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Abstract

In this paper I study a model in which the existence of a “disease

environment”influences parental investment in early childhood human

capital and individual schooling and on the job training decisions. The

model is used to analyze the effect of HIV/AIDS on aggregate output

per worker.

I use a calibrated version of the model to estimate the long run

impact on output per worker of increasing life expectancy for individ-

uals who have HIV/AIDS and reducing the rate of transmission of the

disease in a subset of Sub-Saharan countries. I find that the effects on

output per worker, the prevalence of the diseases and the growth rate

of population can be substantial.

∗I thank NSF for financial support.
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1 Introduction

There is no question that health improvements have contributed to the in-

crease in the standard of living in many countries and, in particular, in less

developed countries. It is also clear that there is a price tag associated with

increasing health standards. Even though there is an intrinsic value asso-

ciated with health, it is important from a public policy perspective to have

some sense of the economic impact of interventions directed at improving the

health status of a population.

The literature that measures the contribution of improved health to eco-

nomic performance has not produced, so far, definitive results. The empir-

ically based studies that regress output on some measure of health tend to

find large economic returns from health improvements (e.g. Sachs (2003),

Audibert (2010). Since, by its very nature, that approach is subject to the

possibility of significant biases it is important to contrast the results with the

predictions of more micro based models. The results from this approach are

mixed. Some macro based models that allow for changes in population but

model health improvements in a very stylized manner find that the economic

impact of improving “health”is either relatively modest (e.g. see Weil (2007)

and Ashraf, Lester and Weil (2008)) or directly negative (i.e. Acemoglu and

Johnson (2007)). The findings of micro based studies (see the summary in

Bleakley (2010)) suggest that, in the case of some diseases (e.g. malaria and

hookworm) the economic benefits of eradication are substantial.

One channel through which a disease can affect development that has

not been thoroughly studied is through its impact on investments in human

capital. Human capital is a complex stock that has both a quantity and
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a quality dimension. Existing studies that consider years of schooling –

a measure of quantity of human capital– as the only indicator were not

designed to incorporate the effects of a disease environment on the quality

dimensions of schooling as well as on investments training on-the-job. In

some cases (e.g. Bleakley (2010a) and (2010b)), the evidence is consistent

with the view that a change in the disease environment works its way through

higher income by affecting the quantity and the quality of schooling and other

forms of investment in human capital.

In this paper I study a simple model of human capital accumulation,

both in the form of schooling and on-the-job training, that can be used

to estimate the impact of changes in health conditions on human capital

accumulation decisions and economic performance. The aim is to develop a

model that is simple enough to be manageable and, at the same time, rich

enough so that its implications can be disciplined by micro observations. In

this draft, I concentrate on the case of a communicable disease that reduces

life expectancy and, in that sense, I view the exercise as a stylized model of

the macroeconomic impact of HIV/AIDS.

I consider two channels through which health influences human capital

accumulation. First, an individual who has a given health condition can face

a higher probability of permanent disability or death (e.g. if he is infected

with HIV/AIDS). Second, a given health status can limit an individual’s

ability to supply effort (e.g. HIV/AIDS, malaria and other debilitating dis-

eases). In addition, at the aggregate level, changes in the composition of the

population can have a large effect on output per worker.

I calibrate the model using evidence from the U.S. to recover parameters

3



of the human capital accumulation equation, and empirical micro studies of

the impact of HIV/AIDS on income to estimate how health conditions are

mapped into the parameters of the model. I then use the basic setting to

study the benefits of changing the patterns of infection and the impact of

ART drugs on output per worker. I compare the outcomes across steady

states with those that correspond to a standard increase in productivity for

a small sample of African economies.

Even though I view the exercise as very preliminary there are some in-

teresting results. I find that reducing the incidence of malaria and the rate

of transmission of HIV/AIDS to one half of their current values will result,

in the long run, in an increase in output per worker between 25% and just

over 40%. An increase in life expectancy for infected individuals associated,

for example, with better access to ART drugs, has similar effects.

The results show that the largest component of the increase in the stock of

human capital associated with changes in HIV/AIDS prevalence is driven by

increases in quality rather than quantity. Thus, models that ignore the qual-

ity dimension would tend to underestimate the beneficial effects of reducing

the incidence of disease.

I also conduct a more traditional experiment: For each country I assume

that productivity changes so that output increases by about 17%. Unlike

the case of the reduction in the incidence of HIV/AIDS, the role of schooling

and quality of human capital are reversed, with the former accounting for

about 60% of the increase in output. Thus, in this type of models, estimates

of the role of schooling drawn from episodes of growth not associated with

changes in the disease environment do not provide an accurate guide about
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the effect of improving health standards upon the quality-quantity mix of

human capital.

2 Africa: HIV/AIDS Indicators

Even though there is consensus that HIV/AIDS is a serious health problem

in many African countries, there is much less agreement about the fraction

of individuals who are affected by this disease. In Table 1, I present some

relatively homogeneous data on prevalence and incidence of HIV/AIDS for

a small subset of African countries.1 The first two columns (from Oster

(2012)) report UNAIDS estimates of prevalence and incidence of HIV/AIDS

approximately over the 1985-2007 period. More recent prevalence data from

UNAIDS (column labeled P (15, 49)) suggests that the average estimates do

not reflect in many cases the current situation. Oster (2012) also reports

prevalence and incidence estimates inferred from mortality data (not shown

here) for a subset of the countries and the values that she finds are smaller.

Irrespective of the preferred estimate, it is safe to conclude that there is

a high degree of heterogeneity among African countries in the severity of the

HIV/AIDS epidemic and that there are many countries in which a significant

fraction of the population is HIV/AIDS positive. If HIV/AIDS has a large

impact on productivity, the evidence is consistent with the view that the

gains from eradication can be significant.

1See Table A.3 in the Appendix for the corresponding data for a larger set of countries.
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Table 1

HIV/AIDS: Prevalence and Incidence

Country P̄ (15, 49) I P (15, 49)

Cameroon 3.79 0.56 5.1

Ghana 1.35 0.20 1.9

Kenya 6.57 0.96 7.8

Malawi 8.79 1.31 11.9

Mozambique 5.94 1.01 12.5

Zambia 12.63 1.82 15.2

Zimbabwe 18.95 2.51 15.3

Sources: P̄ (15, 49) and I from Oster (2012),

P (15, 49) from UNAIDS (2008)

In interpreting the data it is necessary to take into account that all these

measures reflect a mix of natural (or exogenous) disease conditions as well

as behavioral responses and the impact of policies designed to mitigate or

eliminate their effects.

3 A Simple Model of Human Capital Accu-

mulation

Any model that succeeds in explaining the link between a particular health

condition and individual decisions about how much human capital to acquire

must take into account the effect of each health condition on morbidity –

which determines the cost of acquiring human capital and the rate at which
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it can be utilized– and on the probability of dying or becoming totally dis-

abled. As a first approximation, I will model the mortality effect as a change

in the constant instantaneous probability of dying. This amounts to assum-

ing that lifetimes are close to exponential which is a rough approximation to

the data. However, since the purpose of this paper is to describe a simple

framework that can be used to match micro and macro evidence, this seems

a natural first step.

The actual impact of health on economic conditions is probably depen-

dent on the market structure and, it is possible, that markets are “more

incomplete” is less developed countries2. However, a natural benchmark is

the situation in which individuals are able to invest according to their po-

tential as this provides an upper bound on the impact of diseases on human

capital investment3, and it is this case that this paper studies.

In this context, consumption and human capital accumulation decisions

can be studied separately. Thus, individuals maximize the present discounted

value of income and then choose consumption according to that value.

It is useful to separate the optimal human capital accumulation problem

in two phases: schooling and working. I identify the schooling period – whose

length is determined endogenously– as being characterized by specialization

in human capital accumulation. This extreme view, i.e. that children in

2See, however, the work of Townsend (XXXX) that shows that family structures come

close to replicating the optimal allocation in some low income villages.
3For example, if due to incomplete markets a healthy individual cannot acquire any

schooling, then a change in his health condition cannot possibly decrease the stock of

human capital since he was at a corner. In general, very little can be said ex-ante about

the impact of relaxing one condition in a second best situation.
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school do not work, can be shown to be inessential in closely related models.

In future work, I will explore this issue in more detail. The working period

is defined by the existence of a positive supply of labor. In what follows I

work backwards to characterize the solution of the problem: I first study the

problem faced by an individual who has already joined the labor force and

then I discuss the choice of schooling.

3.1 The Post-Schooling Problem: Susceptible Phase

The amount of human capital that an individual wants to supply to the

market depends on his productivity as well as his chances of dying or being

permanently disabled. I first analyze the optimal labor supply/human capital

accumulation problem of an individual who has been infected (say of AIDS)

at age p and whose endowment of labor is υA ∈ (0, 1).

HIV/AIDS Positive. Let’s denote the current level of human capital

of such an individual by h. Let R be that age at which the individual re-

tires. Then, the present discounted value of income of an a year old person,

V A(h, a), is given by the solution to

V A(h, a) = max
nA,hA,xA

E{
∫ TˆR

a

e−r(t−a)[w(υA − nA(t))hA(t)− qxA(t)]da}

subject to

ḣA(a) = zh(nA(a)hA(a))γ1xA(a)γ2 − δhhA(a),

where the expectation is taken over the age of death, T . In this formulation

w is the wage rate per effective unit of human capital (which is different from

the hourly wage rate), υA − nA(a) is the amount of time allocated to actual
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production, and (υA − nA(a))hA(a) is the effective human capital allocated

to producing. Finally, x(a) is the amount of market goods that are consumed

in the process of on-the-job training.4

The key aspect of this formulation is that investment in human capital

is rival to working and, hence, influenced by incentives beyond those that

determine labor force participation.

The assumption of exponential lifetime with a maximum lifespan given

by T̄ (with R ≤ T̄ ) implies that the probability that an individual dies before

age t is

P [T ≤ t] =
1− e−λAt

1− e−λAT̄
, for t ≤ T̄ ,

and life expectancy at age a is just

LA(a) =
1− e−λA(T̄−a)

λA
.

It follows that increases in the arrival rate λA result in a lower life expectancy

conditional on age.

A standard argument shows that the value function is the solution to the

Hamilton-Jacobi-Bellman equation given by

rV A(h, a) = max
n,x
{w(υA − n)h− qx+

∂V A

∂h
(h, a)[zh(nhA)γ1xγ2 − δhh](1)

+
∂V A

∂a
(h, a) + λA[0− V A(h, a)]},

4For example, if 1/10th of the normal working hours are devoted to learn-

ing/experimenting with different cultivation techniques, then υA − n(a) = 9/10, and x(a)

is the amount of resources (services of capital equipment, land and seeds in this example)

used up in the learning process. Alternatively, this also captures the decision of a farmer

that allocates 1/10th of his land to experimenting with new crops/techniques.
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with boundary condition

V A(h,R) = 0

A simple calculation shows that the value function is given by

V A(h, a) = w
1−γ1
1−γ V A

0 (a; υA, λA) + wV A
1 (a; υA, λA)h,

where

V A
1 (a; υA, λA) = υAm(a;λA), (2a)

V A
0 (a; υA, λA) = (1− γ)[

zhγ
γ1
1 γ

γ2
2

pγ2
]

1
1−γ

∫ R

a

e−ρ(λA)(t−a)
(
V A

1 (t)
) 1
1−γ dt,(2b)

where γ = γ1 + γ2, ρ(λ) = r + δh + λ, and

m(a;λA) =
1− e−ρ(λA)(R−a)

ρ(λA)
.

In this context, two parameters summarize the impact of HIV/AIDS: the

instantaneous probability of death (given by λAdt), and a measure and the

effective endowment of labor of an infected individual (υA ≤ 1).

Optimal behavior implies that the stock of human capital of an a year

old individual who was infected at age p is given by,

hA(a, p) = e−δh(a−p)
[
hH(p) + (zhγ

γ1
1 γ

γ2
2 )

1
1−γ (3)(

w

q

) γ2
1−γ
∫ a

p

eδh(t−p)V A
1 (t; υA, λA)

γ
1−γ dt

]
,

where hH(p) is the stock of human capital of a healthy individual who be-

comes infected at age p.

The stock of human capital is the sum of the undepreciated component

of the stock at age p, e−δh(a−p)hH(p), and the investment made on the job
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which is given by

(zhγ
γ1
1 γ

γ2
2 )

1
1−γ

(
w

q

) γ2
1−γ
∫ a

p

eδh(t−a)V A
1 (t; υA, λA)

γ
1−γ dt. (4)

It follows that a higher real wage, as measured by w/q, results in higher

stock of human capital though its impact on investment. Of particular inter-

est in this case is the impact of λA and υA. Increases in λA, which correspond

to higher mortality associated with HIV/AIDS, lower the marginal value of

investing in human capital as measured by V A
1 (a; υA, λA) and this, in turn,

results in a lower level of the stock of human capital. Similarly, decreases

in υA – which is a measure of the total available time and, indirectly, of

morbidity associated with HIV/AIDS– also reduce the stock of capital.

Even though the evolution of human capital is of interest in itself, it is the

effective amount supplied to the market, heA(a, p), that determines the level

of output. It can be shown that the time investment in on-the-job training

is

nA(a)hA(a, p) = (zhγ
1−γ2
1 γ

γ2
2 )

1
1−γ

(
w

q

) γ2
1−γ

V A
1 (a; υA, λA)

1
1−γ

and, since heA(a, p) = (υA − nA(a))hA(a, p), a simple calculation shows that

effective human capital allocated to production is

heA(a, p) = υAe
−δh(a−p)hH(p) + (zhγ

γ1
1 γ

γ2
2 )

1
1−γ

(
w

q

) γ2
1−γ

(5)

[

∫ a

p

eδh(t−a)V A
1 (t; υA, λA)

γ
1−γ dt− γ1V

A
1 (a; υA, λA)

1
1−γ ].

This formulation implies that

∂heA
∂υA

(a, p) > 0,
∂heA
∂λA

(a, p) < 0, and
∂heA
∂p

(a, p) > 0.
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As expected, a higher severity of HIV/AIDS as measured by lower υA,

higher λA and lower age of infection (lower p) results in lower levels of human

capital at any age. Moreover, the age-effective human capital supply is given

by

∂heA(a, p)

∂a
= −δhheA(a, p) + (zhγ

γ1
1 γ

γ2
2 )

1
1−γ

(
w

q

) γ2
1−γ

(6)[
V A

1 (a; υA, λA)
γ

1−γ

(
1 +

γ1

1− γ e
−ρ(λA)(R−a)

)
− γ1δhV

A
1 (a; υA, λA)

1
1−γ

]
.

To get a good sense of the qualitative properties of the the age-effective

human capital supply consider first the case δh = 0. Then equation (6) implies

that the supply of effective human capital is increasing in experience. For the

calibration that I use δh is fairly small and qualitatively the age-supply profile

is increasing until a few years before retirement. This property – which

extends to the age supply of healthy individuals as well– plays an important

role in determining the impact of changes in the disease environment upon

output per worker. To see this consider two economies with the same heA(a, p)

functions but different age distributions of the workforce. The model implies

that the economy with the “older”population has a higher level of human

capital. Thus, any change in a disease environment that reduces mortality

will have the impact of making the average worker older and this, in turn,

results in a higher level of aggregate human capital.

The model has implications for the level of income of an infected individ-

ual. Let yA(a, p) be the income level of an individual with HIV/AIDS who

became infected at age p. Thus,

yA(a, p) = wheA(a, p)− qxA(a),
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and

yA(a, p) = wυAe
−δh(a−p)hH(p) + w(zhγ

γ1
1 γ

γ2
2 )

1
1−γ

(
w

q

) γ2
1−γ

(7)

[υA

∫ a

p

eδh(t−a)V A
1 (t; υA, λA)

γ
1−γ dt− γV A

1 (a; υA, λA)
1

1−γ ].

As in the case of effective human capital, income is decreasing in λA and

increasing in υA and p.

HIV/AIDS Negative. The problem faced by a healthy individual who

has already left school is similar to that of an infected person. There are

two differences. First, a healthy individual has a higher effective supply of

labor (i.e. 1 > υA) and a lower instantaneous death probability (λHdt <

λAdt). Second, this individual can become infected, and this happens with

infinitesimal probability ηdt.

In this case the relevant HJB equation is

rV H(h, a) = max
n,x
{w(1− n)h− qx+

∂V H

∂h
(h, a)[zh(nhA)γ1xγ2 − δhh] (8)

+
∂V H

∂a
(h, a) + λH [0− V A(h, a)] + η[V A(h, a)− V H(h, a)]}.

Relative to equation (1) – and other than the values of the disease environment–

the key difference is in the last term. It captures the “capital loss”associated

to becoming infected. This is a risk that the individual takes into account

when choosing strategies to increase his human capital while working.

It is possible to show that the solution to equation (8) is of the form

V H(h, a) = w
1−γ1
1−γ V H

0 (a; υA, λA, λH , η) + wV H
1 (a; υA, λA, λH , η)h,
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where

V H
1 (a; υA, λA, λH , η) =

1

ρ(λA)
[(r + δh + λH + η)m(a;λH + η)− (9a)

ηe−(r+δh+λA)(R−a)m(a;λH + η − λH)
]
.

As in the case of healthy individuals, the key determinant of their hu-

man capital investment decisions is the term V H
1 (a; υA, λA, λH , η). In order

to describe the impact of the infection rate on the nature of the solution

it is useful to describe the marginal value of human capital for an individ-

ual who is healthy and has zero probability of infection. It follows that

V H
1 (a; υA, λA, λH , 0) = m(a;λH) > υAm(a;λA), as υA < 1 and λH < λA. The

properties of V H
1 (a; υA, λA, λH , η) are summarized in the following proposi-

tion:

Proposition 1 The marginal value of human capital to a healthy individual

who is out of school, V H
1 (a; υA, λA, λH , η), is such that:

1. V H
1 (a; υA, λA, λH , 0) > V H

1 (a; υA, λA, λH , η) > V A
1 (a; υA, λA)

2. limη→∞V
H

1 (a; υA, λA, λH , η) = V A
1 (a; υA, λA)

3. V H
1 (a; υA, λA, λH , η) is decreasing in η.

4. V H
1 (a; υA, λA, λH , η)− V A

1 (a; υA, λA) is decreasing in a.

Proof. (See the Appendix)

Before discussing the implications of this result it is useful to describe the

equilibrium investment in human capital of a healthy individual. Just as in
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the case of an infected person, time investments and goods investments are

proportional and given by

xH(a) =
γ2

γ1

w

p
nH(a)hH(a).

and the investment of a healthy person relative to an infected individual is

nH(a)hH(a)

nA(a)hA(a)
=

[
V H

1 (a; υA, λA, λH , η)

V A
1 (a; υA, λA)

] 1
1−γ

. (10)

Equation (10) and the characterization of the marginal value of human capital

in the proposition show that:

• Healthy individuals invest more in human capital than infected indi-

viduals, and that this gap is decreasing in the rate of infection.

• When an individual becomes infected equation (10) implies that this is

accompanied by a decrease in investment.

• Age-earnings profiles of infected individuals are flatter than those of

healthy individuals as they choose lower investment.

• The effect of infection on investment is decreasing in age: the older the

individual at the time he becomes infected the smaller the adjustment.

3.2 The Post-Schooling Problem: Non-Susceptible Phase

Consider the decision of an individual who knows that his risk of infection

until age p∗ is zero. This applies, for example, to young individuals who are

non-drug users and who are not sexually active. The HJB equation for the
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period between leaving school and reaching age p∗ is given by

rV Y (h, a) = max
n,x
{w(1− n)h− qx+

∂V Y

∂h
(h, a)[zh(nhA)γ1xγ2 − δhh]

+
∂V Y

∂a
(h, a) + λH [0− V Y (h, a)]}.

As before, the solution is of the form

V Y (h, a) = w
1−γ1
1−γ V Y

0 (a; υA, λA, λH , η, p
∗) + wV Y

1 (a; υA, λA, λH , η, p
∗)h

with the additional boundary condition

V Y (h, p∗) = V H(h, p∗).

Since the investment decision is totally dependent on the marginal value of

human capital, V Y
1 (a; υA, λA, λH , η, p

∗), it is useful to study its properties. It

can be shown that it is given by

V Y
1 (a; υA, λA, λH , η, p

∗) =
w

ρ(λH)
[1− e−ρ(λH)(p∗−a)] (11)

+wV H
1 (p∗; υA, λA, λH , η)e−ρ(λH)(p∗−a).

Note that if p∗ = R then the individual has zero risk of infection. In this case,

V Y
1 (a; υA, λA, λH , η, R) = V H

1 (a; υA, λA, λH , 0). It follows that increases in p∗

– the minimum age at which an individual becomes susceptible– increases

the return on human capital. Formally (and suppressing the arguments to

simplify the notation)

∂V Y
1

∂p∗
(a) = we−ρ(λH)(p∗−a)

[
1 +

∂V H
1

∂a
(p∗)− ρ(λH)V H

1 (p∗)

]
.

However, it is easy to check that optimal behavior in the susceptible stage

requires that for any a ≥ p∗

∂V H
1

∂a
(a) = ρ(λH + η)V H

1 (a)− 1− ηV A
1 (a)
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which implies that

∂V Y
1

∂p∗
(a) = we−ρ(λH)(p∗−a)η

[
V H

1 (a)− V A
1 (a)

]
> 0

given that V H
1 (a)− V A

1 (a).

Finally, it follows that the positive effect gets smaller as the individual

ages and it disappears at a = p∗. These changes as a function of age suggest

that interventions that change some parameters of the disease environment

will have differential effects on individuals depending on their age at the time

of the change.

3.3 The Schooling Period

During the period between age 6 and 6+s, I assume that the average individ-

ual is at school full time. In this model, the length of the schooling period,

s, is endogenous. I assume following Manuelli and Seshadri (2014) that the

technology to accumulate human capital is the same throughout an individ-

ual’s life except that, to simplify the calculations, I set the depreciation rate

to zero during the schooling period.

It turns out that it is necessary to distinguish between children who are

born with HIV/AIDS – and hence who can die during the period before they

reach age p∗– and children who are born healthy and, in this version of the

model, have zero probability of becoming infected until age p∗.

3.3.1 Healthy Children

If an individual starts school with a stock hE of early childhood human

capital and allocates 100% of his time to building human capital through
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formal schooling, his optimal choice of schooling quality is the solution to

the following problem

max
xs

∫ 6+s

6

e−(r+λH)(t−6)xs(t)dt+ e−rsV Y (h(6 + s), 6 + s)

subject to

ḣ(t) = zsh(t)γ1xs(t)
γ2 ,

where, as before, the risk of death appears as a higher discount rate. An

analysis of this problem (see the Appendix for details) shows that the optimal

xs(t) satisfies

xs(t) = xse
r+λH
1−γ2

(t−6)
, for t ∈ [6, 6 + s]

and that the stock of human capital at the end of the schooling period is

h(6 + s) = [h
1−γ1
E +

(1− γ1)zs
φ

xγ2s (eφs − 1)]
1

1−γ1 , where φ =
γ2(r + λH)

1− γ2

.

Equation (13) shows that higher quality of schooling – as measured by the

initial level of material inputs, xs– and longer schooling – as measured by

s– increase the level of human capital.

I assume that the stock of early childhood human capital depends posi-

tively on the amount of resources allocated to children (e.g. expenditures on

health, nutrition, and living quarters) according to

hE = hBx
υ
E.

The cost of schooling inputs and resources for early childhood at age 6+s

is simply

pExEe
rs+

∫ 6+s

6

e(r+λH)(6+s−t)xse
(r+λH )

1−γ2
(t−6)

dt = e(r+λH)s

[
pExE + xs

eφs − 1

φ

]
.
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Then, optimal choice of schooling quality and quantity by a healthy individ-

ual is the solution to

max
xE ,xs,s

V Y (h(6 + s), 6 + s)− e(r+λH)s

[
pExE + xs

eφs − 1

φ

]
, (12)

subject to

h(6 + s) ≤ H(xE, xs, s) ≡ [(hBx
υ
E)1−γ1 +

(1− γ1)zs
φ

xγ2s (eφs − 1)]
1

1−γ1 (13)

To do: Describe FOCS.

3.3.2 Infected Children

There are several differences between the problem faced by infected children.

First, they face a higher probability of death (λA > λH) and that, to capture

morbidity, their endowment of time is lower. This implies that the technology

to produce human capital is

ḣ(t) = zAs h(t)γ1xs(t)
γ2 , where zAs = zsζ

γ1
A for ζA ∈ (0, 1].

Second, the value of human capital when they finish schooling is given by

V A(h, 6 + s). Thus the analogues of equations (12) and (13) are

max
xE ,xs,s

V A(h(6 + s), 6 + s)− e(r+λA)s

[
pExE + xs

eφAs − 1

φA

]
,

subject to

h(6 + s) ≤ HA(xE, xs, s) ≡ [(hBx
υ
E)1−γ1 +

(1− γ1)zAh
φA

xγ2s (eφAs − 1)]
1

1−γ1 ,

with φA =
γ2(r + λA)

1− γ2

.
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4 The Distribution of the Population

In this section I derive the steady state distribution of the population. It

is convenient to separately keep track of the number of healthy individuals,

those who have HIV/AIDS. Since the impact on human capital depends on

the age at which an individual is infected, I also need to keep track of the

joint distribution of the health status and age of infection.

To see the factors that affect the distribution consider the healthy popu-

lation. Let NH(a, p∗; t) be the number of healthy individuals of age less than

a (for a ≥ p∗) at time time t. This population changes because some people

age (and are no longer in the age category), individuals who reach age p∗ now

belong to this population, and some people die or become infected. Let the

mass of people in between ages p∗ and a be denoted byMH(a, p∗; t). Formally,

MH(a, p∗; t) = NH(a, p∗; t) − NH(p∗, p∗; t). It follows that the evolution of

this population in this group satisfies

∂MH

∂a
(a, p∗; t) +

∂MH

∂a
(a, p∗; t) = −(λH + η)MH(a, p∗; t) +

∂NH

∂a
(p∗, 0; t).

(14)

For healthy individuals younger than p∗ – and hence free from infection

risk– the relevant equations is

∂NH

∂a
(a, 0; t) +

∂NH

∂a
(a, 0; t) = −λHNH(a, 0; t) +BH(t)

where BH(t) is the number of people born at time t.

I concentrate on the balanced growth stationary distribution and assume

that population is growing at a constant rate. This implies that NH(a, 0; t) =

ΦH(a, 0)G(t), with Ġ(t) = gG(t) for some g that will depend on fertility and
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mortality parameters. In addition, I assume that births in this category are

given by

BH(t) = βHN̄H(t) + βAHN̄
A(t)

where βJK is the number of births per population in category J that are born

in health status K, and N̄J(t) is the total population with health status J

at time t, for J,K ∈ {H,A}

Given the balanced growth assumption it follows that

N̄J(t) = N̄Jegt, J ∈ {H,A}.

Given these assumptions it follows that ΦH(a, 0) satisfies

Φ̇H(a, 0) = −(λH + g)ΦH(a, 0) + B̄H , (15)

where

B̄H = βHN̄H + βAHN̄
A.

Since NH(a, 0; t) is a cumulative distribution must satisfy NH(0, 0; t) = 0,

and this implies that ΦH(a, 0) is

ΦH(a, 0) =
B̄H

λH + g

[
1− e−(λH+g)a

]
for a ≤ p∗. (16)

Next, consider the solution to equation (14). As in the previous case we

conjecture that it has the form

MH(a, p∗; t) = C(a)egt.

Then, the function C(a) must satisfy

Ċ(a) = −(λH + η + g)C(a) + B̄He−(λH+g)p∗
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and the unique solution that satisfies the boundary condition C(p∗) = 0 is

C(a) =
B̄He−(λH+g)p∗

λH + η + g
[1− e−(λH+η+g)(a−p∗)].

The evolution of the healthy population is then given by NH(a; t) =

ΦH(a)egt with

ΦH(a) =

 B̄H

λH+g

[
1− e−(λH+g)a

]
for a ≤ p∗

B̄He−(λH+g)p∗

λH+η+g
[1− e−(λH+η+g)(a−p∗)] + B̄H

λH+g

[
1− e−(λH+g)p∗

]
for a > p∗

Since the maximum lifespan is T̄ , consistency requires that

N̄H = ΦH(T̄ ) =
B̄He−(λH+g)p∗

λH + η + g
[1− e−(λH+η+g)(T̄−p∗)] (17)

+
B̄H

λH + g

[
1− e−(λH+g)p∗

]
The other category of interest is the population with HIV/AIDS. As in-

dicated before, from the point of view of their supply of human capital it

is important to take into account the age of infection. Let NA(a, p; t) be

the number of people of age less than a who were infected at age p, with

p ∈ {0} ∪ [p∗, T̄ ]. Then, the evolution of this population for p 6= 0 satisfies

∂NA

∂a
(a, p; t) +

∂NA

∂a
(a, p; t) = ηNH(a; t)− λANA(a, p; t), for a ≥ p

with boundary condition NA(p, p; t) = 0.

If p = 0 (this corresponds who individuals born with HIV/AIDS) the

appropriate expression is

∂NA

∂a
(a, 0; t) +

∂NA

∂a
(a, 0; t) = −λANA(a, 0; t) +BA(t),

where, paralleling the previous formulation

BA(t) = βAAN̄
A(t)
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since I assume that only HIV/AIDS infected individuals can give birth to

HIV/AIDS newborns. The relevant boundary condition is NA(0, 0; t) = 0,

and the stationary distributions are

ΦA(a, p) =
B̄He−(λH+η+g)p

λA + g

[
1− e−(λA+g)(a−p)] (18)

ΦA(a, 0) =
βAAN̄

A

λA + g

[
1− e−(λA+g)a

]
. (19)

The infected population (as a share of the total) between the ages of 0 and

a is given by ∫ a

p∗
ΦA(a, p)dp+ ΦA(a, 0) = N̄A(a)

while the healthy population (again as share of the total) is

ΦH(a) = N̄H(a).

Consistency requires that

max

[
0,

∫ T̄

p∗
ΦA(T̄ , p)dp

]
+ ΦA(T̄ , 0) = N̄A (20)

and

N̄A + N̄H = 1. (21)

Equations (20), (17) and (21) determine the growth rate of population, g,

and the fractions of the population that are healthy, N̄H , and infected, N̄A.

5 Equilibrium

I concentrate on the steady state. Given the interest rate r and aggregate

productivity z, the capital effective labor, κ, satisfies

r + δk + g = zFk(κ, 1)
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the wage rate is

w = zFn(κ, 1),

and output per worker is

y = zF (κ, 1)h̄e

where h̄e is average – over all the age groups– human capital per worker.

Assume that 6 + s < p∗5 then

h̄e =

[∫ R

6+s

heH(a)
∂ΦH(a)

∂a
da+

∫ R

p

heA(a, 0)
∂ΦA(a, 0)

∂a
da (22)

+

∫ R

p∗
[

∫ R

p

heA(a, p)
∂ΦA(a, p)

∂a
da]dp

]
/
[
N̄(R)− N̄(6 + s)

]
where N̄(a) = N̄H(a) + N̄A(a) is the total workforce.

The first term in equation (22) corresponds to the effective human capital

supplied by healthy individuals while the last two reflect the supply of human

capital by HIV/AIDS infected persons.

The definition of aggregate effective human capital per worker shows that

improvements in the disease environment affect output per worker through

two channels. First, they result in increases in the human capital for each

type of worker and this is the effect studied in Section 3. Second, they

change the composition of the population both between healthy and infected

agents and along the age dimension. More specifically, since the human

capital model implies that middle age workers supply more effective labor

than younger individuals, and change that reduces mortality increases the

share of the workforce accounted for by older workers and this, in turn,

results in higher average human capital.
5Since the intent is to apply the model to Sub-Saharan African economies this condi-

tions is satisfied as s ≈ 4− 6 and p∗ = 14.
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Unlike the models discussed by Young (2005), Weil (2007) and Ashraf

et. al. (2009), I assume that savings adjust so as to keep the capital-human

capital ratio equal to the user cost of capital. If the population growth rate

does not change in response to changes in health, the capital-human capital

ratio is unchanged and the change in output is completely determined by

changes in joint distribution of health status and wage of the labor force.

6 Calibration

In order to use the model to quantitatively evaluate the impact of changes

in the disease environment it is necessary to assign values to the parameters

of the model. We use a year as a basic period.

The parameters of the human capital accumulation technology, γ1, γ2, zh,

are taken from Manuelli and Seshadri (2014). I take T̄ – the maximum life

span– to be 120. The parameter λA is associated with the life expectancy

conditional on having HIV/AIDS. The model implies that life expectancy at

age a (a ≥ p∗) is given by

LA(a) =
1− eλA(T̄−a)

λA
. (23)

If the life expectancy of a 20 year old individual with HIV/AIDS is 10 years,

then the estimate of λA is close to 0.10. There is additional evidence that

suggests that this is a reasonable value. Salomon (2006) presents data on

incidence, prevalence and mortality estimates corresponding to the year 2000.

Since
Mortality
100, 000

= λAP

Using a simple average of male and females values Salomon’s data implies
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Concept AFRO D AFRO E World

λA 0.10 0.094 0.08

According to Salomon, Gakidou and Murray (undated) a good approx-

imation to the distribution of death times conditional on infection is given

by the Weibull distribution. Using this distribution, the probability that an

infected individual will die before τ years after infection is

W (τ) = 1− exp{−κ0τ
κ1}.

If this probability is to match the probability according to the exponential

distribution, it must be the case that

κ0τ
κ1−1 = λA.

Since for the reported parameters the mean of the Weibull distribution is

10, the estimate of λA according to this criterion would be 0.08. Finally, if

instead of matching the cumulative probability I chose to match the mean,

then the estimate of λA is 10. Young (2005) presents data on cumulative

survival rates. He shows that the probability of surviving more than 10

years after infection is approximately 0.40. Thus, another estimate of λA is

given by

λA = − ln(0.40)

10
= 0.091

It seems that even though it is not clear that the data come from a steady

state distribution – and much less from an exponential– a reasonable esti-

mate of λA is somewhere between 0.08 and 0.10, with values for high infection

areas closer to the upper bound.
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In addition to its impact on life expectancy HIV/AIDS can potentially

reduce an individuals ability to work. The estimates are controversial and

in many cases emphasize the loss of income in the last few years. I consider

two possible values of υA, 0.01 and 0.05 which corresponds to a decrease in

the endowment of labor of 1% and 5% respectively.

The fertility behavior of HIV/AIDS individuals relative to non-HIV/AIDS

agents is a controversial subject and the empirical literature has not settled

the issues related to the overall impact of the disease on birth rates. Young

(2005) argues that an increase in the prevalence of HIV/AIDS lowers fertility.

More recent analysis by Fortson (2009) and Juhn et. al. (2009) are consistent

with the view that birth rates for infected women are about 20% lower and

that the prevalence of HIV/AIDS has little impact on the fertility of healthy

women6. Thus, as a first approximation, I assume

βA = 0.80 ∗ βH .

Let βAA = mβA and βAH = (1−m)βA. The parameters βH and m need to

be determined

For each country, I have data on incidence and prevalence of AIDS. Let

this be indicated by I and P, respectively. Then, the model implies that

P (p∗, a) = N̄A(a)− N̄A(p∗) (24)

corresponds to prevalence between the ages of p∗ and a. Incidence is given

by

I = βAAN̄
A + η

∫ T̄

p∗

∂ΦH(a)

∂a
da. (25)

6See also the findings and the discussion in Kalemli-Ozcan (2009a) and (2009b).
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The growth rate of the economy, g, given the other parameters, must solve,∫ T̄

p∗
ΦA(T̄ , p)dp+ ΦA(T̄ , 0) + ΦH(T̄ ) = 1. (26)

Finally, life expectancy at age a (a ≤ p∗) is given by

L(a) = LH(a)
∂ΦH(a)

∂a
+ LA(a)

∂ΦA(a, 0)

∂a
(27)

where life expectancy of healthy and infected individuals is given by

LH(a) =
1

λH

[
1− e−λH(p∗−a)

]
+

1

λH

η + λA
η + λH

[
1− e−(λH+η)(T̄−p∗)

]
+ (28)

η

λA

1

λA − (λH + η)

[
e−λA(T̄−p∗) − e−(λH+η)(T̄−p∗)

]
, for a ≤ p∗

and

LA(a) =
1

λA

[
1− e−λA(T̄−a)

]
, for a ≤ p∗. (29)

Equations (24) - (27) jointly determine (λH , η, β
H ,m)

7 AIDS and Development: A Preliminary Ex-

ercise

In this section I report the implications of the model when R = T̄ = ∞

since this is not a bad approximation given the parameters. The details of

the calibration are in the Appendix. The basic strategy is simple: I compute

the equilibrium in each country using its population parameters (from Table

A.2) but I assume that technological parameters (other than TFP) are the

same across countries. I then choose for each country a level of TFP so that

the model’s predictions for output per worker coincide with the estimate in
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version 6.3 of Summers-Heston Dataset. I assume that υA = 0.95 which

captures the idea that an infected person losses about 5% of the available

working days because of his health status.

7.1 The Role of Human Capital

Before reviewing the predictions of the model for the impact of changes as-

sociated with health policy, it is useful to understand the channels through

which disease and economics interact. In Table 2 I present estimates of some

measures of quality and quantity of human capital. The column labeled h̄e/s

is an index of the amount of human capital per worker supplied to the mar-

ket per year of formal schooling. Even though the units themselves do not

have an interpretation, the indicator is comparable across countries and I

normalized Ghana’s level to one.

Table 2. Human Capital and Schooling

Country y h̄e/s

Cameroon 1.98 1.15

Ghana 1 1.00

Kenya 1.26 0.93

Malawi 0.82 0.80

Mozambique 1.24 0.83

Zambia 1.37 0.89

Zimbabwe 1.47 0.90
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7.2 Disease: Reducing HIV/AIDS Transmission

The first exercise that I consider models the situation in which, through

behavioral or policy changes, the rate of transmission of HIV/AIDS can be

cut in half. To be precise, the experiment takes the basic estimates from the

calibrated version of the model and recomputes the equilibrium with a value

of η which is half the calibrated value.7

In Table 3, I present the predictions of the model (in the form of percent-

age changes relative to the base case) for the changes in output per worker,

∆y, levels of schooling, ∆s, an indicator of prevalence of HIV/AIDS, P, and

the index of average human capital per year of schooling.

Table 3. Lower Transmission Rate (%)

Country ∆y ∆P ∆s ∆(h̄e/s)

Cameroon 9.2 -2.5 1.8 7.7

Ghana 4.0 -1.0 1.2 2.9

Kenya 14.2 -4.1 4.4 9.5

Malawi 19.5 -5.8 13.6 3.4

Mozambique 21.4 -6.2 9.4 10.5

Zambia 23.8 -7.3 11.6 10.2

Zimbabwe 24.3 -7.7 8.6 15.1

The effects decreasing HIV/AIDS transmission on output per worker can

be quite large. In countries where HIV/AIDS does not affect a large fraction

7Even though this is a significant reduction it seems within the boundaries of what is

possible. McNeil (2010) reports that a vaginal gel used by women reduced the infection

rate by 39% on average and by 54% among those women who used the gel consistently.
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of the population (e.g. Ghana) the gains are modest. At the other end, in

countries with a significant fraction of HIV/AIDS individuals in the popula-

tion the gains in output per worker exceed 30% in the long run. As a rough

approximation, the model implies that a 1% decrease in the prevalence of

HIV/AIDS through the decrease in the transmission rate increases long run

output on average by 4.0%, with the impact slightly lower for high prevalence

areas.

The results in Table 3 suggest that even though average schooling in-

creases, this changed is dwarfed by the increase in human capital per year

of schooling. The decrease in the probability of infection qualitatively has

the same effect as an increase in effective life expectancy which corresponds

to an increase in the utilization rate of human capital. This results in more

schooling but also higher quality and more investment in on-the-job training.

As a separate exercise I considered reducing the mother to child infection

rate to one half of the calibrated value. For this set of countries the impact

on all variables was minimal. The largest effect on output per worker occurs

in Zimbabwe and it amounts to an increase in output per worker of just above

0.1%. For that reason, I do not report the results of the exercise.

7.3 Disease: Increasing Life Expectancy for Infected

Individuals

I view a decrease in λA as a simple way of estimating the effect of the wider

availability of ART drugs. Table 4 shows the effects of doubling life ex-

pectancy – halving the value of λA– for individuals that become infected

with HIV/AIDS. The results are in some dimensions similar to those cor-

31



responding to lower infection rates: changes in output per worker (in the

steady state) are large for countries in which HIV/AIDS affects a significant

fraction of the population. The largest increases in human capital occur in

the quantity (schooling) dimension, as the effective amount of human capital

per year of schooling, h̄e/s, displays smaller increments.

Table 4. Higher Life Expectancy (%)

Country ∆y ∆s ∆(h̄e/s)

Cameroon 10.8 1.9 7.9

Ghana 4.5 1.3 2.8

Kenya 16.5 4.8 9.0

Malawi 23.5 16.1 0.8

Mozambique 26.2 11.0 8.7

Zambia 29.9 13.7 7.7

Zimbabwe 32.5 9.5 18.1

7.4 Development

In this section I explore the consequences of a 3% increase in the marginal

product of labor. In the context of this model this does not correspond to the

conventionally measured real wage since the latter is given by the product of

the marginal product of labor and the stock of human capital supplied to the

market. Since human capital is not a simple function of schooling as quality

is endogenous, adjustments for schooling do not map conventional measures

of hourly wages into marginal product. This change in the marginal product

roughly corresponds to a 2% increase in true TFP and yields increases in

output per worker of about 17%.
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The results are in Table 5.

Table 5. Development (% change)

Country ∆y ∆s ∆(h̄e/s)

Cameroon 16.9 7.6 2.2

Ghana 17.0 11.5 -1.0

Kenya 16.9 9.5 -0.1

Malawi 16.9 14.1 -5.4

Mozambique 16.9 9.3 -0.5

Zambia 16.9 9.8 -1.6

Zimbabwe 16.9 11.3 -1.5

There are several interesting observations. First, the quality dimension

of human capital appears less responsive to increases in productivity than

to changes in the disease environment as they account for a smaller fraction

of the increase in output per worker. Second, even an across the board pro-

ductivity change has differential impacts when it comes to schooling between

malarious and non malarious individuals. In all cases the response of years

of education to a change in the marginal product of capital is larger for the

poorer and less educated individuals. Finally, the increase in schooling re-

duces labor force participation and this implies that output per capita does

not increase as much as output per worker. The differences vary by country

and appear to be driven by demographics and the initial level of schooling.
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8 Conclusion and Directions for Further Re-

search

In this paper I developed a model that can be used to evaluate the effect

of changes in a disease environment on output per worker. The version

that I discuss corresponds to a stylized model of the effect of HIV/AIDS on

development though the human capital channel. The analysis so far has been

restricted to steady states and, hence, I only capture very long run effects of

health improvements.

I find that for a small sample of African economies the potential effects

on output per worker of halving the rate of transmission of HIV/AIDS and

doubling life expectancy associated with the infection are large and range

somewhere between 20% and 35%. The model suggests that improvements

in the disease environment are not neutral and they affect human capital

investment decisions differentially.

Given the preliminary nature of the exercise, it seems safe to view the

results as suggesting, at best, orders of magnitude. The basic message is that

incorporating explicitly a decision on how much to invest in human capital

– both quantity and quality– yields estimates of the gains associated with

large changes in a disease environment that are significantly larger than those

found in the literature. Given that the analysis only looks at steady states

it is not possible to use the model to describe the short run effects, although

closely related models display long convergence times (of the order of over

forty years).

The second important message is that improvements in a disease envi-
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ronment look different from similar improvements in TFP from the point

of view of the necessary investments. In the model, a better disease envi-

ronment significantly affects the quality composition of human capital and,

in particular, the amount of investments made in the post-schooling period

(quality dimension). This result is quite different form the predictions of

the model when the shock to the economy is an increase in productivity.

The latter has a large impact on schooling and smaller effects on the quality

dimension.

Much work remains to be done since the model, as implemented in this

draft, has limitations. First, it assumes a stylized distribution of lifetimes.

This was done to facilitate the computation and to highlight the role of the

disease parameters in influencing human capital choices. More realistic rep-

resentations of the disability/death effects are feasible but require more com-

plex models and are more computationally demanding. Second, the assump-

tion of homogeneous agents (at least ex-ante) is not necessary but removing

it simply makes the quantitative exercise more computationally demanding.

The model also abstracts away from capital market imperfections that

may limit an individual’s ability to invest in human capital for reasons un-

related to the disease environment, which is one the factors highlighted by

Acemoglu and Johnson (2009). Incorporating this type of imperfection is

feasible but requires a more careful modeling of the role of the family as a

substitute to the market. I also considered the case in which the interest

rate is constant. However, it is possible to endogeneize it in a way that in-

corporates the effect of population growth and the number of children along

the lines of Manuelli and Seshadri (2009).
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The paper is silent about the welfare effects of these changes for two

reasons. First, it ignores the cost side of the interventions. Second, it only

looks at steady states in which case welfare comparisons are meaningless.

Last, but not least, I model the changes in the disease environment as

exogenous. Even if it is reasonable to view changes in the price of drugs

and other inputs that are relevant to the spread of a disease as exogenous,

the rate at which they are adopted certainly is not8. Therefore, I view my

estimates as “potential”gains rather than a prediction associated with any

given policy intervention.

8For a good analysis of endogenous choices that affect the incidence of HIV/AIDS see

Greenwood et. al. (2010)
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Appendix

Calibration The common calibrated values are

Table A.1: Common Parameters

γ1 γ2 δh zs zh hB r α δk

.63 .30 .018 .33 .37 1.64 .0531 .33 .071

In Table A.2 I present the estimates of the relevant population parame-

ters when I use a measure of life expectancy that is an approximation to

life expectancy conditional on reaching age 5. The column labeled ĝ is the

internally consistent population growth rate, that is, the growth rate implied

by the model.
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Table A.2: Calibrated Population Parameters

Country L(5) λH βH m η

Angola 54 .018 .061 .149 .003

Burkina Faso 58 .017 .053 .138 .002

Cameroon 59 .016 .039 .218 .006

Cent. Af. Rep. 58 .016 .042 .219 .007

Congo 58 .017 .059 .166 .002

Cote d’Ivoire 60 .016 .038 .327 .004

Ethiopia 63 .016 .054 .231 .002

Ghana 64 .015 .031 .216 .002

Kenya 60 .016 .042 .239 .010

Malawi 56 .016 .052 .196 .016

Mali 58 .017 .057 .181 .002

Mozambique 58 .015 .045 .152 .016

Namibia 65 .013 .026 .296 .019

Nigeria 58 .017 .048 .186 .004

Sierra Leone 54 .018 .061 .125 .002

South Africa 55 .015 .026 .210 .002

Tanzania 56 .016 .048 .207 .007

Zambia 52 .017 .052 .183 .020

Zimbabwe 46 .019 .037 .272 .018

The values of Incidence and Prevalence for an extended set of countries
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Table A.3

HIV/AIDS: Prevalence and Incidence

Country P̄ (15, 49) I P (15, 49)

Angola 1.00 0.17 2.1

Burkina Faso 1.87 0.25 1.6

Cameroon 3.79 0.56 5.1

Cent. Af. Rep. 4.43 0.66 6.3

Congo 4.37 0.56 3.9

Cote d’Ivoire 4.24 0.57 3.9

Ethiopia 1.67 0.25 2.1

Ghana 1.35 0.20 1.9

Kenya 6.57 0.96 7.8

Malawi 8.79 1.31 11.9

Mali 0.86 0.14 1.5

Mozambique 5.94 1.01 12.5

Namibia 8.12 1.32 15.3

Nigeria 1.98 0.31 3.1

Sierra Leone 0.88 0.15 1.7

South Africa 8.95 1.49 18.1

Tanzania 5.92 0.82 6.2

Zambia 12.63 1.82 15.2

Zimbabwe 18.95 2.51 15.3

Sources: P̄ (15, 49) and I from Oster (2012),

P (15, 49) from UNAIDS (2008)
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