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We construct a general equilibrium version of the Krusell et al. Econometrica 68, 1029, 2000 model with
capital-skill complementarity. We assume several sources of growth simultaneously: exogenous growth of
skilled and unskilled labour, equipment-specific technological progress, skilled and unskilled labour-
augmenting technological progress and Hicks-neutral technological progress. We derive restrictions that make
our model consistent with balanced growth. A calibrated version of our model can account for the key growth
patterns in the US data, including those for capital equipment and structures, skilled and unskilled labour and
output, but it fails to explain the long-run behaviour of skilled-labour wages and, consequently, the skill
premium.

INTRODUCTION

Krusell et al. (2000) show that a constant elasticity of substitution (CES) production
function with four production inputs—capital structures, capital equipment, skilled and
unskilled labour—is consistent with the key features of the US economy data.' In the
data, the growth patterns over the 1963-92 period appear to be highly unbalanced:
output and the stock of structures increased by a factor of two; the stock of equipment
increased by more than seven times; the number of unskilled workers slightly decreased,
whereas the number of skilled workers nearly doubled; the price of equipment relative to
consumption (structures) went down by more than four times; and the skill premium was
roughly stationary. All the above regularities are matched in Krusell ef al. (2000), by
construction, under the appropriate degrees of capital-skill complementarity.’

In this paper, we attempt to account for the above growth patterns in the context of a
general equilibrium version of the Krusell ez al. (2000) model. We restrict our attention to
the standard class of models that are consistent with balanced (steady-state) growth in
which all variables grow at constant (possibly differing) rates. A convenient property of
such models is that they can be converted into stationary ones, so that their equilibria can
be studied with standard numerical methods. We ask: Is a general equilibrium balanced
growth model parameterized by the Krusell et a/. (2000) CES production function still
consistent with the US data?

The standard way to introduce balanced growth in macroeconomic models is to
assume labour-augmenting technological progress (see, for example, King ez al. 1988).
However, this assumption is not sufficient for our purpose since it implies that all
variables (except labour) grow at the same rate, which does not agree with the empirical
facts listed above. As shown in Greenwood et al. (1997), it is possible to account for the
empirical observation that equipment grows at a higher rate than output by introducing
two other kinds of technological progress, such as equipment-specific and Hicks-neutral
ones. However, these two kinds of progress alone are consistent with balanced growth
only under the assumption of the Cobb—Douglas production function (see Greenwood
et al. 1997, p. 347) and not under our assumption of the CES production function.

The main theoretical result of the present paper is that we can make the CES
production function consistent with balanced growth by combining the standard labour-
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augmenting technological progress with two kinds of progress introduced in Greenwood
et al. (1997). To be specific, we simultaneously introduce equipment-specific technolo-
gical progress, skilled and unskilled labour-augmenting technological progress, and
Hicks-neutral technological progress, as well as exogenous growth of skilled and
unskilled population. We impose the assumption of complete markets, which allows us to
analyse equilibrium by considering the corresponding planner’s problem. A distinctive
feature of our setup is that skilled and unskilled populations grow at different rates. We
show that in spite of this feature, welfare weights assigned by the planner to the two
subpopulations depend not on their growth rates but only on their initial sizes. With this
result and with some additional restrictions on preferences and the rates of progress,
there exists a stationary economy associated with our growing economy.

We calibrate the model to match a set of relevant observations about the US economy.
We find that the calibrated version of our model can account remarkably well for the key
growth patterns in the data, including those for capital equipment and structures, skilled and
unskilled labour, and output. Specifically, the above variables in our model grow at different
rates, which are close to those in the data. Nonetheless, our model has an important
drawback: it understates the growth rate of skilled-labour wages, and as a result it
dramatically fails on the growth pattern of the skill premium predicting that the skill premium
falls, while in the data, the skill premium exhibits a roughly stationary behaviour. The reason
for this drawback is the following. Our assumption of balanced growth implies that the
relative importance of all production inputs in output remains constant along the balanced
growth path. If the number of skilled workers grows more than that of unskilled workers,
then to maintain the same relative importance of the two types of labour, the productivity of
skilled labour must grow proportionally less than that of unskilled labour, and hence the skill
premium must decrease over time. We argue that the above drawback is a generic feature of
our model, and it is difficult to correct it without relaxing our restriction of balanced growth.

As far as the business cycle properties of our model are concerned, it turns out that
the stationary version of our model is virtually identical to the one considered in
Lindquist (2004), where there is no growth, by construction. Lindquist (2004) performs
an extensive study of the business cycle predictions of a stochastic general equilibrium
version of the Krusell ez al. (2000) model. The implications of our model are very similar
and hence are not reported.

The rest of the paper is organized as follows. Section I describes a competitive equilibrium
economy, presents the associated social planner’s economy, introduces growth and derives
the corresponding stationary model. Section II describes the calibration and the solution
procedures. Section III presents the results from simulations, and Section IV concludes.

I. THE ECONOMY

In this section, we construct a general equilibrium model with the production function
considered in Krusell et al. (2000). We first describe the environment, then introduce
technological progress, and finally provide analytical results on the existence of a
stationary equilibrium in our economy.

The environment

Time is discrete and the horizon is infinite, t = 1,2, ..., 0co. There are two types of agents:
skilled and unskilled; their variables are denoted by superscripts s and u, respectively.
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There are two types of capital stocks: capital structures and capital equipment. The
economy has two sectors: one sector produces consumption goods and capital structures,
and the other sector produces capital equipment. Both sectors use the same technology;
however, there is a technology factor specific to the capital equipment sector. We
aggregate the production of the two sectors by introducing an exogenous relative price
between consumption (structures) and equipment, g,.

Let us denote by B; a collection of all possible exogenous states in period ¢. We
assume that B, follows a stationary first-order Markov process. Specifically, let ® be the
Borel g-algebra on . Define a transition function for the distribution of skills IT :
I x R —[0,1] on the measurable space (3,#) such that for each zeS, Il(z,-) is a
probability measure on (&, R), and for each ZeR, I1(+, Z) is an f-measurable function.
We shall interpret the function Il(z,Z) as the probability that the next period’s
distribution of skills lies in the set Z given that the current distribution of skills is z, i.e.
I(z, Z) = Pr{B, , 1€ Z|B, = z}. The initial state Bye S is given. We assume that there is a
complete set of markets, i.e. that the agents can trade state-contingent Arrow securities.
The agent’s ie {s,u} portfolio of securities is denoted by {M!(B)} z 4. The claim of type
Be X pays one unit of 7 + 1 consumption good in the state B, and nothing otherwise. The
price of such a claim is p,(B).

In the presence of population growth, the problem of skilled and unskilled groups of
agents, i€ {s,u}, can be written as

oo
(1) o max EyY B'NIU(CI 1 —nb),
{C;’nlf’K/i.Hl’Ké.zH‘{M/IH(Z)}Ze??} ; ! ! !
o ‘ Kl :
NiC4+ Niyy [ Ky + =250 / p(2) Ml (2)dZ

(2)
I ) K .
=N, {w;nj + (1= 0p +ro) Ky, + (1 — 0 + re,)q—"’ + M,’(B,)],
t

where initial endowments of capital structures (buildings) and equipment, K}, and K, and
Arrow securities M} (By) are given. Here, f€(0,1) is the subjective discount factor, E, is the
operator of expectation conditional on information set in period 7, and N’ is an exogenously
given number of agents of group ie{s,u}. The variables C!, n!, wi, K] and K, are,
respectively, consumption, labour, the wage per unit of labour, the capital stock of structures
and equipment of an agent of group ie {s,u}. The time endowment is normalized to 1, so
the term 1 — n’ represents leisure; 4, and r,, are the interest rates paid on capital invested in
structures and equipment, respectively; and J,€(0,1) and 6.€(0,1) are the depreciation rates
of capital structures and capital equipment, respectively. The period utility function U’ is
continuously differentiable, strictly increasing in both arguments and concave.
The production function is of the constant elasticity of substitution (CES) type:

Yt = A[G(Kbta Ket» Lsr» Lul)
(3) (1-a)/a
= AKG (WL, + (1= ) GKG + (1= )L™
Here, Y, is output, A4, is an exogenously given level of technology (common to both
sectors), and K}, and K,, are the inputs of capital structures and capital equipment,
respectively. Functions Ly = Ly (N/n{) and L,, = L,(N}'n) give the efficiency labour
inputs of skilled and unskilled agents, respectively, and will be specified in the next
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section. The parameters e (0,1), ue(0,1), 2€(0,1), p and ¢ govern the elasticities of
substitution between structures, equipment, skilled labour and unskilled labour.
The firm maximizes period-by-period profits by hiring capital and labour

Ky, Koty 1 —r S NTS 5,8 U NTU L
(4) max [A;G( bty Kery Ligty Lm) T Kpr — Yot Kop — WYNI - N[ n[l]’
{ Kby Ket, N1 Nitt'y

taking the market prices as given.

Labour growth and technological progress

Krusell et al. (2000) provide time series data for the US economy over the 1963-92
period, including those for output, the stocks of structure and equipment, the numbers of
skilled and unskilled workers, and the relative price between consumption (structures)
and equipment. In the data, the growth patterns appear to be highly unbalanced. To be
specific, over the sample period, the output and the stock of structures increased roughly
by about a factor of two, while the stock of equipment increased by more than seven
times; furthermore, the number of skilled workers nearly doubled, while the number of
unskilled workers slightly decreased; and finally, the price of equipment relative to
consumption (structures) went down by more than four times.

To make our model consistent with the above unbalanced growth patterns, we
introduce several sources of exogenous growth simultaneously. First, we assume that
skilled and unskilled populations can grow at differing rates, i.e.

(5) N/ =Ny(»")" and NJ=N§(")',

where y* and y* are the growth rates of the skilled and unskilled labour, respectively.
Furthermore, we assume three different kinds of technological progress: the first
increases efficiency of both skilled and unskilled labour at possibly different rates
(labour-augmenting technological progress); the second increases the level of technology
A; (Hicks-neutral technological progress); the third improves the technology of the
equipment sector relative to that of the consumption and structure sector or,
equivalently, decreases the relative price of equipment 1/g, (equipment-specific
technological progress). We specifically assume that the aggregate labour input of
skilled and unskilled agents evolves according to

(6) Ly = N:n$(T%)" and L, = N‘n*(T"),

where I and I'" are deterministic labour-augmenting technological progress of skilled
and unskilled labour, respectively. The remaining two kinds of progress have an identical
structure: they include a deterministic time trend and a stochastic stationary component.
In particular, the level of technology is given by

(1) A= ATz,

where T is a deterministic growth rate, and z, is a stationary process. Similarly, the
relative price is given by

1_ Ky
g qo(I)"

(®)

where I'? is a deterministic growth rate of ¢,, and x;, is a stationary process.
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Competitive equilibrium

A competitive equilibrium in the economy (1)—(8) is a sequence of contingency plans
KM (2) 'Zee{g{”[}ep for the firm’s alloca-
tion {Kj, Ko, Lg, Lis } o 7 and for the prices {7y, e, W, WY, pi(Z)} ;e e 7 Such that given

the prices:

for the agents’ allocation {C!,n!, K]

e the sequence of plans for the agents’ allocation solves the utility-maximization problem
(1), (2), (8) for ie{s,u};

e the sequence of plans for the firm’s allocation solves the profit-maximization problem
of the firm (3)—(8);

e all markets clear and the economy’s resource constraint is satisfied.

Moreover, the equilibrium plans are to be such that C!>0and 0<n! <1 for ie {s,u},
Ky, K. >0 and p(Z)>0 for all Ze®R.

Pareto optimum

To simplify the analysis of equilibrium in our decentralized economy (1)—(8), we
construct the associated planner’s economy. The planner solves

) max {Eo 3" BIONGUP (G 1 — 1) + (1 — ONSU(CY, 1 — )] }
=0

{C}Y:CI,( 7y K 1, Ke i1 }

subject to the economy’s resource constraint

K,
NICS + N“C* + Ky 11 + Zf“

(10) ’ B

Ket

q:

= AIG(K/)I; Ketv L‘\'tv Lur) + (1 - 5[7)Kbt + (l - 56’)

where initial endowments of capital structures and equipment, K,, and K, are
given. The production function G(Kj,, K., Ly, L) is given by (3); skilled and unskilled
labour grow according to (5); and the exogenous shocks are given by (6)—(8). In (9),
0 and (1 — 0) are the welfare weights of skilled and unskilled agents, respectively, with
0e(0,1).

With the following proposition, we establish the connection between the decen-
tralized and the planner’s economies.

Proposition 1. For any distribution of initial endowments in the decentralized economy
(1)—(8), there exist welfare weights 6 and (1 — 0) in the planner’s economy (9), (10) such
that a competitive equilibrium is a solution to the planner’s problem.

Proof. See Appendix A.

The result of Proposition 1 might seem surprising. By assumption, the two
heterogeneous groups of skilled and unskilled agents can grow at different rates.
At first glance, this feature could make the planner’s objective function non-stationary
because the planner is to maximize the weighted sum of individual utilities where
the weights, in particular, depend on the groups’ sizes. As follows from Proposition 1,
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this first-glance intuition is, however, not correct: the appropriate weights for
the planner’s problem are those that depend on the initial sizes of the two groups; the
growth rates of the skilled and unskilled groups do not enter the planner’s objective
function.

Stationary economy

As described in the subsection entitled ‘Labour growth and technological progress’
above, our economy contains several sources of growth. To be able to apply standard
dynamic programming methods, we should convert the growing economy into a
stationary one. With the following proposition, we show the restriction that is necessary
for the existence of a stationary (balanced growth) equilibrium.*

Proposition 2. In order for the economy (3)—(10) to have a stationary (balanced growth)
equilibrium, it is necessary that I'*y® = I'y" =T'9y = (FA)I/(“fl)y, where 7 is a long-run
growth rate of output.

Proof. This proposition follows from an inspection of the production function (3). Given
formulas (5), (6) and (8), constant marginal rates of substitution between L, and L,, and
between L, and K, require that

(11) Iy =T"" =Ty.
Given formula (3), a constant K,/Y ratio requires that
(12)  y=yH(T)'

or, equivalently, T = (I)/=1) 3

We next provide sufficiency results under the restrictions of Proposition 2.
With the following proposition, we derive a stationary version of the resource
constraint (10).

Proposition 3. The stationary resource constraint that corresponds to (3), (10) is given by

” K
Noc) + Nicl + vkp i + 9T = ko1 = (1= Sp)kiy + (1 = 80) = ke + Aoz /5,
qO qO
(13)
e s o/p(1=2)/a
x [N 4 (1= o) (22 + (L= D(Nam)?) ),
where
s tCs u fcu K Ke
Ci — (y )1 t’ Cl; = (y )[ L s k},[ = /;[ and kct = );
y Y Y ()’

Proof. See Appendix A.

Thus C§ and C¥ grow at the rates y/y* and y/y", respectively; K, and Y, grow at the
rate y; and Ly, L,, and K,, grow at the same rate ['*y* = I'y* = T'7y.

We now turn to preferences. In terms of new variables ¢} and c¢¥, we can rewrite the
objective function in (9) as follows:
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=)

4 JES pleno (K- ) 1—9N“U“<Vtc?,1— )}}
( ) { OZﬁ[ 0 ((V'Y)t n; +( ) 0 (V“)t n

t=0

King et al. (1988) show that the standard Kydland and Prescott (1982) model is
consistent with balanced growth only under the following two classes of preferences:

(15)  U(C,1—n)=In(C)+ V(1 —n),

Cl-e

(16) U(C,1—n) V(l—n), 0<g<lorg>l1,

where under the additively separable utility function (15), V(1 —n) is increasing and
concave, and under the multiplicatively separable utility function (16), V(1 —n) is
increasing and concave if 0 <g <1, and decreasing and convex if ¢ > 1.

With the following proposition, we show that the above two utility functions are also
consistent with balanced growth in our heterogeneous-agent setup. However, under (16),
we should impose additional restrictions on the inverse of intertemporal elasticity of
substitution in consumption for skilled and unskilled agents if these two groups grow at
different rates.

Proposition 4. Preferences (14) are stationary if and only if the momentary utility

function for ie {s,u} is given by:

1. U(C,1—n)=In(C)+ V(1 —n); v

2. UN(C,1—n)=[C'2 /(1 —g)]Vi(l —n), with ¢ and ¢ satisfying (y/y%)' "¢
= (/7)™

Proof. See Appendix A.
We finally mention two properties of the model that are useful for our future analysis.

Proposition 5. In the economy that is consistent with balanced growth:

1. if y* 29" then T° ST
2.if T2 1, then T* < 1.

Proof. The results (1) and (2) follow, respectively, from the restrictions I'*y* = T'*y" and
7 = (r'*)"® =Y of Proposition 2.

That is, the assumption of balanced growth requires that: (1) whenever skilled labour
grows at a higher (lower) rate than unskilled labour, efficiency of high-skilled labour
should grow at a proportionally lower (higher) rate than efficiency of low-skilled labour;
(2) whenever the efficiency of producing equipment relative to structures increases
(decreases), Hicks-neutral technological progress is negative (positive).

II. CALIBRATION AND SOLUTION PROCEDURES

In this section, we describe the methodology of our numerical study. For the numerical
part, we restrict attention to the additively separable utility function of the addilog type,
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with the sub-function V/(1 — n) being identical for two types of agents,

(1—n)'"" =1

(17)  U(C,1=n) =In(C) + D———

Consequently, a stationary version of the planner’s problem can be written as

= 1—n)' =1
18 max E "L ON; [log(c?) + D(’—
( ) {3, 3 ey gy ke } 0 ; ﬁ { 0 [ g( t) 1—v

(- =1

+(1 — O)N§ [log(cﬁ’) +D T

2

subject to (13). The first-order conditions (FOCs) of the problem (18) are derived in
Appendix B.

Krusell et al. (2000) estimate the parameters in the production function (3) as well as
the parameters for the stochastic shocks for the US economy data over the 1963-92
period. Since we assume the same production function, and we use the same dataset, we
follow the parameter choice in Krusell ef al. (2000) as close as possible. However, we
cannot use all their estimates because there is an important difference between our
framework and theirs: Krusell er al. (2000) impose no restrictions on the growth and
cyclical patterns, while we assume balanced growth and a first-order recursive stationary
Markov equilibrium. We outline the main steps of the calibration procedure below;
further details are provided in Appendix C.

To estimate the growth rates of skilled and unskilled labour, y* and y*, respectively,
and the initial numbers of skilled and unskilled workers, Nj and N, respectively, we use
the data provided by Krusell et al. (2000). To calibrate time worked by skilled and
unskilled agents in the steady state, we use the results of Maliar and Maliar (2001), who
report time worked by eight educational groups in the US economy. For our purpose,
from the given eight groups, we construct two weighted representative groups. The
resulting shares of discretionary time worked by skilled and unskilled agents are
n' = 0.3685 and n" = 0.2459, respectively.

In the benchmark case, we assume the depreciation rates of capital structures and
capital equipment, J, = 0.05 and J, = 0.125, and the parameters of the production
function, o = 0.117, 0 = 0.401, p = — 0.495, as estimated in Krusell et al. (2000). We
estimate the process for ¢, in (8) by assuming that the error term follows a first-order
autoregressive process log(x,) = b?log(x,_1) + ¢! with ¢/~N(0,07). (The estimate of
Krusell et al. (2000) for ¢, is not applicable to us since they assume an ARIMA
(autoregressive integrated moving-average) process, which is not consistent with our
assumption of a first-order recursive Markov equilibrium.) To estimate the parameters of
the production function, A and u, the parameters for shock A, and the sizes of labour-
augmenting technological progress, I'* and T, we employ the following iterative
procedure.

1. Fix some initial value of I'* and compute the corresponding value of I'" = y*T"*/y",
given y* and 9" computed from the data.

2. Find the parameters 4 and p to reproduce two statistics in the data: the average (total)
labour share of income over the period, and the average ratio of skilled labour’s share
of income to unskilled labour’s share of income.
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3. Use the data and the obtained parameters I, T, A and u to restore the process A,
according to (3), and estimate the parameter I'? in (7) by assuming a first-order
autoregressive process for the error term, log(z,) = b?log(z,-1) + ¢! with &! ~ N(0, 7).

4. Given the obtained value of T, update the value of I'* for the next iteration by

1/(e—1)
(o.srA + 0.5(r4)“f‘) y

VS

r=

5. Repeat iterations until convergence so that the value of I"* assumed initially is the same
as the one obtained at the end of computations. Notice that the above iterative scheme
simultaneously ensures that (I’ A)l/ (*=1) — 17, which is another restriction necessary for
balanced growth. At the end, we have that I’y =T"" =TYy = (FA)I/ <“71)y, as
required in Proposition 2.

We have to resort to this iterative procedure because our model has labour-
augmenting technological progress for skilled and unskilled labour, whose sizes cannot
be directly estimated from the data. (This problem does not arise in the analysis of
Krusell et al. (2000), since they assume no labour-augmenting technological progress.)
We then calibrate the discount factor f5, the welfare weight 0 and the utility function
parameter D by using the FOCs of problem (18), evaluated in steady state (see Appendix
C). The obtained values of the parameters are summarized in Tables 1 and 2.

To solve the model, we use a simulation-based variant of the parameterized
expectations algorithm (PEA) by den Haan and Marcet (1990). To ensure the
convergence of the PEA, we bound the simulated series on initial iterations, as described
in Maliar and Maliar (2003b). The model has two features that complicate the
computation procedure. First, there are two intertemporal FOCs, so we must
parameterize two conditional expectations. Second, there are two intratemporal
conditions that cannot be resolved analytically with respect to skilled and unskilled
labour. Solving numerically the two intratemporal conditions on each date within the
iterative cycle is costly, so we find it easier to parameterize the intratemporal conditions
in the same way as we do the intertemporal FOCs. We then solve for equilibrium by
iterating on the parameters of the resulting four decision rules simultaneously. The
details of the solution procedure are described in Appendix D. Once the solution to the

TABLE 1
THE PARAMETERS OF THE UTILITY AND PRODUCTION FUNCTIONS

Parameter ~ Nj y* n’ N{§ P n" B A u 0 B
Value 4.4558 1.0224 0.3685 17.990 0.9945 0.2459 0.9823 0.9979 0.9197 0.3530 1.8843
TABLE 2

THE TECHNOLOGY GROWTH RATES AND THE SHOCK PARAMETERS

Parameter I’ r“ 90 y? (c)? b Ay 4 (e ? b4
Value 1.0562 1.0856 0.9664 1.0491 0.0306 0.9352 10.213 0.9586 0.0326 0.7143
Economica
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stationary model is computed, we restore the growing variables by incorporating the
corresponding deterministic trends.

III. RESULTS

In Figure 1, we plot the key variables (in logarithms) of the benchmark version of our
model with the elasticity of substitution of labour 1/v = 1 under the actual sequence of
relative prices, 1/¢q,, and under the fitted sequence of technology levels, 4,. As we see, the
model is overall successful in explaining the growth patterns observed in the data. First,
by construction, it generates appropriate labour growth patterns, namely, an increasing
pattern for skilled labour and a decreasing pattern for unskilled labour. Second, it
produces series for capital structures and equipment growing at different rates, which are
comparable to those observed in the data. Finally, the model predicts increasing patterns
for output and wages of unskilled agents, which also agrees with the data.

A striking but not surprising implication of our model is that the rate of Hicks-
neutral technological progress is, on average, negative, I'! < 1. Indeed, given that in the
data, equipment becomes cheaper than structures over time in relative terms (i.e. I'’> 1),
by Proposition 5, we should necessarily have that I'¥ < 1. In the calibrated version of the
model, this effect proved to be very large, I'! = 0.9586, as Table 1 shows. Our finding
that Hicks-neutral technological progress is, on average, negative is the same as that of
Greenwood et al. (1997), who also report a dramatic downturn in total factor
productivity since the early 1970s. To explain their result, Greenwood et al. (1997) make

I =
2 g
B
k) g
£ s
o 1965 1970 1975 1980 1985 1990 8 1965 1970 1975 1980 1985 1990
t t
°
o o
° =
2 %
0 c
5 2
o >
Qo o
S - G : :
1965 1970 1975 1980 1985 1990 - 1965 1970 1975 1980 1985 1990
t t
o
° 2
2 = 2
x [
@ S 15
g S 1
= g = . . . . .
1965 1970 1975 1980 1985 1990
t
e obp -—— 0
3 e I
o) = ce,
n 15 Tty
1965 1970 1975 1980 1985 1990 1965 1970 1975 1980 1985 1990
t —Actual t
+ Simulated
FIGURE I. The actual and simulated paths for the US economy 1963-92.
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a growth accounting exercise and demonstrate that the average growth rate of total
factor productivity depends on how capital is incorporated in the model. Specifically,
they show that once total capital is split between equipment and structures, the
productivity downturn increases.

There is one undesirable growth feature of our model that is difficult to correct given
our assumption of balanced growth. Specifically, the model significantly underpredicts
the growth rate of skilled-labour wages. As a result, the model fails to explain the time
series behaviour of the skill premium, 7, = wi/w": in the model, the skill premium has a
strong downward trend, while in the data, such a trend is absent.

In fact, the above undesirable feature has been already anticipated in Proposition 5.
Specifically, the skill premium is given by
G3 (Kbt; Keh LA‘[7 Lm)} % |:1—“:| !

T, =
' {04(Kbh Ket7 Lm Lul)

B (L ) M ) R\ K W [r—}
" (Ngmy)™ '

r‘ll
(19)

l" u

Since, in the data, skilled labour grows at a higher rate than unskilled labour, y*>7y", the
assumption of balanced growth implies that labour-augmenting technological progress
is larger for unskilled agents than for skilled agents, I'*>T". As follows from Table 1,
the difference between I and I'" in the calibrated version of the model is very large,
ie. T"=1.0562 and TI*“=1.0856. Given that the term (G3(Kp;, Ker, Ly, Lit))/
(G4(Kpsy Koty Ly, L)) in expression (19) is stationary, and that the term [I¥/T*]" has a
downward trend, we have a strong decreasing pattern in the skill premium. In general,
formula (19) implies that as long as y*>7", we have I'“>TI", and consequently our model
will generate the skill premium with a downward trend no matter how the parameters are
calibrated.® Therefore the failure of the model to account for the risk premium pattern is a
generic feature of the model that is difficult to correct within our framework of balanced
growth.” The analysis of Krusell ez al. (2000) does not suffer from this shortcoming because
they do not impose the restriction of balanced growth, and hence the skill premium in their
model does not have a downward growth component [I*/T"]'.

To quantify the regularities discussed above, in Table 3 we provide the growth rates for
the US and model economies over the 1963-92 period. In column I, referred to as the
benchmark model (BM), we report the statistics generated by the model under our benchmark
parameterization. In columns II-VII, we provide the results of the sensitivity experiments
where we vary one of the model’s parameters, holding the rest of the parameters equal to their
benchmark values. Finally, in column VIII, we report the corresponding statistics for the US
economy computed from the Krusell ez al. (2000) dataset. The comparison of the first and last
columns shows that our benchmark model is able to account for the growth rates of all
considered variables, except of the skilled-labour wage and skill premium.

As far as our sensitivity experiments are concerned, we first study the robustness of
our results to modifications in the value of the elasticity of substitution of labour, 1/v, the
only parameter that is not identified by our calibration procedure; namely, we set v =5
(see column II). Furthermore, we perform three sensitivity experiments in which we
consider a 100% increase in the production function parameters o, ¢ and p relative to
their benchmark values (see columns I11-V). Recall that the values of these parameters
were borrowed from Krusell ez al. (2000) and therefore it is of interest to see how their
variations can affect the long-run properties of the solution. Finally, we implement two
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TABLE 3
GROWTH RATES FOR THE US AND ARTIFICIAL ECONOMIES

Artificial economy US economy

Column? BM v=>50 «a=0.234 6=0.802 p= —0.99 6,=0.1 6,=0.25

Statistic® I 11 11 v \% VI VIl VIII
() 10349  1.0318  1.0338  1.0354  1.0344  1.0349  1.0349 1.0294
(0.0032) (0.0025) (0.0027) (0.0035)  (0.0031) (0.0032) (0.0033)

(k) 1.0254  1.0256  1.0258  1.0255  1.0255  1.0256  1.0253 1.0244
(0.0029) (0.0025) (0.0023) (0.0030)  (0.0028)  (0.0028) (0.0031)

(ko) 10301 1.0306  1.027 10292 1.0305  1.0299  1.0303 1.0707

(0.0059) (0.0053) (0.0050) (0.0079)  (0.0055) (0.0059) (0.0061)

p(N*n$)  1.0246 10241 10246  1.0231 1.0238  1.0247  1.0245 1.0224
(0.0017) (0.0007) (0.0012) (0.0033)  (0.0021) (0.0016) (0.0020)

p(N"n") 09975 099429 0.99646 0.99954  0.99743 0.99743 0.99758  0.9945
(0.0015) (0.0004) (0.0011) (0.0022)  (0.0014) (0.0015) (0.0014)

y(wy) 1.0001  1.0004 1.0033  1.0008  1.0022  0.99977 1.0006 1.0628
(0.0024) (0.0029) (0.0021) (0.0031)  (0.0025)  (0.0023) (0.0026)

700) 10273 1.0286  1.0350  1.0270  1.0268  1.0273  1.0273 1.0564
(0.0021) (0.0021) (0.0019) (0.0020)  (0.0020)  (0.0020) (0.0021)
(1) 0.97435 0.97404 0.96996 0.97647  0.97702 09740 0.97495  1.0063

(0.0009) (0.0017) (0.0006) (0.0022)  (0.0011) (0.0008) (0.0010)

Notes

“In column I, we report the statistics generated by our benchmark model (BM); in columns II-VII, we provide
the results of the experiments where we vary one of the parameters, holding the rest of the parameters equal to
their benchmark values; in column VIII, we compute the corresponding statistics for the US economy from the
Krusell et al. (2000) dataset.

®(x,) denotes the growth rate of variable x,. The growth rates in the model are sample averages computed
across 500 simulations. Each simulated series has a length of 30 periods, as do time series for the US economy.
The numbers in brackets are sample standard deviations of the corresponding growth rates.

experiments where we assume a 100% increase in the depreciation rates d, and J, relative
to their benchmark values (see columns VI and VII). The last two experiments are of
interest as Hornstein (2004) found that the depreciation rates of capital have been
increasing considerably over time. As is seen from the table and as was anticipated in our
previous discussion, all the above modifications do not help us to improve the model’s
prediction about the growth rates of the skilled-labour wage and skill premium.

We should draw attention to the fact that we do not report the business cycle
predictions of the model such as standard deviations and correlation coefficients. Our
predictions are very similar to those obtained in Lindquist (2004). This is because
the stationary version of our model is identical to the one considered in Lindquist (2004),
up to a different choice of the utility function (he uses the Cobb—Douglas function while
we use the addilog one) and up to some differences in the calibration procedure
(in particular, he uses quarterly US data while we use yearly US data). Hence the results
of Lindquist (2004) are also valid for our model.

IV. CONCLUSION

Most macroeconomic models, which explicitly incorporate economic growth, rely on the
assumption of balanced growth. This assumption is technically convenient since balanced
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growth models can be converted into stationary models, which can be solved by standard
methods of dynamic programming. Balanced growth has been justified in the literature
on the basis that the observed long-run behaviour of the key macroeconomic variables is
broadly consistent with this specification. In particular, the stationarity of output and the
capital-output ratio in the data is a part of the Kaldor (1961) stylized facts.

In this paper, we develop a general equilibrium version of the Krusell et al. (2000)
model that is capable of generating a balanced growth path on which different variables
grow at different rates. In particular, the stock of capital equipment grows at a
higher rate than do consumption and output, and skilled labour grows at a higher rate
than does unskilled labour. A calibrated version of our model proved to be successful in
matching the long-run properties of the US economy data on capital equipment,
structures, skilled and unskilled labour, and output. Nonetheless, the model has an
important shortcoming, namely, it considerably understates an increase in wages of
skilled labour and, as a result, fails to explain the long-run behaviour of the skill
premium. Therefore the answer to the question posed in the introduction is as follows: In
stark contrast to the Krusell ez al. (2000) setup, our general equilibrium balanced growth
model parameterized by the CES production function cannot explain all the growth
features of the US data.

We argue that the shortcoming of our analysis is the consequence of the assumption of
balanced growth. A mechanism that helps Krusell et al. (2000) to account for the skill
premium behaviour is the capital-skill complementarity: equipment is a complement with
skilled labour and a substitute with unskilled labour, so that an increase in equipment
increases productivity of skilled labour and decreases productivity of unskilled labour. This
mechanism is not consistent with the assumption of balanced growth, which lies at the basis
of our analysis. Under this assumption, the share of each input in production remains
constant even though different variables grow at different rates. Therefore it cannot happen
in our model that one production input substitutes another production input over time,
which is the key insight of the Krusell ef al. (2000) analysis.

Developing models with non-balanced growth would restore the importance of the
Krusell ez al. (2000) capital-skill complementarity mechanism for the long-run behaviour
of the economy. This direction is worth exploring, as recent work calls into question the
assumption of balanced growth; see, for example, Ramey and Francis (2006) for evidence
on a temporal rise in leisure, and Mulligan (2002) and Hornstein (2004) for evidence on
changes in the capital-output ratio, as well as Ngai and Pissarides (2007), Kylymnyuk et
al. (2007a,b) and Acemoglu and Guerrieri (2008) for evidence on and theoretical
explanations of non-balanced systematic changes in the relative importance of different
production sectors.

APPENDIX A: PROOFS OF PROPOSITIONS 1, 3 AND 4
Proof of Proposition 1

Consider the problem of a representative agent of type i€ {s, u}, given by (1) and (2). Dividing by
the number of agents N/, we get

o0
(A1) o, max EyY " BU(CHT - 1)),
(CLK) KL AME (D) w4
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subject to

o iK . 4
C' 4y Kp i1 +yq;'t+l+y’/gep,(Z)M;+l(Z)dZ
t
(A2) |

1

o K )
=win, + (1= 0p + 1p) Kit + (1 = 00 + rer) —q"’ + M;(B,).
t

The first-order condition (FOC) of the problem (A1), (A2) with respect to holdings of Arrow
securities is

(A3) ¢£Pt(3)’/i = ﬁd)iﬂ(Bl) ’ H{Bt+1 = B/|B, = B}B’,Be%7

where qbi is the Lagrange multiplier associated with the budget constraint (A2). By taking the ratio
of FOC (A3) of a skilled agent s to that of an unskilled agent u, we obtain

o O/ /(")
A 10 - = ... = = ...
(A4) by i/ "/ ()

where ¢* and ¢“ are some constants. Given that ¢! = Ui(C!, 1 —n}), we have that the ratio of
marginal utilities of consumption of two heterogeneous consumers, adjusted to the corresponding
growth rates of population, is constant across time and states of nature
a5y UiCulom) UICL1-m)fy UG 1-m)/G) 9"

U(Cy, T =ng) U T =) Ui —m /G

<bfl{
(/)S I

This is a consequence of the assumption of complete markets. The FOCs with respect to physical
hours worked, capital structures and equipment of a representative agent of type i, respectively, are

(A6)  U5(Cj 1 —m) = Ui(Cp 1 = mpw (T,
(A7) ViU{(ij 1 - nlr) = BE, [Ui( §+17 1 - n§+1)(1 —0p + "b4t+1)]7

U{(Cjﬂ: 1- niﬂ) (

(A8)  Y'UI(CI, 1 —m))/q: = BE,
qrv1

1 -6, + "e¢l+1) .

Thus (AS5)—(A8) are the FOCs of the competitive equilibrium economy.
Let us consider now the planner’s problem (9), (10). The FOCs with respect to consumption of
the skilled and the unskilled agents, respectively, are

(A9)  OUY(Ci 1 —m) =n,(0")',

(A10) (1 -0)UY(CY, 1 —nf) =n,0")',

where 7, is the Lagrange multiplier associated with the economy’s resource constraint (10).
Dividing (A9) by (A10) and setting the value of 0 so that ¢"/¢° = (1 — 0)/0, we obtain condition
(AS5) of the competitive equilibrium economy. The FOC with respect to capital structures is

(A11)  n, = BE[n,41(1 = 0p + rppe1)].

Combining (A9) and (A10) with (All), we get condition (A7) of the competitive equilibrium
economy. Similarly, the FOC with respect to equipment is

(A12) '7;/61: = BE; %(1 — 0+ ”e1r+1) .
'

After substituting conditions (A9) and (A10) into (Al2), we obtain condition (AS8) of the
competitive equilibrium economy. From the firm’s problem (4), equilibrium wages are given by

Wi = AtG3(Kbt7 Kety L, Lur)(rs)l and W;‘ = AI‘G4(Kbt7 Koty Ly, Lut)(ru)l~
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By substituting these wages into the FOC with respect to physical hours worked of the planner’s
problem, we get (A6). Finally, the resource constraint (10) should be satisfied in competitive
equilibrium by definition. The fact that the optimality conditions of the planner’s problem are
necessary for competitive equilibrium proves the statement of Proposition 1.%

Proof of Proposition 3

Let us introduce a new variable K,, = K, /(7). In terms of this new variable, the budget
constraint (10) combined with the production function (3) becomes

K ~
m®+wa+mM+Wf&M
K; ~
(A13) = (1—68,)Kp + (1 - 56)6]—(21@, + Ao(I*)'z,K7,

< [N )7 0= ) (AR? [0 40— 2y [y ) ) e,

Let us introduce y, which is defined as a common long-run growth rate of output, Y,, structures K,
and adjusted equipment K,,. We divide (A13) by 7' to obtain

NS(VS)tC? N(l)l(”/")tc;' Kp 141 g Kt Kerr1
! + y! +7 yt+] % yr+1
Ky, Ky [%er K *
(Al4) :(1_5b)7+(1_5e)% y—,“’AOZr <7>

- - v . a/py (1=%)/0o

N )7 (1 — ) RS (0] (1 = 2) [Namy () )]
[(FA)t] “/(“_])(y,)a

where we take into account that skilled and unskilled labour grow at constant rates y* and y“, as is

assumed in (5). By imposing the restrictions I*y* = I'y* =Ty = (FA)W“*U)* and by introducing
notation ¢}, ¢¥, kj, and k,,, as shown in Proposition 3, we get the budget constraint (13).

Proof of Proposition 4

The necessity part can be shown following the steps outlined in King et al. (1988). The sufficiency
part can be shown as follows. Under the additively-separable addilog preferences of type (1), the
stationary version of the planner’s preferences is

By ﬁf{ezvg {mg((}%“’?) + 11— nf)} +(1— )Ny {mg((y?:"?) + V(1 - n;')} }

=0

(A15) N
=Ey Y B{ONy[log(c) + V(1 — m)] + (1 — O)Nj[log(cl) + V(1 —n)] } + T,
t=0

where

v= a3 oo fiee(120)] 4 0 - o e ()]

t=0

is a finite additive term, which has no effect on equilibrium allocation.
Under the multiplicatively-separable Cobb—Douglas preferences (type 2), restricted to satisfy

1—o® 1ot
l Q B l e
ps - i ’

the stationary planner’s preferences are given by
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1—p9° 1 — o

(A16)

0 Y S [t 1-¢* AL 1-¢
EoZﬁ’[eNs (O™ iy oy 11— gy (V)

0 s\1—¢° wy1—0"
~EY> B [ezvg (fz — V(1 —m) + (1 - O)NY GRS —n;’)}

0 1 —o"

where

APPENDIX B: FIRST-ORDER CONDITIONS FOR PROBLEM (18)

V(1 —n

u
t

>]

255

Let us denote I; = Njn; and [, = N§n{. Optimality conditions of the problem (18), (13) with

respect to cj, ¢¥, ny, n, k1 and k.41, respectively, are

(A7) 0(c) ™" =n,

(A18)  (1=0)(c) " =n,

(A19)  OD(1 = )~ = n,Aoz,Gs (ko kers s ),

(A20) (1= 0)D(1 —nf)™" = n,AoziGalkp, Ker, Lit, Lur),

(A21)  yn, = BEAn 1 [1 = 0p + Aozen1 G (kb gt s ke Loty )] 3

Tk,

(a2) T

1 —0.)Kc,_
n, = ﬁEr{’?zH {7( e)r-
q0

+ Aoz 1Go(kp 1y ke ts Lt Lt )} },

where G; is a first-order partial derivative of the function G with respect to the ith argument,

i=1,...,4. These derivatives are given by

(A23) Gy ke, kers Iy h) = o Aozekiy, [l + (1 — i) (2t + (1 = 2)15)7)

(1-%/)s

(A24)  Ga(kpskers Ly L) =Aoziki (1 — ) (1 — )2 (AL + (1 = 2)15) ) kel

[l + (1= ) (A8, + (1 = 2)12) /7))

Gs (ko kers L L) =Aozk, (1 = ) (1 = p)(1 = A) (2kE, + (1 — )1) /O =" !

(A25)
X [ulg, + (1= ) (2L, + (1= 2)15) 7]

Gakpr, ket Lty bur) =Aozig, (1 — o)p

(A26)
x [, + (1 = ) (K8, + (1 = 2)16) ")

After some algebra, conditions (A17)—(A22) can be rewritten as follows:

(A27)  ye;t = BE [\ (1 =6 + AozGy (kb1 kerits Loty hurin)) ],
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T 1 —00)K;—
(A28) %Ct_l = BE, [C;_ll <((]% + Aoz,Ga(kp 15 Key1s Lyt L )):| )

— s Ctl/vel/le/v (AOZtG3(kbt7 keh lsta lul))i(l/‘y)
(A29) Iy =Nj|1—

[N30 + Ny(1 = 0)]""

u " (1= 0)"" DV (Aoz,Galks ket Lty b)) ™)
(A30) [, =N!|1-—
ut — 0 .

N30+ Vg1 — 0]

Optimality conditions (A27)-(A30) together with the resource constraint (13) characterize the
equilibrium.

APPENDIX C: CALIBRATION PROCEDURE

To compute the values of 4 and u in step 2 of the iterative procedure described in Section II, we use
the derivatives (A25) and (A26) of the production function to get

((G3thl)/(G4tLul)) (Lul/Kel)U

-1
14 7
(Lot/Ket)” (1= 2) G+ (1= 2) <Ls,/1<e,>”><”/”>‘l]

(A31) u=

G3tht + G4tLut _
Y,

(= (1= 2) G (1= ) (L Ke)) " (L K 1t (L] Ker)'|
(1= 1) (A4 (1= 2) (La/Ke)")"* (Lot Ket)’ +12 (Lus/ Ker)”

where G = Gi(Kpr, Koty Ly, L) We compute the ratios

(I—a)
(A32)

X

G31L.\-1 Lxr Lul G31L.\-1 + G41Lul
et T gpd e T R

b bl
G4rLuz Ko Ko Y
as time series averages of variables

WM ) N NPT N+ wEN(T)
wi Nu(T)" Ky K., Y, ’

respectively, where the last four variables are constructed from the data in Krusell ez al. (2000)
under the assumed values of I and T'”. We then solve numerically equations (A31) and (A32) with
respect to A and u.

In step 3, we use the obtained parameters to restore the process for 4, from (3), i.e.

Y,
Kz, {u [Ne(@) )" +(1 = p) 2K + (1= ) [N?’(Ff)’}’)]g/p}(ww

(A33) A4, =

where Y,, N}, N}, K;, and K,, are the corresponding time series taken from the data in Krusell et al.
(2000).
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We calibrate the discount factor by using FOC (A27) evaluated in the steady state
Y
(A34) ﬂzy/(lf5b+a—>,
K

where Y/K,, is the time series average of output to structures ratio in the Krusell et al. (2000) data.’

Given [, = Njn* and [, = Njn", we compute steady-state values of capital equipment, k,, and
structures, k;, by solving FOCs (A27) and (A28) numerically. Combining equations (A29) and
(A30), and evaluating the resulting condition in the steady state, we obtain a formula for
calibrating the welfare weight 0:

(1= ) (1 = 2) (3Kt + (1 — A)pe) /P g

(A35) 0= TR :
(1= (1 = 2) (k¢ + (1= AR) I + ™!

Finally, to calibrate the utility function parameter D, we use (A29) evaluated in the steady state
(N30 + Ny (1 - 0)]

9 )
where the balanced consumption ¢ = Njc® + Njc" is obtained from the budget constraint (13)
evaluated in the steady state.

(A36) D= Ciy(l - nx)vG3 (kbh keh lSh lut)

APPENDIX D: SOLUTION PROCEDURE

We first notice that if the expectations were parameterized in both intertemporal FOCs (A27) and
(A28), then both conditions would identify consumption. As a consequence, consumption would be
overidentified, while the rest of variables would be not identified. We therefore rewrite the FOCs in
a way that is more suitable for parameterization, by premultiplying (A27) by k;, and
premultiplying (A28) by k.,+1. In this way, we obtain two equations that identify two capital
stocks,

E,|l E[2
(A37)  kps1 = %ﬂy]kbw and k.1 = ol [U ke rt1s
t

yyiKc,
where E[1] and E/[2] denote the expectation terms within the brackets in FOCs (A27) and (A28),
respectively.

As far as the intratemporal conditions (A29) and (A30) are concerned, they do not allow for
analytical solution with respect to /; and /,,. Finding a numerical solution to the intratemporal
conditions on each date within the iterative cycle is costly, so, as we mentioned in the main text, we
find it easier to parameterize the intratemporal conditions in the same way as we parameterize the
intertemporal FOCs. To be specific, we parameterize the total hours worked by skilled and
unskilled agents,

(A38) [, =N3[3] and I, = NY[4],

where [3] and [4] are the expressions within the brackets of FOCs (A29) and (A30), respectively.
Each of the four variables kp 41, ke 41,4, L 1s parameterized by a first-order exponentiated
polynomial of the type

(A39)  exp(& + & nky, + Elnk,, + Eslnz, + Eylnk,).

We therefore have to identify 20 unknown coefficients—five coefficients for each of the four
variables parameterized. We do this by using the following iterative procedure.

1. Fix the initial ¢ terms. Fix initial condition (k, keo, 20, ko). Draw and fix a random series for
exogenous shocks {z,,;c[},T:O.

2. Use the assumed decision rules (A37), (A38) and the budget constraint (13) to calculate
recursively {Kp. i1, Ke.os1, L s €1} -

3. Run the nonlinear least squares regressions of the corresponding variables on the functional
form (A39). Use the re-estimated coefficients ®(&(7)) obtained on iteration j to update each of
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the 20 coefficients for the next iteration (j + 1) according to ¢(j + 1) = (1 — w)&(j) + w@(E())),
we(0,1).

Iterate on the ¢ terms until a fixed point is found.

As an initial guess, we set the values of the ¢ equal to the deterministic steady state. The
algorithm is able to systematically converge to the true solution if the coefficients are updated
slowly, @ < 0.01, and if the simulated series are bounded to rule out implosive (explosive) strategies
as described in Maliar and Maliar (2003b). The program was written in Matlab and the simulation
was carried out a laptop with a Dual Core 2.5 GHz processor. The computational time was around
a half an hour when the length of simulations was 7 = 10,000.
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NOTES

1. The CES specification of the production function is extensively used in the literature for studying growth
issues; see Papageorgiou and Saam (2008) for a review.

2. Lindquist (2005) and Domeij and Ljungqvist (2007) use the Krusell ez al. (2000) model to study long-run
trends in the skill premium in Sweden. Also, Domeij and Ljungqvist (2007) extend the analysis that
Krusell et al. (2000) perform for the US economy over the 1963-92 period to include another decade, and
find that the predicted skill premium remains remarkably close to its empirical counterpart.

3. A one-sector neoclassical growth model is consistent with steady-state growth only if technical change is
labour-augmenting; see Uzawa (1961) and Jones and Scrimgeour (2008) for the proof. Recently, in the
context of an endogenous growth model, Acemoglu (2003) argues that technical change can be also
capital-augmenting.

4. The case of a zero-growth steady state is analysed in Papageorgiou and Saam (2008). This paper
establishes the conditions for the existence of a zero-growth steady state in the Solow and Diamond
growth models under a CES production function with capital-skill complementarity.

5. Ngai and Pissarides (2007) also construct a model with differences in technology growth rates across
sectors and derive restrictions on the utility and production functions that are sufficient for balanced
aggregate growth (as well as for sectorial labour reallocation).

6. In fact, we could have generated a stationary pattern of risk premium in the model by assuming I'* = T,
However, according to Proposition 2, the assumption of balanced growth will therefore imply that
y* = 9", so the model will not match the differing growth rates of the skilled and unskilled populations.

7. A possible reason for this failure of the model might be that the particular time period considered by
Krusell et al. (2000) reflects a temporary off steady state behaviour. Indeed, Greenwood et al. (1997)
argue that a major technology change occurred in the mid-1970s, and under this hypothesis, the data
analysed in Krusell e al. (2000) represent a large departure from the steady state.

8. Strictly speaking, we also need to show that the individual transversality conditions in the decentralized
economy imply the aggregate transversality condition in the planner’s economy. This can be shown as in
Maliar and Maliar (2001, 2003a).

9. Here and elsewhere, we use variables without time subscripts to denote the corresponding steady-state values.
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