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Abstract

This paper analyzes the impact of different education policy regimes
on efficiency and inequality assuming stochastic skilled-biased techno-
logical change. Wage dispersion is determined by the heterogeneity of
skills by allowing for productivity differences due to education, ability
and age. These features together with the usage of many overlapping
generations enable us to follow several statistics of the wage distri-
bution along stochastic technological change. The implications of the
model are compared with some stylized facts on the time pattern of the
U.S. wage distribution and human capital accumulation. The model
perform reasonably well in reproducing a set of stylised facts. Our
results highlight the fact that the introduction of many overlapping
generations can be crucial for understanding long-run labour market
dynamics. Finally, we evaluate the efficiency and distribution impli-
cations of different types of education policies. Two types of tuition
subsidies are introduced together with linear and progressive taxation.
Tuition subsidies generally improve individual and aggregate welfare
and decrease inequality, however agents with different levels of ability
and age would disagree on which policy regime should be chosen.
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1 Introduction

This paper studies the evolution of wage differentials and human capital
accumulation in a model of many overlapping generations where all the
generations contain a continuum of heterogenous agents facing stochastic
skill-biased technological progress.

The issue of wage differentials during the last 40 years is particularly im-
portant because they are one of the most important determinants of income
inequality. The consequences of the current technological development on
inequality are still not clear. At the same time governments all over the
world intervene in the education decision of individuals by subsidizing edu-
cation. The instruments and the level of these education subsidies vary in a
great extent among countries. Education subsidies are typically introduced
because of efficiency and distribution reasons, in particular tuition subsidies
are often thought to be the best instrument of reducing the recent increase
in inequality and promoting economic growth at the same time. However,
these transfers are typically financed by taxation which modifies both the
incentives for human capital accumulation and the wealth distribution it-
self. Therefore the final impact of tuition subsidies is not clear neither on
inequality or on the distribution of wealth and one has to study them in a
general equilibrium framework in order to take into account all these forces.

If one wants to study the consequences of a given policy on some eco-
nomic phenomena he has to do that in a framework which is able to repro-
duce the empirical regularities related to those phenomena. The issue of
wage differentials due to skill differences has been studied in the empirical
labour literature in a great extent both for the U.S. and for Europe. Some
of the main results can be summarized by the following widely accepted
stylised facts: directly and indirectly

e the wage premium of college graduates followed a cyclical pattern in
the last 40 years

e labor supply of the better educated increased continuously even during
the period when the wage premium decreased (the 1970°s)

e residual wage differentials (the part of wage dispersion not explained
by age and education) has been increased

e the real wages of low-skilled employees decreased



Our objective in this paper is to build up a model which has the potential
of explaining these stylised facts and can be applied to analyze the efficiency
and distribution implications of education policy.

”Skill-biased” technological change is considered to be one of the most
important forces behind the observed time pattern of wage inequality. It
is widely accepted that developed economies experienced a technological
change which favored individuals with better skills during the last decades.
Empirical research supports the idea that more and more widespread use of
computers and information technology in general, increased the demand for
more skilled labor force (see for example Autor at al [1998]).

The above mentioned stylised facts seem to make it necessary to intro-
duce a compound notion of skills into our model. We differentiate between
three components of skills in this paper:

1. 7innate” abilities, which are either determined by genetics and/or by
social background

2. skills acquired through formal education

3. skills acquired informally: on-the-job training, learning by doing, ex-
perience

Educational attainment is chosen endogenously while ability and the life
cycle pattern of productivity is given exogenously'. This specification of
skills enables us to study the impact of educational policies on welfare of
agents differing in their abilities, educational level and age at different stages
of the technological progress.

Both the research objective and the basic structure of the model is closely
related to the work of Heckman et al. [1998a, 1998b and 1999]. They build
an ”"empirical dynamic general equilibrium model” of heterogeneous agents
in OG setting, estimate its parameters on U.S. data and use it to evalu-
ate the impact of tax and tuition policies on human capital accumulation.
Our model is simpler in some dimensions (most importantly they make the
accumulation of informal skills endogenous and allow for savings). How-
ever this simplification enables us to introduce uncertainty and solve for the
stationary distribution and for the transition dynamics more rigorously. In

!The accumulation of informal skills could be considered endogenous as well (like in
Heckman et al [1998a]), however since we want to concentrate on education policies we
considered it exogenous for simplifying the analysis.



addition to this, we use a different specification for skill-biased technolog-
ical change and have a different focus on the policy analysis. Apart from
these differences we obtain remarkably similar results on both the predictive
power of this type of models and on the efficiency and distribution impli-
cations of tuition policies (obviously within the limits of the comparability
of the projects). On the one hand these results validate our simplifying as-
sumptions to a some extent, on the other hand they help to identify some
potentially fruitful extensions of our model.

Another potential advantage of our somewhat simpler model is that it
enables us to focus on some specific mechanisms which we consider impor-
tant for understanding the evolution of wage differentials and human capital
accumulation. Under the assumption of perfectly flexible labor supply in-
creasing demand for skilled labor could not lead to cyclical and long-lasting
changes in the wage premia because relative supplies and relative wages
would adjust to the demand shift instantaneously. However we see signifi-
cant movements in the wage premia. That implies that labor supply of skills
cannot adjust, at least not perfectly and/or not immediately. There is em-
pirical evidence that human capital accumulation (college enrollment) reacts
to the improvement of wage differentials, however the impact on the stock of
human capital is lagged and last long (see Mincer [1994]). This implies that
there should be some limitations to the adjustment of skilled labour supply
what may cause the persistent behavior of wage differentials. We identify
and use two straightforward ones of such limitations in this model:

(1) Only young people can choose their educational attainment, however
they constitute only a small fraction of the total labor force. Therefore the
change in the stock of human capital is mostly determined by the differ-
ence between the educational attainments of the entering and retiring birth
cohort.

(2) The cost of acquiring higher education is positively correlated with
ability, that is for less able people it can be very costly to acquire higher
education.

Most of the labor force participants acquire their first degrees before
reaching the age of 30 (actually before reaching 25 in the majority of the
cases). Moreover, they only enter the labour force after completing their
studies. This implies that it can take several cohorts for the labor supply to
adjust to a relatively big shock. Therefore the temporary low level of human
capital investment can cause an increase in wage differentials, however in
the longer run labour supply will adjust which is going to the decrease wage
differentials. Moreover, if we consider the ability distribution of new cohorts



constant then increasing the proportion of people entering post-secondary
education means that in average less able people are attending universities.
It is more costly to obtain a degree for them, therefore higher wage premium
is needed to give them incentive to enroll in universities. This enhances the
increase in wage differentials due to the demand shift. However it is going to
increase the heterogeneity among the college graduates and decrease among
the rest of the population. Since college graduated earn more, this may result
in increase in residual inequality. Finally, the average ability of unskilled
labour decreases also, which could lead to the decrease of the average wages
of this skill group.

The first limitation is present in the work of Heckman at al [1998a],
however it is somewhat weakened because although agents cannot modify
their educational decision they can still modify their human capital stock
by undertaking informal training in later periods of their life. The second
mechanism is not present in their model, because the direct cost of post-
secondary education is independent of ability in their model.

The structure of the model, in particular the fact that many heteroge-
neous generations live together, allows us to follow the wage distribution
along the technological progress. We can study not only the moments of
the wage distribution but we can follow the wage movement of any partic-
ular agent in the distribution. This feature is particularly useful because it
enables us to study the distributional consequences of different policies in
great detail. We implement a similar policy analysis to Heckman at al [1999],
but we compare the impact of combinations of different type of tax policies
and tuition subsidies instead of studying them separately. We explore that
tuition subsidies in general increase overall welfare and decrease inequality,
however there is disagreement between agents with different ability and dif-
ferent age on which combinations should be chosen. More remarkably the
policy regime which implies the highest aggregate welfare (lump sum subsi-
dies combined with linear taxation) is not the most preferred policy of any
of the age or ability groups. On the other hand, if subsidies are introduced
on the onset of technological change they may increase inequality within the
first generations.

We continue the presentation in Section 2 with a brief summary of the
related empirical literature on U.S. and OECD wage differentials and re-
view the related models of wage differentials and human capital accumu-
lation. We describe our overlapping generation model in Section 3. The
competitive equilibrium of the model is characterized in Section 4. Section
5 presents the calibration process, the way the parametrized expectation



approach was applied to this problem and the simulation results are dis-
cussed and compared to the previously presented stylised facts. Education
policies are introduced to the model and their efficiency and distributional
implications are analyzed in Section 6. Finally, we conclude and indicate
directions for future research in Section 7.

2 Related literature on wage differentials

2.1 Stylized facts

A vast amount of empirical research has taken place to explore the time pat-
tern of wage differentials and the structure of labour supply since the early
90’s. Most of them concentrated on the evolution of the wage distribution in
the United States over the latest decades (60’s to the 90’s). There are many
papers on these issues, however the one of Katz and Murphy [1992] and
Juhn, Murphy and Pierce [1993] were probably the most influential ones.
Most of the facts explored for the U.S. were established as well for a set of
OECD countries by Berman, Bound and Machin [1998].

The most important findings of these papers (relevant to this study) can
be summarized by the following list of stylized facts:

1. Return to the education (college/high school wage ratio) moved cycli-
cally: it increased in 60’s, decreased in the 70’s and increased again
in the 80’s and 90’s. However, during the overall period the return to
college has increased significantly.

2. At the same time residual wage inequality (wage variation not ex-
plained by gender, experience and education) also increased continu-
ously during this period. As a consequence its relative weight in the
total variation of wages has increased. These two facts together led to
increase in overall inequality in the long run.

3. The relative supply of more educated people (the share of them in the
working force) and college enrollment increased throughout the whole
time period. However, college enrollment had a stagnation period in
the mid 70’s.

4. The real wages of high school graduates decreased in spite of their
decreasing relative supply.



These stylized facts give some intuition what components we should
include in a model of wage differentials determined by skill differentials.
Both educational and residual wage differentials are important, therefore
we have to allow for both. Consequently, we need to have at least two
dimensions of skills as production factors. We should allow for shock(s)
which alter the relative return on the skilled and unskilled labor force. ”Skill-
biased” technological change will provide that feature. We need a model
where educational decision is endogenous, but reacting ”slowly ” to shocks,
to induce persistent changes in skill premia. Many overlapping generations
provide this feature. In order to have a realistic model of human capital
accumulation we have to allow for a life-cycle pattern of productivity for
which we also need to introduce many generations living together.

2.2 Related theoretical literature

There is a considerable recent literature on the effect of technological change
on earnings inequality and human capital formation. However, there is still
no consensus about what is the common cause behind the four stylised facts
enlisted previously. Krussel et al. [1997] show in a calibrated stochastic
growth model with two types of labor and capital as factors of production
that the observed pattern of educational wage differentials can be reproduced
by skill-biased technological change. They require specific complementar-
ity properties between capital and the two types of labor to obtain those
results. Moreover, their infinitely lived representative agent model would
not be appropriate to study the distributional consequences of technologi-
cal change on education subsidies. Moreover, they consider the educational
choice exogenous. As Heckman et al.[1999] show, this assumption (which
is also typical in the empirically oriented demand-supply analysis of Katz
and Murphy [1993] and Juhn et al.[1993]) can be very misleading especially
when one wants to draw policy conclusions.

On the other hand, there are some attempts to analyze OG models
with endogenous skill acquisition to get analytical results for inequality. An
overlapping generation model was designed by Rios-Rull [1993] to analyze
skill acquisition in general equilibrium business cycle framework with home-
production. The shortcoming of that model is it does not allow for within
group inequality and has just two generations. However, calibrating this
model to the US economy gives still a good fit to some stylized facts on
(between-group) inequalities and labor force participation in the stationary
distribution. However, that model cannot really give predictions for a tran-



sition period of 40 years because of the assumption of two generations. On
the other hand, in other paper Rios-Rull [1996] designed and calibrated a
general equilibrium model with agents living for variable periods and was
able to recover most of the well-known business cycle facts, however that
model would become very difficult to handle if one introduces heterogeneity
of agents and/or endogenized educational choice.

Another strand of literature allows for heterogeneity both in ability and
education. Our paper is closely related to this literature. They use the
fact that innate ability is an important factor for both educational choice
and productivity. These ideas are present in Galor and Tsiddon [1997], Ga-
lor and Moav [2000], Rubinstein and Tsiddon [1998], Acemoglu [1998] and
Caselli [1999]. These models are based on the fact that when technologi-
cal change occurs innate abilities became more important, because agents
have to cope with new (unexperienced and/or not ”studied”) situations, and
more able people can do this more efficiently. With this structure they are
generating both between and within-group inequalities. However they use
only 2 overlapping generation typically, which is a problematic assumption
if we actually want to explain facts occurring in 40 years, since this is the
life-time of only one generation approximately. Moreover, these models miss
the feature of ”slow reaction” in our multigenerational model. Moreover, if
technological change enhances the importance of ability and deteriorate the
one of experience than the rate of return to experience should decrease when
we see increase in residual inequality, however this is not confirmed by the
empirical evidence (see for example Katz and Murphy [1992]).

Our model is similar to these models in its basic structure, however it is
more macro-oriented in the sense that we can study quantitative implications
of the model with respect to the dynamic path of wage distributions, what
is not possible with those models. In addition to this we show that residual
inequality may increase without imposing (exogenously) that ability is a
more ”important” production factor during technological transition.

However, our model is less quantitative than the one of Heckman et
al.[1998a] because we do not have endogenous on the job training and be-
cause we do not allow for savings?. On the other hand, we have introduced
uncertainty and our specification allows us to study the full rational ex-
pectations equilibrium along the transition towards the stationary distribu-

2They have also capital in their model, however their estimation results show, that
the exclusion of capital (or keeping it constant) does not change the implications of their
model regarding human capital formation and the path of wage differentials.



tion. They use "almost” perfect foresight equilibrium to study the transi-
tion between two steady states.®> We use crucially different specification of
skill-biased technological progress and we will show that both specifications
have their advantages and shortcomings. Educational choice is modelled
somewhat differently as well. Their model is empirical general equilibrium
because they chose features which make direct estimation of the parame-
ters possible. Our approach is more theoretical, we would like to build a
minimal model which has the mechanisms we described above, has the po-
tential to resolve the puzzle given by the four stylised facts and still provide
a framework to compare different educational policy regimes in a meaning-
ful way. Our policy analysis confirms the results they obtained, however
we gain some more insights about distributional effects of different ways of
subsidizing higher education.

3 The model

Agents We have a continuum of agents. Each agent lives for n periods.
Cohort size is constant and normalised to 1 each period. Therefore the
measure of the total population is always n.

Each agent decides between accumulating human capital (”going to uni-
versity”) or starting to work as an unskilled worker at the first period of
her life cycle . If she went to the university from the next period on she is
a skilled worker, otherwise she remains unskilled for her whole life. There
are no ”evening universities” and for simplicity there is no return from the
working force to studying. This assumption is justified by the fact that most
of college graduates obtain their first degree before they reach the age of 25.

Agents are heterogenous in their abilities, which we denote with -y. Abil-
ity has a time invariant distribution with density function f(vy). Ability
increases productivity and decreases the direct cost of education. Accumu-
lating human capital has two types of costs: foregone labor income and ”di-
rect” educational costs, tuition. Educational costs a(vy) are differing across
agents, these differences are usually explained by the fact that it is easier to
obtain a university degree for a more clever person than for a less intelligent
person (that implies a’(7y) < 0). Another interpretation would be financial
market imperfections, namely for the less able it is much harder to get fi-

3They assume that the agents have perfect foresight of the endogenoues variables,
however they do not expect technology to change, although they model technological
change as a deterministic time trend.



nance for their education. With this interpretation, a(vy) could be the net
present value of interest payments on student loans.*

Preferences We assume linear preferences with homogeneous time dis-
counting: R(cy,...,cn) = Yoi, 8%c;, where R(-) is the life-time utility of the
agent, ¢ is the is the discount factor and ¢; measures the consumption of the
agent in the sth period of her life. This formulation allows us to plug in labor
income directly to the utility function, because risk neutrality implies that
the only feasible equilibrium interest rate would be 1/, therefore the agents
are indifferent between borrowing and consuming currently or postponing
consumption. We should follow the accumulation of savings of each agent
without this assumption. That would make the model much more compli-
cated both analytically and numerically because it would at least double
the number of state variables. This assumption is standard in the related
OG literature (see for example Chari and Hopenhayn [1991] or Rubinstein
and Tsiddon [1998]). We can interpret this specification as agents maximize
their life-time permanent income and this decision is separate from their
period by period savings-consumption decision.

The agents’ problem We define w?(7,4) as the unskilled and w;} (7y,4) as
the skilled wage rate of an agent with ability v and age ¢ at time £. Similarly,
we denote the time ¢ consumption of an agent with ability -y, born in period
t — i with ¢4(7,4). si(7y) refers to a choice variable which takes 1 if the
agent with ability , born at period ¢ decides to attend university and 0
otherwise. Having introduced this notation we can write down formally the
decision problem of a newly born agent with ability v at time #:

n—1
max E; <z% 8 crri(ys z))
1=

se(y){eeti(78) 0,

if s(y) =1 { - aln0)=—a)

if 3t(7) =0 Ct(’}/ai) =w

“We shall consider v as the combination of intellectual ability and social background for
this interpretation. We know that both increases productivity. They both make university
degrees more accessible as well because ability decreases the time required for studying
and social background provides better financial possibilities.
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Technology We assume that there is one profit-maximizing firm each pe-
riod using skilled and unskilled labour as production factors®. The produc-
tion function is CES with skill-enhancing technological progress (Ay).

Ys = f(Li, A, Hy) = (aLf + (1 — a) (A, H;)?)'/? (1)

L; and Hy are the units of unskilled and skilled workers employed, respec-
tively. The CES specification is useful because ﬁ measures the demand
elasticity of substitution between skilled and unskilled labor. Many empir-
ical studies focused on the estimation of this parameter which is going to
help us in calibrating the model. Also, since this is a constant return to scale
technology in equilibrium there will be zero profit which makes the general
equilibrium structure of the problem simpler (no dividends). A; represents
the skill-biased technological change. It measures the productivity difference
between skilled and unskilled labor. We can interpret A;H; as the measure
of skilled workers in efficiency units. A; is assumed to be lognormal with
(non-stochastic) mean equal to A and it is assumed to follow a stationary

autoregressive process:
log (Ar41) = (1 — 9) log(A)¢p + log (Ar) + er1, &~ N(0,02)  (2)

We will model technological progress as a stochastic transition from Ay <
A to the stationary distribution. Ag is chosen in a way that the transition in
average lasts for a sufficiently long period of time. Our way of modelling skill-
biased technological change is not the only possible one. Note, that along
the transition path this specification implies growth in output. Heckman
et al.[1998a] assumes that technological change is a decreasing trend in «
(A; = 1), that is in their interpretation technological change is not progress
but rather reallocation of resources. Their specification has the disadvantage
that in the long run there is a very little impact on output and on wage
differentials, that is if we take their results seriously we should expect a
huge drop in wage differentials in the following decades®. On the other
hand, our specification has the disadvantage that as we will see skill-biased

®Galor and Moav [2000] shows analytically that the introduction of capital as produc-
tion factor together with the assumption of small open economy has no significant effect
on the evolution wage differentials and on human capital accumulation. The estimations
of a nested CES specification in Heckman et al. [1998a] supports this claim even if we
assume closed economy.

6They admittedly only plot the first 30 periods of their simulation results which is
very far from the long run steady state, partly because they assume that technological
transition lasts only for 30 years then it stops.
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technological change favors directly and indirectly the unskilled labour force
as well.

Aggregation We have included only skilled and unskilled labour with-
out specific correspondence to education, ability and age in the production
function. We did this because we assume that the individual productiv-
ity endowments of agents are depending on ability, age and education, but
within a given education group productivity units of different (with respect
to ability and age) agents are prefect substitutes. We chose this particular
form of skill aggregation because those skills (managerial, IT, etc.) gained
most weight which require a college degree in the structure of labour de-
mand (see Autor et al.[1998]). In addition to this, the empirical evidence by
Hamermesh [1993] shows that individuals with the same schooling level but
with different age are highly substitutable with each other. Finally, since
we want to focus on education policies later this particular form seemed to
be the most natural one to choose.

The assumption of perfect substitutability allows us using the following
”linear aggregation schemes”, where p°(7,4) and p'(v,4), denotes the effi-
ciency unit endowments of an unskilled or skilled agent with ability v and
age 1 respectively:

n—1

Li=Y / P’ (v,3) f(7)dy (3)
iZO’Y\St—i(’Y)ZO

H, = Z / f(y)dy (4)
= I’Y‘St ; ) 1

The productivity endowments capture changing productivity along the
life-cycle, that is {po(fy, i)};:ol represents the age-productivity profile of the
unskilled agent with ability «v. The limits of the integrations are determined
by individual optimization in equilibrium.

Laws of motions Finally, the evolution of supply of skilled and unskilled

labour is determined by the human capital accumulation decision of the

agents. We define U, as the proportion of agents enrolled in universities at

period t (that is U; = f f(y)dy). Then by our previous assumptions
Ylse(v)=1
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the laws of motions of the supply of skilled (h;) and unskilled workers (l;)
are the following ones respectively:

hiy1 =hy —Up_pnt1 + Uy (5)

lt = lt—l — (1 — Ut—n) + (1 — Ut) =L+ Ui_, —U=n— (ht + Ut) (6)

The latter is true by the fact that every new-born generation has unit size
and altogether n generations are living together.”

4 The competitive equilibrium

4.1 Definition of the competitive equilibrium

In this section we define the competitive equilibrium (CE) of our model. The
CE involves threshold levels for enrolling university {7;},2, , where 7, refers
to the ability level above which all agents decide to become skilled.® CE also
includes sequences of measures of skilled and unskilled workers and univer-
sity enrollment rates: {h¢};~q, {li}reg, {Ut}ieg, where U_; (i =1,...,n —1)
hence hg = Z?;ll U_; are given. CE also defines sequences of wages for
skilled and unskilled workers: {w} (’y,i)}zo and {w?(’y,i)}zo respectively.

The competitive equilibrium has to satisfy the following conditions:

(i) The wage sequences have to be compatible with profit maximizing be-
havior of firms. Since we have constant returns to scale, the unit payments
of the different production factors should be equal to their marginal produc-
tivities. We have the following expressions for ”skill prices” (by efficiency
units) for the two different types of labor:

W) = (L) + (1= o) (A H)) " (L= ) APHP vE>0  (7)

@) = (aLf + (1— o) (A H)") " alf ™t V0 (8)

"Note, that although (5) and (6) have a nice recursive structure it is not true for the
efficiency units of skilled and unskilled labour (L; and H;) because we need to keep track
of the educational attainment of all currently living generations ({U;—;}I",') in order to
update H;.

8We cannot assure unique threshold levels which satisfy the requirements of competitive
equilibrium in general. We will show that our specification will imply the existence and
the uniqueness of the threshold ”around” the non-stochastic steady state of the model.
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We can solve for the individual wages as well, the linear aggregation scheme
(perfect substitutability) implies:

wy (7,0) = wip®(7,1) (9)

(ii) The CE has to be consistent with the agents’ optimal decisions con-
cerning human capital accumulation. An agent with ability v born at period
t will attend university (s;(y) = 1) if the following condition is satisfied:

n—1

a(y) + wf(v,0) < By | > 6" (wi;(y,1) — wiy; (v, 1)) (10)
=1

In other words an individual will go to university if the direct and opportu-
nity cost of doing that is smaller than the expected gain of acquiring higher
education. Assume for now, that (10) is strictly monotonous in v and there
exists a level o' for which (10) is not satisfied. (Later we will discuss the gen-
eral validity of this assumption.) This would imply the existence of threshold
level of ability and 7, is given by (11).

(7t) +wt %57 25 wt+z 7757 w?Jri(:y\tai)) =0 Vt>0 (11)

If we define F(y) as the cumulative distribution function of ability then
Up=1-2).

(iii) The CE has to satisfy the laws of motions for the stocks of skilled and
unskilled labor (5) and (6) with {U_;}/" ! given.

(iv) All markets clear. This is implicit in our model since wages are such
that demand of both types of labour equals to its supply.

4.2 Characterization of the competitive equilibrium

We introduce some simplifying assumption and specific functional forms
now. These assumptions are useful to get some insight analytically and
they are also necessary for the later numerical solution of the model. We
chose the distribution of ability being normal: v ~ N (7,0 7) We have chose
age-productivity profiles separable in ability and age:

p°(y,14) = v+ P*%(3) 1 =0,...,n—1 s=0,1 (12)



This assumption implies that ability and age are perfect substitutes. Sepa-
rability makes the exposition and the calibration easier. However even if we
introduced some complementarity between ability and experience, the main
results would not change significantly.

(3) and (4) becomes more transparent with these two further assump-
tions:

n—1
Lo = S [FGe) (B |y <7 + P6)] = (13)
i=0
n—1
= Z [(1=Ui) (=i + P°(i))]
i=0
n—1
H = Y [1-F@) (Blyly>7) + P'(0)] (14)
i=1
n—1
= Z (Ui (¥i—s + P'(9))]
i=1

Here 7} and 7 denotes the average ability of the skilled and unskilled labour
force of the generation born at time ¢ respectively.? (14) allows us to give a
"law of motion” for Hy:

Ht+1 — Ht + Ut (th + PI(O)) - Ut7n+1 (7%—71,4-1 —+ Pl(n — ]_)) +
n—2
+>° [Ui (P i+ 1) = P ()] (15)
i=1

It is clear from (15) that the change in the supply in educated labour is
determined by three factors:

1. A new generation enters the skilled labour force with a given size (and
hence average productivity) without experience.

By the moments of truncated normal distribution we know that these averages have
the following functional form ( 5; = 1t=2)
oy

=T o 2L 5 =7—af§%’3

1— (%)
where ¢(-) and ®(-) are the density and distribution functions respectively of a standard
normal random variable (see Johnson and Kotz [1970]).
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2. The oldest generation lived previous period retires and ”takes away”
its educational attainment weighted by its high experience.

3. The productivity of all the other generations lived in the previous
period is updated according to their age-productivity profile.

It is obvious from (15) that if we want to predict the evolution of skilled
labour supply after time ¢ we need to keep track of the educational attain-
ments of all of the generations living at time ¢. (It is true for the supply
of unskilled labour (see (6)) and consequently for the evolution of wages as
well.)

Another functional assumption we made was: a(y) = C — k7. This spec-
ification together with (12) implies that we can rewrite (11) in the following
ways:

C — k3 + Wy (V¢ + P°(0)) (16)
n—1
= By |Y 0 (@i G+ P'(0) -0y (i +P0(i)))]
i=1

= FE + 7 By

n—1
Z 8 (Wi — mgﬂ')]

n—1
> ot (@}, P 6) -}y PO (i)
=1 =1

The expected gain from human capital accumulation can be decomposed to
a fixed part which does not depend on any particular agent’s ability level
and to variable part which depends on the ability of the given agent (See
16). However, the supply of unskilled labour and consequently also current
and future skill prices (w;,;) do depend on 7; (see (14) and (13)). Notice,
that if this was not the case then (16) would be clearly monotonous in 7;
(it would be linear) and because the support of 7; is the real line we would
have existence and uniqueness trivially. This dependence makes it difficult
to prove existence and uniqueness for all possible predetermined realizations
of university threshold levels ({ﬁt_i}?:_f). So far we had proven existence
and uniqueness of the threshold of ability only for the non-stochastic steady
state. We claim that if the variability of 4; is not very big in equilibrium
the existence and uniqueness is guaranteed in the stochastic model as well.

Proposition 1 Consider the non-stochastic steady state of our model. If
0 < p < 1 then under fairly general conditions there exists a unique threshold
level of ability v* which solves (16).
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Proof See Appendix A.

Conjecture 1 For a given level of technology Z, there exist a A for which

if |Ne—i — ’y*(ﬁ) <N i=1,..,n—1 then (16) has a unique solution, where

we define v*(A) as the threshold in the non-stochastic steady state with tech-
nology A.

Note that (34) in Appendix A is continuous in 4*. Our conjecture has
to be true because for sufficiently small deviations in the level of prede-
termined educational levels the single-crossing property which we explored
in the non-stochastic steady state should be kept.We calibrated the model
that the assumptions stated in Appendix A are satisfied, moreover we did
not have problems of uniqueness and existence along the equilibrium path,
this qualifies our conjecture. It seems that we can allow for reasonably big
deviations.

5 The solution of the model

5.1 Calibration

We calibrated the model to the U.S. economy because most of the stylized

facts about wage differentials are explored in detail for the U.S. Our general

strategy was to use estimates for those parameters which can be observed

or at least estimated from actual data.'® We calibrated the rest of the

parameters in a way that we have similar level of university enrollment and

wage differentials to the observed ones in the non-stochastic steady state'!.
Table 1 contains the parameter values we used.

Table 1
Parameters for calibration
n o« p 0 ¥y oy & C o ) A A
9 055 029 096> 02 0.1 1 0.6 0.05 095> 1.5 05

We assumed that individuals live for 9 periods because the length of
one university career is around five years and an average person spends 45

'We have not adopted as sophisticated calibration as Heckman et al [1998a] and [1999).
Their work shows some directions through which our calibration can be improved.

"'The non-stochastic steady state is defined and some of its properties are explored in
Appendix A.
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years with working and studying after completing high school. Since we
considered the length of one period being 5 years, the natural choice for the
discount factor § was 0.96°, because 0.96 is often used as a discount factor
in models calibrated for annual data.

As we have noticed 1/(1 — p) measures the elasticity of substitution
between skilled and unskilled labor. Katz and Murphy [1992] estimates this
elasticity being 1.41 and there seems to be a general consensus that true
elasticity has to be around this value (Heckman et al.[1998a] estimated a
similar numerical value for their similar model).

The age-productivity profiles { P°(i) }?:_01 and {P'(4) }:.:11 were calibrated
to the age-earning profiles estimated by Welch [1979].12 More precisely, the
average unskilled and skilled person in the non-stochastic steady state have
the same age-earning profile as the estimated ones.

The moments of the ability distribution (v and o) together with the pa-
rameters of the educational cost (C and k) were chosen in a way that in the
non-stochastic steady state of the model we would have college enrollment
around 27 % which is close to the percentage of college graduates among
the young generation in the 90’s (enrollment was higher during these peri-
ods, however since we do not have college drop-outs in the model we need
to consider only the ones who completed college). These parameters were
chosen in a way that we could expect significant increase in enrollment along
the transition path, that is the university attainment would be around 16
percent in the non-stochastic steady state with Ag, which was the university
enrollment in the U.S. in the 60’s.

There is no straightforward way of estimating the parameters of the skill-
biased technological change we have in the model.!3 Therefore we chose a
value (0.95%) for the persistence parameter (1)) which is the adjustment of the
typical annual persistent parameter for skill-neutral technological change.
Then we chose o, in a way, that the transition between A, and A takes
place during 15 periods in average. This would enable us to interpret our
transition dynamics as a transition dynamics during an interval of 75 years.

12Both profiles are quadratic in experience and they have an early career spline. The
advantage of these estimates is that they were estimated in a way that the effect of cohort
size is filtered out.

13Katz and Murphy [1992] and Heckman et al [1998a] estimated the parameters of a
different specification of skill-biased technological change. Their results cannot be directly
used for calibrating our model.
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5.2 The PEA algorithm

We used the parametrized expectation approach (PEA) (see for example in
Lorenzoni and Marcet [1998]) to solve the model numerically. Notice, that
the necessary and sufficient information at time ¢ can be described by the
following set of variables:'* S, = [{Ut,nﬂ- i:i,Ht,At]. Therefore 74; is a
function of S;. For this reason the expectation in (16) can be written in the
following way

n—1
Ey Z 0" (Wy; (e + P'(6) —wiy; (B + PO(0)) | S| = (17)
i—1

Y (Se), St) = A(S)

(17) highlights that S; is a sufficient statistics for predicting the expected
wage differential for the marginal agent in equilibrium. This implies that
if we knew A(S;) (16) would become a nonlinear equation of 7; (non-linear
because WY depends on J; through L;). This observation motivated the
numerical method we had chosen. If we approximate A(S;) we can recover
7 (16) relatively easily, and then all the other variables are determined
analytically. Moreover, PEA has advantages compared to other methods in
this case because we have many state variables. The implementation of the
algorithm is explained in Appendix B.

Since one of our purposes is to discuss the impact of technological progress
on the distribution of wages we want to find the solution for the (stochas-
tic) transition dynamics from an initial state characterized by lower level
of technology to the stationary distribution. We applied PEA to solve for
the transition dynamics similarly to Marcet and Marimon [1992]. The im-
plementation of the algorithm for the transition dynamics is explained in
Appendix C.

5.3 Discussion of the results

On Figure 1 in Appendix D we summarize the results of our simulations. We
study one particular transition path towards the stationary distribution of

" This set of variables is not unique, we could use a sequence of 3; or H; instead of Uy,
they would provide the same information. However, it is crucial that the information set
describes the current state of technology and the complete educational composition of the
currently living population.
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Ay. This path represents the average behavior along the transition because
we set £; = 0 throughout the transition.

We have plotted the key variables of the analysis. Note, that in this
model wage differentials are better measured as a difference than a ratio,
because this is what determines the human capital accumulation decision
(see (16)). Our measure of wage differentials is the following:'6

At = (wt 77 ) (wt 77 )) =
n—1
W} z Ui (Fi_; + P'(i)) w0 ;0 (1= Us) (7)_; + P°(2))
) U S -v
=1 =0

Ay is simply the difference between average wages of educated and unedu-
cated workers.!”

Figure 1 here

The average unskilled wage is given by E (w}(7,1)) , while we defined the
relative supply of skilled labour as H;/(H; + L;). Finally, we have defined
residual inequality (o) as the standard deviation of wages after controlling
for wage dispersion due to education and age.

n—1 n—1
Z (1 - Ut—i) vary (’LU? (’71 Z)) + Z Ut—iva’r’y (wtl (77 Z))
~ i=0 i=1

ot =

’I’L—Ut

Note, that by (5) and (6) labour force participation is given by n — U;. Note
also, that by our assumptions the within-group variances (var, (wi(vy,%)) =

15 Another way of performing this analysis would be to take the average of many short
run simulations in every point in time along the transition. Although FE(e;) = 0, we
might obtain significantly different results from this exercise, because uncertainty itself
plays important role along the transition. However, the results we obtained using the two
methods were very similar.

15For expositional convinience we define E., [z (v, )] as the average of variable z§ across
abilities for a given . Similarly E.; [z{(, )] is the average of x{ across age and ability.
Finally, E [z{(7,1)] indicates the average of z§ over time for given v and .

A different definition of wage differentials (based upon regression analysis and/or
controlling for age) would not change the results significantly.
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E, {(wf (7v,1) — By (wi (7, z)))Q]) are given by the following expressions
. _1\2 1 2 ~ _1\2 2~
vary (wy (v,9) = (w;)" E [(7 ~Yi—i) |y > %H‘] = (wy)" & (F1-i)

vary (w?(%i)) = (wg)2E [(’Y —7?4)2 |y < :Y\t—i} = (U?)QCZ(%—Q

Here we have defined £(7;—;) and ((9;—;) as the standard deviations of a
truncated normal variable where the truncation is v > 4;—; and v < 7
respectively.'® Therefore, we can rewrite &; in a simpler form.

n—1 n—1
@)* Y (1= Ui CGi=i) + @) X U, i£2Fimi)
G = =0 =1 (18)
! n — Ut

In general, the results are rather satisfactory they reproduce reasonably
well the joint behavior of labour supply, college wage premium, residual in-
equality and university enrollment (to a lesser extent), assuming only smooth
skilled-biased technological change. However, enrollment proved to be too
volatile and unskilled real wages do not show decreasing pattern. Bellow, we
try to give some intuition for these results and highlight the factors which
may be missing from the model and could be a potential explanation for the
failures.

We can see on the first panel of Figure 1, that we simulated ”smooth”
technological transition towards the stationary distribution of this economy.
However, even with this smooth technological change we see that the behav-
ior of enrollment and wage differentials has a non-monotonic time evolution
in the last 10 periods of the transition.'® This immediately highlights the
importance of the ”overshooting” property of human capital accumulation.

Ft—i—%
Ty

18 If we normalize Vi—i (Ye—i = ), then we can write the standard deviations in

the following form:

EGii) = o {1_ P (Fe—1) ( P (Fe—i) _%_l)]

1= ®F—i) \1 - ®(F:—i)
.

Where ¢(-) and ®(-) are the density and cumulative distribution functions of a standard
normal variable.

19We will concentrate on these periods because the behavior in the fisrt periods also
depends on the initialization of human capital stock.
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Agents have finite horizon, they do not take into account the impact of their
decision on the welfare of other agents. This explains the cyclical behavior
during the last 10 periods. The early generations invest in human capital in
a great extent, which leads to a temporary overflow of high-skilled people
and that pushes down their marginal productivity and consequently their
wage premium. This will imply a decrease in enrollment, since in the close
future wage premium is not increasing, however the new generations enter-
ing the market are still better educated than the ones retiring, therefore the
relative supply of educated labour still increases.

At the same time residual wage differentials are increasing. We can ob-
tain some intuition why did it happen from (18), residual dispersion depends
on the levels of marginal productivities (wf). This is natural because there is
positive relationship between ability and productivity therefore the disper-
sion of ability maps to the dispersion of wages through productivities. We
know that the technological change alone would improve the productivity of
both skilled and unskilled labour, therefore we expect an increase in residual
inequality. It is obvious from (18) that residual inequality depends on other
variables as well. Ceteris paribus it depends positively on Uy, because higher
enrollment decreases both the weight of unskilled young people whose pro-
ductivity (w?) is lower and the within group inequality (¢ (%;)) in that group
as well. The impact of the relevant other threshold levels ({ﬁ/\t,i}?;ll) is more
complicated. It is easy to show that (1 — ®(F;—;)) &(Fe—i) + P(Fi—i )¢ (Fe—s) is
decreasing in the absolute value of 4; ;. Therefore if enrollment is increas-
ing (but it is still bellow 50 percent) then this force by itself is decreasing
residual inequality.?? It is clear from the last panel of Figure 1 that the first
two impacts are dominating, therefore we could reproduce the increasing
patterns in residual inequality.

However, we have not so appealing results for the average unskilled
wages. Again, there are several forces working in opposite directions here

20WWe face the problem of self-selection here. The fact that more able people become
educated with a higher probability biases down our estimate on the impact of the ability
on wages. This impact is present in most of the empirical papers because they consider
educational choice exogeneous.
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(see (19)).

Ey;i (w) (y,1)) (19)
n—1

> (1= U—i) (77— + P°(2))
= [(aLf +(1- a)(Ath)p)l/p—l aLtp—l i=0

n—1

>, (1=Uii)
i=0
Technological change implies increase in enrollment (at least in the long
run) which in turn implies deterioration on the average ability level of the
unskilled (79_;), this impact itself would imply decrease in average unskilled
wages. However, technological change has a direct impact on the marginal
productivity of unskilled labour as well. The direct effect itself has two
components, first, since the two inputs are complementary then an increase
in A; will increase wY. Secondly, decreasing L; implies that the marginal
productivity of unskilled labour increases because it becomes more scarce.
It is clear from our figure that the two direct forces dominate the decrease
in average ability. If we chose another specification of skill-biased techno-
logical change where technological change has a direct negative impact on
the productivity on unskilled labour we might overcome this shortcoming.
Another potential explanation for not capturing the decreasing pattern of
unskilled wages can be immigration, in most of Western countries there
was a significant level of unskilled immigration, which provided always an
abundance of unskilled labour. This could offset the increasing scarcity of
unskilled labour, therefore it could make the decreasing average ability being
the dominant force.?!

Another less appealing feature of our model is that university enrollment
reacts too strongly, we see cycles with a much higher amplitude than in real
data. We can invoke too important reasons for this behavior. Obviously,
college enrollment is not only motivated by earning prospective but also by
several other factors, like the consumption value of education or signalling
better productivity. We exclude these possibilities, however these effect may
stabilize the ”overshooting” behavior of enrollment in some extent, because
their movement can be independent of wage differentials.

Finally, cohort size itself influences the evolution of wage differentials
(see Welch [1979]) and there were significant differences between the sizes
of different U.S. birth cohorts in the. A baby boom cohort can react ”much

2! Actually, increase in foreign trade has a similar impact because it devaluates domestic
unskilled labour.

23



better” to technological improvements just because there are more people
available for higher education. At the same time, they provide a big increase
of unskilled labour as well, this may explain why we see smaller changes in
enrollment rates in data than in our model and it may also help to keep the
marginal productivity of unskilled labour down. That is the introduction of
exogenous changes in labour supply may increase the ”predictive power” of
our model.??

Finally, educational choices are also influenced by economic policy on
education and taxation and we will analyze the impact of those policies in
the next section.

6 Policy analysis

There is empirical evidence that expected wage differentials are one of the
most important determinants of decisions regarding educational choice (Min-
cer [1994]). At the same time, higher education is highly subsidized in most
of the developed countries. There are two types of arguments behind ed-
ucational subsidies. First, they increase the educational attainment of the
population, this would increase the total skill level of the economy, which
would imply higher production. That is education is increasing (output)
efficiency. These arguments are typically stronger in the presence of skill-
biased technological change because insufficient human capital accumulation
might represent a barrier on economic growth.

Another argument for subsidizing higher education is that it makes in-
come distribution more favorable because some individuals may obtain ed-
ucation who cannot obtain it before. Actually, educational subsidies are
promoted often in order to stop the growing inequality in society.

However these subsidies must be financed by the government in some
way. They imply higher taxation and therefore redistribution between indi-
viduals. The generations and/or individuals who finance the subsidies are
generally different from the ones who benefit from them. A (more able) sege-
ment of the young generation receives the subsidy which is financed by the
tax payments of older generations. There is another transfer if taxation is

*?These exogenous factors can be considered endogenous as well. The size of cohort
could be endogenised in this model in flavor of Becker at al [1990] by endogenizing fertility.
Immigration is partly endogenous as well, people will immigrate only if their income (net
of living costs) is higher in the host country than at home. Heckman et al. [1998a]
introduced these two factors in a simple exogenous manner and shown that they indeed
improve predictive power.
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universal (everybody has to pay taxes), less able people are financing partly
the education of more able people, although they do not benefit from the
subsidies (at least not directly). Progressive taxation is (partly) promoted
in many countries having high education subsidies in order to decrease this
type of redistribution. Moreover, taxation has an impact not only on inter-
generational and intragenerational distribution, but it has a direct impact
on educational choice because it modifies the costs and benefits of education.

Therefore it is not obvious what is the final impact of these policies on
efficiency, on the welfare of different agents and on overall inequality.

We have to take into account an additional factor in the presence of skill-
biased technological change. Older generations had already decided their
human capital accumulation, therefore their decision is not influenced by
the current technological transition, however their labour market situation
is influenced by the transition, their wage is going to depend on human
capital accumulation decision of other agents and on the level of technology
itself. Moreover they are also influenced directly by taxation.

We can observe different scenarios in the real world, in some countries
higher education is subsidized less, however taxation is also smaller (see for
example U.S.). In other (mostly European) countries education is subsidized
more but taxation is higher and more progressive as well. Another difference
is between different systems is the level of screening before entering educa-
tion. In many countries admission exams are strict and better performance
on the admission exams implies admission to better universities. We will
study not only the impact of tuition subsidies on efficiency and inequality
but we will compare different scenarios with respect to the type of subsidies
and taxation.

6.1 Modelling policies

As we pointed out there are several possible implementation of higher edu-
cational policies. The tuition subsidy can be lump-sum (G), that is the cost
of education becomes C' — ky — G. We could interpret this as any individ-
ual is entitled for the same level of tuition subsidy given that he enrols in
university. Another possibility is that the subsidy is proportional to abil-
ity. In this case the educational cost is going to be: C' — k(1 + g)v, that
is the subsidy is given by gv for an agent with ability v. We model the
selection process to universities by admission exams with this specification.
Candidates may sorted between universities based upon their performances
(more able people can go to universities which are cheaper and better) and
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a minimum threshold for entering education may be required. This system
may be combined with a state scholarship system which depends on perfor-
mance during the studies. This type of subsidies favors more able people in
a greater extent.

On the taxation side we will also have two different options. In the first
case everybody has to pay a uniform linear tax rate Ttl, in the second case
the government levies a (linear) tax 7/ only on the educated labor force
(this is an extreme approximation of progressive taxation).2> We assume
balanced budget for the government each period, that is total subsidies are
equal to total tax revenues each period. We could interpret this assumption
as the government offers some subsidy on education, then young generations
decide university enrollment taking into account the offered subsidies and
current and (expected) future taxation. At the same time the government
sets a tax rate what is sufficient to finance the total amount of subsidies
for the given period taking into account the individuals choice concerning
university enrollment.

We will study four different scenarios, by combining t7he two possible
types of tuition subsidies with the two possible types of taxation. The
key equation what changes from our benchmark model is (11), the equa-
tion defining the threshold agent. We have an additional equation to the
benchmark model given by the budget constraint of the government. These
equations are going to be the following ones in the four possible cases.

Case A: Lump-sum subsidy and linear taxation:

C— K'fyt_G—i_(l 7—t)wt (7t7 - Z 5Z Tt+z (wt1+z (:y\ta Z) - w?+i (:y\ta Z))

(20]
n—1 ﬁtfi
U, = 7! Z/w?(m) dv+§j/wt vfd| @)
=0 —o0 = lﬁt 7

23 Although this seems to be a very extreme way of intoducing progressive taxation, it
has a nice feature in our model. First, note that in our model the only reason for taxation
is financing the education subsidies. Therefore this specification would satisfy those who
are worried about that educational subsides are unfair, because unskilled people do not
benefit from them, however they have to contribute to its funding.
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Case B: Lump-sum subsidy and progressive taxation:

C — Ky — G’—l—wt ,0) =

Z 5Z Tt-l—z wt+z (’Yta ) 'U)?+Z' (’/Y\t, 'L))]

(32)
n—1
U=y, [ wienistay (23)
=1~
Yt—i

Case C: Proportional subsidy and linear taxation:

C—(1+g)sA+(1—7))w) 7, 0

Z 5Z Tt+z wtl—l—i(’/y\t? i) — w?—i—i (Ve Z))]

(24)
n—1 Ve—i n—1 °°
gn/vf )dy = 7 Z / wy (7, 4) dva; / wy (7,4) f () dy
—o0 T e
(25)

Case D: Proportional subsidy and progressive taxation:

C—(14+g9)k7y + wt (Ft,0

Z 6Z Tt+z wt+z (IYta ) w?+i (f}’\t, Z))]

N (26)
“/ T=T Z / wy (7,3) f (y)dry (27)
e T

We can see that the competitive solution discussed before is a special case
of all the four cases with the subsidies (G or g) equal to 0. For this reason
it is easy to compare the results to the ones of the benchmark model.?*

Notice, that we can follow the same solution procedure in all four cases.
The government’s budget gives us 7} or 7 as a function of 7; (and S;), then
we can use the modified version of (17) to determine 7; as before. Notice,
that there is no need to add new state variables. This would not be true
in the case of unbalanced government budget or with time-varying tuition

subsidies.

24This property also helps us to calculate the numerical solution of the models with
policies by using homotopy from the solution of the benchmark model.
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Calibration We had to calibrate G and ¢ in this model. We chose G
= 0.1, which implied that the governmental contribution to the educational
sector is in average 1.42 percent of total output in the case of lump-sum
subsidies and linear taxes (Case A). We chose g to be comparable with G in
the following sense. If the average skilled person at the benchmark model
(E (7)) goes to university she receives the same amount of subsidy with
both lump-sum or proportional subsidies:

g: G=E[]g

6.2 Efficiency and distribution

We solved the model under all the four scenarios and calculated some mea-
sures of efficiency and inequality both in the stationary distribution and
along the transition. The stationary distribution is important for the pol-
icy analysis because in this case, every agents’ enrollment decision is taken
under the tax regime therefore we filter out both the problem of the initial
generation and technological transition which is obviously present in the
case of the transition. Table 2 and 3 in Appendix D presents our results.

Table 2 here

Apart from presenting the time averages of some aggregate statistics
we have presented the average life-time utility of three different agents. We
have chosen three particular agents from the benchmark model. The average
unskilled agent (Y = E [3?]), the average threshold agent (y" = E [}:]) and
the average skilled agent (y° = E [¥;]). The advantage of this choice is that
these agents have similar behavior in all the five cases, that is agent vV and
v choose to be unskilled and skilled respectively in the vast majority of time
periods under all of the five scenarios. On the other hand, the decision of
agent ! varies a lot in all five cases depending on the state of the economy.
Therefore welfare changes in the case of agent ¥V and v° are mostly due to
redistribution by taxation and by the subsidy itself. The welfare changes of
agent v. are also due to the fact that the introduction of policies modifies
significantly his educational choice.

The results highlight the fact that education subsidies are actually ben-
eficial both for efficiency considerations and for equality considerations in
the long run. Notice, that output is higher in the stationary economy only
because we ”convert” some unskilled people to skilled. We are still at the
range of the production function where this change increases production,
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therefore higher average enrollment obviously implies higher average out-
put. However if technology does not change that would imply increase in
the marginal productivity (and skill price) of unskilled people and decrease
in the marginal productivity of the skilled people. Therefore we can expect
decrease in wage differentials and this decrease has to be correlated posi-
tively with the increase in enrollment. These results are all confirmed in the
upper panel of Table 2. However, different policies imply different magni-
tude of these changes. It is easier to understand the differences if we see
how the welfare of different agents vary between the benchmark case and
the different policies.

The welfare of the agents depend not on gross wages but on net wages
therefore obviously taxation has an important impact. In addition to this,
their welfare changes if they receive a subsidy, because they receive it when
they are young and they have to pay taxes during subsequent periods. The
overall effect on welfare is the sum of all of these forces.

Probably the most surprising observation is that the unskilled agents are
better off in all cases after introducing the policies. The reason is simple,
in all cases we see increase in the size of skilled labour which implies less
unskilled labour, therefore they become more scarce hence their marginal
productivity (wy) increases. Obviously, the magnitude of this impact de-
pends positively on the magnitude of the increase in skilled labour and
on progressiveness of taxation. Linear taxation implies higher increase in
skilled labour but higher taxation for unskilled people as well. The first
impact seems to be stronger, because even the unskilled agent would prefer
linear taxation independently from the form of subsidies because that has
higher impact on labour supply.

Skilled labour is influenced in three ways by tuition subsidies, they re-
ceive a benefit when they are young which makes them better off, on the
other hand they have to pay taxes from their future income and they become
more abundant, which makes them worse off. If the subsidy is proportional
they become less abundant and have to pay lower taxes that’s why they
would prefer this type of subsidies. However agent v is going to receive
smaller subsidy with the proportional subsidy, therefore he prefers always
the lump-sum type. Proportional subsidies have smaller effect, simply be-
cause they modify less the decision problem of the marginal agent. They
are less costly, that is they imply smaller taxation, what is better for both
skilled and unskilled labour. Therefore we could see a coalition between
the two ends of the distribution in this economy because both the average
unskilled employees and average skilled employees prefer proportional sub-
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sidies and linear taxation what is the least preferred option for the marginal
agent. However his most preferred policy (lump-sum subsidies and progres-
sive taxation) is the least preferred for the other agents. Finally, note that
all the policies decrease inequality as well. We obtain this result if we mea-
sure inequality as the wage premium, the standard deviation of wages or the
relative position of unskilled people.

Table 3 here

The figures for the transition dynamics in Table 3 show that the efficiency
and distributional implications of the different policy regimes do not change
too much compared to the stationary distribution. The effects of the poli-
cies on the aggregate variables are very similar to the stationary distribution
both in their magnitude and order in the four cases. However now we have
a new dimension of distributional impacts given by the date of the birth of
the agent. We see welfare gains quite similar to the stationary distribution
for agents who were born at the stage of the transition relatively close to the
stationary distribution. However, welfare gains are smaller and very similar
across agents with different ability for the generation who was born at the
beginning of the technological change. Actually, in all of the cases educa-
tional policies will increase wage inequality within this generation. We have
this result, because although unskilled labour becomes more scarce as before
but enrollment is too high relative to the level of technology (see Figure 1),
which implies higher taxation and less production. This is the manifestation
of the ”overshooting” property of human capital accumulation.

The picture is very different for a generation who has already decided
the level of human capital accumulation before he policy reform. Unskilled
people still benefit some (especially if they do not have to pay taxes) because
they become more scarce, but this benefit is smaller than the one of the other
generations. However, skilled agents will suffer from both of the negative
impacts of the policy: they are more abundant which pushes their marginal
productivity down and they have to pay taxes. On the other hand, they do
not benefit from the subsidy, since they do not receive it.

We can summarize our results as educational subsidies are increasing
efficiency because they provide intergenerational transfers which attracts
more people to universities. However, the impact measured in size and
distribution is quite across different policies. Somewhat surprisingly, agents
whose educational decision is not influenced by the policy ex ante will prefer
proportional subsidies and linear taxation independently of their actual de-
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cision. However, the ones who may change skill level due to the policy would
prefer a very different policy, lump-sum subsidies and progressive taxation.

If we consider the effect of these policies along the transition we could
see that welfare gains are much smaller for less able people in the generation
who were born at the onset of technological change. These gains are bigger
for more able members of this generation, therefore subsidies may increase
inequality initially. Finally, in the case of generations born before the start
of technological change and consequently before the introduction of the sub-
sidies, less able people still benefit some, however educated people will lose
because the subsidies attract more ”competition” for them and because they
have to pay taxes.

7 Conclusion and directions for further research

We presented a stochastic model of wage differentials and human capital
accumulation in the presence of skill-biased technological progress in this
paper. We have introduced many heterogenous generations living together
and explored the consequences of limited adjustment of skilled labour supply
on wage differentials and on human capital accumulation. We show that this
model has the potential to reproduce a set of well-established stylised fact
for the dynamics of wage differentials and labor supply. We solve the model
numerically for the stationary distribution and along skill-biased technologi-
cal transition. The model performed reasonably well in reproducing stylised
facts regarding the joint dynamic behavior of wage premium, relative supply
of skilled labour and residual inequality.

These results indicate that the fact the human capital accumulation may
have an ”overshooting” property (due to the finite horizon of individual
decisions and because of the limited possibility of supply adjustment) is
very important to understand the persistent and non-monotonic pattern of
wage inequality. The current version of the model could not reproduce the
decrease in real wages of unskilled labour. The introduction of immigration
and/or varying cohort size (enabling us to introduce the ”baby boom” effect)
may help us to overcome this failure. We can not only improve the predictive
power of our model with these changes but check whether our results are
robust with respect to these modifications.

We used the model to compare different education policy regimes in the
stationary distribution and along the transition. We have learned that edu-
cational subsidies do increase welfare and decrease overall inequality in our
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model in the long run, because they provide intergenerational transfers to
individuals and by this they make education cheaper. However different
agents prefer different policies depending on their relative position in the
ability distribution, for this reason although there is a clear order of policies
according production efficiency there is no agreement in the society about
which one to choose. Moreover, the introduction of education policies may
increase inequality within generations which are born on the onset of tech-
nological change. Finally, high-skilled individuals born before the start of
technological change and before the introduction of educational policies will
lose welfare after introducing these policies.

In the light of these results we would like to analyze what is the ”optimal”
way of subsidizing higher education. Unfortunately, it is not obvious how one
should define optimality in a heterogeneous OG setting. We could define it
as the particular combination of tuition subsidies and taxation which leads to
the highest possible production without making any particular agent worse
off. Obviously another definitions of ”optimality” could take into account
the distribution of wealth more directly.

Finally, skill-biased technological change, in addition to the the previous
facts, caused decreasing labour force participation as well in many countries.
We have not studied this impact in this model but with the introduction
of home production or minimum wage requirement we could introduce it to
our model as well.
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Appendix: Proof of Proposition 1

We fix the level of technology to A in the non-stochastic steady state (SS)
of the model. Then the SS is given by the property that the educational
decision is determined by the same threshold level of ability v* each period.
Note that, then the supply of the two types of the labour is given by the
following expressions:

L*=nF(*) (Ely| v <] +Fly ZP° (28)
H = (n=1)(1—F") (Ely|v>~]) + ZPI
- (n—l)/vf( iy + (1= F ZPI (29)
J
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Noltle that, g—s: > 0 and if v* > 0 then %g: < 0. Skill prices are constant as
well:
@' = (oL + (1 —a) (AH))) " (1 - )BT (30)

@ = (aL* + (1 —a) (AH*)")" oLt wez0  (31)

Since skill prices are equal to marginal productivities we can use the con-
cavity of the CES production function (Fgg < 0, Frp < 0) together
with our assumption of complementarity between two production factor
(0 < p <1 — Frg > 0) in order to obtain the impact of y* on skill
prices (under the assumption that y* > 0)

ow'* OH* OL*

= Fopy— 4 Frogt 2
e HH e +Fru e >0 (32)
owd* OL* OH*
Y P Ay
a,),* LL 87* + LH a,),* < 0 (33)

Let us rewrite (16) in the non-stochastic steady state and define V' (y*) as
the net benefit function of attending university

V(y) =" 0" — G+ 1)0%) + ky* + WP —w"P —C =0 (34)

Where we define 5 = S 1 g, P' = 37 6iP1(i) and P° = 37 61 P0(i).
Note that equations (28)-(31) imply that V() is continuous on the interval
(v, +00). Here we defined v as the ability level which would imply L* = 0.

n—1
v: F(y) <nE[’y|’y<1]+ZP0(i)) =0 (35)

a =0
The existence of v is guaranteed because the support of the normal distri-
bution is the real line. We have to prove that V() has a unique solution on

(v, +00).

0%

Existence Note since 0 < p < 1 lim w% = oo, on the other hand w"*

7=y
and v* remains bounded at the limit therefore lim V(y*) = —oc.
7=y

Notice also that lim H* = 0 and therefore lim w'*
Y*—00 Y*—00
to the previous case w'* remains bounded at the limit and (34) implies
lim V(v*) = oo. Since V(v*) is continuous these two limit results imply
v*—00
the existence of a solution to V() by the intermediate value theorem.

= oo and similarly
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Uniqueness Let us study V’(7*) in order to prove uniqueness.

= (b P)-5E

_ _ ow _ _
V'(y*) = (6w" = (6 + 1)w™) +r+ 811;* ((6 +1) 9+ PO)
B ~ (36)
Note, that if y* > 0 and (6w'* — (§ + 1)w’*) > 0 then V'(v*) > 0 as well.
We can define +' as the level of ability which imply that the discounted sum

of skill prices are equal to each other®”:
Y dw(Y) = (6 + DB (Y) =0 (37)

Now, we will give two sufficient conditions which will guarantee uniqueness
of v*.

Assumption 1 o' > 0 and sy’ + El*('y’)ﬁl — % ('y’)ﬁo -C<0.
Assumption 2 If y <0 then it is sufficiently close to 0.

The first assumption says that age-productivity profiles and educational
costs are such that agent 4 would get negative benefits from going to
university. Note first, that by (32) and (33) for any v > +' we have
ow™ — (6 + D)w® > 0 and therefore V/(y) > 0. Note second, that by
Assumption 1 we have V(y') < 0. Finally recall vli_)rgo V(y) = oo. These

three observations together with the continuity of V(-) imply that there is
a unique solution to (34) on the interval (v/, c0).

Now we will prove that for Vy € (v,7') we have V(y) < 0. Note first,
that by (32) and (33) for Vy € (0,7') we have dw'* — (6 + 1)w™ < 0.
Note second, by (34), (32), (33) and by Assumption 1 this implies that
V(y) <0.If vy > 0, we are done. If v < 0, note that because of continuity of
V(-) and because vkiglvV(y*) = —0o I such that Vy € (7,7 + A) we have

Vi(y) <0. Assumptio_n 2 says that v + A > 0. Note that we proved that
under Assumptions 1 and 2 we have that V() < 0 on (v,7] and it has a
unique solution on (7',00). Therefore it has a unique solution on (v, 00).2

*5Note, that 4’ is given by the following expression

Lo ()T

26Note, that Assumption 1 is sufficient but not neccesary but Assumption 2 is necceseary
and sufficient as well. It is not very hard to satify either of the assumptions. Assumption

36



B Appendix: The PEA algorithm in the station-
ary distribution

We chose exponential-linear polynomial approximation®” of A(S;) in the
following way:
A(Sy) = PEA(Bo, B; Sy) = Boe” *

We have implemented the algorithm in the following steps.

Step 1 Simulate a series of the stochastic shock of length T (AN,
Ay = A. Select an initial parametrization (f, ).

Step 2 Simulate the model with the usage of {4;}L, and (By,3). This
step involves the solution of the non-linear equation (38) for 7;(5y, ) for
t=0,.,T.

C - K/:)’\t(ﬁ[],ﬁ) +m(t) (:y\t(BUHB)a St) (/’?t(ﬁoaﬁ) + PO(IL)) - PEA(BU?Ba St) =0

(38)
We calculate Ut(BUHB)a Lt(ﬁoaﬁ)a Ht+1(/6076) and Consequently wtl(ﬁoaﬁ)
and WY (By, B) with 7;(Bo, 3). Then we calculate the ex post realizations of
the expectations in (16). Call this {X;(Bo,8)}i-

Step 3 Estimate the parameter vector (5, ') such that

!

(80, ) = e win S [0, ) — PEAGh, B 5150, ) BEY)
0:8) 1=0

In this way (5}, 5’) is the best predictor of the ex post realization given
the chosen functional form and the simulated series.

1 implies intuitively that the main incentive for going to university is coming from higher
skill prices and not because of "higher” slope of life-cycle pattern of productivity. Finally
Assumption 2 guarantees only that for agents with negative abilities it is not worth going
to university.

2"Ljear approximation turned out to be sufficient because there is ”multicollinearity”
between our state variables, therefore a low degree polynomial can fit reasonably well a
non-linear function.
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Step 4 If (8),0') = (Bo, ) the solution procedure finished, we found the
best parametrization of our expectations and consequently we found the
solution to our model. If (5}, 5') # (B0, ) go to step 2 and use initial pa-
rameters which are some linear combinations of (5j, 5’) and (5o, 5) (usually
we have to put much higher weight to the initial parameter vector to avoid
diverging paths).

C Appendix: The PEA algorithm along the tran-
sition

Assume that we already solved for the parameters of the stationary distri-
bution (fy, 5) as explained in Appendix B. We have to modify some of the
steps of the procedure described above to find the appropriate parameters
for the transition path.

Step 1b Simulate M independent realizations of the stochastic shock
U M J—
with length T: {{Am,t};{’zl} (. with Ay < A fixed. Select an initial

m=
parametrization (3§, 3°). Here T” should be relatively small, but long enough

to assure that by the end of this period we are in the stationary distribution.

M
Step 2b Simulate model with usage of {{Am7t}tT:1} ﬂand (8§, 8°). Solve

for (38) like in the previous algorithm, however in the last periods of the
simulation we use (S, 8) instead of (33, 3°) to insure that our out-steady
state dynamics is consistent with the steady state distribution when we are
actually there.

Step 3b and 4b We have to proceed with Step 3 and Step 4 as in the
stationary case.

D Appendix: Figures and Tables
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Figurel

Simulated times seriesfor selected variables along the transition
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Table 2: Efficiency and distribution implications of different education policy regimes
in the stationary distribution

Benchmark Policies (% deviations from the benchmark case)

Case A Case B Case C Case D
Output 1.956 1.022 0.716 0.818 0.460
Enrolment 0.264 1.800 1.200 1.400 0.800
Wage premium 0.249 -7.631 -5.221 -5.622 -3.213
Std. Dev. Of wages 0.135 -3.704 -2.963 -2.963 -1.481
Tax rate 1.420 2.350 1.120 2.310

Life-time utilities

Unskilled average person 0.728 6.044 3.434 7.143 4.808
Threshold person 0.967 2.068 2.172 1.448 1.448
Educated average person 1.171 1.281 1.196 2.220 2.135

Case A: Lump-sum subsidies and linear taxation

Case B: Lump-sum subsidies and progressive taxation
Case C: Proportional subsidies and linear taxation

Case D: Proportional subsidies and progressive taxation



Table 3: Efficiency and distribution implications of different education policy regimes
along the transition

Benchmark Policies (% deviations from the benchmark case)
A B C D
Output 1.693 1.063 0.709 0.827 0.473
Enrolment 0.257 1.8 1.1 1.5 0.8
Wage premium 0.219 -7.306 -4.566 -5.936 -3.196
Std. Dev. Of wages 0.115 -3.478 -2.609 -2.609 -1.739
Tax rate 1.310 2.910 1.290 2.890
Born at -3 Life-time utilities
Unskilled average person 0.256 0.781 1.563 0.391 1.172
Threshold person 0.356 0.562 1.124 0.000 0.843
Educated average person 0.732 -4.508 -5.328 -3.825 -4.781
Born at O
Unskilled average person 0.527 1.328 1.518 0.569 1.139
Threshold person 0.753 1.195 1.594 0.531 1.062
Educated average person 0.915 1.749 1.530 2.951 2.514
Born at 7
Unskilled average person 0.650 7.385 4.308 6.769 4.000
Threshold person 0.911 2.195 2.195 1.427 1.427
Educated average person 1.106 1.266 1.266 2.351 2.260
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