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by

Robert 5. Pindyck

ABSTRACT

A model of capacity choice and wutilization is developed
consistent with value maximization when investment is irreversible
and future demand 1is uncertain. Investment requires the full
value of a marginal unit of capacity to be at least as large as
its full cost. The former includes the value of the firm's aption
not to utilize the unit, and the latter includes the opportunity
cost of exercising the investment aoption. We show that for
moderate amounts of uncertainty, the firm's optimal capacity is
much smaller than it would be if investment were reversible, and a
large fraction of the firm's value 1is due to the possibility of
future growth. We also characterize the behavior of capacity and
capacity utilization, and discuss implications for the measurement
of marginal cost and Tobin's g.



1. Introduction.

When investment 1is irreversible and {future demand. conditions are
uncertain, a firm's investment expenditure involves the exercising, or
"killing," of an option (the option to productively invest)., One g;ves up
the option of waiting for new information (about evolving demand and cost
;onditinns), and wusing that information to re-evaluate the desirability
and/or timing of the expenditure. This lost option value must be included
as part of the cost of the investment. As a result, the standard investment
rule "Invest when the marginal value of a wunit of capital is at least as
large as the purchase and installation cost of the unit" is not valid.
Instead the marginal value of the unit must exceed the purchase and
installation cost by an amount equal to the value of keeping the firm's
option to invest alive -- an opportunity cost of investing.

This aspect of investment has been explored in an emerging literature,
and most notably in the recent paper by McDonald and Siegel (1984). They
show that with even moderate 1levels of wuncertainty, the value of this
opportunity cost can be large, and an investment rule that ignores it will
be grossly in error. Their calculations, and those in the related papers by
Brennan and Schwartz (1985) and Majd and Pind}ck (1985), show that in many
cases projects should be undertaken only when their present value 1is at
least double their direct cost.?

vThe existing literature has been concerned with investment decisions
involving discrete projects, e.g. whether to build a factory. This paper
exémines the implications of irreversibility for capacity choice, e.g. how
large a factory to build. In particular I focus on the marginal investment

decision. This provides a simple and intuitively appealing solution to the
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optimal capacity problem, as well as insight into the sources and evolution
of the +firm’'s wvalue. In addition, it «clarifies issues related to the
measurement of long-run marginal cost, and the interpretation and measure-
ment of Tebin’'s gq.

A firm's capacity choice is optimal when the value of the marginal
unit of capacity is just equal to the total cost of that wunit. This total
cost includes the purchase and installation cost, plus the opportunity cost
ot exercising the option to buy the unit. An analysis of capacity choice
therefore involves two steps. First, the value of a marginal unit of
capacity must be determined, given that the firm already has capacity K.
To do this we must account for the fact that if demand unexpectedly falls,
the unit of capacity may be unutilized. Becond, the value of the option to
invest in the marginal wunit must be determined (it will depend in part on
the value of the marginal unit itself), together with the decision rule for
exercising the option. In essence, this decision rule is the solutiaon to
the optimal capacity problem.

Because a marginal unit of capacity need not be utilized, it is worth
more when demand fluctuates stochastically. This might suggest that the
firm should hold more capacity when future demand is uncertain, but in fact
the opposite is true. The reason is that uncertainty also increases the
oppartunity cost of exercising the option to invest in a marginal unit.
Although the value of the marginal wunit increases, this opportunity cost
increases even éore, so the net effect is to reduce the firm's optimal
capacity.® Indeed, for many product markets the volatility of demand is

such that firms should hold far less capacity than standard investment

models would suggest.
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This model of capacity choice also has implications for the valuation
of firms. The value of a firm has two components: the value of installed
capacity, and the value of the firm’s options to install more capacity in
the future. Solutions of the wmodel based on plausible parameter values
suggest that +for typical firms, "growth options" should account for more
that half (and in some cases much more than half) of market value.

This paper, like others cited above, stresses the options that firms
have to productively invest. These options are important assets of firms.
Firms hold them even if they are price-takers in product and input markets,
and they can account for a good fraction of their market value. What gives
firms these options? It may be a patent on a particular production techno-
logy, or ownership of land or natural resource reserves. But more general-
ly, a firm’s managerial resources and expertise, reputation, market posi-
tion, and possibly scale, all of which may have been built up over time,
gnable it to productively wundertake investments that individuals or other
firms cannot undertake.3

The next section lays out a simple model of capacity choice with
irreversible investment, based on the assumption that firms maximize their
market value. It differs +from previous models of this type, e.g. Brennan
and Schwartz (19B3) and McDonald and Siegel (1984), in that the focus 1is an
the margfnal investment decision, rather than the decision to invest in a
discrete project. As the model is developed, a numerical example is used to
show how the mérginal value of capital, the opportunity cost of investing,
and the firm’'s optimal capacity depend on current demand and uncetainty over
future demand. Remaining sections of the paper use the model to study the

value of the firm, the behavior of capacity and capacity wutilization over



time, and implications for the measurement of marginal cost and Tobin’s g.

2. A Model of Capacity Choice.

Consider the investment decisions of a firm that might have monopoly

power, and faces the following demand function:*

P = s8(t) - ¥0 (1)
(The firm might be a price-taker, in which case ¥ = 0.) Here @(t) evolves
over time according to the following stochastic process:

g8 = gbdt + oéd:z (2)
where dz is the increment of a Weiner process, i.e. dz = g{t){dt)*/2, with
e{t) a serially wuncorrelated and normally distributed random variable.
Eqn. (2) says .that the current value of & (and thus the current demand
function) is known to the firm, but future values of & are wunknown, and are
lognormally distributed with a variance that grows with the time horizon.
Thus even though information arrives over time (the +{irm observes 6
thanging}, future demand is always uncertain, as is the case in most
real-world markets.S

Denote by pem the correlation of 6 with .the market portfolio. Now

suppose some asset or portfolio of assets exists with a stochastic return
perfectly correlated with &, so that if x 1is the price of this asset, it
evolves éccording to: |

dx = uxdt + oxd:z
By the CAPHN, tﬁe expected return on this asset must be y = r + dpemtr, where
# is the market price of risk. We will assume that «, the expected percen-
tage rate of change of @, 1is less than p. (It will become clear later

that if this were not the case, no firm in the industry would ever install
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any capacity. Np matter what the current level of &, firms would always be
better off waiting and simply holding the option to install <capacity in the
future.) Denote the difference between p and g by &, i.e. 8 = g - (.-

The firm’s problem is to determine, initially and over time, its
optimal investment spending on new production capacity. I assume that the
firm starts with no capacity, so that at t = 0 it decides how much initial
capacity to put in place. Later it may or may not add more capacity,
depending on how demand evolves.

For simplicity 11 assume that new capacity can be installed instantly,
and capital in place does not depreciate.® Another assumption -- and an

important one -- is that investment is irreversible. That is, although

capital in place can be sold by one +firm to another, its scrap value is
small because’ it has no alternative wuse than that originally intended for
it., Thus a factory built to produce widgets can only be used to produce
widgets, so if the demand for widgets falls, its market value will fall.

The .fact that investment 1is irreversible implies that there is an
opportunity cost associated with adding capacity -- adding capacity today
forecloses the possibility of adding it instead at some point in the future
{or never at all). Put another way, the firm currently has options to
install capacity at various points in the future (options that can be
exercisea at the cost of purchasing the capital), and by installing capacity
now, it closes those options. The optimal rule is to invest until the value
of a marginal uﬁit of capital is equal to its total cost -- the purchase and
installation cost, plus the value of the option on the unit.”

A few more details are needed to finish specifying the model: (i} each

unit of capital can be bought at a fixed price k per wunit; (ii) each unit
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of capital in place provides the capacity to produce one unit of output per
time period; and {(iii) the firm has an operating cost C(R) = «c,Q +
(1/2)c282. In general c, and/or c=z can be zero, but if ¥ = 0 (so the firm
is a price-taker), we reguire cz > 0 to bound the firm's size.

For purposes of comparison, note that 1if future demand were certain
(¢ = 0), and if ¢ 2> 0, the firm’s optimal initial capital stock would be
K*{@) = (6 - ¢4 - rk)/{2¥+cz), i.e. the firm should add capacity only if
BLK) > (2¥+4c2)K + c4 + rk. We will see that with moderate amounts of
uncertainty over future demand, the optimal capital stock 1is considerably
smaller than this.

The Value of a Marginal Unit of Capacity.

To salve the firm's investment problem we first determine the value of
an incremental unit of capacity. That is, given that the firm already has
capacity K, we want to find the value to the firm of an incremental unit,
which we denote by AV(K). (Note that AV(K) is a function of 6 as well as
K.) This’ is just the present value of the expected flow of incremental
profits from the marginal unit. Because the wunit does not have to be
utilized, future incremental profits are a nonlinear function of 6, which is
stochastic. In particular, given a current capacity K, the incremental
profit at any future time t resulting from a marginal unit of capacity is:

| Ane {E) = max [0, (8¢ - (2¥+c2)K - €41 (3)

Thus AV(K) can be written as:

AV(K) = TlAm, (K38)£(8,t)dae *tat (4)
Qo0

t

where f(6,t) is the density function for ¢ at time t, p is the risk-adjusted

discount rate, and Am.(K;®) is given by egn. (3). It is difficult, however,
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to evaluate (4) directly. In addition, the rate p might not be known.
Instead we obtain AV(K) by solving the following equivalent problem:
What is the value of a factory that produces ! wunit of output per period,
with operating cost (2¥+cz)K + c,, where the output is sold in a perfectly
competitive market at a price 8., and where the factory can be shut down
(temporarily and costlessly) if the price 6. falls below the operating

cost?® It is shown in the Appendix that the solution to this problem is:

bleﬁ‘ T8 ¢ (P¥4c2)K + £y
AV(K) = & (5)
b.6P2 + 6/8 - [(2X4ca)K + co/r 5 6 > (2H+ca)K + c,
-§-g2/7 ]
where: B, = - -15-§—§—£=1- + !-.,[(r-s-cr’/Q)2 + 2ro=yt/? > 1
1 g2 o2
(r-§-g2/2) 1 I ..1/2
B, = - —mmmoiSSEe- - S [(r-8-g%/2)7 + 2ro?) <0
_r - Balr-8) , 1-8, ,
by = EpToooaaym L(2WHa)K + oyl > 0
b L Belr=8) ioyecaik + cal7P2 50

2 = rS(ﬁ; - ﬁz)

A numerical example is useful to illustrate the characteristics of

AV{K), as well as other aspects of the model. For this purpose I choose

r § = .03, k = 10, €1 = 0, and either ¥ = .5 and c2 = 0, or eguivalently

¥

0 and c=2 = 1.% I vary © or K, and consider values of ¢ in the range of
0 to .4.;° For purposes of comparison, let AVo(K) denote AV(K) for o = 0,
50 AVo(K) = 8/8 - [(2¥+c2)K + c,1/r for 6 } (2¥+ca2)K + c,, and O otherwise.
For our numericél example, AVo(K) = 20(6-K) for & > K, and 0 otherwise.
Figure 1| shows AV(K) as a function of © for K= 1 and o = 0, .2, and
.4. Observe that AV(K) looks like the value of a call option -- indeed it

is the sum of an infinite number of European call options (see Footnote B).
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As with a <call option, A&V{K) 1is increasing with o, and for o > 0,
AVIK) > AVo(K) because the firm need not wutilize its capacity. As 6 4 w,
AV(K) 4 AVo(K); for & wvery large relative to K, this unit of capacity
will almost surely be continuously utilized over a long period of tinme.

Figure 2 shows AV(K) as a function of K for & = 2, and o = 0, .1, .2,
and .4. Because demand evolves stochastically, a marginal unit of capacity
has some positive value no matter how large is the existing capital stock;
there is always some chance that it will be utilized over any finite period
pf time. The greater is o, the more slowly AV(K) declines with K. Also,
the smaller is K, the more 1likely it is that the marginal unit will be
utilized, and so the smaller is AV(K) - AVo(K). When K = 0, AV(D) = AVo(K);
with ¢4 = 0, the first marginal unit will always be utilized.

The fact that AV(K) is larger when o > 0 might suggest that the firm
should hold a larger amount of capacity, but just the opposite is true. As
shown below, the firm's opportunity cost of exercising its option to invest
in the mafginal unit also becomes larger, and by an even greater amount.

The Decision to Invest in the Margqinal Unit.

Having valued the marginal unit of capacity, we now value the firm's
option to invest in this unit, and the optimal decision rule for exercising
the option. This is analogous to a perpetual call option with exercise
price k,b on a stock that pays a proportional dividend at rate § and has a

current price AV(K). In the Appendix it is shown that its value, AF(K), is:

anPt s8¢ B (K
AF(K) = 1 (6)
AVEKY = k5 8 3y 8%(K)

where: = EEEE wy (B2~B1) _L_ cwy (1-B1) 3
a = B2E(pe) + gpTen) o,
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Bi1y Pz, and bz are given under eqn. (5) above, and #8*(K) is the critical
value of © at or abeve which it is optimal to purchase the marginal unit of
tapacity, i.e. the firm should purchase the wunit if 6 > @*(K)s This

critical value 8*(K) is in turn the solution to :

EELEL:EEL(Q.)52 + iﬁl:llg» - {2%tca)K oy | k = 0 (7)
B Sﬁx r

Eqn. (7) can be solved numerically for 8*, and eqn. (&) can then be used to
calculate AF(K).

Recall our assumption that & > 0. The reader can verify that as 6§ + 0,
8*(K) 4 w, Unless & » 0, the opportunity cost of investing 1in a unit of
capacity always exceeds the bepefity, and the firm will never install
capacity.** Thus i+ firms in an industry are investing optimally and sonme
positive amount of investment is taking place, we should observe § > 0.

As with a call opticon on a dividend-paying stock, both AF(K) and the
critical value 8*(K) increase as ¢ increases. Figure 3 shows AF(K) as a
function ﬁf 8 for K= 1 and o = ¢, .2, and .4, When ¢ =0, 6* = 1.5,
i.e. the firm should increase capacity only if ® exceeds 1.5. For ¢ = .2
and .4, 6* is 2.45 and 3.44 respectively. The opportunity cost of exercis-
ing the firm’s option to invest in additional capacity is AF(K), which
increases with o, s0 a higher ¢ implies a higher critical value 8*(K),.
Also, it.is easily shown that 6*(K) is monotonically increasing in K.

The Firm's Optimal Capacity.

The function 6*(K) is the firm's optimal investment rule; if ® and K
are such that 6 > 8*(K), the firm should add capacity, increasing K until 6*
rises to 6. Equivalently we can substitute for bz(K) and rewrite egn. (7)

in terms of K*(®), the firm's optimal capacity:



-10-

roBalr=8) pz , (» 1-P2 | L[2¥2calK? + cad | (Bl o g :
FEp LRIk 4 ey - t e k=0 70

Figure 4 shows K*{(8) for ¢ = 0, .2 and .4. (For many industries .2 is
a conservative value for o -- see Footnote 10.) Observe that K* is much
smaller when future demand is uncertain. For o0 = .4, & must be more than
three times as large as when o = 0 before any capacity is installed.

Another way to see how uncertainty over future demand affects the
firm’'s optimal capacity is by comparing AF(K), the value of the option to
invest in a marginal unit, with AV(K) - k, the net (of purchase cost) value
of the unit. The optimal capacity K*(8) is the maximum K for which these
two quantities are equal. Note from eqn. (6) that for & > 6%, or eguiva-
lently, K { K*, exercising the option to invest mawimizes its value, so that
AF{K) = AV{K) - k, but {for K > K*, AF{K) > AV(K) - k, and the option to
invest is worth more "alive" than "“dead."

This is shown in Figure 3, which plots AF(K) and AV(K) - k as functions
of K, for 6 = 2 and v = .2. Recall that AV(K) is larger when future demand
is uncertain. As the figure shows, if the opportunity cost of exercising
the option to invest were ignored (i.e. the firm added capacity until AV(K)
- k was zero), the firm’'s capacity would be about 2.3 units, as opposed to
1.5 units when o = 0, But at these capacity levels the opportunity cost of
investing in a marginal unit exceeds the net value of the unit, so the
value of the firm is not mavimized. The optimal capacity is only K* = .67,

the largest K for which AF(K) = AV(K) - k, and the solution to eqn. (7).

3. The Value of The Firnm.

As noted above, K*(®) is the capacity level which maximizes the firm’'s



-11-
market value, net of cash outlays for the purchase of capital. This can be
seen algebraically and from Figqure 5§ by noting that the value of the firm
has two components, the value of installed capacity, and the value-of the
firm's options to install more capacity in the future. The firm’'s net

value as a function of its capacity K is thus given by:
K .
Net Value = [AVIv)dv + [JAF(v)dv - kK (8)
[+] K

Differentiating with respect to K shows that this is maximized when K = K*
such that AV(K*) - AF(K*) - k = 0,

The value of the firm’'s installed capacity, V{(K*), 1is just the first
integral in eqn. (8). In Figure 5 it is the area under the curve AV(K) - k
from K = 0 to K*, plus the purchase cost kK*. The value of the firm’'s
options to e;pand is the second integral, which in Figure 3§ is the area
under the curve AF(K) from K = K* to o, As the figure suggests, the value
pf the firm’'s growth options is a large portion of its total value.

The §ensitivity of firm value and 1its components to uncertainty over
future demand can be seen from Table 1, which shows K*, V(K*), F(K*), and
total value for different values of o and . When ¢ = 0, the value of the
firm is only the value of 1its installed capacity. Whatever the value of
6, the firm is worth more the the more volatile 1is demand. A larger o
implies 5 larger value for each wunit of installed capacity, and a much
larger value for the firm’s options to expand. Also, the larger is o, the
larger is the ffactian of firm value attributable to its growth options.
When ¢ = .2 or more, more than half of the firm’'s value is F(K*), the value
of its growth options. Even when o = .1, F(K*) accounts for more than half

of total value when 6 is | or less. (When demand is currently small, it is



the possibility of greater demand in the future that gives the firm wmuch of
its value.) And there is always a range of 8 for which K* is zero, so that
all of the firm’'s value is due to its growth options, -

As mentioned earlier, ¢ = .2 or more should be typical for many
industries., A testable implication of the model is that for firms in such
industries, the fraction of market value attributable to the value of
capital in place should not be much more than one half. A second implica-
tion is that this fraction should be smaller the greater 1is the volatility
of market demand. I have not tried to test either of these implications
{valuing capital in place 1is itself a difficult task}. However, calcula-
tions reported by Kester (1984) are consistent with both of them. He
estimated the value of <capital in place for 15 firms in 3 industries by
capitalizing a flow of anticipated earnings from this capital, and found
it is half ar less of market value in the majority of «cases. Furthermore,
this fraction 1is only about 1/5 to 1/3 in industries where demand is more
volatile (electronics, computers), but more than 1/2 in industries with less

volatile demand (tires and rubber, food processing).

4, The Dynamics of Capacity, Capacity Utilization, and Firm Value,

I+ the firm begins with no capacity, it initially observes & and
installs a starting capacity K®(6). If © then increases, it will expand
capacity accordingly, and the value of the firm will rise. The value of its
growth options Qill also rise, but will become a smaller fraction of total
value (see Table 1). However if @ decreases, it will find itself holding
more capacity than it would have chosen had the decrease been anticipated.

The firm's wvalue will fall, and depending on how much ¢ decreases, some of



its capacity may become unutilized.

Because capital does not depreciate in this model, the firm’'s capacity
is non-decreasing, but will rise only periodically. The dynamics of
capacity are characterized in Figure b, which shows a sample path for 6(t),
and the corresponding behavior of K{t). (The duration of continuous upward
movements in K(t) is exaggerated.) The +firm begins at teo by installing
K*{(8o) E K&. Then © increases until it reaches a (temporary) maximum 8, at
ty, and K is increased accordingly to K¥. Here it remains fixed until t,,
when 6 again reaches 6,. Afterwards K is increased as & increases, until ts
when © begins to decline from a new maximum, and K remains fixed at Kg.

Thus an implication of the model 1is that investment occurs only in
spurts, when demand is rising, and only when it is rising above historic
levels.*® Firms usually increase capacity only beriodically, and this is
often attributed to the "lumpiness” of investment. But lumpiness is clearly
not required for this behavior.

Let Qs now examine the firm's capacity wutilization. Clearly during
periods of expansion, all capacity will be utilized. When demand falls,
however, some capacity may go unutilized, but only if it falls far enough.

If the firm had unlimited capacity it would maximize current profits by
setting output at B* = (6-cy)/(2¥+c2). However K*(#) { (6-¢,)/(2¥+cp), and
as shownlin Section 2, can be much less even for moderate values of o. Thus
for & in the vrange 6(K) = (2¥+c2)K + ¢4 { 6 ¢ 6*(K), capacity will remain
fixed but will Se fully utilized. Capacity will go unutilized only when 6 <
(K}, In Figure & this occurs during the intervals (t., ty) and (te, ta).

The irreversibility of investment induces firms to hold less capacity

as a buffer against unanticipated drops in demand. As a result there will
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be periods of low demands when capacity is fully utilized. A large drop in
demand is required for capacity utilization to fall below 100%,
The value of the firm will move in the same direction as ©. Host of
the time the firm's capacity K will be above K*{6) -- in Figure 6 exceptions
are during the intervals (to, t,) and (tz, ts) -- but given © and K, the

firm's value can always be computed from:
K o
Value = [faV(vie)dy + [AF(v3;8)dv (9)
[+] K

The share of the firm's value due to its growth options will also flu;tuate
with ®. For example as Table | shows, during periods when capacity is
growing {so that K = K*(8)), this share +{alls. It alse falls when ® is
falling and K > K*(8). Thus as firms in this model evolve over time, growth

options tend to account for a smaller share of value.

9. The Measurement of Long-Run Marginal Cost.

The @easurement of long-run marginal cost and its relationship to price
can be important for industry analyses 1in general, and antitrust applica-
tions in particular. As shown below, when investment is irreversible,
traditional measures will understate marginal cost and overstate the amount
by which it differs from price, even in a competitive market. This problen
isg partiﬁularly severe when product markets are volatile,

Suppose ¢ = 0. Then AF(K) = 0, and the firm sets K (and &) so that:

AV(K)>= 8/8 - [(2¥+c2)K + e41/r = k (10)
Note that AV(K}, the value of a marginal wunit of capacity, is net of
.{capitalized) marginal operating cost. Let us rewrite (10) as follows:

8/8 - 2¥K/r = {cy + c2K¥/r + &k (107)
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The left-hand side of (10°') is capitalized marginal revenue (® is capital-
ized at a rate § hecause it is growing at rate ; withe =0, & = r - g,
The r.ght-hand side is full marginal cost, the capitalized operating cost,
plus the purchase cost of a wunit of capital. Eqn. (10°) is the usual
relation between marginal revenue and marginal cost when the former is
increasing at a deterministic rate.

Now suppose o > 0, and K = K*(€). Then +from eqn. (5), the optimality

condition AV(K)

k + AF(K) can be written as:

AV (K)

b26P2 + 6/8 - [(2A4c)K + € d/r = k + AF(K) (11)

or: 8/6 - 2¥K/r = - bZQﬁz + (ca2K + cyl)/r + k + AF(K) (11"

Observe that two adjustments must be made to obtain full (capitali:zed)
marginal cost, the RHS of (11'). The first term on the RHS of (11°) is the
value of the firm's option to let the marginal unit of capacity go unutil-
ized, and must be subtracted from capitilized operating cost. The last tern
is the opportunity cost of exercising the option to invest. As we have seen
in Section 2, the last term dominates the first, so that K must be smaller
to satisfy (11°), and ‘marginal cost as conventionally measured will under-
state true marginal cost.

If the firm is a price-taker, ¥ = ¢ and P = 8. Price will equal
marginal cost, if the latter is defined correctly as in (11’). Unfortunate-
ly the first and last terms on the RHS of (11') are difficult to measure,
particularly with aggregate data. But if one wishes to compare price with

marginal cost, ignoring them can be misleading.?3

6. Marginal g and Investment.

The q theory of investment says that firms have an incentive to invest
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whenever marginal g -- the increase in market value resulting from a
marginal unit of capital divided by the tost of that wunit -- exceeds cne.
But models based on this theory have not been very successful in explaining
investment.** There may be several reasons for this, but one possibility is
that in such models the rcest of a marginal unit of capital typically
includes only the purchase and installation cost. As we have seen, this can
grossly understate the true cost of the unit.

In empirical applications {(e.g. Abel and Blanchard), the change in
market value from a marginal unit of capital is measured as the NPV of the
expected profit flow from the unit, i.e. the present value of the unit. In
pur notation, g = AV(K)/k. But this ignores the opportunity cost AF(K);
clearly g » 1 does not imply that K should be increased. The correct
measure for q is found by noting that the addition of a marginal unit of
capital increases the value of the firm’s capital in place by AV(K}, but
decreases the value of the firm's growth options by AF(K). The net change
in marketAvalue is thus AV(K) - AF{(K), so the correct measure for g is:

q* = [AVI(K) - AF(K)1/k (11
Setting g* = 1 yields the optimal K*.

It is easy to see why marginal g as it is usually measured may fail to
explain investment. Note that an increase in demand (i.e. in 6) will
increase‘ AV(K), but it will also increase AF(K), although by a smaller
amount. And if o increases, both AF(K) and AV(K) rise, but AV(K} by less,
so that the de?ired tapital staock falls. But the market value of the firm
increases, so that even if market value data is used to measure g, we will
see an increase in q but a decrease in investment.

As mentioned earlier, AF(K) is unfortunately difficult to measure. But
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in some cases it may be possible to construct a proxy for AF(K) based on the
sample variance of demand fluctuations. The use aof such a proxy might

improve the explanatory power of q theory models. -

7. Conclusions.

The model presented here is a simple one that ignores complications
such as adjustment costs, delivery lags, and lumpiness of capital expendi-
tures. It can easily be extended to account +for these factors, but
numerical methods may then be required teo obtain solutions. Of course once
numerical methods are used, other aspects of the model can also be general-
ized. For example, demand can be a nonlinear function of &, or © could
follow some alternative stochastic process, perhaps including jumbs.

By treat;ng capital in place as homogensous, we have been able to focus
on the marginal investment decision, and clarify the ways in which irrever-
sibility of investment and wuncertainty over future demand affect both the
value and cost of a marginal unit of caparity. Besides yielding a relative-
ly simple solution to the problem of capacity choice, the wmodel provides a
straightforward method for calculating the +firm’'s market value and its
cbmponents. It also provides insight into the measurement of long-run
marginal cost, and Tobin's gq.

‘In éany markets output prices fluctuate with annual standard deviations
in excess of 20 percent. Our results show that in such markets, firms
should hold muﬁh less capacity than would be the case if investment were
reversible or future ﬂemand were known with certainty. Also, much of the
market value of these firms is due to the possibility (as opposed to the

expectation) of stronger demands in the future. This value may result from
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patents and technical knowledge, but it also arises from the managerial
expertise and infrastructure, and market position that gives these firms (as
opposed to potential entrants) the option to economically expand capacity.

One might ask whether firms correctly compute and take into account the
opportunity cost of investing when making capacity expansion decisions.
‘Ignoring such costs would lead to overinvestment. McConnell and Muscarella
(1986) have found that for manufacturing +firms, market value tends to
increase (decrease) when managers announce an increase (decrease) in planned
investment expenditures, which is inconsistent with a systematic tendency to
overinvest.*® But there 1is anecdotal evidence that managers often base
investment decisions on present values computed with discount rates that far
exceed those that would be implied by the CAPM -- diversifiable and non-
diversifiable risk are sometimes confused, and an arbitrary "risk factor" is
often added to the discount rate. It may be, then, that managers use the

wrong method to get close to the right answer.
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APPENDIX

Here we derive egn. (9) for AV(K;8) and egns. (6) and (7) for the
optimal investment rule and value of the investment option AF(K;®).

The value of a marginal unit of capacity, AV{K;8), is found by valuing
an equivalent "incremental project” that produces 1 wunit of output per
period at cost (2¥+co) + £,, which is sold at price &(t), and where the firm
can (temporarily and costlessly)'shut down if price falls below cost. To
value this, create a portfolio that is long the project and short AVe units
of the output, or equivalently the asset or portfolib of assets perfectly
correlated with 6. Because the expected rate of growth of € is only « = p -
§, the short position requires a payment of &§6AVe per wunit of time (or no
rational investor would hold the corresponding long position). The value of
this portfolio is & = AV - AVe®, and its instantaneous return is:

d{av) - AVBdB - SBAVQ + j[6 - (2¥+c2)E - £41 {A. 1)
The last term in (A.1) is the cash flow from the “incremental project;” j
is a switéhing variable: j =1 if 6(t) > (2Y¥+c2)K + cy, and 0 otherwise.

By Ito’'s Lemma, d{AV) = AVed& + (1/2)AVee{dB)2., Substitute egq. (2)
for do and observe that the return (A.1) 1is riskless. Setting that return
equal to rE = rAV - rlVeP yields the following equation for AV:

2 9
io‘é‘év. + (r=8)64V, + jl® - (2¥+c2)K - €41 - raV = 0 (A.2)
2 - 60 )

The solution must satisfy the following boundary conditions:

AV (e=0) = 0

lim &V = 6/85 - [(2¥+c2) + c,1/r
- X)

lim AVe = 1/8

LX)

and AV and AVe continuous at the switch point 6 = (2¥+c2)K + c,. The reader

can verify that (5) is the solution to (A.2) and its boundary conditions.



- 20 -
Egn. (A.Z2) can also be obtained by dynamic programming. Consider the
optimal operating policy (j =0 or 1} that maximizes the value & of the

above portfelio. The Bellman equation is: -

. i
= " - 2 2 - - -— .3
rg J_Tg'i){J{G (2¥+c2) €41 SBAVG + thtdi} (A, 3)

i.e. the competitive return rE has two components, the cash flow given by
the first two terms in the maximand, and the expected rate of capital gain.
Expanding d& = dAV - AVed® and substituting into (A.3) gives (A.2).

Finally, note that AV must be the solution to (A.2) and the boundary
conditions even if the unit of capacity (the "incremental project®”) did not
exist, and could not be included in a hedge portfolio. All that is required
is an asset or portfolio of assets (x) that replicates the stochastic
dynamics of 6. As Merton (1977) has shown, one can replicate the value
function with a portfolio consisting only of the asset x and risk-free
bonds, and since the value of this portfolio will have the same dynamics as
AV, the solution to (AR.2), AV must be the value function to avoid dominance,

Eqn. (&) for AF(K;8) can be derived in the same way. Using the same
arguments as above, it is easily shown that AF must satisfy the equation:

20
%u“e“AFee + (r-8)68F, = rAF = 0 (A.4)

with boundary conditions:
| AF (8=0) = 0
AF (8=8%*) = AV(8=8%) - k
AF.(S;S*) = AVe (6=0%)
where 6% = 8*(K) is the exercise point, and AV(8*) - k is the net gain fron
exercising. The reader can verify that eqns. (&) and (7) are the solution

to (A.4) and the associated boundary conditions.




TABLE 1: VALUE OF FIRM
(i =cz2=0,9%=.5 r=28¢= .05 k= 10)
g 6 K* VIK*) F(K*) VALUE
0 .5 0 0 0 0
| 0.5 7.5 0 7.5
2 1.5 37.5 0 37.5
3 3.5 87.5 0 87.5
4 3.5 157.5 0 157.5
o 5 0 0 0.4 0.4
1 0.23 4.3 3.4 7.7
2 .00 33.1 9.1 4z.2
3 1.82 80. 4 20.3 100.7
3 2.65 147.3 35.5 182.8
.2 .5 0 0 3.1 3.1
1 0.04 0.8 13.5 14,3
2 0.47 24.0 49.2 73.2
3 1.37 67.1 94.6 161.7
4 2.09 134.1 143.7 277.8
4 .5 0 0 25.8 25.8
1 0 0 69.7 9.7
2 0.15 5.9 182.6 188.7
3 0.4 3b.2 307.2 343.4
4 1.22 91.3 427.5 518.8
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FOOTNOTES

Other examples of this literature include the papers by Bernanke
(1983), Cukierman (1980), Baldwin (1982), and Paddock, Siegel, and
Smith (1984). In the papers by Bernanke and Cukierman, uncertainty
over future market conditions is reduced as time passes, so firms have
an incentive to delay investing when markets are volatile (e.g. during
recessions). In the other papers cited above and in the model I
present here, future market conditions are always uncertain. But
because access to the investment opportunity is analogous to holding a
tall option on a dividend-paying stock, for any positive amount of
risk, an expenditure should be made only when the value of the result-
ing project exceeds its cost by a positive amount, and increased
uncertainty will increase the incentive to delay the investment
expenditure. Thus the results are similar to those in Bernanke
and Cukierman, but for different reasons.

In Abel (1983} and Hartman (1972) uncertainty over future prices leads
to an increase in the firm's optimal capital stock when the production
function is linear homogeneous and there are convex adjustment costs.
The reason is that the marginal revenue product of capital is a convex
function of price, so that as in our model, a marginal unit of capital
is worth more when price is stochastic. However in Abel and Hartman,
investment is reversible, so that no options are «closed when the firm
invests, and the opportunity cost of investing is zero.

A complete model of industry evolution would also describe the competi-
tive processes through which firms obtain these options. Such a model
is beyond the scope of this paper.

Analytic solutions for this model can be obtained for any demand
function linear in 8, i.e. P = 6{(t) + f(8). I use (1) for simplicity.

It is straightforward to also allow for wuncertainty over future
operating cost. The qualitative results would be the same.

Relaning these assumptions makes no qualitative difference in the
results. In fact, allowing for lead times in the construction and
installation of new capacity will magnify the effects of uncertainty.
For a related model that looks specifically at the effects of lead
times, see Majd and Pindyck (19B3).

Still another way to see this is to note that the NPV of investing in a
marginal unit of capital might be positive because of possible future
states of nature that are profitable. But that NPV might be made even
larger by investing at a later date (and discounting the cost).

The valuation of a factory that can be temporarily shut down has been
studied by Brennan and Schwartz (1985) and McDonald and Siegel (198S5).
Observe from eqn. (3) that the present value of an incremental profit
at future time t is the value of a European call option, with expira-
tion date t and exercise price (2¥+ca2)K + ¢y, on a stock whose price is
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11.

14.
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¢, paying a proportional dividend §. This point was made by McDonald
and Siegel (1985). Thus AV(K}, the value of our "equivalent factory,"
can be +found by summing the values of these call options for every
future t. However this does not readily yield a closed form solution,
and I use an approach similar to that of Brennan and Schwartz (1985).

With r and &§ equal, w =0 1if stochastic changes in © are completely
diversifiable (i.e. pem = 0 s0 p = r), but « » 0 otherwise. Also, as
can be seen from eqn. (5), (¥=0, co=1) and (¥=.3, £2=0) give the
same marginal value of capital, and the same optimal behavior of the
firm. In the first case the +firm is a price-taker but earns infra-
marginal rent, and in the second case it has monopoly power.

The standard deviations of annual changes 1in the prices of such
commodities as o0il, natural gas, copper, and aluminum are in the range
of 20 to 50 percent. For manufactured goods these numbers are somewhat
lower, but often 20 percent or higher. Thus a value of ¢ of .2 could
be considered "typical" for simulation purposes.

I+ 8 =0, AV(K}) has an expected rate of growth equal to the risk-
adjusted market rate. Since the firm’'s option to invest is perpetual,
there would be no gain from installing capacity now rather than later.

If we allow for depreciation, investment will occur more frequently and
even when demand is somewhat below historic highs, but it will still
pceur in spurts.

Hall (1986) reports that price significantly exceeds marginal cost for
most two-digit industries, and finds no explanation for this disparity
consistent with competition. Hall’'s test of marginal cost pricing is
based on the relation between the marginal product of labor and the
product wage. I+ firms set marginal operating cost equal to a
(constant) proportion of price, his technique will apply, whatever the
capital stock. But as shown in Section 4, there can be a wide range of
prices for which the firm is capacity constrained, and the ratio of
marginal operating cost to price will vary with price.

For example, the model developed by Abel and Blanchard (1984) is one of
the most sophisticated attempts to explain investment in a q theory
framework; it uses a carefully constructed measure for marginal rather

‘than average q, incorporates delivery lags and costs of adjustment, and

explicitly measures expectations of future values of explanatory
variables. But Abel and Blanchard conclude that "our data are not
sympathetic to the basic restrictions imposed by the g theory, even
extended to allow for simple delivery lags." Also, see Summers (1981),

But they find the opposite true for firms in the oil industry, where
there may be a tendency to overinvest in exploration and development.
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FIGURE S5: OFTIMAL CAFACITY, NET VALUE OF MARGINAL UNIT OF INSTALLED
CAPACITY, AND VALUE OF OPTION YO INVEST IN MARGINAL UNIT
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