models

China’s public insurance partly covers the costs of major diseases but the coverage for long-term care expen-

ditures is not widely available (29 cities have pilot long-term care insurance).19 The health-related costs in

our model, that is, the costs due to critical illness at period t, CostCIt, and the costs due to long-term care

at period t, CostLTCt, are both OOP, and their calibrations are based on empirical studies and industry

reports. We assume that the health-related costs are not consumption hence will not directly generate utility.

In our benchmark analysis, we assume an individual will always choose to spend enough to receive adequate

health-related services and has the lowest mortality in the critically ill state, while in Section 3 we allow

for choices of insufficient health investments such that lower medical expenditures will result in a higher

mortality when critically ill. Another way to model the impact of health costs is to assume that health costs

18We tested an ordered probit model which was used in Koijen et al. (2016) and Yogo (2016), and we tested ordered logit,
multinomial logit, and the formulation with the cloglog link function.

19Section 2 provides a brief description of the insurance for critical illness and long-term care.
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generate utility but do not affect the underlying health transitions (e.g., Pang and Warshawsky, 2010; Yogo,

2016). Our approach differs from this approach in that we can capture the trade-offs among different types

of insurance products in a more explicit way by a clearer separation of the utility generating mechanism:

directly generated by non-medical consumption, or indirectly generated by medical expenditures via their

impact on lifespan such that more consumption is enabled by a longer pension period. This formulation

permits an investigation on the health-state dependent utility with less ambiguity for interpretation.

3.3.1 Costs of critical illness

Unlike the costs of long-term care, the costs of critical illness are often catastrophic to a family. A huge

amount of costs happens in the first year because of urgent life-extending treatments and hospitalisation, and

even the richest 20% in China can experience financial hardship (Li and Feng, 2017). Such a financial shock

is likely to affect the retirement planning for an individual. In China, the coverage for critical illness is basic.

Patients need to pay by themselves to access more advanced and imported treatments or medicines that are

not covered by public insurance (Li et al., 2013a). In practice, the deductibles, cap amounts, reimbursement

rates, and the drug lists of advanced medicines and treatments of the local public insurance can be quite

different, depending on each city’s financial capability. Overall, half of the critical illness costs is OOP (Zhu

et al., 2016).

The incidence of significant expenditure caused by critical illness is considerable and the cost distribution

is typically right-skewed with a large variation.20 Therefore, a lognormal distribution is often considered

proper to model the costs of critical illness (e.g., Wu et al., 2018; Zhang et al., 2019). To calibrate the log-

normal distribution for the OOP costs of critical illness, we choose to base on individual medical expenditure

data recorded directly by the healthcare system like hospitals rather than household surveys. This is because

a) household survey data is likely to underestimate the costs in that those with critical illnesses are less likely

be survey participants, and b) surveys like the CHARLS do not provide enough details about the severity

of the diseases, and part of the expense only measured the costs happened in the last month. We calibrate

the expectation of the lognormal distribution according to the reported average median of the OOP critical

illness costs in Beijing (capital of China) and Zhaoqing (an inland city with a larger reimbursement rate and

a larger cap amount than that an average city in China can provide) in 2014 (Fang et al., 2018). We further

adjust the cost to 2020 according to medical cost inflation net of general CPI from 2015 to 2020.21 The

adjusted cost is assumed to represent sufficient medical expenditures to access adequate medical services.22

20The costs exactly for critical illnesses are often difficult to access. The average individual inpatient cost is much larger
than the median (Zhang et al., 2019), and the variation of coefficient for personal health expenditure is about 7 (Zhao, 2018).

21Willis Towers Watson Global Medical Trends Survey Report 2016, 2017, 2020. The value in 2020 is a forecast. See at
https://www.willistowerswatson.com/en-US/Insights/2019/11/2020-global-medical-trends-survey-report.

22For example, the total medical expenditure for the COVID-19 infected with severe symptoms on average is approximately
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To calibrate the standard deviation, we rely on individual-level inpatient billings recorded by the healthcare

system and more than 20,000 hospitalisation cases are provided by Wu et al. (2018). However, the data

does not include an individual’s age nor the disease severity, but the total time for inpatient is recorded.

We include in the estimation sample only those with an inpatient time more than 25 days, which is about

the average length of inpatient time for those age beyond 60 (Yin et al., 2019). The calibrated lognormal

distribution for the OOP expenditure of critical illness is:

CostCI ∼ Lognormal
(

11.86, 0.922
)
, (2)

and we assume a maximum OOP cost of ¥800,000 (USD 120,000).23

3.3.2 Costs of long-term care

In China, the public long-term care insurance is not widely available, and the Chinese government is con-

ducting 29 pilot long-term care insurance programs with different benefit packages and funding modes (Wang

et al., 2017). Regarding to the cost of long-term care, as emphasised by Zhen et al. (2015), the healthcare

system in China has rooted in its traditional old-age support and more than 85% of the Chinese old adults

receive primary care from spouses or children when sick. Lu et al. (2015) showed that the average time for

informal care was approximately 300 hours in rural areas and 426 hours in urban areas for individuals with

three or more ADLs. Li et al. (2013b) estimated that the average monthly cost of informal care was ¥2,991

in rural areas compared with ¥2,320 in urban areas. The typical cost of a nursing home charged between

¥1,000 and ¥4,000, while in the Qingdao pilot long-term care insurance program, the daily price was ¥170

for institution care, ¥65 for nursing home service and ¥50 for home care in 2015 (Lu et al., 2017).

In this study, we calibrate the costs of long-term care based on the CHARLS wave 4 data, which was

collected in 2015. The data contains the hours of informal care received as well as the monthly wage for

nurse. We assume an hourly wage of ¥20 to estimate the monetary cost of informal care and add that to

the wage for nurse to calculate the total monthly expenditure due to needing long-term care. We find that

a linear model captures the correlation between the logarithm of the total long-term care expenditure and

age of the survey participants reasonably well, and the residual plot of the log-linear model shows there is

no evidence of heteroscedasticity. The estimated monthly cost of long-term care has the following lognormal

¥400,000, and this amount is considered as adequate. Assuming a 50% reimbursement rate (if the government did not choose
to fully cover it), the OOP cost is around ¥200,000, which is comparable to the median expenditure of around ¥150,000 in
Beijing in 2014 (Fang et al., 2018).

23For example, the largest approved claim for private medical insurance reimbursement in China’s history was about
¥1,500,000 in 2019.
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distribution:

CostLTC(Age) ∼ Lognormal
(

6.1313 + 0.0189×Age, 1.4592
)
. (3)

We multiply this cost by twelve to derive the annual cost and adjust it to 2020 according to China’s general

CPI. After that, we have applied a maximum monthly long-term care cost of ¥8,000 to filter out outliers.

3.4 Individual profiles

We assume that the individual is an urban retiree and is covered by public insurance in China. Further, we

assume that the individual has worked in a private firm, i.e., that he does not have access to the pension for

government employees, or to enterprise annuities, which are still rare and typically exist only in large state-

owned enterprises. The individual retires with a retirement savings of M , and receives an annual income

Pt at period t from the public pension. We study the optimal retirement portfolio problem for four wealth

profiles: individuals with i) a low level of retirement savings and a low level of pension income, and ii) a low

retirement savings and an average pension income, iii) a high retirement savings and a low pension income,

and iv) a high retirement savings and an average pension income. The wealth values are calibrated to about

the 30th percentile, and 80th percentile of the wealth distributions based on the CHARLS data, and we set

the pension amounts according to Zhu and Walker (2018) to represent a low and an average pension for

retirees with Employee Pension. Our target population excludes retirees with more savings or pension as

they are less financially vulnerable and their financial portfolios are likely to include more types of assets

not covered by our model. The public health insurance is assumed to be the same across the wealth profiles

as the coverage of the Urban Employee Basic Medical Insurance (UEBMI) is almost identical.24 Therefore,

the health-related cost in our model is driven by the OOP part described in the previous section.

3.5 Individual decision framework

In our benchmark model, individual preferences are represented by a time-separable utility function with

constant relative risk aversion (CRRA):

u(ct) = c1−γt /(1− γ), (4)

where ct is the consumption in period t, β is the subjective discount factor, and γ is the risk aversion coefficient

(e.g., Yaari, 1965; Davidoff et al., 2005). Empirical studies found that the utility of consumption depends on

the health state (e.g., Finkelstein et al., 2013; Gyrd-Hansen, 2017; Gerking et al., 2017). Therefore, similar

24The accumulated amounts in the Individual Medical Account are depending on the salary path, however the contribution
period is limited for the current generation close to retirement, therefore we assume its impact is minimal.
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to Koijen et al. (2016) and Peijnenburg et al. (2017), we extend our model framework to adopt the following

health-state dependent utility function:

u(ct|Ht) = ηHtc
1−γ
t /(1− γ), (5)

where ηHt
is a constant parameter weighting the impact of the individual health state on the utility of

consumption ct. This function distinguishes the utilities of consumption when the individual is in different

health states as suggested by Finkelstein et al. (2013), and is a natural extension of Peijnenburg et al. (2017)

to allow for different health-state dependent utilities with more than one unhealthy states. Another way to

specify a health-state dependent utility is to assume that consumption, rather than utility, is discounted in

different health states (Laitner et al., 2018). In our paper we follow the former approach to incorporate health-

state dependent utility because i) in our model, the individual chooses consumption after paying health-

related costs, therefore consumption does not need to be discounted to reflect non-medical consumption, and

ii) we are interested in the impact of health state on consumption and how this affects portfolio choice. Note

that the health-state dependent utility given in Equation ( 5) reduces to the standard case without health-

state dependent utility once ηHt
= 1. Without loss of generality, in the following we will use the health-state

dependent utility formulation in the optimisation problem.25 We use v() to value bequest motives:

v(M) = b
M1−γ

1− γ
, (6)

where M is the bequest wealth and b is the strength of the bequest motive. This bequest function has been

used in similar simulation studies (see, e.g., Friedman and Warshawsky, 1990; Shen and Sherris, 2018), and

its form can be generalised into our framework of health-state dependent utility by considering death is the

terminal poor health state.26

In our benchmark case, we calibrate the time preference β = 0.999 and the risk aversion ρ = 3 based on

İmrohoroğlu and Zhao (2018) who study the long-term care risks and family insurance in China. These values

are comparable to those used in the literature focusing on the U.S. For example, in Peijnenburg et al. (2017)

these values have been set as 0.96 and 5 with the exact same utility function, respectively. Feldstein and

Ranguelova (2001) suggest that a coefficient of relative risk aversion between 2 and 3 is reasonable. We set

the strength of the bequest motive b = 50 to reflect a relatively strong bequest motive according to Friedman

and Warshawsky (1990). Regarding the parameter for health-state dependent utility, the empirical studies

25Other studies have questioned the validity of time-separable utility and use recursive preferences (Epstein and Zin, 1989),
which separate the relative risk aversion from the elasticity of inter-temporal substitution, see, e.g., Cocco et al. (2005), Pang
and Warshawsky (2010), and Blake et al. (2014).

26Other studies have used luxury bequest motives, see, e.g., Lockwood (2012) and Ameriks et al. (2020).
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are mixed: for example, studies in developed countries find both a higher and a lower value of consumption

when health deteriorates (Viscusi and Evans, 1990; Edwards, 2008; Finkelstein et al., 2013; Tengstam, 2014;

Gyrd-Hansen, 2017; Gerking et al., 2017). There are limited empirical results for China. Wang and Wang

(2020) estimate that, for the elderly Chinese, the value of non-medical consumption is about 20% higher

when an individual has several chronic diseases while it is about 30% lower if he is limited by three ADLs.

Therefore, we use 1.2 and 0.7 for ηHt
if an individual is critically ill or needs long-term care, respectively.

We test the sensitivity of the results to these values in Section 5.

3.6 The optimisation problem

In our case, a healthy individual chooses a proportion of his wealth to buy a life annuity, critical illness

insurance, and long-term care insurance at retirement and chooses his consumption at each future period

until death. His objective is to maximise the expected lifetime utility of consumption in retirement given by

the following value function:

V = E0

{
T−1∑
t=0

3∑
j=1

βtpt(Ht = j)[u(ct|Ht = j) + βπt(Ht = j, 4)v(Mt+1)]

}
, (7)

where E0 is the expectation operator at the initial period t = 0. u(ct|Ht) is the health state-dependent

utility of consumption defined in Equation (5); ps(Ht) is the probability that the individual’s health status

is Ht (excluding the dead state) at period t; πt(Ht, 4) is the transition probability from Ht to death at period

t;

Consumption ct at each period depends on the proportions ωa, ωc, ωl of the initial retirement wealth M

that has been allocated to purchase a regular annuity income Annuityt(ωa), a lump sum payment payment

for critical illness CIIt(ωc), and a regular income for long-term care LTCIt(ωl), respectively. For a simpler

notation, we will omit the notations for the allocated proportions for the corresponding insurance payouts.

For example, we will use Annuityt for Annuityt(ωa).

In each period, we assume the following constraints for retirement planning, that is, the individual cannot

sell or cancel the insurance contracts, borrowing is not allowed, and the consumption floor is the government

subsidy. Given the insurance allocation made at the initial period, from period t to t + 1, an individual

starts with available retirement wealth Mt, receives pension Pt and annuity income Annuityt; Depending

on the realised health status Ht, the individual incurs costs of critical illness CostCIt if he is critically ill

and receives a lump sum payment CIIt if the period t is also the first time he is diagnosed with a critical

illness; or he incurs long-term care costs CostLTCt and receives a long-term care income LTCIt if he cannot

independently perform three or more of the six ADLs. Next, the individual chooses the consumption ct based
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on the current cash on hand At. His remaining wealth goes to a savings account growing at a real risk-free

rate R and becomes the available wealth Mt+1 in the next period. Additionally, we assume a consumption

floor such that once the cash on hand before consumption At is less than the government subsidy S, he

consumes the subsidy and the remaining wealth is zero. In the last period, after the insured determines the

consumption, any remaining wealth in the next period becomes his bequest.

The optimal retirement portfolio problem can be redefined with the following Bellman equation, subject

to the constraints introduced earlier and the conditions for insurance payments and health costs described

in Section 3.1 and Section 3.3. We solve the optimisation problem numerically by backward induction with

the endogenous gridpoint method (EGM) of Carroll (2006). Solution methods are provided at Appendix B.

Vt(Mt, Ht) = max
ct,ωa,ωc,ωl

Et

{
u(ct|Ht) + β

[ 3∑
j=1

πt(Ht, j)Vt+1(Mt+1, Ht+1 = j) + πt(Ht, 4)v(Mt+1)
]}
,

s.t.

At = Mt + Pt + Annuityt + CIIt + LTCIt − CostCIt − CostLTCt − ct,

Mt+1 = RAt,

At > 0,

ct > S,

ωa, ωa, ωl ≥ 0,

ωa + ωc + ωl 6 1.

4 Results

In this section we provide the optimal portfolio choices predicted by the calibrated life-cycle model. After

solving for the optimal consumption function with backward induction, for each scenario, the average lifetime

utility obtained with 10,000 Monte-Carlo simulated life paths is used to determine the optimal portfolio

allocation.27 In Section 4.1, we provide the optimal allocation of retirement savings to the life annuity, the

critical illness insurance, and the long-term care insurance for retirees with different retirement savings and

monthly pension amounts. In Section 4.2, we show the optimal health investment strategy and the optimal

portfolio for retirees with different health investment preferences. In Section 4.3 we explore the impact of

health-state dependent utility on optimal portfolio selection.

27We have tested the optimal portfolio obtained under 100,000 simulations and the results for optimal portfolio are identical
and the average total utilities are of minor difference.
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4.1 Optimal portfolio

4.1.1 Optimal insurance allocation

We show the optimal amounts of retirement savings allocated to the life annuity, the critical illness insurance,

and the long-term care insurance when all three products are available for purchase at retirement. We

examine the results for four combinations of retirement savings (high: ¥1 million, low: ¥150,000) and

monthly pension amounts (average: ¥3,000, low: ¥1,000). These values cover the range of our target

population. We do not consider retirees with higher or lower retirement savings or pensions because they

are either likely to have other investment channels not modelled here or are likely to be severely impacted

by budget constraints. In our benchmark scenarios, we assume that retirees choose to receive adequate

medical services as described in Section 3.3. Table 2 show that, for a male retired at age 60 with ¥1

million retirement savings and a monthly pension of ¥3,000, the optimal amounts allocated to the life

annuity, the critical illness insurance, and the long-term care insurance are ¥100,000, ¥300,000, and ¥50,000,

respectively. The remaining retirement savings are ¥550,000. The expected lifetime welfare gain with the

optimal insurance, compared with no insurance, is 12% of his initial retirement savings. This means that, for

a male just retired with ¥1 million retirement savings and ¥3,000 pension, the expected lifetime utility from

the optimal portfolio with three insurance, is equivalent to that from a portfolio with ¥1,120,000 savings

without any private insurance.28 If a retiree with high retirement savings only has a monthly pension of

¥1,000, his optimal portfolio allocation consists of ¥400,000 of the annuity, ¥250,000 of the critical illness

insurance, ¥50,000 of the long-term care insurance, and ¥300,000 of retirement savings. Comparing with the

high-pension scenario, the annuity demand increases significantly from ¥100,000 to ¥400,000. Both profiles

have more than 30% of wealth held in a savings account.

In the case that a retiree is not wealthy, for example, he only has a limited savings of ¥150,000 upon

retirement, our results suggest that he should allocate most of his retirement savings to the health-related

insurance products if he has a monthly pension of ¥3,000. Specifically, he should spend ¥120,000 on the

critical illness insurance, ¥20,000 on the long-term care insurance, and zero on the annuity. This suggests

that with an average pension of ¥3,000 and limited wealth, the retiree should focus on insuring the OOP

health-related costs rather than purchasing more regular income. However, if the retiree has a pension of only

¥1,000, similar to the high-wealth scenario, he should also spend a large portion of the retirement savings,

i.e., ¥140,000 for the annuity, with the remaining ¥10,000 for the long-term care insurance and zero for the

28We simulate the average lifetime utilities without any insurance for a sequence of wealth values and use splines to obtain a
utility curve with respect to wealth. The wealth value corresponding to the utility with optimal insurance is then derived and is
used to compare with the initial retirement savings to generate the expected lifetime welfare gain. >100% means the equivalent
wealth necessary to generate the same utility with optimal insurance is more than twice of the initial retirement savings, and
the exact values are beyond this range (the extrapolation of the splines outside the fitting range is not used for its bias.
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Table 2: Optimal portfolio when three insurance products are available to purchase

Wealth = 1 million Wealth = 1 million Wealth = 150,000 Wealth = 150,000
Pension = 3,000 Pension = 1,000 Pension = 3,000 Pension = 1,000

Annuity 10 40 0 14
CII 30 25 12 0

LTCI 5 5 2 1
Savings account 55 30 1 0

Wealth gain 12% 32% 39% 65%

Note: Results are for males at age 60 at specified wealth and pension profiles. The optimisation is derived
with benchmark parameters. Allocation values are in 10,000 CNY. The wealth gain is the extra amount of
the initial retirement wealth required for those without insurance to achieve the same utility with optimal
insurance.

critical illness insurance. This suggests that a retiree facing limited regular income will have a larger welfare

gain by focusing on consumption instead of insuring catastrophic medical costs. The equivalent wealth gain

for the retiree with a low pension and low wealth is 65% and it is the largest among the four economic

profiles with their corresponding optimal portfolios.

Overall, our results show that a substantial part of retirement savings should be allocated to the annu-

ity and the critical illness insurance, depending on a retiree’s economic situation. This demonstrates the

importance of regular income stream for those with a low pension, and the impact of uncertain medical

expenditure with more pension or wealth in retirement planning. We find that in all four scenarios there is a

positive allocation of retirement wealth to long-term care insurance, contrary to the annuity and the critical

illness insurance. This signals a unique role of long-term care insurance in retirement planning.

In addition, we find that the relative lifetime welfare gain with optimal insurance is much larger for

retirees with lower wealth than those with higher wealth, and for retirees with a lower pension compared

those with a higher pension. This means that the optimal retirement planning is more important for those

with lower economic profiles, and it can help bridge the gap of economic status built up during work, thereby

reducing the impact of wealth inequality in retirement.

4.2 Optimal health investment

The previous results assume that a retiree will always choose to spend sufficiently to receive adequate

medical services in case of being critically ill. However, whether such a health investment can provide a

reasonable return, for example, whether the expenditure for recovery is expensive, and what if a retiree is

not willing to purchase advanced treatments or drugs, are both practical and important considerations that

can alter the portfolio choice in retirement. A core issue underlying this problem is how to take into account

the relation between the medical expenditures and the health improvements after receiving the purchased
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medical services.

To simplify the problem, we consider three choices of health investment: the benchmark case “Adequate”

where retirees always choose to invest in health sufficiently and incur adequate medical expenditures such that

the mortality in the critically ill state follows the official mortality curve for health business; the “Quarter”

case where retirees always choose one-fourth29 of the benchmark adequate medical expenditures such that

the mortality in the critically ill state follows a higher mortality with industry mortality curves adjusted by

the proportion of deaths due to critical illness; and the “Half” case where retirees always choose to invest

half of the benchmark adequate medical expenditures such that the mortality is the average of the previous

two. Figure 1 presents the three mortality curves for a male retiree after age 60 with different choices of

health investment. The life expectancies at age 60 with the “Adequate”, the “Half”, and the “Quarter”

health investments are 21.2 years, 18.7 years, and 18.3 years, respectively.

Figure 1: Post-illness mortality with different health investments
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Interestingly, our results (Table 3) suggest that allowing for the correlation between the health investment

and mortality reduces the demand for critical illness insurance substantially. For example, for retirees an

average pension and high wealth, the demand for the critical illness insurance decreases from ¥300,000 in the

“Adequate” case, to ¥50,000 in the “Half” case and to zero in the “Quarter” case. The impact on annuity

demand is mixed: for those with high savings but a low pension, demand increases from ¥400,000 with

“Adequate” health investment to ¥650,000 with “Half” health investment, while for those with an average

29For example, in 2014, the OOP cost of critical illness was on average about 35,000 in inland cities Yichang and Siping
where the annual disposable income is about half of that in Beijing (Fang et al., 2018), and the OOP costs of cancer was on
average USD 4947 in 13 provinces across China (Huang et al., 2016). Both values reflect a lower choice of health investment
that is about a quarter of the adequate expenditure described in Section 3.3.
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Table 3: Optimal portfolio with different choices of health investment

Choice of health investment
Adequate Half Quarter

Wealth = 1 million, Annuity 10 0 0
Pension = 3,000 CII 30 5 0

LTCI 5 5 5
Utility -0.36 -0.23 -0.21

Wealth gain 12% 26% 54%

Wealth = 1 million, Annuity 40 65 40
Pension = 1,000 CII 25 5 0

LTCI 5 5 10
Utility -0.83 -0.64 -0.68

Wealth gain 32% >100% >100%

Wealth = 150,000, Annuity 0 0 0
Pension = 3,000 CII 12 11 4

LTCI 2 4 5
Utility -2.68 -1.39 -1.03

Wealth gain 39% 78% >100%

Wealth = 150,000, Annuity 14 15 7
Pension = 1,000 CII 0 0 5

LTCI 1 0 3
Utility -11.16 -9.89 -9.97

Wealth gain 65% 97% >100%

Note: Results are for males at age 60 at specified wealth and pension profiles. The optimisation is derived with the choice of
health investment specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The wealth
gain is the extra amount of the initial retirement wealth required for those without insurance to achieve the same utility with
optimal insurance.

pension and high wealth, annuity demand decreases to zero with a lower health investment. Demand for

long-term care insurance is generally more stable or increases with a lower health investment in treating

critical illness.

Regarding the optimal choice of health investment, we compare the utility achieved with optimal portfolio

for each health investment choice. For instance, for the average-pension and high-wealth scenario, the largest

utility is achieved at -0.21 in the “Quarter” case, compared with -0.23 in the “Half” case and -0.36 in the

“Adequate” case. This demonstrates that the minimal health investment choice “Quarter” is optimal for

this wealthy group of retirees. Overall, the best choice of health investment is “Quarter” for retirees with

¥3,000 pension per month and “Half” for those with ¥1,000 pension. This also suggests that with a lower

health investment, the individual can use the annuity payments to build up a buffer for the potential cost due

to critical illness. The impact on the welfare gain is material, for example, for the retirees with an average

pension and high savings, both with optimal insurance, choosing to receive adequate medical services will

generate 42% less of the initial ¥1 million wealth compared with choosing to spend only a quarter of the

adequate medical expenditures.

4.3 Health-state dependent utility

In our benchmark scenarios we set the weights for the utility of consumption to ηHt=2 = 1.2 if the retiree

is critically ill and to ηHt=3 = 0.7 if he needs long-term care. However, empirical studies find mixed results
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Table 4: Optimal portfolio with health-state dependent utility

Weights for utility of consumption in poorer health states
Weight at CI 1.2 1 0.8 0.6 0.8 1.2 1.4 1.2

Weight at LTC 0.7 1 0.8 0.8 0.6 1.2 1.2 1.4

Wealth = 1 million, Annuity 10 0 20 35 25 10 15 15
Pension = 3,000 CII 30 25 25 15 25 35 70 35

LTCI 5 5 5 0 5 10 10 15
Wealth gain 12% 14% 8% 11% 13% 32% 42% 74%

Wealth = 1 million, Annuity 40 45 55 65 50 25 50 20
Pension = 1,000 CII 25 25 20 20 25 25 35 25

LTCI 5 5 5 5 10 5 5 10
Wealth gain 32% 37% >100% >100% >100% 19% 29% 46%

Wealth = 150,000, Annuity 0 0 0 0 0 0 0 0
Pension = 3,000 CII 12 11 11 10 11 10 12 6

LTCI 2 3 2 3 2 5 3 9
Wealth gain 39% 61% 32% 26% 31% >100% >100% >100%

Wealth = 150,000, Annuity 14 13 13 12 13 11 9 10
Pension = 1,000 CII 0 0 0 0 0 0 0 0

LTCI 1 2 2 3 2 4 6 5
Wealth gain 65% 66% 94% >100% >100% 71% >100% >100%

Note: Results are for males at age 60 at specified wealth and pension profiles. The optimisation is derived with the health-state
dependent utility weights ηHt specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000.
The wealth gain is the extra amount of the initial retirement wealth required for those without insurance to achieve the same
utility with optimal insurance.

regarding whether the utility of consumption will be lower or higher if health deteriorates (Viscusi and Evans,

1990; Edwards, 2008; Finkelstein et al., 2013; Tengstam, 2014; Gyrd-Hansen, 2017; Gerking et al., 2017).

To further understand the impact of health-state dependent utility on optimal portfolio in retirement, we

compare the benchmark scenario to seven assumptions about the weight parameter ηHt
in poorer health

states. The first assumption considers the situation where the utility of consumption is the same in the

healthy, the critically ill, and the long-term care state, that is, utility is not health-state dependent. The

next three assumptions consider lower weights in poorer health states while the last three assumptions

consider higher weights. For the scenarios with lower weights, we choose ηHt equals 0.8 and 0.6 according to

Koijen et al. (2016) where the utility weight for consumption in poor health is 0.74. For the scenarios with

higher weights, symmetrically, we set ηHt
to 1.2 and 1.4, respectively.

Comparing with the benchmark results, Table 4 shows that our previous results regarding the optimal

portfolio are generally robust under alternative assumptions for health-state dependent utility. For example,

we find that there is a substantial demand for the critical illness insurance for retirees with an average

pension or high savings, a high annuity demand for retirees with a low pension, and a small but persistent

demand for the long-term care insurance. However, one clear difference is that annuity demand increases

from zero to at least 10% of the initial retirement wealth when considering health-state dependent utility

for those with a higher pension and wealth. In addition, different weights for the utility of consumption in

poorer health states can trigger different trade-off mechanisms between the longevity and the health-related

insurance products. For retirees with less pension or wealth, the demand for the health-related insurance

increases when the weights of utility of consumption are higher in the poorer health states. For example,
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for wealthier retirees with 1 million retirement savings and ¥3,000 pension, the allocation to the critical

illness insurance (long-term care insurance) increases from ¥250,000 (¥50,000) when both weights equal 1

to ¥350,000 (¥100,000) when both weights equal 1.2. If the weights are lower in the poorer health states,

we find an increase of the annuity demand and it is occasionally accompanied with a decrease in the demand

for health-related insurance. For example, the allocation to the critical illness insurance (long-term care

insurance) decreases from ¥250,000 (¥50,000) when both weights equal 1 to ¥150,000 (¥0) when the weight

in the critically ill state is 0.6 and 0.8 in the long-term care state, while the annuity demand increases

significantly from zero to ¥350,000. For retirees with less pension or wealth, the optimal portfolio is mainly

driven by the constraints and considering the health-state dependent utility slightly modify the results. For

example, for those with a low pension and low wealth, the main allocation of retirement savings remains to

be the annuity, the demand for the critical illness insurance remains low, but the demand for long-term care

insurance increases at the expense of the annuity if the weight of utility of consumption in the long-term

care state is higher. In addition, the wealth gain with optimal insurance has mixed results with health-state

dependent utility, for example, it decreases (increases) with lower (higher) utility weighting parameters for

the wealthiest group, while an opposite direction is observed for retirees with a lower pension but higher

wealth.

Retirees with different preferences for consumption in different health states are likely to choose different

health investment strategies. Therefore, we study how the optimal portfolio results change when we simul-

taneously consider the choice of health investment and the health-state dependent utility. For instance, for

the wealthiest group in our analysis, on the one hand, previously we find that allowing for different weights

on the utility of consumption in poorer health states can increase annuity demand (Table 4, top panel),

while considering choices of health investment can lower annuity demand (Table 3, top panel). Taking into

account the choice of health investment and the health-state dependent utility simultaneously, we find that

the annuity demand remains low but the demand for both the critical illness insurance and the long-term care

insurance increases mildly. On the other hand, the optimal health investment remains to be “Quarter” under

each of the seven weighting mechanisms. Both suggest that the impact of health investment choices is likely

to be larger than that from considering health-state dependent utility with plausible weighting parameters,

regardless whether the weights are lower or higher than that in the healthy state.

5 Sensitivity analysis

In this section we conduct additional analysis to investigate how different assumptions of health transition

matrix, product pricing, risk aversion, time preference, bequest motives, and government subsidy can affect
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Table 5: Six additional assumptions of health transition processes

Assumptions of transitions between critically ill (CI) and needing long-term care (LTC)

Scenario 1 Transition from CI state to LTC state = Transition from Healthy to LTC state
(Benchmark) Transition from LTC state to CI state = Transition from Healthy to CI state

Scenario 2 CI state to LTC state = Healthy to LTC state × 2
LTC state to CI state = Healthy to CI state × 1

Scenario 3 CI state to LTC state = Healthy to LTC state × 1
LTC state to CI state = Healthy to CI state × 2

Scenario 4 CI state to LTC state = Healthy to LTC state × 2
LTC state to CI state = Healthy to CI state × 2

Scenario 5 CI state to LTC state = Healthy to LTC state × 5
LTC state to CI state = Healthy to CI state × 1

Scenario 6 CI state to LTC state = Healthy to LTC state × 1
LTC state to CI state = Healthy to CI state × 3

Scenario 7 CI state to LTC state = Healthy to LTC state × 5
LTC state to CI state = Healthy to CI state × 3

Note: From Scenario 2 to 6, we set the long-term care (the critical illness) incidence rates in the critically ill (long-term care)
state to be a multiple of that in the healthy state. For example, in Scenario 2, the transition from the CI state to the LTC
state is twice of that from the healthy state to the LTC state, while the transition from the LTC state to the CI state is the
same as in the benchmark scenario.

the results of optimal portfolio in retirement.

5.1 Health transition matrix

In our benchmark case, because of data limitations, we assume that the age-specific transition probability

between the critically ill state and the long-term care state is the same as if the transition is from the healthy

state to each of the two poorer health states. In this section we consider six additional assumptions for the

transitions between the poorer health states. We set the long-term care (the critical illness) incidence rates

in the critically ill (long-term care) state to be a multiple of that in the healthy state. The six assumptions

are summarised in Table 5. The remaining calibration procedure of the health transition matrix is kept the

same as in the benchmark study. In Scenario 6 and 7, the multiplier for the transition from the long-term

care state to the critically ill state is set to three rather than five. This is because that adopting the latter

will result in a transition probability larger than one at late ages as the incidences of critical illness at that

time are already high.

Table 6 compares the optimal insurance amounts under the six health transition scenarios described in

Table 5 with the benchmark results for retirees with different economic backgrounds. The different transitions

between poorer health states slightly affect the optimal insurance demand. If the multiplier for the incidence

of needing long-term care in the critically ill state is higher than that for the incidence of critical illness in the

long-term care state, and all else remains unchanged, the demand for the long-term care insurance increases.

Conversely, if the multiplier for the incidence of critical illness in the long-term care state is higher, other

unchanged, we find the demand for the long-term care insurance reduces. When both transitions in the

poorer health states increase, the annuity demand decreases, but we find mixed results for the health-related
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Table 6: Optimal portfolio with different underlying health transition processes

CI to LTC × 1 × 2 × 1 × 2 × 5 × 1 × 5
LTC to CI × 1 × 1 × 2 × 2 × 1 × 3 × 3

Wealth = 1 million, Annuity 10 0 5 0 0 10 0
Pension = 3,000 CII 30 30 35 30 25 30 30

LTCI 5 5 5 5 10 0 5
Wealth gain 12% 14% 12% 13% 21% 12% 15%

Wealth = 1 million, Annuity 40 35 40 40 35 40 35
Pension = 1,000 CII 25 25 25 25 25 25 25

LTCI 5 10 5 5 10 5 10
Wealth gain 32% 50% 25% 37% 98% 21% 59%

Wealth = 150,000, Annuity 0 0 0 0 0 0 0
Pension = 3,000 CII 12 12 13 13 11 13 13

LTCI 2 2 0 0 4 0 2
Wealth gain 40% 46% 45% 47% 57% 49% 55%

Wealth = 150,000, Annuity 14 12 15 13 9 15 11
Pension = 1,000 CII 0 0 0 0 0 0 0

LTCI 1 3 0 2 6 0 4
Wealth gain 66% 84% 59% 73% >100% 57% 99%

Note: Results are for males at age 60 at specified wealth and pension profiles. The optimisation is derived with the health
transition assumptions specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The
wealth gain is the extra amount of the initial retirement wealth required for those without insurance to achieve the same utility
with optimal insurance.

insurance. Overall, the results of optimal portfolio for each economic profile generally hold compared with

our benchmark results, and the results for retirees with higher wealth but a lower pension are least affected

by these assumptions.

5.2 Product pricing

In our benchmark study, all the insurance products are priced separately. For example, the annuity is priced

with the industry mortality curve for pension business without taking into account explicitly the possibility

of being critically ill or needing long-term care. This can result in a diminishing insurance market due to

adverse selection (see, e.g., Finkelstein and Poterba, 2002, 2004; Laitner et al., 2018). To examine the impact

of pricing on optimal portfolio, we consider a “joint” pricing approach based on a unified health transition

table covering all the health states involved for the three insurance products. The price is the expected

present value of the sum of the discounted future insurance payments based on 2,000,000 simulated health

projections, and we add the same 15% loading.

First, we use the joint health transition matrix to price all the insurance products and compare its results

with that from the benchmark study, and we check how the results change with alternative underlying health

transition matrices (pricing and evaluation unmatched). Next, we check how the results change when the

matrix for pricing matches the underlying health transition matrix across the different health transitions

(pricing and evaluation matched). We use the same additional health transition assumptions introduced in

Section 5.1.

In the scenario with benchmark assumptions for the underlying health transition (Table 7, first column),
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Table 7: Optimal portfolio with insurance priced by the joint health transition matrix, evaluated under
different underlying health transition processes

CI to LTC × 1 × 2 × 1 × 2 × 5 × 1 × 5
LTC to CI × 1 × 1 × 2 × 2 × 1 × 3 × 3

Wealth = 1 million, Annuity 35 35 40 35 30 40 35
Pension = 3,000 CII 30 30 35 30 25 30 30

LTCI 5 5 5 5 5 0 5
Wealth gain 15% 16% 15% 15% 19% 15% 14%

Wealth = 1 million, Annuity 45 45 45 45 35 50 45
Pension = 1,000 CII 25 25 25 25 25 25 25

LTCI 5 5 5 5 10 0 5
Wealth gain 40% 59% 31% 44% >100% 27% 67%

Wealth = 150,000, Annuity 0 0 0 0 0 0 0
Pension = 3,000 CII 13 10 10 13 10 14 13

LTCI 2 3 0 2 3 0 2
Wealth gain 23% 30% 23% 27% 43% 25% 37%

Wealth = 150,000, Annuity 15 13 15 14 10 15 13
Pension = 1,000 CII 0 0 0 0 0 0 0

LTCI 0 2 0 1 5 0 2
Wealth gain >100% >100% 93% >100% >100% 89% >100%

Note: Results are for males at age 60 at specified wealth and pension profiles. The products are priced by
the same joint health transition matrix. The optimisation is derived with the assumptions of health transitions
specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The wealth gain is
the extra amount of the initial retirement wealth required for those without insurance to achieve the same utility
with optimal insurance.

we find that, contrary to the results where insurance products are priced separately (Table 2), the annuity

demand increases from 10% to 35% of the retirement savings for the wealthiest retirees. For the other three

economic profiles, the results are similar compared with the benchmark study, respectively. In the other six

scenarios where the pricing matrix and the evaluation matrix do not match (Table 7, Column 2 to 6), we find

that the increase of annuity demand remains substantial for those with a higher pension and higher wealth.

The other results of optimal insurance generally agree with our benchmark study while larger changes are

more often to occur for those with a smaller wealth when one transition is boosted up and the other stays

the same.

When the pricing matrix and the evaluation matrix match for each scenario (Table 8), compared with the

unmatched situations (Table 7, Column 2 to 6), the results in the six additional health transition scenarios

are generally robust. The largest difference occurs for the least wealthy group where full annuitisation is

optimal across all health transition assumptions.

Regarding the changes of welfare with optimal insurance due to pricing, we find that the welfare increases

slightly for those with higher wealth. For the lower wealth group, the welfare decreases slightly for those

holding more critical illness but increases substantially for those hold more annuity. This is caused by a less

costly annuity and a slightly more expensive critical illness insurance when the joint health transition matrix

is used for pricing.
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Table 8: Optimal portfolio with insurance priced by a joint health transition matrix, evaluated with matched
underlying health transition processes

CI to LTC × 1 × 2 × 1 × 2 × 5 × 1 × 5
LTC to CI × 1 × 1 × 2 × 2 × 1 × 3 × 3

Wealth = 1 million, Annuity 35 35 35 35 30 35 25
Pension = 3,000 CII 30 25 30 30 25 30 30

LTCI 5 5 5 5 5 5 5
Wealth gain 15% 12% 10% 10% 13% 9% 8%

Wealth = 1 million, Annuity 45 40 40 40 45 40 45
Pension = 1,000 CII 25 30 25 25 30 30 30

LTCI 5 10 5 5 10 5 5
Wealth gain 40% 51% 26% 38% 93% 21% 55%

Wealth = 150,000, Annuity 0 0 0 0 0 0 0
Pension = 3,000 CII 13 11 10 13 10 10 11

LTCI 2 2 0 2 3 0 2
Wealth gain 23% 27% 22% 25% 29% 22% 25%

Wealth = 150,000, Annuity 15 15 15 15 15 15 15
Pension = 1,000 CII 0 0 0 0 0 0 0

LTCI 0 0 0 0 0 0 0
Wealth gain >100% >100% 77% 91% >100% 74% >100%

Note: Results are for males at age 60 at specified wealth and pension profiles. The products are priced by the
matched joint health transition matrix. The optimisation is derived with the assumptions of health transitions
specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The wealth gain is
the extra amount of the initial retirement wealth required for those without insurance to achieve the same utility
with optimal insurance.

5.3 Risk aversion, time preference and bequest motives

We set the risk aversion parameter ρ to 2, 4, 5 and compare the results with our benchmark case where

ρ = 3. Then we vary the subjective discount factor β to 0.96 and 0.985 (benchmark: 0.999). After that,

we vary the strength of the bequest motives b to 0 (no bequest motives), 5, 10, and 100 (benchmark: 50).

These values are within the range of the parameters from similar studies (e.g., Friedman and Warshawsky,

1990; Peijnenburg et al., 2017; İmrohoroğlu and Zhao, 2018).

The top panel in Table 9 lists the optimal allocated retirement savings to the available insurance products

with respect to ρ for retirees with ¥1 million retirement savings and ¥3,000 monthly pension. This population

segment is least affected by budget constraints. Overall, we find that our benchmark results for optimal

portfolio is robust, except that in the less risk averse case where ρ = 2 the annuity demand reduces to

zero. For other economic profiles we find the demand for the health-related insurance increases with risk

aversion. Regarding the time preference, the results are similar (middle panel, Table 9). For retirees with

more pension or wealth, we find a stable demand for the health-related insurance while the annuity demand

grows as the subjective discount factor increases. Regarding to the bequest motives, we find that the annuity

demand decreases with the strength of bequest motives for the wealthiest group (bottom panel, Table 9).

For example, the demand for annuity reduced to zero when the strength of bequest is high from ¥300,000

when the bequest motive is low. The demand for health-related insurance increases if bequest motives are

absent.

24



Table 9: Optimal portfolio with different risk aversion ρ, time preference β, and bequest b

ρ = 2 ρ = 3 ρ = 4 ρ = 5

Wealth = 1 million, Annuity 0 10 10 10
Pension = 3,000 CII 35 30 30 30

LTCI 5 5 5 5
Wealth gain 9% 12% 17% 24%

β = 0.96 β = 0.985 β = 0.999

Wealth = 1 million, Annuity 0 5 10
Pension = 3,000 CII 30 30 30

LTCI 5 5 5
Wealth gain 11% 11% 12%

b = 0 b = 5 b = 10 b = 50 b = 100

Wealth = 1 million, Annuity 30 30 25 10 0
Pension = 3,000 CII 40 30 30 30 30

LTCI 10 5 5 5 5
Wealth gain 21% 17% 15% 12% 11%

Note: Results are for males at age 60 with ¥1 million wealth and ¥3,000 pension. The optimisation is derived with the ρ,
β, and b specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The wealth gain is
the extra amount of the initial retirement wealth required for those without insurance to achieve the same utility with optimal
insurance.

Table 10: Optimal portfolio with different levels of government subsidy

Subsidy = 0.59 Subsidy = 0.83 Subsidy = 1.40

Wealth = 150,000, Annuity 13 13 15
Pension = 1,000 CII 0 0 0

LTCI 2 2 0
Wealth gain >100% >100% >100%

Note: Results are for males at age 60 with ¥150,000 wealth and ¥1,000 pension. The optimisation is derived with the (annual)
Subsidy specified in each scenario and other benchmark parameters. Allocation values are in ¥10,000. The wealth gain is the
extra amount of the initial retirement wealth required for those without insurance to achieve the same utility with optimal
insurance.

5.4 Government subsidy

We test three assumptions of government subsidy which serves as a consumption floor in our model. The

values are based on the provincial data “Dibao”, i.e., the monthly subsidy for those without enough income

to live. We use the minimum (¥491) and the maximum (¥1,170) published by the government in 2020

September to compare with our benchmark (the average, ¥687). For the more financially vulnerable group,

e.g., those with a low pension and low wealth (Table 10), we find that the retirees tend to trade the annuity

for the long-term care insurance when the subsidy decreases. For those with a higher pension or wealth, the

results generally agree with our benchmark study as the subsidy amount is less a concern for them.

6 Discussion

Currently, China’s government is expanding its public insurance coverage, especially in the process of devel-

oping social long-term care insurance and enlarging the coverage of critical illness insurance. Our benchmark

results provide the optimal insurance amounts for annuity, critical illness insurance, and long-term care in-
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surance for retirees with different economic backgrounds. Governments can refer to these values to reflect

on the coverage of the social insurance programs offered by cities with different economic developments. For

example, our result predicts a small demand for long-term care insurance, which provides a theoretical sup-

port for China’s government to provide basic long-term care services at the moment. Because our definition

for long-term care requirement is in line with the insurance practice in China, our result makes it easier for

the government, local communities to work with insurers to design innovative insurance solutions. The low

demand for long-term care insurance may be hindered by insufficient medical services for critical illness. Our

results show that a lower choice of health investment is better than an adequate one, and it will reduce the

demand for critical illness substantially. This is likely caused by the high price of advanced medical services

in China, and our results suggest that the government should set a higher reimbursement level and include

more advanced medical services in the Reimbursement Drug List. Additionally, we find that the welfare gain

with optimal insurance is much larger for less affluent retirees, compared with the better-off, and this inform

the government that optimal insurance is one way to reduce the inequality in retirement.

For insurance companies, it is important to target different population segments with the right insurance

products. For example, retirees with a low pension are predicted to use about more than 40% of their retire-

ment savings to purchase life annuities, while retirees with an average pension and high wealth are expected

to purchase critical illness insurance with 30% of their wealth. However, in a developing country context, a

very practical and important question for retirement planning is how to optimise insurance purchase with a

limited retirement wealth as there can be uninsurable risks or savings motives such as children’s education

and marriage. It is therefore natural to ask how to make insurance products more affordable. In developing

countries like China, the financial market is immature, and the regulatory body tends to set conservative

requirements to avoid solvency risks. One possibility is to explore how to reduce potential adverse selection

in separate insurance markets. For example, to consider bundled retirement insurance products. Bundling

longevity and health or care insurance products may serve as a natural hedge thus reduces the impact of

adverse selection and brings down the insurance premium. Assuming that the bundled longevity and health

insurance products are priced accordingly to a joint health transition matrix, in this analysis, the price for

the annuity, the critical illness insurance, and the long-term care insurance is 78Another natural question to

ask is, if a retiree cannot afford the whole optimal insurance upon retirement, or he only intends to spend

a small proportion of his wealth for insurance, or he already has purchased part of the insurance, what is

the next insurance to purchase with a small portion of his retirement wealth that will generate the largest

welfare? Our results show that, for example, for a retiree without any private insurance who wants to use

¥10,000 (¥50,000) of the ¥150,000 (¥1 million) retirement savings for additional insurance, if he has a

monthly pension of ¥3,000, purchasing the long-term care insurance will yield the largest welfare gain, while
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if he has a monthly pension of ¥1,000, purchasing the annuity is the best choice. These results can also

assist the policy makers to decide which insurance is a priority for local governments and what amount is

optimal under budget constraints.

7 Conclusion

This paper developed a life-cycle model of retirement where an individual retiree chooses a portfolio consist-

ing of a life annuity, critical illness insurance, long-term care insurance, and a savings account to maximise

his lifetime utility. The model allowed for stochastic transitions between different health states and stochas-

tic critical illness and long-term care expenditures. We allowed for choices of health investment and we

considered different weights on the utility of consumption in different health states. We predicted the op-

timal insurance for retirees in China with several typical combinations of retirement savings and pension.

We found that the demand for critical illness insurance was high for retirees with an average pension, but

it also largely depended on the choice of health investment, i.e., a substantial demand was predicted if suf-

ficient medical treatments for critical illness were preferred, and such demand diminished if a lower health

investment was preferred. We also found a high demand for annuity for retirees with a low pension, and

a small demand for long-term care insurance for retirees with different economic backgrounds. Our results

suggested it was optimal for a retiree to choose a lower level of medical services, compared with an adequate

one. One reason could be the high price of advanced medical services in China relative to the improvements

in post-illness mortality development. Allowing for health-state dependent utility and health investment

simultaneously results in different trade-offs among the three insurance products, depending on a retiree’s

economic background. Our results confirm that optimal insurance choices differ for retirees with different

financial backgrounds. Our study suggests that policy makers in developing countries to expand social insur-

ance should consider regional economic development and financial budget to decide the direction for further

insurance to maximise the welfare outcome. Insurance companies should target the population segments

with the right insurance products. Designing bundled product pricing with a joint health transition matrix

can release precautionary savings to purchase annuity for more affluent retirees.

In further work, it would be interesting to consider married households with correlated health transi-

tions. Future research could also consider an extended framework to incorporate the role of children in

retirement provision and the role of housing. Another interesting direction is to examine the stated demand

for retirement insurance products. Furthermore, it would be interesting to consider the role of housing as

an additional source of retirement funding (see, e.g., Hanewald et al., 2020).
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Appendix A Pricing of insurance products

In our model, the life annuity, critical illness insurance, and long-term care insurance can be purchased by

male individuals at age 60 by making a one-off payment. We priced the three products in an actuarially

fair way based on gender and age. We assumed a real discount rate of 1.5% for each year in the future.30

In addition, we assumed a 15% loading for all products, which is consistent with Mitchell et al. (1999) for

longevity insurance and Karaca-Mandic et al. (2011) for health insurance.

We used the industry standard mortality and incidence rates tables provided by the China Bank and

Insurance and Regulatory Commission (CBIRC) to price standalone annuities and critical illness insurance

products. For the life annuity, we used the mortality curves for pension business for males and females

starting at age 60 and 55, respectively. For the critical illness insurance, we used the incidence rate curves

and the mortality curves for health insurance business for 25 diseases for males and females starting at age

60 and 55, respectively.31 The insured period was lifetime for all three products. However, for critical illness

insurance the contract ended if one payment was made, and for long-term care insurance, the payments

would only be made when three or more ADLs were triggered.32 For simplicity and a cleaner interpretation,

we assumed that these curves were unchanged in the future.

For long-term care insurance, the industry health transition table is not available, therefore we estimated

the health transition rates based on data from the CHARLS survey. We used all the CHARLS data: 2011

(Wave 1), 2013 (Wave 2), and 2015 (Wave 4).33 A 2-year transition, that is, from 2011 to 2013 or from 2013

to 2015, was observable at each age for both genders by the longitudinal survey design. As the sample size

for certain transitions could be limited, we pooled the first (2011-2013) and the second (2013-2015) transition

data together, based on which we estimated a 1-year transition at each age for each gender. We only used

data for respondents in the starting years (2011 or 2013) that were at least 35 years old.34 We excluded

observations with missing information for ADL status or death information.

We defined four health states: Healthy, Fair (1-2 ADLs), Disabled (3 or more ADLs, LTCI payable),

and Dead. Different from the health states used in the life-cycle model, the inclusion of a Fair state here

was to control the result such that the estimation of the transition Healthy-LTC was close to the insurance

population. The recovery from states Fair or Disabled were allowed and Dead was an absorbing state. We

30We assumed a constant 3.5% nominal discount rate (industry standard in China) and a constant 2% inflation rate (Ap-
proximately an average of the CPI during the period 2010-2019 in China).

31Chinese insurance companies also use the mortality curves for pension business for a more defensive price.
32Instead of a lifetime coverage, we also tested the price with a shorter coverage, that is, age 60-80 for males, and age 55-85

for females. The differences compared with a lifetime coverage are not substantial because the cumulative survival chances at
later ages are very small.

33Wave 3 is a separate survey to collect supplementary information about life history.
34We conducted sensitivity tests using a subset with ages between 45-84 and using aggregated data with a 10-year age group

starting from 35-45. The impact on product pricing was not immaterial.
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modelled the health transitions in a Markov framework. To estimate the health transition probabilities, we

used a multinomial logit model based on a series of tests.35 The model was estimated separately by gender.

The dependent variable was each respondent’s health state observed in the follow-up wave (2013 or 2015),

and the explanatory variables were the respondent’s age and health state in the initial wave (2011 or 2013).36

Based on the fitted multinomial logit model we predicted the 2-year transition rates for females starting

at age 55 and for males from age 60 to 104. Both females and males were assumed dead at age 105. We

calculated the 1-year transition probability matrix at age x based on the Markov property with the following

conversion formula:

P 2-year
x = P 1-year

x × P 1-year
x , (8)

where P 1-year
x is the probability of 1-year transition at each state at age x. As in the case of the life annuity

and the critical illness insurance, we assumed that the estimated transition rates for long-term care were

stable in the future. The price of the long-term care insurance was determined recursively accordingly to

the standard formula.

For bundled products, we used the calibrated health transition matrix 1 and set the post-illness mortality

to be an average of the mortality from receiving adequate medical services and that from receiving a quarter

of the adequate services. We assumed the same 1.5% real discount rate and the 15% loading. 2,000,000

simulations are used to calculate the price for each insurance component.

Appendix B Numerical solution

The original optimisation problem has four choice variables: consumption at each period ct, allocations

for annuity ωa, critical illness insurance ωc, and long-term care insurance ωl. This makes the standard 1-

dimension EGM not directly applicable. However, our problem has a nested structure, and we first solve the

optimal consumption problem conditioning on exogenous insurance states, and then we conduct a grid search

under budget constraints for the optimal insurance choice based on the already obtained policy functions in

35We considered a probit model, which had been used to estimate the transition probabilities in a similar context in the U.S.
by Yogo (2016) and Koijen et al. (2016). We also have tested models like ordered logit, probit, or cloglog, and multinomial logit
models have the best performance in terms of AIC and deviance residuals. We also tested Poisson GLM and non-parametric
smoothing techniques for each of the possible transitions and we did not find substantial differences in price.

36We did not distinguish between urban and rural population for pricing, as the insurance price for annuity or critical illness
insurance is the same for them in China.
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each exogenous insurance state. To see that, the original Bellman equation in our optimisation problem is:

Vt(Mt, Ht) = max
ct,ωa,ωc,ωl

Et

{
u(ct|Ht) + β

[ 3∑
j=1

πt(Ht, j)Vt+1(Mt+1, Ht+1 = j) + πt(Ht, 4)v(Mt+1)
]}
,

s.t.

At = Mt + Pt + Annuityt + CIIt + LTCIt − CostCIt − CostLTCt − ct,

Mt+1 = RAt,

At > 0,

ct > S,

ωa, ωa, ωl ≥ 0,

ωa + ωc + ωl 6 1.

The optimal solution of the above problem can be obtained by solving the sub-problems in each exogenous

insurance state (ωa, ωc, ωl) defined below and finding their maximum:

V ωa,ωc,ωl
t (Mt, Ht) = max

ct
Et

{
u(ct|Ht) + β

[ 3∑
j=1

πt(Ht, j)Vt+1(Mt+1, Ht+1 = j) + πt(Ht, 4)v(Mt+1)
]}
,

s.t.

At = Mt + Pt + Annuityt + CIIt + LTCIt − CostCIt − CostLTCt − ct,

Mt+1 = RAt,

At > 0,

ct > S.

We use a three-dimension grid to discretise the insurance amount from 0 to 100% of the initial wealth. We

use a minimum amount of 50,000 for allocation in the case of 1 million retirement savings, and 10,000 in

the case of 150,000 retirement savings. Next, we solve the sub-problem for each of the exogenous insurance

state to derive the optimal consumption. After that, we use simulations to project future scenarios for

an individual and calculate the realised lifetime utility of consumption for each simulation. The optimal

insurance choice is the insurance state that yields the maximal average utility across all simulated scenarios

and is within the budget constraint. This two-step approach essentially transforms the original problem with

four control variables to #3-D-grid sub-problems where the standard 1-D EGM can be applied. We use an

adaptive grid to focus on the most dedicated part that needs fine tuning and test the size of the grid. We
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use parallel computing with the computing clusters provide by UNSW Katana to further speed up.
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