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Abstract

A prototypical vintage capital model of economic growth is developed, where the
decision to replace old technologies with new ones is modeled explicitly. Technological
change is investment specific. Depreciation in this environment is an economic, not
a physical, concept. The vintage capital economy’s balanced-growth paths and
transitional dynamics are analyzed. The transitional dynamics are markedly different
from the standard neoclassical growth model. © 1997 Elsevier Science B.V. All rights
reserved.
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1. Introduction
1.1. Observations

Consider the following observations about capital accumulation in the US
economy:

1. Investment at the plant level occurs infrequently and in bursts. A recent study
by Doms and Dunne (1994) of 33,000 plants over a 17-year period confirms
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Fig. 1. Investment spikes.

this picture. Fig. 1 presents some of their findings. Denote the date of
a plant’s highest rate of investment by ¢. The figure plots the average rate of
investment at this date. It also shows the average rate of investment for the
two previous and subsequent years. Investment has a distinct spiked pattern.
When attention was restricted to the 13,000 plants that were around for the
entire 17 year sample period, they found that 25% of a plant’s investment was
concentrated in a single year, and about 50% was concentrated in 3 years.'
2. Technological progress is investment specific; that is, technological progress
is embodied in the form of new capital goods. This is evidenced by the fact
that the relative price for (an efficiency unit of ) equipment has declined fairly
steadily and rapidly in the postwar US economy. Thus, over time a unit of
forgone consumption can buy ever-increasing quantities of equipment. Fur-
ther, the ratio of equipment to output has increased steadily. These facts have
been used by Greenwood et al. (1997) to argue that as much as 60% of
postwar US growth can be accounted for by investment-specific technological

! Recent empirical work has further clarified the pattern of investment at the level of the plant or
firm: (i) Abel and Eberly (1996) find significant nonconvexities in firm-level investment, (ii) Caballero
et al. (1995) report evidence of irreversibilities in plant-level investment, and (iii) Cooper et al. (1995)
find that lumpy investment at the plant level is more likely to occur the older is the existing capital
stock.



T.F. Cooley et al. [ Journal of Monetary Economics 40 (1997) 457-499 459

progress. Additionally, there is microeconomic evidence that 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 2.5-3.5% change in output. These facts suggest that a successful model of
capital accumulation should treat the investment and consumption goods
sectors separately, and should link the process of growth with investment in
new technologies.

3. Employment and investment are related. Dunne 1994, (Table 3 and 4) finds
that firms using the newest technology have more employees. Employment at
the plant level is a n-shaped function of age; employment increases during
the first five years of a plant’s life and decreases thereafter, a fact documented
by Davis et al., 1996 (Table 3.5). Employment is less, therefore, when tech-
nologies or plants are old.

These observations suggest that a successful model of investment will have to
be of the vintage capital variety. Moreover, the observations on plant-level
employment behavior suggest that standard putty-clay models will not be
adequate to capture employment dynamics. In this paper a vintage capital
model is developed that is consistent with these observations. The vintage
capital framework naturally suggests certain questions: What determines the
efficiency of new capital goods? When do new vintages of capital get adopted
and old ones get replaced? How is economic growth tied to the decision to
replace old capital goods with new ones? How effective are policies designed to
stimulate the adoption of new capital goods? Are the dynamics of a vintage
capital economy much different from the standard neoclassical growth? These
questions are addressed here.

An economy is developed where technological change is embodied in new
capital goods. The firm in the model economy must decide when to replace its
existing capital with a new vintage. Investment is a lumpy decision and deprecia-
tion 1s an economic concept, not a physical one. The firm produces consumption
and investment goods 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 evermore efficient capital goods. This occurs because
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 new capital goods 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 its net revenues to households.

Clearly, the incentives to develop (through R&D) and to adopt (through
replacement) more efficient capital goods will be integrally connected. Therefore,
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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 technology is
embodied in investment and that the adoption of new technologies is an
important factor in economic growth has been enshrined in US fiscal policy
since the early part of this century. With the exception of a few short-term
reversals, the tax treatment of capital income has become more generous,
particularly with respect to policies regarding depreciation. This leads to a final
observation about capital accumulation in US economy:

The average age of the capital stock has declined for most of the postwar
period.?

While a large part of the dramatic decline in the average age of the aggregate
capital stock over the postwar period is undoubtedly due to modernizing the
capital stock in the aftermath of World War II, some of it is attributable to this
trend toward leniency in the tax treatment of capital income. In the later part of
the paper the response of the model economy to changes in the tax treatment of
capital is studied. This serves to illustrate the model’s mechanics. The dynamics
for the vintage capi*nl model differ dramatically from the standard neoclassical
growth model.

1.2. Relationship to the literature

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 vari-
able amount of labor and depreciates at a geometric rate. At any point in time
plants with new and old capital coexist, but Solow (1960) illustrated how this
world with heterogeneity could be represented in terms of the standard growth
model with a single aggregate stock of capital. In Solow (1962) capital has a fixed
lifetime and the amount of labor allocated to 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 deprecia-
tion 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

2 See Table A7 in Fixed Reproducible Tangible W ealth in the United States, 1925-1989, a publica-
tion of the US Department of Commerce.
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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 as endogenous rather
than exogenous, as in the Solow models.

The model developed bears some resemblance to the vintage human capital
models of Zeckhauser (1968) and Parente (1994). Zeckhauser (1968) considers
the case of an immortal craftsman who must decide when to switch from an old
to a new technique. There is bounded learning by doing within a technique. New
techniques are more productive than older ones, but upon upgrading from an
old technique to a new one the craftsman realizes a drop in productivity until he
learns from experience. This decision is related to the adoption-replacement
problem studied here. Parente (1994) studies a variant of this problem in general
equilibrium. His model results in an equilibrium distribution of knowledge or
skills across agents that is similar to equilibrium age distribution of capital over
plants produced by the current model. The current work is also related to
Campbell’s (1997) model of the relationship between the adoption of new
technologies over the business cycle, and the exit and entry decisions of plants.
He finds that investment-specific technological change is an important source of
business cycle fluctuations. The exit decision of a plant has aspects that are
similar to adoption-replacement choice modeled in the current analysis.

2. The economic environment

Imagine an economy inhabited by two types of households, a firm and
a government. The firm produces consumption and investment goods using
three 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
and capital income (here interest and profits). This revenue is used to give
households transfer payments and to provide the firm with an investment
subsidy and a capital consumption allowance.

2.1. The firm

The firm undertakes production at a fixed number of plants, which are
distributed uniformly 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
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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 i; clearly, then } ;= ;p; = 1. The assumption that production
is done at a fixed number of locations is equivalent to supposing that it takes
a fixed amount of land, or number of managers, etc., to operate a plant, and that
such factors are in inelastic supply.

Consider a representative plant of vintage i, 1., a plant using capital of age i.
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. Consump-
tion goods can be produced according to the technology

=k 0<apa+pf<l, (1)

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

Growth in the economy results from the ability to produce evermore 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

Xp = k?b;:(l’{hl)c, O S *, é’ C,OC + é + C < 1 (2)

Here x; represents the amount of new capital goods produced by plant i using
k; units of capital, while b; and nh; denote the quantities employed of unskilled
and skilled labor. Assume that labor’s share of income is the same in both
sectors so that f=¢ + (.

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, n;. Specifically, it should
solve the problem

P(k;w) = max [, = kXlf — wl,], (P1)
!
where w is the wage rate for unskilled labor. The first-order condition associated
with the problem is

BRAE~Y = . (3)

By making use of (3) in (P1) it is straightforward to deduce that the profits
accruing from this location can be expressed as m; = (1 — B)k%I¢. Alternatively,
the plant could be assigned to the production of capital goods. Let g represent
the price of new capital goods in terms of consumption goods. Now, the
maximization problem for the plant would be

max [7; = qkibi(nh)* — wb; — vnh.], (P2)
bi.nh;
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where v is the wage rate for skilled labor. The first-order conditions tied to this
problem are

qEkib ™ (nh) = w 4
and
qlkzbi(nh)~* = v. (5)

The profits derived from this activity are m; = (1 — & — {)gk?bi(nh;).

Observe that no plant has a comparative advantage in producing one type of
good over the other, given the equality of labor’s share of income across
sectors.” Since each plant is free to choose the production activity in which to
engagein, it must be true that there is indifference between these choices. Hence,

(1 = Pkl = (1 — & — D)gkibi(nh). (6)

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

The manager of the firm must decide how many plants of each vintage to
operate and how much new capital to place into the plants that are being
modernized. New capital formation is subsidized by the government at rate z,.
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 horizon, 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:*

N
V(pis--. ky, oo 8) = maxg, s ,‘k’.{ Z pil — 1) P(k;w)

i=1

— (I — 7 )(1 — d)qp'ik}

+ V(P ... Ky s8I+ (1 — )]} (P3)
subject to
N
Yrsl, (7)
i=1
Pi+1 < s, (8)
:‘+1 = ki- (9)

*If a plant of type i decided to produce consumption goods its profits would be (1 — PRk
w #1107 B Alternatively, if it produced investment goods it would earn (1 — & — O)[&¢ ¢ gk?
w™ ¢ 74V 470 Given that labor’s share of income is the same across the two activities, or p=¢
+ ¢, the ratio of profits is the same for all i.

* The manager of the firm maximizes its present value from the owner’s perspective. This implies
that after-tax profits should be discounted using the after-tax interest rate.
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In the above, ¥ represents the interest rate between today and tomorrow and
s denotes the aggregate state-of-the-world in the current period (where a precise
definition for s is given in the appendix.) The variable d is a proxy for the present
value of the capital consumption allowance on a unit of investment spending; its
value in period t reads d, = (t/A){1 + Y12} V([ [h=1 [1 + (1 — trreml)}.’
The first constraint given by (7) limits the number of plants that can be operated
next period. Next, the number of plants using capital of age-i + 1 next period
must be no bigger than the number using age-i capital this period. This is what
(8) states. Similarly, capital that is i periods old today will be i + 1 periods old
tomorrow, cf. (9). Note that once installed, the quantity of capital remains fixed
in place until the next replacement date.

The upshot of this dynamic programming problem is the following set of
efficiency conditions:

if p;=0,

w if 0<pi<pi—i, (10)

(1 — )1 — d)gki — [1+(1 — 7]

Z 0 if p: = pi_ 1>
fori=2,...,N, with
Vi('y = (1 — w)P(ki; w')

+nwx{—(1—rga-wmkq

P T T } (th

and
(1= 101~ d)pig = VsV + (1 — ', (12

with
Ve = (1 = Py (Kaw') 4 Vyweoa(-“YIL+ (1 — 1] (13)

Equation (10) determines how many plants of vintage i should be operated next
period.®

Suppose that the firm decides to replace the age-i capital in a plant with new
capital for next period. There are two costs associated with doing this. First is

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

° The notation V(') is used to signify that the function V, is being evaluated at next period’s
values for its arguments.
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the direct cost, (1 — t, (1 — d)gk}, of buying the new capital. Second is the
opportunity cost associated with junking the old capital, V{-)/[1 + (1 — ' ].
From equation (11) this can be seen to equal the aftertax 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 V,(-")/[1 + (1 — 1, )r' ], or
the aftertax present value of profits that would be derived from new capital.
Equation (10) states that (a) if all vintage-i 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 these plants are to be
refitted then the cost must exceed the benefits. Equation (12) determines the
amount of new capital that will be placed in each plant that is modernized. The
aftertax cost of supplying an extra unit of capital for all p| newly renovated plants
is (1 — 7,01 — d)p’q while the benefitis Vy, (- )/[1 + (1 — 7)r'], which from (13)
is the present value of the marginal product of capital over its economic life.”

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 moderniz-
ation, 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 (10). Consider a plant with capital of age
i < N. Now, suppose there are no rents from modernization in the sense that the
aftertax profits derived from updating a plant, V,(-")/[1 + (1 — 7,)r"], exactly
equal the direct renovation costs, (1 — 7,)(1 — d)gk|. The plant will not be
updated, since the firm loses the forgone rents derived from the age-i capital,
V(-1 + (1 — 7)r'], which exceed the (zero) net profits that will be realized
from the new capital. This is always the case if the production technologies
exhibit constant returns to scale.

Lemma 1. Ifa+f=a+¢+{=1then V(V[1+(1—-1)r]=(01—1)1 —
d)qk',.

Proof. Consider the T-period horizon version of problem (P3). Let V7" (. )
represent the firm’s value function for period t > 1.* Clearly, Vo 1,,) =

7SO]Vmg (13) forwarq yields Vyii(-+1)=(1— 1k){P1,t+1P1(k1,y+1;W:+1) + Z?:llpj+ La+j+1
Pl(kjf vt i 5 Werjr 1)/ [ (1 + (1 — 1)r ey +m}]}' The notation Vy (- ,+1) is used to signify that
the function V., is being evaluated at its arguments for date t + 1.

8 The period-t dynamic programming problem is

N
&I max {Z pidl — )P i) — (1 — . M1 — d)gpyiv1kyasy
Ptk L=

+ VTWI ('t+ 1)/[1 + [1 - ‘[k)"ﬁl]}

subject to (7), (8) and (9).
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V(- 1+ 1) = 0.The proof now proceeds by induction. Pick any te{1,...,T — 1}.
Now, suppose that VlT_t—j('t+j+ Y+ A =)l = (=11 —
dis )i+ k1441 <0 for all je{l,...,T —t}. From the T-horizon analog to
equation (10) this implies that pj, 1+ ;+1 = P14+ (for j < T —1t and N). Also,
the analog to equation (11) would give

YT )= (= )l POy )+Nil P jrtivjr1) (14)
1 t+1) = k bt i=1 o[+ (1 — wres s am] |

Next, substitute (13) into (12) and multiply both sides of the resulting expression
by ky,+1 to get

(1 =71 —dIpre+1gcki 1= (1 — Tk){P1,r+1P1(' 5ot 1)K

N—-1

Pl('j+l;'z+j+1)k1:+1 }
+ j+ Lo E LT : 1+ (1 —tr
j;} Dj MHHH#:;[I S (= trren] /L ( Wi+ 1]

= (1 - Tk){pl,t+ IP(' 1;‘1+1)

! Py iije1)

+ :
jgl P IG, o[+ (1=t 1 ml

}/[1 (I —tread, (15

where use has been made of the fact that Pi(-;ipvjr ki =
Pi(cje v j= kit j+1 = P ji1:44+1) (for j = 0). Substituting (14) into
(15) then yields Vi~ ‘(-4 1)/[1 + (1 — tr+ 1] = (1 — 1,1 — d)gky o+ 1. The de-
sired result is obtained by letting T —» oc. [

2.2. Households

There are two types of household in the economy, described as skilled and
unskilled. 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, wi,
saving (interest income, ra) and from government lump-sum transfer payments,
7. Labor and interest income are taxed at the rates, 7; and 7,. The dynamic
programming problem for unskilled agents is

J(a;s) = max, ;. {Ulc, [, A) + pJ(d;5')} (P4)
subject to

c+d=(01—-—twl +[1+1 —1)rla+ 1. (16)
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The momentary utility function U(-) is given by

1+6

U(C, l, /1) = ln(c — @ m), 0, e > 0, (17)

where the term A represents the state of technological advance in the household
sector.” Its adoption simplifies the analysis since the economy’s general equilib-
rium 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

Ui, 54) = p[1 + (1 — ' JU (15 7)) (18)
and
Uile, LA — )w = Usle, I A). (19)

Skilled agents in this economy own the firm. This means that decisions
concerning R&D (human capital investment) and the replacement of old tech-
nologies are made by the owner/operators of the firm. Assume that the firm’s
current indebtedness is b. The firm will then owe rb in interest. The firm’s current
profits after paying off this interest will be Y ™, p;P(k;w) — rb. Additionally,
recall that the firm is intending to spend (1 — 1,)gp1k} on new capital. This can
be financed by issuing new debt, b'. Like unskilled agents, skilled agents must
decide in each period how much to consume, z, and how much to work, 4. They
must further allocate their effort, however, across two activities: working in
plants, 4 — e, and human capital formation, e. The skilled agent’s dynamic
programming problem is'®

X(bom;8) = max, pep{ Wz, i) + pX(b',1';5')} (PS)
subject to the flow budget constraint,

N
z=(1—t)onh—e) + (1 —1) ). [piPlksw) —rb]

i=1
A-2

— (1 — 1)gpiki + (Tk/A){(l - Tx)|:qp’1k/1 + inlpl.ikl,i}}
i=0

+b —b+r, (20)

° This form for the utility function has been successfully used in applied work; an example is
Hercowitz and Sampson (1991).

10 Let x_; denote the value that x had i periods ago.
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and the law of motion for human capital,
n' = Hep. (21)
The efficiency conditions associated with this problem are
Wiz, b A) = p[1 + (1 — ) JW, (2, 15 4), (22)
Wz, s )1 — v = — Wylz, 5 4) (23)

and

Hee'
P[Wl(Z’, WA — w'(h — €) — Wz, 13 4) H, ((;))n']H 1(em

= — Wiz, 4). (24)

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

l1+tow

Wiz, hA) = 1n<z — /0 ), , 2 >0, (25)
I+

and

He)=1+ye’, 0<g¢p<l.

2.3. Government

The last actor in the economy is the government. As 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, 7, to subsidize gross investment at the rate, 7, and to give a capital
consumption allowance. The government’s budget constraint reads

(M + Dt + t,gp1ky = t[Mwl + on(h — e)] + 7, Y, piP(kiw)

N
=1

i

-2
— (t/ 1 — T )lgpiky + Z q-i-1P1,-iky, il

i=0

(26)
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2.4. Market-clearing conditions

Last, in competitive equilibrium the markets for both consumption and
capital goods must clear so that''

N
Mc+z=fY pkili, (27)
i=1
N '
piky =(1 = )Y pikibi(n:h) . (28)
=1

Likewise, the market-clearing conditions for the unskilled and skilled labor
markets imply that

Y pl Sl + (1 = f)b] = M, (29)

i=1

2 pll—fhi=h—e (30)

i=1

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 growing at some fixed rate, while others, such as aggregate employment,
will remain constant. Some basic properties of the economy’s balanced growth
path will now be derived in a heuristic fashion.

To begin with, it seems reasonable to conjecture that along a balanced-
growth path the labor variables [, b;, h;, I, h, and e will all be constant. Given this
conjecture, equation (21) implies that the stock of human capital grows at some
constant rate, say y,. Second, it seems likely that in balanced growth the age
distribution of plants {p;}*-, will be constant. Using (28) it is then straightfor-
ward to compute the rate, y,, at which the economy’s distribution of capital
shifts to the right over time. One finds

Pe= (0%,

"1 At this point, it may be worth noting that (1) and (2) could have been written as c; = (k)¢
and %; = (kK)biH;, where «k; = nt;, ki = ki/x;, and %; = x/i;. While more messy notationally,
this representation of the model highlights the embodied nature of technological change. Technolo-
gical progress evolves according to k) = H(e_;)*x, and «},, = #; [cf. (21)]. For more on the
equivalence between these two representations of technological change, see Greenwood et al., 1997
(Appendix B).






