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1. Introduction

The neoclassical model of capital accumulation views changes in the capital stock
as taking place smoothly over time. Microeconomic data, however, show that
this view of investment is not the right one; investment at the plant level occurs
infrequently and in bursts. A recent study by Doms and Dunne (1993) confirms
this picture: their study of 12,000 plants over a 15 year period shows that, on
average, 25% of a plant’s investment was concentrated in a single year and more
than 50% was concentrated over 3 contiguous years.! Moreover studies by Dunne,
Roberts and Samuelson (1989) show that employment flows are driven primarily
by the entry of new plants and the gradual contraction of older plants. Dunne
(1994) finds that firms using the newest technology have more employees. In
this paper we construct a vintage capital model which is consistent with these
observations. In this model changes in the capital stock are lumpy, occuring all
at once as old technologies are replaced by new ones. Our objective is to study
the decision to replace old vintages of capital with new ones and explore how
economic growth is tied to this decision. We also study the dynamic adjustment
of an economy characterised by this more realistic view of the investment process.

It is now well documented [by Gordon (1990) and others] that the relative
price of capital has declined fairly steadily and rapidly in the postwar U.S. econ-
omy. Further, the ratio of equipment to output has increased steadily. These two
observations suggest that a large part of technological change has been specific to
the investment goods sector. That is, over time, new capital goods must be ever
more efficient in terms of forgone consumption.? There is microeconomic evidence
that this investment-specific technological progress may be important for growth.
Bahk and Gort (1993), using a cross section of more than 2000 firms from 41
industries, find that a one year change in the average age of capital is associated
with a 2.5 to 3.5 % change in output. These observations suggest that a success-
ful model of vintage capital should treat the investment and consumption goods
sectors separately, and should link the process of growth with investment in new
technologies.

To examine these issues we develop a vintage capital model of economic growth.

1Cooper, Haltiwanger and Power (1994) estimate hazard functions on the same data used by
Doms and Dunne and find the same lumpy investment behavior.

2Greenwood, Hercowitz and Krusell (1994) construct a two-sector model of investment-
specific technological change where the relative price of capital declines and the equipment-
to-output ratio rises. They use this as the basis of their argument that as much as 60% of
post-war U.S. growth can be accounted for by investment-specific technological progress.



Technological change is embodied in new capital goods. Firms in this economy
must decide when to replace existing capital with new vintages. Here investment
is a lumpy decision and depreciation is an economic concept, not a physical one.
The firms produce consumption goods and new capital by using capital and two
kinds of labor, designated as skilled and unskilled. A distinguishing feature of
this environment is that growth results from the ability to produce ever more
efficient capital goods. This occurs because the skilled agents in the economy make
continuing investments in human capital.? In this setting, the age distribution of
the capital stock, economic growth, and the distribution of income between skilled
and unskilled workers are endogenously determined. Also, the relative price of
capital declines, and the capital-to-income ratio increases, over time. In addition,
the economy has a government which taxes factor incomes, offers tax credits for
new investment and rebates it’s net revenues to households.

The classic vintage capital models where technological change is embodied
in new capital goods were developed by Robert Solow. In Solow (1960) new
capital goods incorporate the latest technology. Capital can be combined with
a variable amount of labor and depreciates at a geometric rate. At any point
in time plants with new and old capital coexist, but Solow illustrated how this
world with heterogeneity could be represented in terms of the standard growth
model with a single aggregate stock of captal. In Solow (1962) capital has a fixed
lifetime and the amount of labor allocated to a given unit of capital is fixed at
the time it is introduced (the technology is “putty-clay”). The current analysis is
different from previous vintage capital models in several important respects. First,
the decision to replace old capital with new more efficient capital is modeled
explicitly. In contrast, the typical vintage capital model treats depreciation as
exogenous. Old capital never becomes obsolete, it either vanishes gradually due
to the assumed fixed rate of capital consumption or it dies suddenly because
of a fixed lifetime. In the environment described here capital only disappears
because of replacement; depreciation is an economic, not a physical, concept.
Second, consistent with observations at the microeconomic level, labor is allocated
efficiently across vintages so that older technologies have less labor assigned to
them. Finally, growth is modeled endogenously here rather than being treated as
exogenous, as in the Solow models.

The model developed here bears some resemblance to the vintage human cap-

3In related work, Krusell (1991) develops a model where capital goods can be produced more
efficiently over time. There, monopolisitically competitive firms can invest in R&D that will
allow them to produce capital goods at a lower cost. This leads to sustained growth.
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ital models of Chari and Hopenhayn (1991) and Parente (1991). Both of these
models result in equilibrium distributions of knowledge or skills across agents that
are similar to equilibrium age distribution of capital over plants produced by the
current model. Additionally, in Parente (1992) an agent must decide to when
to acquire new skills, This decision is related to adoption-replacement problem
studied here. The current work here is also related to Campbell’s (1994) model of
the relationship between the adoption of new technologies, and the exit and entry
decisions of plants. The exit decision of a plant has aspects that are similar to
adoption-replacement choice modeled in the current analysis.

Clearly, the incentives to develop (through R&D) and to adopt (through re-
placement} more efficient capital goods will be integrally connected. Therefore, it
seems worth exploring how an economy’s long-run growth may be affected by the
adoption-replacement decision. In fact, the notion that new techuology is embod-
ied in new investment and that the adoption of new technologies is an important
factor in economic growth has been enshrined in U.S. fiscal policy since the early
part of this century. With the exception of a few short term reversals, the tax
treatment of capital, particularly policies toward depreciation, have been marked
by increasingly generous tax treatment of the useful life of capital. The average
age of the capital stock has declined for most of the postwar period. Figure 1
shows the average age of the capital stock from 1929 to the present.? This dra-
matic decline in the average age of the aggregate capital stock over the post-war
period is consistent with this trend toward leniency in the tax treatment of cap- .
ital income. In the later part of the paper we illustrate how our model economy
responds to changes in the tax treatment of capital.

The remainder of the paper proceeds as follows: In Section 2 the economic en-
vironment is outlined. Here the adoption-replacement decision of firms is explicitly
modeled. Economic obsolescence is the only reason for replacing old capital. The
economy’s balanced growth path and the calibration of the model are described
in Sections 3 and 4. In Sections 5 and 6 some operating characteristics of the
model under study are developed. This is done by analyzing the impact of vari-
ous tax policies that are designed to stimulate new investment. The final section
concludes.

4The data are taken from Table A7 in Fired Reproducable Tangible Wealth in the United
States, 1925-1990, a publication of the U.S. Department of Commerce.
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2. The Economic Environment

Imagine an economy inhabited by two types of households, a firm, and a govern-
ment. The firin produces consumption and investment goods using factor inputs,
namely, capital and two types of labor. Households earn income by supplying
labor to the firm, by lending funds to finance the firm’s acquisition of capital, and
from their ownership claim to the stream of profits on the firm’s activity. There
is a government in the economy that taxes both labor income, and interest and
profits. This revenue is used to give households transfer payments and to provide
firms with investment subsidies and capital consumption allowances.

2.1. The Firm

The firm in the economy owns a variety of plants, which are distributed uniformty
over the unit interval. In any given period, a plant can produce one of two
types of goods: consumption goods and capital goods. Production of these two
goods requires the input of capital and labor. Each plant has associated with it
a capital stock of a certain age or vintage. At each point in time, the operator of
the firm must decide whether to replace the existing capital stock in each plant
with the latest vintage. Since capital has a maximum life of N years, replacement
is inevitable. The question to be addressed here is when? Let p; represent the
fraction of plants that are currently using capital of age z; clearly, then T, p; = 1.

Consider a representative plant of vintage ¢ — i.e., a plant using capital of age
t. Let this plant have k; efficiency units of vintage-i capital at its disposal. This
plant can be used to produce either consumption or capital goods. Consumption
goods can be produced according to the technology

=k, 0< o, Ba+ B <1, (21)

where ¢; is the output of consumption goods and k;,I; represent the inputs of
capital and unskilled labor.®

Growth in the economy results from the ability to produce ever more efficient
capital goods over time. The development of new capital goods requires the use of
skilled, in addition to unskilled, labor . New capital goods are produced according
to the technology

Ty = k?bze(ﬂhs)c: 0< aaé‘)C?a + E +C < 1. (22)

*0ne could easily allow a plant’s total factor productivity to vary with the age of the capital
stock to capture learning-by-doing and/or depreciation effects, as in Klenow (1993).
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Here z; represents the amount of new capital goods produced by plant ¢ using
k; units of capital, while b; and nh; denote the quantities used of unskilled and
skilled labor.

At any point in time the firm maximizes the present-value of profits. Now,
suppose that plant i produces consumption goods in the current period. It should
hire unskilled labor to maximize plant profits, m;. Specifically, it should solve the
problem

P(ki,w) = max m = k&P — wl;, P(1)

where w is the wage rate for unskilled labor. The first-order condition associated
with the problem is:
BhEIPTY = . (2.3)

)

By making use of (2.3) in P(1) it is straightforward to deduce that the profits
accruing from this location can be expressed as m; = (1 — ﬂ)kf‘l? . Alternatively,
the plant could be assigned to the production of capital goods. Let ¢ represent
the price of capital goods in terms of consumption goods. Now, the maximization
problem for the plant would be
max m; = qkfbt (nhy)C — wh; — vk, P(2)
XYL
where v is the wage rate for skilled labor. The first-order conditions tied to this
problem are:

g&k70 T (hi)¢ = w, (2.4)
and
qCkfbE (k) = v, (2.5)
The profits derived from this activity are m; = (1 — £ — {)qk2b:(nh;)S.
Observe that no plant has a comparative advantage in producing one type of

good over the other.® Since each plant is free to choose which production activity
to engage in, it must be true that there is indifference between these choices.

(1 = Bkl = (1 — € ~ )k bt (phs)C. (2.6)

Without loss of generality, assume that the fraction f of each type of plants will
produce consumption goods in the current period.

 If a plant of type i decided to produce consumption goods its profits would be (1 —
B)[B? kFw=P)1/(1-F) Alternatively, if it produced investment goods it would earn (1 — £ —
Qe ¢ Cqhpw~€uJ/(1=€-0) Provided that labor’s share of income is the same across the
two activities, or § = £ + {, the ratio of profits is the same for all i.



The manager of the firm must decide how many plants of each vintage to oper-
ate and how much new capital to place into the plants that are being modernized.
New capital formation is subsidized by the government at rate 7,. There is also
a capital consumption allowance in place. In particular, the owners of the firm
can write-off from their taxes, in equal installments over a A-period time hori-
zon, any investment spending (net of the investment subsidy) that is undertaken.
The manager undertakes these decisions in line with the dynamic programming
problem shown below where:?

Vipi, ooy kyyys) = . l?axk {SN (1 = 1) Pki, w)
LA RARY
(1= )1 = daph P(3)

n V(! ok)eas) )
{1+ -n )] 5

subject to
N
=1
p:'+1 < pi (28)
Ky, = k. (2.9)

In the above s denotes the aggregate state-of-the-world in the current period (a
precise definition for s is given later) while 7’ represents the interest rate between
today and tomorrow. The variable d proxies for the present-value of the capital
consumption allowance on a unit of investment spending; its value in period ¢
reads d¢ = (mi/A){1 + 85 1/(TH,oa [l + (1 = 7)7ism])}® The first constraint
(2.7) limits the number of plants that can be operated next period. Next, the
number of plants using capital of age< 4+ 1 next period must be no bigger than
the number using age-¢ this period. This is what (2.8) states. Similarly, capital
that is ¢ periods old today will be i 4+ 1 periods old tomorrow, cf. (2.9).

"The manager of the firm maximizes it’s present-value from the owner’s perspective. This
implies that after-tax profits should be discounted using the after-tax interest rate.

8Time subseripts are added in standard fashion, as needed. Thus, for instance, the amount
of capital in an age-j plant in period ¢ would be denoted by k;,. In the formulae for d;, ripm
denotes the interest rate bridging periods { +m — 1 and ¢ 4+ m.



The upshot of this dynamic programming problem is the following set of effi-
ciency conditions:

<0 if p, =0
V K _‘/z 'l — 3 . !,, v
(1 —7)(1 - d)gk; — [[1’( )1 ( ),]] =0, if 0 <p} <pi-y, (2.10)
FA=mr S0, g = pi,

fori=2,..., N, with

Vil) = (1 —n) Pk, w')+

(2.11)
max{—(1 = )(1 = &)g'k{ + iy, oy,
and
(I =7 )(1 = d)pyg = Vnr ()/[1 + (1 = 7 )r], (2.12)
with
Viai()y = (1 - T )pi Py (ki w') + VN+=’+1('")/[1 + (1 =7 )"} (2.13)

Equation (2.10) determines how many plants of vintage i should be operated in
next period.® Suppose that the firm decides to replace the age i capital in a plant
in period t+1 with new capital. There are two costs associated with doing this.
First, is the direct cost, (1 — 7, )(1 — d)qk{, of buying the new capital. Second, is
the opportunity cost associated with junking the old capital, V;(<')/[1 + (1 — )7).
From equation (2.11) this can be seen to equal the after-tax present-value of the
profits over the life of the plant that would obtain if this replacement decision is
delayed a period. The benefit of replacing the age i capital is V1 (-')/[1 + (1 — 7)7),
or the after-tax present value of profits that would be derived from new capital.
Equation (2.10) states that (a) if all vintagei plants are to be upgraded then these
benefits exceed the costs, (b) if only some are renovated there must be indifference
between these options at the margin, and (c) if none of this plants are to be refitted
then the cost must exceed the benefits. Equation (2.12) determines the amount
of new capital that will be placed in each plant that is getting modernized. The
cost of an extra unit of capital is ¢ while its benefit is Vany1()/[1 + (1 — 7)7'],

®The notation V;(-') is used to signify that the function V; is being evaluated at next period’s
values for its arguments .



which from (2.13) is the present value of the marginal product of capital over its
economic life.1?

It is interesting to note that the firm’s replacement decision is driven by the lure
of earning increased rents at plants. In the absence of rents from modernization,
the firm will never update the stock of capital in a plant before it is N years old.
This is easy to see from equation {2.10). Consider a plant with capital of age
¢ < N. Now, suppose there are no rents from modernization in the sense that
the after-tax profits derived from updating a plant, Vj(-"), exactly equal the direct
renovation costs, (1 — 7. )(1 —d)gk;. The plant will not be updated, since the firm
looses the forgone rents derived from the age-i capital, V;(-), which exceed the
(zero) net profits that will be realized from the new capital. This is always the
case if the production technologies exhibits constant-returns-to-scale.

Lemmal. fao+ 3 =a+€é+ (=1 then Vi() = (1 — 7.)(1 — d)gk;.

Proof. The proof s by induction. Consider the T-period horizon version
of problem P(3). Let VT+17!(.) represent the firm’s value function for period
t11 Clearly, VO(-741) = V2(-r41) = 0. Now, suppose that V{7 ~"77(, 1)~
(1 =72)(1 —di)gikr,14541 < 0 for all 7 > 1. From the T-horizon analog to equation
(2.10) this implies that pj114i41 = pre4r for all j > 1. Also, the analog to
equation (2.11) would give

N-1
- Plt4145)
W) = (1= ) [Plan) + 3 = ’ . 2.14
1 ” ; I, [1+(1— Tk)rt+1+m]] 214)
18olving (2.13) forward yields Viii(41) = (1 = mM{pres1Pilkreer, wep) +

N-1 j :
2oi=1 Pikntai+1 PR 0441 W 1)/ M (14 (1= 7 )7 14m )]} The notation Vgt (-it1)
is used to signify that the function Vx4, is being evaluated at arguments as of date £ + 1.
"The period-t dynainic programming problem is

VIRt = max {0 el = m)P()
P‘.t+1}.N=l:kl.|+l

Tt
=(L = 7)1 — do)gepr t41k1 041 + [—fr_(l_:éﬁil_]}’

subject to (2.7), (2.8) and {2.9).



Next, substitute (2.13) into (2.12) and then multiply both sides of resulting ex-
pression by k41 to get

(1= 7)1 —didprmgikieyn = (1= 1) {pren PiCeoiss Yo+

N1 Pilog1ag}kaeqn
A T+ 1,t 41
Z,-l Pi+1,t45+1 M (=) 1 4m]

(2.15)
= (1 =7 ){P1as1 P(epr145)+

N-1 Ploti45)
L= P 07 1400 =7 }rep14m] b

where use has been made of the fact that Pi{-p145)ki 41 = Pr{oepi4i)Ki41.04541
= P(-1414;). Substituting (2.14) into (2.15) then yields V7 (-141) = (1 = 7 )(1 —
d)qik1 441. The desired result obtains by letting T — co. D

2.2. Households

There are two types of household in the economy, described as skilled and un-
skilled. There are M times more unskilled workers than skilled ones. Each period
unskilled workers decide how much to consume, ¢, work, {, and save in the form
of one period bonds, a’. These agents derive income from working, w!, saving (in-
terest income, ra ) and from government lump-sum transfer payments, . Labor
and interest income are taxed at the rates, 77 and 7,. The dynamic programming
problem for unskilled agents is:

J(a;s} = max {U(e,[; A) + pJ(a’; ¢')} P(4)

c,l,a
subject to
c+d =(1-mwl+[1+{1=-r)r)a+T. (2.16)

The momentary utility function U(-) is given by

j1+0
U(C, ; )\) =]Il(c—A@'1—+*0—), 8,@ > 1, (2]7)
where the term A represents the state of technological advance in the household
sector. This forw for the utility function can be justified by appealing to household
production theory — see Greenwood, Rogerson and Wright {1994).1% Its adoption

21t has also been successfully used in applied work; an example is Hercowitz and Sampson
(1991).



simplifies the analysis since the economy’s general equilibrium will not be affected
by the distribution of income across skilled and unskilled workers. The first-order
conditions associated with the unskilled household’s problem are:

Uile,;A) = p[1 + (1 = 7o) |UL(C, 15 A7), (2.18)

and
Ui(e, M )(1 = m)w = =Us(e, [; A). (2.19)

Skilled agents in this economy own the firm. This means that decisions con-
cerning R&D (human capital investment) and replacement of old technologies are
made by the owner/operators of the firm. Assume that the firm’s current indebt-
edness is b. The firm will then owe rb in interest. The firm’s period-t profits after
paying off this interest will be SN, p; Pi(k;, w) — rb. Additionally, recall that the
firm is intending to spend (1 — 7,)gp} k] on new capital. This can be financed by
issuing new debt, &', Like unskilled agents, skilled agents must decide for each
period t how much to consume, z, and how much to work, 2. They must further
allocate their effort, however, across two activities: working in plants, h — e, and
human capital formation, e. The skilled agent’s dynamic programming problem
is:13

X(bymis) = max {W(z, ki A) + pX (8,15 s)} P(5)
subject to the flow budget constraint,
z = (J=nlvnp(h—e)+ (1 — 7))L, piPi(kiyw) — rb)
~(1 = m)gpiky + (me/ A1 = 7))k + T2 g-im ~ik i} (2:20)
+¥ - b+,
and the law of motion for human capital,
n = H(e)n. (2.21)
The efficiency conditions associated with this problem are:
Wiz, i A) = o[l + (1 — 7 )" |WA(2", A X)), (2.22)

Wiz, Ry M)(1 = mi)mu = =Way(z, hy X), (2.23)

13Let z_; denote the value that # had 7 periods ago.
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and

AW (2 15X (1 = m)o' (B = &) = Wy(2!, 15 X) gt Hi (e)n (2.24)
= —Wz(z, h, A)

In the subsequent analysis, the functions W and H will be restricted to have

the forms
I+w

Wiz, by A) = In(z — AQY——i—E ), w, > 1, (2.25)

and
H{e) = xe?, 0 < ¢ < 1.

2.3. Government

The last actor in the economy is the government. As has been mentioned, it taxes
labor income at rate 7, and interest and profits (net of the capital consumption)
at 7¢. It uses the revenues raised from these taxes to provide lump-sum transfer
payments,r,, to subsidize gross investment at the rate, 7, and to give a capital
consumption allowance. The government’s budget constraint reads

(M + 1)r + moqpiky = n[Muwl+op(h—e)) + 7 T pi Pl ki, w) (2.26)
_(Tk/A)(] - 'rx)[qp‘{k{ + EiA.—_—oz ‘I—ipl,—ikl,-.‘l-

2.4. Competitive Equilibrium

We complete the description of the economy under study with a definition of the
competitive equilibriumn. First, the aggregate state-of-the-world is given by the
vector s = (p1,.... N, K1y ..., kv, 7). Second, the equilibrium wage and interest
rates, the price of capital goods, and individual transfer payments 7 are expressed
as functions of the aggregate state vector as follows: w = W(s), v = V(s),
r' = R(s), ¢ = Qs) and 7 = T(s). Next, suppose that the aggregate state
variables evolve according to pi = P;(s), k! = K(s), and ' = N(s). Hence the
law of motion for s 1s s’ = §(s) = (Py(s), ..., Ka(s), ..., N(s)). Finally, it is easy to
see that the above expression imply that d ( the value of the capital consumption
allowance) can be represented as d = D(s).

Definition: A competitive equilibrium is a set of allocation rules ; = £;(s),
bi = Bi(s), hi = Hi(s), pi = Pils), ki = Ki(s), for i = 1,.N, ¢ = C(s), | = L(s),
z = Z(s), h = H(s),e = £(s), and set of pricing and transfer payments w = W(s)

1
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v = V(s), ¢ = Q(s) d = D(s) and 7 = T(s), and an aggregate law of motion
¢ = &(s), such that

1. Consumption goods plants, capital goods plants, and firms solve problems
(P1), (P2), and (P3), respectively, taking as given the aggregate state-of-
the-world s and the form of the functions W(-), V(-}, R{-), @(-),D(-), and
S(-), with the equilibrium solutions to these problems satisfying §; = £;(s),
b, = Bi(s), hi = Hi(s), pi = Pils), ki = Ki(s), fori =1,..., N.

2. Unskilled workers solve problem (P4), taking as given the aggregate state-
of-the-world s and the form of the functions W(:), R(-}, 7{-)and S(-), with
the equilibrium solution to this problem satisfying ¢ = C(s),and { = £L(s).

3. Skilled workers solve problem (P5), taking as given the aggregate state-of-
the-world s and the form of the functions W(-), V(-), R(-), @(-), P(), T ()

and S(-}, with the equilibrium solution to this problem satisfying z = Z(s),

h = H(s), 5" = N(s), where N'(s) = H(E(s))n.

4. All markets clear, implying

Me+z= ffjp,-krz,@, (2.27)
=1
N
pikr = (1= 1) Y pikibit (niks)©, (2.28)
=1
N
Epz'[ﬂi +(1 = N)b] = M, (2.29)
N
Yop(l= Nhi=h—e, (2.30)

in addition to the production arbitrage condition (2.6), the law of motion
for capital (2.9}, and the government’s budget constraint (2.26) holding.

12



3. Balanced Growth

The balanced growth path for the economy can now be characterized. Clearly,
along a balanced growth path some variables, such as consumption, will be grow-
ing at some fixed rate, while others, such as aggregate employment, will remain
constant. Some basic properties of the economy’s balanced path will now be
derived in a heuristic fashion.

To begin with, it seems reasonable to conjecture that along a balanced growth
the labor variables i;, b;, h;, {, h and e will all be constant. Given this conjecture,
equation (2.21) implies that the stock of human capital grows at some constant
rate, say ,. Second, it seems likely that in balanced growth the age distribution of
plants {p;}/L; will be constant. Using (2.28) it is then straightforward to compute
the rate, v, at which the economy’s distribution of capital shifts to the right over
time. One finds

P = ()02,

Note that k; = i 7*k;. Next, from the above condition and (2.6) it follows that
the relative price of capital must grow at the rate, v, given by

7q:71q_c<1-

Thus, the price of capital declines in balanced growth . Finally, let the 5, represent
constant rate at which aggregate consumption grows. Condition (2.27) restricts
this rate of growth to be

Ty = 1T <y

Note that aggregate investment spending when measured in terms of consumption
goods, or gp)k], grows at this rate too, a fact that follows from the formulae for
7% and v,. Therefore, v, is the rate at which aggregate output — or ¢ + 2z +
gpi k] when taking consumption as the numeraire - grows. To take stock of the
discussion so {ar, observe that in balanced growth the relative price of capital
goods falls at the same time as capital-to-income ratio rises.

Moving on, it is easy to deduce how wages, the interest rate, and profits, etc.,
behave along a balanced growth path. From (2.3) and (2.5}, it is transparent that
the wage rates per unit of time worked by skilled and unskilled labor, or w and vy,

13



grow at rate +,. The wage rate, v, for an efficieney unit of skilled labor, however,
increases at the lower rate 7,/7,. For leisure to remain constant in balanced
growth, productivity in the household sector must grow at the same rate as in
the consumption sector. This is readily apparent from the forms of (2.17), (2.19),
(2.25) and (2.23). To insure that this is the case let A = p*¢/(=2)_ Note that it is
the relentless rise in real wages that motivates capital replacement in economy. As
wages increase the profits for a plant using old capital are continuously shrinking.
To increase these dwindling profits the plant must invest in new capital.

As is readily observable from either (2.18) or (2.22), the after tax interest rate,
1 + (1 — 7)r, remains constant at v,/p. The profits, P(ki, u;, w), made by a
plant in the i-th period of its life rise at rate v, along a balanced growth path.'
Equation (2.11) implies that the present-value of a vintage-1 plant’s profits, or V;,
are growing at this rate too. Last, the contribution that an extra unit of capital
makes to a plant’s profits, P(ki, pi, w), increases at rate 4, < 1, or declines
over time. Thus, using (2.13) the marginal product in terms of the present-value
of profits derived from a unit new capital, or Vi, declines at this rate also.
Should not this decline in the productivity of new capital eventually choke off
capital accumnulation and hence growth? The answer is no: observe that while
the marginal unit of new capital is becoming less productive over time, the cost
of purchasing it is falling at the same rate.

The steady-state age distribution of capital across plants has a simple char-
acterization. Two cases can obtain. In the first, only the plants with the oldest
vintage of capital are modernized. All of these plants are updated. In the sec-
ond case, some next-to-oldest vintage plants are renovated as well. The following
lemma makes this characterization precise, where the oldest capital has an age of

M.

Lemma 2. p; = py = ... = py—1 = pm > 0.

Proof. There are two cases to consider: either pp_7 = pas or par_1 > par.
First, suppose that pay_; > pay. Here equation (2.10) holds with equality for
pam. Now, assume, for the moment, that V| < V/, for all ¢ > 1. Then if the
righthand of (2.10) is equal to zero for pas it must exceed zero for par_1, pas-2,
vy P2. Consequently, p1 = p2 = ... = ppy—1 > pu. It remains to be established
that V7, < V/. This can be shown by induction. To begin with, recall that in
balanced growth V; = V//v,. Next, suppose V!, < V/,,. Then equation {2.11)

148ee footnote 6.
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implies that V), < V/. To start the induction hypothesis off note from {2.11)
that Vi, < V&, since capital has a maximum physical life of NV years. The first
case where pps_; = pus can be analyzed the same way. O

4. Calibration

The next step in the analysis is to choose values for the model’s parameters. As is
now conventional, as many parameter values as possible are chosen on the basis of
either (i) e priori information or (ii), so that along the model’s balanced growth
path various endogenous variables assume the long-run values that are observed
in the U.S. data — for a discussion of the calibration methodology see Cooley and
Prescott (1994). The parameters in question are:

Utility: 6,0,w,0, p

TE‘.ChIlOlOgyI @, ﬁi‘fa(a Hiyeoes BNL X ¢1
Government: 7, 7, 7., A.

A time period in the model corresponds to one year.

Six parameters are determined on the basis of a priori information. Over the
postwar period labor’s share of income had an average of .65 in the U.S. economy.
This dictates setting 8 = € + ¢ = .65. The tax rates on labor and capital income,
7 and 7y, were set at .30 and .30, respectively. This is the baseline tax rate
structure used in Auerbach, Kotlikoff and Skinner (1983). The investment subsidy
has changed considerably over the postwar period. A value of .10 was picked for
the investment subsidy, 7., the rate reported by Fullerton and Gordon (1983) for
after 1975. Finally, one of the most volatile elements of the tax treatment of
capital over the post-war period has been the capital consumption allowance. An
accounting life of 20 years was chosen for capital in the model; 1.e., A = 20.0. This
1s roughly in accord with the prevailing policy in 1980, as reported by Fullerton
and Karayannis (1993).

The values of 1/8 and 1/w correspond to the labor supply elasticities for un-
skilled and skilled labor. Following Greenwood, Hercowitz and Huffman (1988)
a value of .6 was chosen for # and w. This implies a value of 1.7 for the labor
supply elasticities, which is an average of low numbers found by researchers far
males and the high ones for females.

The rest of the parameters were chosen so that the model’s growth path shares
certain characteristics with the long-run U.S. data. To begin with, the average
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growth rate of output per hour was 1.24 percent between 1954-90. Thus, the
model should satisfy the restriction

7, = 1.0124. (4.1)

The average ratio of hours worked to non-sleeping hours of the working-age
population is .25. This implies that

I=h=.25 (4.2)

Evidence on the amount of time devoted to human capital formation in R&D
activities for the U.S. economy is scant. As a result, the following arbitrary
restriction is imposed on the model:

e=0.1. (4.3)

This condition implies that approximately 0.4 percent of working is time spent
on R&D activities. This is roughly in accord with Birdsall and Rhee’s (1993)
calculation that approximately 0.2 percent of the population are involved in R&D
activity.

U.S. income distribution statistics indicate that the top 1 percent of the pop-
ulation earn approximately 8 times that of the bottom 99 percent.!® Let skilled
labor be identified as representing the top 1 percent of the income distribution.
Then, M = 99. Next, assume that the top 1 percent of the population earn 8
times more labor income than the bottom 99 percent. This yields the condition

qCRYOR T (h ~e) _

4.4

AR 4
Further, let skilled workers have 8 times the wealth of unskilled workers implying
zfe=8. (4.5)

In 1989 the average age of capital in the U.S. was 11.9.7¢ This implies that
the model’s balanced growth path should obey the restriction
T ipin h

N+i 1-j
i Pivtk

= 11.9. (4.6)

15This estimate is taken from Gomme and Greenwood (1993), Appendix B, who fit a Pareto
distribution to the tail of the U.S. income distribution.

15This number is from Table A7 in Fized Reproducable Tangible Wealth in the Uniled Staies,
1925-1990.
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Finally, the after-tax real interest rate is taken to be 7 percent. This is ap-
proximately the value estimated by Cooley and Prescott (1994) from the National
Income and Product Accounts. Therefore,

py;t = 1/1.07. (4.7)

Now, the conjectured solution for the model’s balanced growth path suggests
deflating the nonstationary variables by functions of 5 to render them stationary.
To this end, let & = ¢/5*¢/(1=%), 3 = 5 /p=¢/0=2) b = k/5/0-) fori=1,.., N,
d = q/n7¢, etc, where the circumflex over a variable denotes its transformed
value. Note that (2.4)-(2.6), (2.7), (2.10)-(2.13), (2.19), (2.23),(2.24), and (2.26)-
(2.30) represent a system of 5N+ 9 equations in the 5N+ 9 unknowns: the firm’s
variables {;, b, h;, p;, 17j, for j = 1,..N, and k, and I7N+1; the households’
variables M¢+ Z, I, h, and s; the market variables @, 9, §, and f. (See Appendix
A for more detail on the transformed system.} Observe that the balanced growth
path is invariant to the distribution of income between skilled and unskilled agents
in the sense that the solution to the above system of equations can be determined
independently of the breakdown of aggregate consumption, Mé+ 2, between ¢ and
2. This breakdown depends upon the long-run distribution of wealth represented
by @. By appending the eight long-run restrictions (4.1)-(4.7) to the above system
the seven parameters a, ©, 2, {, ¢, p, and x can also be solved for simultaneously
in addition to & Doing this yielded the following parameter values: o = 0.2,
¢ =10.6,0 =0.39, w=06, Q= 526, { =0.504 (implying ¢ = 0.146), ¢ = 0.407,
p = 0.9462, and x = 0.2623.

5. Quantitative Properties of Balanced Growth Paths

In this section the results of several experiments that highlight the role of the
adoption-replacement decision in the vintage capital economy are reported. We
compare the balanced growth paths for economies characterized by various tax
rates for labor income, and capital income and examine how these are affected
by policies designed specifically to encourage innovation and the adoption of new
technologies. Before reporting these results we first discuss the functional depen-
dence of model’s steady state on the tax policy in place.

In line with Lemma 2, depending on the particular configuration of tax rates,
the steady state can be characterized by one of two cases. In the first case only the
plants with the oldest vintage of capital are modernized. All of these plants are
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updated. The plant renovation equation, (2.10), is slack in this situation. In the
second case some next-to-oldest vintage plants are renovated as well. Equation
{2.10) now holds with equality for the next-to-oldest vintage of plants. Figure 2
illustrates the two cases. In the zones marked “intensive” the first case transpires,
while in the ones labeled “extensive” the second case occurs. This figure traces
out the effect that the capital income tax has on the amount of investment in a
plant, k1, the number of plants renovated, p;, and vintages of capital, M.

Consider taxes in the [0.25,0.28] interval. Here the economy is in the first case.
At any point of time there are 34 vintages of capital in existence and p, = p; =
... = pas. At higher rates of capital income taxation the amount of investment in
a new plant declines, as one would expect from equation (2.12) governing physical
capital accumulation. All adjustment is along the intensive margin here, since
p1 remains fixed. Now in the zone under consideration the lefthand of equation
(2.10) is strictly negative for pas. As the rate of capital income taxation increases
new plants become less profitable relative to old ones, causing Vi — V34 to fall,
resulting in the lefthand side eventually becoming positive. Eventually, it pays
to delay modernization by one period. This happens as tax rates move into the
[0.28,0.35] range. Observe that at the point where modernization is postponed by
a period investment in new plants takes an upward jump. This makes intuitive
sense. Since renovation is more infrequent, investment should be larger since it
makes do for an extra period — a fact transparent from (2.13).

Now, consider taxes in the interval [0.28,0.314]. The economy is in the second
case here. There are 35 vintages of capital in existence with p; = p; = ... = p34 >
p3s. Equation (2.10) holds tightly here for pas. In this zone k; and p; move in
opposite directions. Again, as the capital income tax rate rises investment in a
renovated plant, ky, drops. This lowers the cost of renovating an old plant. Hence
the value of a new plant increases vis-a-vis an old one. Consequently, p; increases
implying adjustment along the extensive margin. The amount of equilibrium
investment, p1 &y, and thus the relative price of capital, ¢, still decreases over this
range. It is the fall in the relative price of capital that allows (2.10) to remain
tight. There is a limit to how far this process can go since p; is bounded above by

171t is worth pointing out that a two sector model with fixed proportions {(putty-clay tech-
nology} is more complicated. Suppose that a plant can switch between producing capital and
consumption goods — so that there is only one age distribution for capital. It is easy to show
that the newer plants will produce capital goods while the older ones will manufacture consump-
tion goods. Firms must now decide both on when to replace old machines, and at what time to
switch plants over from producing investment goods to consumption goods.
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1/34. This limit is reached as 7, approaches 0.314. At this point the number of
plants being renovated takes a plunge. This is associated with an upward surge
in the amount of new capital placed in a renovated plant. The economy is now in
the first case, analyzed previously.

5.1. Economic Depreciation and The Tax Treatment of Capital

One of the advantages of the explicit treatment of the replacement problem is
that it permits a more detailed analysis of the different elements that comprise
the tax treatment of capital. In the standard user-cost-of-capital approach these
different features of the tax system are condensed into a single effective tax rate
on capital income. Policies governing the taxation of capital income, on the other
hand, are cousiderably more diverse and detailed. Accordingly, it is of some
interest to examine in detail these separate elements. We consider here the effect of
investment tax credits, the accounting life of capital and the use of tax “holidays”.
We first illustrate how these policies affect the age distribution of the capital stock
and economic growth. We then examine the same policies in the context of the
standard two sector model to illustrate how much of the growth and other effects
are due to the vintage structure of the model. Since the agents in these economies
predicate their behavior on the certain belief that tax rates are constant over time,
the findings should be viewed as a comparison across economies characterized by
different fiscal policies.

The Capital Tax Rate and Accounting Life

The reference point for the first set of experiments is the baseline calibrated
mode] presented in the previous section. This model assumes that 1% of the
agents in the economy are skilled. Skilled agents have approximately 8 times the
consumption of unskilled workers. The baseline fiscal policy assumes that capital
income is taxed at the rate of 30%, labor income of both skilled and unskilled
workers is taxed at the rate of 30%, and there is a 10% investment tax credit. In
addition capital is assumed to have an accounting life for depreciation purposes
of 20 years. This implies that capital tax revenues as a fraction of capital’s share
of income is about 21%, a number that is close to that found in U.S. data for the
1980’s.

One of the most volatile elements of U.S. fiscal policy toward capital has been
the variation in the tax treatment of depreciation and the useful life of capital.
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Gravelle (1994) argues that the history of the tax treatment of depreciation is one
of steadily more lenient policy toward depreciation up until 1980. The policy since
1980 has been more volatile as is documented by Fullerton and Karayannis (1993).
The following Table shows the effect on this economy of varying the capital income
tax rate and the accounting life of capital.

Table 1: Response to Tax and Depreciation Policies

Average Age Growth Rate Welfare Costs
Accounting Te= Te= TL=
Life 10 30 40 10 1 .30 | 40 10 .30 40

5 Years 10.98 | 10.83 | 10.65 {{ 1.35 | 1.34 | 1.33 || -2.22 | -1.88 -1.56

10 Years 11.47 1 11.38 | 11.70 || 1.34 | 1.29 { 1.26 ]| -1.90 | -1.10 -0.48

20 Years 1147 11190 1 1257 0 1321 1.24 | 1.16 | -1.60 0 1.16
Price Decline Excess Burden || Income Distribution
TE= ’ Te= TE=
10 .30 40 A0 1 .30 | 40 10 .30 40

3 Years 9.24 | 519 | 513 (1.18 11.21 | 1.23 || 10.11 | 8.91 §8.31

10 Years 5.17 | 5.00 | 488 11.30]1.29|1.32| 9.91 | 8.50 7.64

20 Years 512 | 481 1 460 1140114311461 9.78 t R.00 7.03

The age distribution of the capital stock is characterized here by the average
age of capital and the number of vintages in existence. The upper left hand panel
of Table 1, and Figures 3 and 4, show the effect of varying depreciation policy
and the capital income tax rate on the age distribution of the capital stock. The
response of the average age of capital to changes in the accounting life of capital
is much greater at higher tax rates. Figures 5 and 6, and the corresponding
panels of Table 1, show the effects of varying depreciation policy on the growth
rate of output and the decline in the relative price of capital. The magnitude of
the growth rate effects in this economy are small. This is a consequence of the
law of motion for human capital accumulation that we used in the analysis in
conjunction with the calibrated value for the amount of time devoted to human
capital acquisition. This result is in accord with recent empirical work, however,
which has not found the presence of a strong link between taxes and growth. The
effect of the capital tax rate on growth rates is negligible when the accounting life
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Figure 3- Number of Vintages
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is short and is much stronger when accounting lives are longer. Figure 5 shows
that accounting life and tax rates have very similar effects on the growth rate. The
model predicts a baseline decline in the relative price of capital of 4.81% per year.
This is considerably higher than Gordon’s estimate of 3%.'® This rate of decline
increase with lower tax rates and shorter accounting lives, but the differences are
not dramatic. _

While the growih rate effects of these different policies are small, the welfare
consequences are quite sizable. The welfare consequences of taxes are measured
by calculating the percentage increment to consumption that would be necessary
to leave agents as well off with the new policy as they would have been in the
baseline policy. The welfare consequences are different for the two types of agent
in the model economy. Table 1 and Figure 7 show the weighted aggregate welfare
loss and gains (negative numbers) relative to the calibrated growth path measured
as a percentage of output. Raising the tax rate from .30 to .40 with a twenty year
accounting life lowers welfare by 1.16 percent of output. Decreasing the accounting
life of capital produces welfare gains of similar magnitudes. Figure 8 shows the
welfare costs of the skilled agents. These are more than five times the costs of the
unskilled agents.

The welfare measures just presented don’t take account of the fact that gov-
ernment revenue changes with different mixes of taxes. Accordingly, it seems
important to consider the fiscal effectiveness of the different taxes. This is mea-
sured here by the ratio of dollars of welfare lost to dollars of revenue gained. In
the case of the investment tax credit this is the dollar gain in welfare for a dollar
loss in revenue. These numbers are referred to as the “excess burden”. Table 1
and Figure 9 show that the excess burden changes much more with changes in
accounting life than it does with tax rates. Shorter accounting lives have much
smaller excess burden and therefore are more efficient in this sense.

The distribution of income has long been thought to have important conse-
quences for economic growth, although the direction of the relationship has been
the subject of some debate. In the environment considered in this paper, the
distribution of income is endogenous and responds to the mix of taxes on factor
incomes. Table 1 and Figure 10 show that the response of the distribution of
income to changes in the tax rates is quite pronounced. Raising capital income
taxes to 40% produces the most equal distribution of income while increasing the
accounting life also yields a more equal distribution of income.

¥The model is not calibrated to hit a particular number for the price decline, although this
is possible.
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Figure 7- Welfare Cost
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Investment Tax Credits and Accounting Life

A second important element in the tax treatment of capital has been the use of
investment tax credits to stimulate new investment. Such credits have been put in
place and removed several different times in the post-war period in the U.S. The
argument for adopting the tax credits is always that they stimulate the adoption
of new technologies. The arguments for removing them have varied quite a bit.
In Table 2 and Figures 11-14 the effects of these credits, their interaction with the
accounting life of capital, are illustrated.

Table 2: Response to Investment Tax Credit

Average Age Growth Rate Welfare Costs
Accounting To= To— prg
Life 0 10 .20 0 J0 | .20 0 10 .20

5 Years 11.31 | 10.83 | 10.24 || 1.30 | 1.34 | 1.42 | -1.07 | -2.05 -2.84

10 Years 12.04 | 11.38 | 10.89 { 1.22 {1.29 | 1.37 || -0.17 | -1.28 -2.22

20 Years 1263 [ 11.90 | 11.48 || 1.17{1.24 | 1.32 8 1.05 0 -1.30
Price Decline Excess Burden || Income Distribution
Tr= Te= To=
0 .10 .20 0 .10 20 0 10 .20

5 Years 5.03 | 5.19 | 5.50 || 6.34 [4.14 | 2.74 | 8.19 | 8.91 9.84

10 Years 4.86 | 5.00 | 531 (| 3.4813.03| 261§ 7.81 | 8.50 9.32

20 Years 4.67 | 481 | 510 [ 2.64 | 2.25|2.06 | 7.43 | 8.00 8.75

Investment tax credits are powerful instruments of policy and they interact
strongly with the treatment of depreciation. The results in Table 2 and Figure 11
show that a change of 10 percentage points in the investment tax credit can lower
the average age of the capital stock by one-half a year or more, depending on the
accounting life. Raising the investment tax credit increases the growth rate and
improves welfare. The most striking effects of the investment tax credit are on
excess burden. Excess burden is high wheu the tax credit is zero and accounting
life is very short. It changes much more sharply with accounting life than it does
with the credit.
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Figure 11- Average Age
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Figure 13- Welfare Cost
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Tax Holidays

Another element of the tax treatment of capital are tax “holidays”, declara-
tions that postpone the taxation of income from new investment for some number
of periods. This is a feature that figures more prominently in local public finance
and for specialized types of investments like pollution control equipment than at
the aggregate federal level. Tax holidays are of some interest because they raise
the relative value of new forms of capital. The interaction between tax holidays
and the capital income tax are shown in Table 3.

Table 3: Response to Tax Holidays

Average Age Growth Rate Welfare Costs
Tax Holiday The= Te= =
Periods 10 30 40 0 | .30 | 40 10 .30 40

1 Year 11.71 | 11.57 | 11.33 || 1.32 { 1.27 | 1.24 || -0.50 [ -0.55 -0.66

2 Years 11.62 1 10.96 | 10.61  1.33 1131} 1.29 || -0.40 | -0.99 -1.31

5 Years 11.40 1 10.05 | 9.01 || 1.35 ]| 1.39 ) 1.41 || -0.27 | -1.68 | -2.21

Price Decline Excess Burden || Income Distribution
Th= TE= Te=
10 30 40 10 .30 40 10 .30 40

1 Year 5.11 | 4.92 | 4.81 {1219 |1.38 | 1.32 | 998 | 8.37 7.60

2 Years 5.15 1 5.07 | 5.00 |1 223 {1.34 | 1.27 || 10.09 | 8.81 8.16

5 Years 522 | 537 | 545 112391129 [ 1.23 || 10.39 | 9.87 9.88

The response to tax holidays is quite strong and, somewhat unusual. Tax
holidays cause the average age of the capital stock to decrease with increases in
the capital tax rate. This is because, with tax holidays, higher tax rates on capital
income raise the value of new vintages since they are temporarily exempt from
the tax. With a one year tax holiday the growth rate of output still decreases
with higher levels of the capital income tax but is everywhere higher than in
the baseline case in Table 1. With longer tax holidays the growth rate actually
increases with the level of 7. Also, somewhat odd is the finding that welfare
improves with higher levels of r; and that the tax system becomes more efficient
as 1s indicated by it’s lower excess burden.
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5.2. The Standard Two-Sector Model

To highlight the importance that attaches specifically to the vintage capital
structure we consider the behavior of the standard two-sector endogenous growth
model. Most of the structure developed above carries over with some alteration
to this setting. There is a continuum of firms distributed over the unit interval.
Aggregate consumption, Me + 2z, must satisfy the constraint

Mc +z = fk*n”, (5.1)

where k and n represent inputs of capital and unskilled labor. Likewise, aggregate
investment, &' — (1 — §)k, must satisfy

K —(1 =8k =(1- f)kWE(Hnm), (5.2)

where b and m are inputs of unskilled and skilled labor and § is the fixed exoge-
nous depreciation rate on capital.!® The depreciation rate on capital is set so that
the average age of capital in the standard paradigm is the same as in the vintage
model. This involved setting § = .03. Equilibrium in the skilled and unskilled
labor markets imply that frn 4+ (1 — f)b = Ml and m + e = k. Table 4 reports
the results of the same set of experiments described in Table 1, but now for the
standard model. The balanced growth path for the standard model shares most
of the features of the vintage model. Growth occurs in this economy because
human capital investments are taking place that make the production of capital
goods more efficient. A comparison of Table 4 with Table I shows that the vintage
structure has a significant effect on the the welfare costs of taxation. The welfare
effects are roughly twice as large in the vintage economy. These tables also illus-
trate that vintage structure is important for growth, accounting for between 25
and 40% of the growth effects of policies at the extremes. The conclusion to be
drawn from these results is that, although the growth rate effects of policies are
small, the vintage structure accounts for an important part of those effects. It also
is important for other features of the economy including the income distribution
and the excess burden.

%It is easy to show that consumption and investment goods producing firms will pick the
same level of capital in equilibrium.
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Table 4: Response to Tax and Depreciation Policies
Standard Model

Average Age Growth Rate Welfare Costs
Accounting  T= TR= Te=
Life A0 30 40 Jd0 | .30 | .40 10 .30 A0
5 Years 11.33 1 11.41 {1147 (1.33 | 1.33]1.32 | -0.87 |-0.78 -0.70
10 Years 11.39 | 11.61 | 11.77 |[ 1.32 { 1.29 | 1.26 {| -0.81 | -0.49 -0.23
20 Years 1147 | 11.90 1 12.19 [| 1.31 | 1.24 | 1.19 || -0.70 0 0.59
Price Decline Excess Burden {| Income Distribution
TE= Te= TE=
10 .30 .40 A0 | .30 | .40 .10 .30 40
5 Years 5.19 | 5.14 | 510 ([ 1.18 | 1.19 | 1.20 j 9.60 | 9.35 9.17
10 Years 5.15 | 5.00 | 4.89 |[1.19]1.20 | 1.21 || 9.43 | 8.75 8.32
20 Years 5.10 | 4.81 4.62 || 1.19 (123 | 1.25 || 9.18 | 8.00 7.32

6. Transitional Dynamics

We now describe the local dynamics of the vintage capital model for an experi-
ment where the economy moves from an initial steady-state with a capital income
tax rate of 29% toward the benchmark steady-state where the capital income
tax is 30%. To compute the transitional dynamics the transformed model is lin-
earized around the benchmark steady state — the full details are in Appendix A.
The difference equation system characterizing the model’s dynamics has 2N — 1
eigenvalues with modulus less than one in line with the model’s 2N — 1 state vari-
ables p1, P2, ..DN_1, K1, Ko, ..o, kn.2® Hence, the transition path is both stable and
unique. To serve as a reference point, the transition path for the standard model
is also computed. The transitional dynamics displayed by the vintage model are
markedly different than the those shown by standard one.

In response to the increase in the capital income tax rate, the economy runs
down its capital stock in the transition to the new steady state. This is shown

N-1

“®Note that py can be eliminated from the model’s state since py = 1 — 2i=1 Pi-
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in Flgure 15. The aggregate capital stock in the vintage model is defined by

Z -1 ka The vertical distance portrays the deviation away from the termi-
na,l steady-state as a percentage of the discrepency that needs to be covered. That
is, in a figure that plots the time path for some variable x the vertical distance
measures 100 x (z — z**)/|z** — z*|, where z*and z**denote the starting and ter-
minal values for . Observe that the aggregate capital stock in the vintage model
behaves non-monotonically. It overshoots its long-run value. This overshooting
is due to the dramatic initial decline in aggregate investment that occurs in the
vintage model. When the capital income tax rate is raised, aggregate investment
in the vintage capital economy drops below the new steady-state value. Now,
recall that aggregate investment, pyk;, is the product of investment per plant,
k1, and the number of new plants that are being renovated, py. If k; drops by a
factor of A < 1 while p, falls by a factor ¢ < 1, then pik; would decline by the
amplified factor of Ae < min(A,¢); 1.e. the proportional decline in p1k; is larger
than the proportional declines in p; and k;. The impact effect of the increase in
the capital income tax rate is to cause both investment per new plant and the
number of new plant being renovated to decline and this has an amplified effect on
aggregate investment. It is interesting to note that this overshooting behavior in
investment is absent when the economy is operating in the intensive, as opposed
to the extensive, region. Finally, associated with the overshooting behavior in
the capital stock there is overshooting in consumption and output — see Figure
16. The initial decline in investment spending allows consumption to rise in the
short run.

It takes the vintage capital model much longer to adjust to the new capital
income tax rate than does the standard model. As a measure of the speed of
adjustment, define the cumulative A-life to be the time T at which fraction X of
the total adjustment along the transition path for some variable z of interest has
been undertaken. Thus, T solves minp[Y7, |z;| — A2, |z:|], where T is some
nonnegative integer. As is evident from Table 3, the speed of adjustment for
vintage model is much slower than in the standard model — the numbers for the
standard model are in parentheses. This is of interest since the standard model
has often been criticised for its high speed of adjustment or lack of propagation.
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Figure 16

187.5
150.0
132.5
105.0
77.5
50.0
22.5

!
w
o

-32.5
-60.0
-87.5

% Deviation from Steady State

Consumption

/ Standard Mode)

T"“——-\."cntcge Made!

5 10 15 20 25

30 35 40 45 50 55 60 65 70
Time

o)

L i =) B |
2 OO 8 O N

7 Deviotion from Steady Stote
oL -
N OoN

[
L
@ o

Output

A/ Standord Model

T~ Vintage Madel

PR PR | M

5 dd

0 5 10 15 20 25 30 35 40 45 50
Time

e TR SR

55 60 65 70




Table 5: Speed of Adjustment

A-Life Capital Stock | Investment | Output

25 percent | 05 (2) years 06 (2) years | 19 (2) years
50 92 (5) 112 (5) 30 (5)

75 32 (10) 20 (10) 37 (10)

Modeling transitional dynamics tends to lower the welfare effects of tax changes.
For instance, in the standard model the welfare cost of raising the capital income
tax rate from 29 to 30% is cut by 45% when the transitional dynamics are taken
into account. This transpires because consumption initially rises along the ad-
justment path to the new lower steady-state stock capital stock. Consumption
will fall below its initial level at some future date, but this is discounted. In the
vintage model this pracess is extended even further. Taking transitional dynamics
into account now reduces the welfare cost of the tax increase by a much larger

60%.

7. Summary

Microevidence suggests that investment at the plant level is lumpy. Addition-
ally, there is macro and micro evidence that technological change is embodied
through the introduction of new capital goods. To address these facts, a dynamic
general equilibrium model of vintage capital is developed in this paper. Produc-
tion in the economy is undertaken at a variety of locations or plants. Plants
produce either consumption or capital goods using capital and two types of labor,
skilled and unskilled. Over time more efficient capital goods can be produced be-
cause of investment in human capital by skilled agents. At each point in time, the
owners of plants must decide whether to replace their existing old capital with
more efficient new capital. In equilibrium, some plants will replace and others
won't.

We reported the results of several experiments involving changes in the fis-
cal environment to illustrate how the model economy works. The quantitative
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analysis suggests that tax policy can have a significant effect on welfare, the dis-
tribution of income and the age distribution of the capital stock. The effects on
economic growth are more moderate in this economy, but empirical work on the
relationship between taxes and growth has not established the presence of a strong
link. The vintage capital structure accounts for between thirty and forty percent
of the growth and welfare effects of fiscal policies. Furthermore, the transitional
dynamics for a vintage capital economy are very different and much more sluggish.
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A. Appendix

As was mentioned in the text, a key step in solving the model is to deflate all non-
stationary period-¢ variables by functions of 7; to render them statlonary Specif-
ically, let ¢ cz = ct/n“c/(l D 3=z /n“c (1-a) k = H/n‘i/(l *) fori=1,..,N,
G = qf n ¢, where the circumflex over a vanable denotes its transfcrmed value.
Let 1 = mert/me = H{s)y epr = 124079, and ype1 = 7§47 ob-

serve that in general 7y t41 F Yepr/ye and g 75 kiy1/ki.  Also, note that
w1 = Bukg 11 ,v:/'fvfc“ D = ke 8RS PO = Py,
Vil )/UQC/ el = V‘( s Pu{-)/ni¢ = Pig), and Vivga (o) /07 = Vi (+) 2 Fie
nally, it is easy to deduce that 7““ ), 14l = ku Using these facts, the
equations governing the model’s dynam]cs can be represented in the form shown

below.
Labor Allocations [cf. (2.3), (2.4), and (2.5)]

lj,t = {ij':/z?l‘t]a/{]—ﬁ)l],t, fO[‘ j = 2, taey J, (Al)
bj't = [Ej,t/zfl,t]a/“‘E_Ob],g, fOI‘j = 2, ceny J, (A2)
hie = [kje/ k106 Ohy ,, for j =2 ..,J, (A.3)
f]ﬁb (h'l t)c = 51 . (A4)

Euler Equation for Aggregate Consumption [cf. (2.18) and (2.22)]

P[] + (I - Tk)T‘z+1]7y,1+1[M5z+1 + 21 — legltlrlo T Trw h}i"f’)] = (A 5
[ME{ + Et mll-}-ﬂ lfwhl+w} . )

Price of Capital [cf. (2.6))

(1 -pt,
e O A,

2I'The notation ﬁ”(-t) indicates that the arguments of F(-;} are being evaluated at their trans-
formed values in period ¢.

(A.6)

32



Plant Renovation [cf. (2.7), (2.10) and (2.11)]

{(1- Tx)at(‘rn.tﬂ)“”"“)21,14-1—'
~ ~ <0, i pig1ea1 = 0,
ﬁm7y,t+l[vl.t+1 - i,t+1] =0, U0 <pipie41 <prygr, fori=2 . N,
20, if piriger = pres,

(AT)
with
Vi) = (1= 7)P(E5 1) + max(~(1 — Tz‘)‘?t+1(7n.t+2)i/(lqﬂ)zl.t+‘2 (A.8)
+ [1+(i—ln.-)r.+z}7%‘+'lvl('¢+2)’ [l+(l_—?ri._——)r,+2]‘¥!i-‘+2 Virr (2l '
and
N
doma=1L (A.9)
=1
Physical Capital Accumulation [cf. (2.12) and (2.13)]
- ] - -
(1 = )P §e = ————(H{e)) (1 = me)Vwsa11)s (A.10)
401 ~7x)re41]
with
VN+1( t+1) =p H_]az_ck-l i + Nz_lp ) ) I;?,t_-lzllf-i-l,t-{»l (A 11)
1) = 1, i1t 1,741 - A
DA i=1 ’ ! H#:]“ + (1 - Tk)"t+m+1]
Labor-Leisure Choices [cf. (2.19) and (2.23)]
1
rehrar
(1—-m) kg li7 = 0L, (A.12)
—r—
(1= 7) @lk§ 0 hiy'= Qe (A.13)

Human Cepital Accumulation {cf. (2.24)]

(1= m)aChe 05 ST + Qhe H(eor )/ Hy (e} H e/ Hey)
[1+ (1 = 7)req]

Resource and Budget Constraints [cf. (2.27), (2.28), (2.29), and (2.30))

=QhY.  (A.14)

Y
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e

AL

Me + % = ftEPJ 5t J,t‘l (A.15)
i=1
P :+1’Tn/:+1 Frar=(1—f2) ijk?tbg b0 (A.16)
N
ij,t[ftlj,f + (1 — ft)bj,t] = Mlt, (A.l?)
j=1
ZPJ, (1= f)hje=he— e {A.18)

5=1

At time ? the state of the transformed system is given by the 2N vector &,
= (P11, ...,pN,t,EM,...,EN,t). Determined in this point in time, as functions of
the state of the world, s;, are: the firm’s variables I;¢, bjs, 24, Pjes1, 173-,34_1, for
j=1,...N, and lﬁcl,H_l,ﬁNH,tH; the households’ variables M&, + z,, {,, hy, e
the market variables r;11, g, and fi. The model’s balanced growth path can be
solved for using these equations. In balanced growth £, = £;4,, for all time ¢ and
variables Z. Equations (A.1}-(A.18) represent a system of 5V + 9 equations in
5N + 9 unknowns. A difficulty associated with computing the balanced growth
path is that equation {(A.7) does not have to hold with equality; however, Lemma
2 places considerable structure on the range possibilities that can occur. To solve
for the model’s local dynamics, this system of equations is linearized around the
balanced growth path. The resulting set of linearized equations is then represented
as system of first-order linear difference equations. The dynamic path will be
(locally) stable and unique provided that the system has associated with it exactly
2N — 1 eigenvalues with modulus less than one — the number of state variables
once py is solved out for using (A.9). This was the case for all examples studied.
While the number of vintages remains fixed along a transition path given the
local nature of the analysis, the number of old plants being renovated may vary
depending on which of the two zones the economy is operating in. Finally, note
that when computing the equilibrium path for the model there is no need to
solve for ¢, and Z, separately. All that matters is aggregate consumption, M¢, +
z;, which appears in (A.5) and (A.15). The aggregate Euler equations obtains
from summing over the individual Euler equations, (2.18) and (2.22), and is a
consequence of the assumed form for the momentary utility functions, (2.17) and
(2.25). The equilibrium path for the model is independent of the distribution of
wealth between skilled and unskilled agents.
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