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REAL PROPAGATION OF
MONETARY SHOCKS: DYNAMIC
COMPLEMENTARITIES AND
CAPITAL UTILIZATION

Davip Cook
Hong Kong University of Science & Technology

This paper studies the dynamic propagation of a liquidity shock through two real
propagation channels: dynamic complementarities and time-varying capital utilization.
The findings for an economy with intertemporal externalities are: (1) An otherwise
transient liquidity shock will have real effects on output for several years; (2) time-varying
capital utilization strongly augments this propagation; (3) the real effects of monetary
shocks last longer when external productivity depreciates faster; and (4) nominal prices
respond more sluggishly to a change in the money supply when there is a strong real
propagation channel.
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1. INTRODUCTION

This paper studies two business-cycle propagation mechanisms, intertemporal ex-
ternalities and time-varying capital utilization, which transmit the real effects of
monetary shocks across time. Rational-expectations monetary models offer a par-
ticularly interesting context for the study of persistent business cycles. The real
effects that occur as a consequence of unexpected monetary shocks are typically
due to a short-run rigidity-like demand misperception [Lucas (1972)], sticky prices
[King (1991)], nominal wage contracts [Cho and Cooley (1995)] or limited partic-
ipation in financial markets [Lucas (1990); Fuerst (1992)]. The rigidity prevents
rational agents from reacting fully to innovations in money supply. When the
rigidity ceases to constrain, the real effects disappear. By contrast, considerable
empirical evidence exists that demonstrates the persistence of business cycles in
general [Cogley and Nason (1995)] and the persistence of the real effects of money
shocks in particular [Christiano et al. (1996); Strongin (1995)]. One means of in-
troducing persistence into monetary models is to assume that nominal rigidities
disappear only slowly [Christiano and Eichenbaum (1992) or Rotemberg (1996)].
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Another approach is to assume the existence of a real propagation channel. An
empirical literature outlines the effects of monetary shocks on the U.S. economy
using vector autoregressions [see Bernanke and Gertler (1995), among others].
A characteristic response to an expansionary monetary shock is a sharp liquid-
ity effect (a drop in short-term interest rates) and a persistent output expansion.
Though the liquidity effect is not entirely transient, the output effects of monetary
shocks outlast the interest-rate effects. The peak output effects often are found
to occur many periods after the peak interest-rate effects. This timing indicates
the importance of the propagation that occurs after the liquidity effect has dimin-
ished. Qualitatively, capital accumulation could offer a real propagation channel,
a liquidity effect might enhance current investment in physical capital and, thus,
production possibilities in subsequent periods. In practice, the quantitative effects
of this transmission mechanism are insubstantial. The capital stock does not vary
much over the cycle simply because the stock of capital is much larger than any
changes in investment due to short-term shocks.

Intertemporal learning spillovers are another channel through which current ac-
tivity can qualitatively affect future productivity. Researchers long have suggested
that current production activity creates, as a byproduct, experience that is useful in
future production [see Arrow (1985) or Rapping (1965)]. Much of this experience
could be nonrival, increasing the productivity even of firms not directly involved
in its creation. The quantitative properties of intertemporal externalities have been
studied by Cooper and Haltiwanger (1996), Cooper and Johri (1997), and Durlauf
(1993). The purpose of this paper is to examine the quantitative effects of this type
of propagation in a monetary model.

The model presented here studies the persistence of monetary shocks in a limited
participation model [see Fuerst (1992) or Christiano (1991)]. In the limited par-
ticipation framework, a financial intermediary accepts household bank deposits
and makes short-term credit available to firms. A rigidity prevents savers from
quickly adjusting bank deposits after a change in the money stock. An unexpected
shock to the money supply can have strong effects on interest rates and, through
credit markets, on real output. The financial rigidities are temporary, though. In
lieu of an additional propagation mechanism, the real effects of unexpected mon-
etary shocks are short-lived. | supplement this framework with two propagation
mechanism. First, | assume that firms can vary capital utilization rates through
time. Time-varying capital utilization augments the effects of movements in in-
terest rates and productivity on equilibrium output. Extensive evidence supports
the notion that capital services vary over the business cycle [see Burnside et al.
(1995) or Shapiro (1996)]. Second, dynamic productivity complementarities act
as an intertemporal propagation channel. A firm that produces output in one period
generates productivity available to other firms in subsequent periods. An increase
in aggregate output in one period leads to higher aggregate productivity in subse-
guent periods. The combined propagation channels cause an otherwise transitory
monetary shock to have persistent effects on output and employment. The real
shocks far outlive the initial liquidity effect.
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2. MODEL

The model economy is inhabited by four agents: a representative household, a
representative firm, a bank, and the monetary authority. The monetary authority
sets the money growth rate exogenously by injecting reserves into the banking
system. The remaining agents act as price takers in competitive markets.

2.1. The Household’s Problem

The infinitely lived representative household maximizes expected utility from con-
sumption,C;, and leisurel, as in Hansen (1985) and Rogerson (1988):

Eo) A'InCi+B- L. €

t=0
The household’s time endowmeidt, can be used for leisure or labat;:
T =L + H. 2

The household begins every period with a quantity of currency held as bank de-
posits,N;, and a quantity of remaining cash on hami, — N;. The household
faces a cash-in-advance constraint on consumption purchases,

M; — Nt > RGC, (3)

where P; is the nominal price of goods. At the end of perinpdhe household
receives interest payments on bank depo$®s,wage payments for its labor
effort, W; Hy; and lump-sum dividend payments from the representative firms and
financial intermediariesD;. The household selects next-period money demand
M1 and depositd\; ;:

Miyr = RNy + Wy Hy + (My — Ny — P.Cy) + Dy. 4)

2.2. The Bank and the Monetary Authority

The representative financial intermediary or bank holds deposits. The monetary
authority creates new currency by injecting reserves into the banking system. The
available credit for lending, LOANS

LOAN( = Nt + Mt Mt, (5)

wherey; is the money growth rate at tinheThe monetary authority sets the money
growth rate exogenously. | assume that the growth rate follows an AR(1) process:

we = 1= p)p + put-1+ & (6)

It is unlikely that any monetary authority acts purely exogenously. The point of
this paper is to examine the dynamics of the response to an exogenous shock and
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it is customary to assume an AR(1) process for exogenous monetary policy [see
Cooley and Hansen (1995)]. Christiano et al. (1997) argue that an AR(1) process
plausibly describes the dynamics of exogenous policy shocks in the United States.

2.3. The Firm’s Problem

The representative firm maximizes the discounted sum of real prbfits,

Eo Z ,Btwt ?t (7)
t=0

The stochastic discount factar is the household’s current shadow value of a
real dividend payment. The firm’s objective is to maximize the present discounted
value of the dividend payments or, equivalently, its own equity price. The firm earns
revenues by selling goods and must purchase investment goods and hire labor. The
firm faces a cash-in-advance constraint on its wage bill and must borrow currency
from the bank to pay wages. The profits at titrere

D/ = PY; — RWH; — Py, (8)
whereY; is output at time and|; is investment. The production function is
Yi = Z{ (UK (XeH)t 2, ©)

whereZ; is a publicly available technologi); is the rate of capital utilization,
andK; is the capital stock. The terd; is deterministic technology growing at net
raten. The capital stock is accumulated through investment:

Ktz = (1= 8Kt + I (10)

The depreciation term is time varying. Depreciation occurs through utilization [see
Greenwood et al. (1988)] and through capital adjustment [see Baxter and Crucini
(1993)]:

I 2
8 = 81U + 82(% - A> . (11)
t

The externality is a stationary period-by-period external spillover:

Zi = Yi_1- eﬁﬂt. (12)

2.4. Equilibrium

Define W; as the history of all shocks up to tinte Define the allocation func-
tions Ce (W), 1e(Wy), Yi(Wr), Hi(Wp), Ut(Wr), Kepa(We), Mepa(We), Nepa (W),
Zi11(¥y), and the price functio; (Wy), Wi (W), R (W). A competitive equilib-
rium is a collection of allocation and price functions that solve the problem of the
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representative household, bank, and firm, at which all markets clear, and satisfies
(12). These market-clearing conditions are that the goods market clears,

Ci+ k=Y (13
the loan market clears,
LOAN; = W, Hy; (14
the money market clears,
Miy1 = (1 + u)Mi; (15

and labor supply equals labor demand.

There is no guarantee that the equilibrium is stable and unique at all parameter
values. Given a number of conditions (sufficiently low elasticity of depreciation
with respect to capital utilization, sufficiently low capital adjustment costs, suf-
ficiently high labor elasticity of output, sufficiently high elasticity of output with
respect to the externality), an indeterminacy can arise. In all of the parameteriza-
tions studied in this paper, the equilibriumis locally unique. See Wen (1997a, b) for
discussion of the role of capital utilization and capital adjustment costs in multiple
equilibrium models.

3. CALIBRATION
3.1. Parameter Values

| examine a numerical approximation of the model. The approximation is de-
rived by log linearizing the first-order conditions as in King et al. (1987). The
linear equations are solved using algorithms in King and Watson (1995) and Sims
(1997). Many of the parameters of the equation are common to business-cycle
models. Burnside and Eichenbaum (1996) study a real model with variable cap-
ital utilization. From that paper, | draw the parametges 1.03°25, 6 = 0.326,
n=0.0034. In that paper, the utilization elasticity of depreciatiprs 1.56, is
selected to be consistent with a steady-state depreciationsrat®,0195. The
capital adjustment parametds, is selected so that elasticity of the investment/
capital ratio with respect to Tobintg is 15 as in Baxter and Crucini (1993). As

in Baxter and Crucini (1993), the capital adjustment function is parameterized
so that capital adjustment contributes nothing to depreciation along the balanced
growth path; the parametey is set aty +§ = 0.0229. | parameterize the exoge-
nous money growth process by estimating an AR(1) process of the growth rate of
nonborrowed reserves from 1960 : 1 to 199504< 0.21 andu =0.012.

The remaining parameter to be selected, the elasticity of output with respect to
the externality, is likely to be most controversial. Cooper and Johri (1997) offer ev-
idence that the intertemporal externality is quite lasge=(0.37). Cooper and Johri
(1997) derive that figure by estimating a manufacturing production function using
instrumental variables. Here, | confirm these results using a longer data set with
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more disaggregated data. | examine the Cobb-Douglas gross output production
function:

Yit = UKD (Hj 0% (M %Y X 1, (16)

whereY; is gross output in industry at periodt; U; K is industry capital
servicesH; ¢ is total employment hoursyl; ; is non-energy materials used;-,

is the U.S. GDP in the previous year; aXgl; is a stochastic technology term. The
NBER Productivity Database [see Bartelsman and Gray (1994)] has annual data
on input usage and output for 447 four-digit SIC code manufacturing industries
spanning 1958 to 1991. | assume as in Burnside et al. (1995) that energy use,
E; .+, is proportional to capital services. | examine the four-digit indugtin log
first-differenced form. The gross output production function witihepresenting

the lag first-difference operator and small letters representing logarithms:

Ayir = @j + p1A€ 1 + @2Ahjt + @3AMj + @aAYi_1 + i, (17)

where ¢; + w; ; represents the growth rate of the stochastic technology shock

AX; t. The right-hand-side variables are likely endogenous to the error term which

represents a stochastic productivity shock. | estimate (17) using instrumental vari-
ables.

Following Burnside et al. (1995), | create a list of monetary policy instruments
using identified vector autoregressions. | estimate an ordered VAR with four lags
of the vector {iq, Pr.q, PCOM.q, FFiq, Nbriq, trq); the subscript : q denotes
yeart, quarterq. These variables ang.q, gross domestic producty.q, the GDP
deflator;pcom.q, a commodities price indeXF.q, the Federal Funds ratebr.q,
nonborrowed reserve holdings; amgy, total reserve holdings. The policy shocks
to the Federal Funds rate[fg, are then identified as having no contemporaneous
effect on {4.q, Pr.q, PCOM.q). | repeat the process for the ordered vectay (

Pt.q, PCOM.q, NbI.q, FFq, tre,q) identifying nonborrowed reserve policy shocks,
vﬂfR, as having no contemporaneous effect g ( pr.q, Pcom.q). Because the
VAR'’s are estimated quarterly, each specification produces four monetary shocks
per year. The instrument vectenoney= (v{y, vii¢"), has eight elements. The
lagged money shocksjoney._;, are used as instruments for each industry’s inputs
attimet; the elements ahoney_,, are used as instruments for lagged GDP growth,
AVY;_1. These instruments are used to estimate the industry production functions
under the restriction that all industries have the same parameters with the exception
of the constant term which can vary across industries.

The parameter estimates are in Table 1. The coefficient on the dynamic com-
plementarity is consistent with Cooper and Johri (1997). The parameter on lagged
GDP growth is 0.41. The coefficients on labor and capital services are consistent
with standard notions of the relative labor and capital intensities in value added.
In (16), | assumed a unit elasticity of substitution between materials and value
added; Burnside et al. (1995) or Cooper and Johri (1997) assume a zero elasticity
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of substitution. | estimate a representative production function imposing their
value:
AYjt = ¢j + ¢1A6j ¢ + 2Ahj ¢ + @aAYi-1 + o)t (18)

The parameter values in (18) are in Table 1, column B. The change in specification
of materials elasticity does not have any substantive effect on the size or signifi-
cance of the external term. Finally, | estimate this production function using the
growth rate of the capital stock rather than the growth rate of energy as a proxy for
capital services. The coefficient on capital is essentially O (see Table 1, column C).
This illustrates the importance of modeling variable capital utilization for under-
standing the dynamics of a technology shock. The estimates of the paranireter
this paper are slightly different than that of Cooper and Johri (1997), but for the
sake of comparison, | adopt their number.

3.2. Impulse Responses

In Figure 1, | demonstrate the dynamic response of the economy (termed the
benchmark model) evaluated near the steady state (at the parameter values dis-
cussed in the preceding paragraphs) to a 1% shock to the money growth rate. In
Figure 1A, | show the response of the nominal interest @{eto the period-1
money shock. Households are unable to change the nominal quantity of deposits
held after the monetary shock. An unexpected money injection into the banking
system creates a high concentration of liquidity available for lending to firms. For
the loan market to clear, the equilibrium interest rate must fall. A low interest
rate reduces the firm’s finance costs. After one period, the households are able to
adjust their currency portfolio to the shock and the liquidity effect is eliminated.

TasLE 1. Coefficients of industry production

functions
Ayj®
AlvP B IV Clv
Agj 0.07 0.12
(0.01) (0.01)
Ahj; 0.31 0.83 0.34
(0.01) (0.01) (0.01)
Amj 0.594 cee 0.60
(0.01) (0.01)
AK; ¢ 0.02
(0.03)
AYi_1 0.44 0.42 0.41
(0.03) (0.05) (0.03)

aStandard errors in parentheses.
b1V, instrumental variables.
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Ficure 1. Dynamic response of benchmark model.
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The liquidity effect is strictly transitory; however, the real effects of the temporary
money shock are persistent as shown in Figure 1B. In the period of the shock, the
low interest rates reduce the cost of hiring workers, increasing labor demand and
equilibrium employment. The high employment increases the marginal product
of capital services, inducing firms to increase capital utilization. Output jumps
sharply as a result. The production externality forms a channel that leads to high
productivity in subsequent periods. This keeps input use and production high for
many periods after the shock.

The sectoral effects of the shock are shown in Figure 1C. In the initial period of
the shock, investment increases sharply while consumption is crowded out. The
monetary shock increases demand for credit investment goods as a store of value.
Spending on investment goods increases and the equilibrium nominal goods price
increases. Consumer cash holdings are fixed in the short run; a higher nominal
goods price implies that fewer consumption goods can be bought. After the initial
drop in consumption, however, both consumption and investment are above the
steady state for many periods. In Figure 1D, | show the increase in money and
prices that occurs due to the exogenous policy shock. The money supply level
follows a unit root process. The increase in the monetary price level caused by the
growth shock is permanent. The money supply grows 1% above its previous level,
and then continues to grow. The increase in the price level caused by the monetary
shock is itself permanent. However, in the initial period of the shock, the price
level rises far less than the money supply. After period 1, the price level rises even
more slowly, lagging the growing money supply for many periods. In each period,
the household must decide how much cash it is willing to hold rather than spend
on goods. Because of propagation, households expect a high level of output in the
periods following the monetary expansion. Households will want to have cash for
future transactions. They thus are willing to hold the expanding money supply at
a slowly increasing nominal price level.

In Figure 2, | compare the benchmark model to model economies without some
of the propagation channels. In Figure 2A, | show the effect of a 1% monetary
shock on output in each of four models; in Figure 2B, | show the effect of the shock
on the price level. The benchmark model is included for comparison; the results are
the same as in Figure 1. The second model (constant utilization) is a model with
intertemporal externalities (i.ey,=0.37) but constant capital utilization. Here,
the level of output increases sharply in the period of the shock but falls much faster
in the following periods. Without augmentation by high capital utilization, the
monetary shock dissipates much more quickly. The third model (no externalities)
is a model with variable capital utilization (i.ex= 1.56) but no externalities (i.e.,

y =0). Here, output increases sharply in the period of the shock but then falls
below steady state in the subsequent period because no intertemporal propagation
occurs. Capital utilization only serves to augment the propagation of the external
term. In the final model (no propagation), | show a standard model with constant
capital utilization, no externalities, and no capital adjustment césts Q). In this

model without propagation, output expands in the period of the shock. The real
effects of the money shock are reversed as soon as the liquidity effect dissipates.
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Itis interesting to compare the speed of the price expansion in the four models.
It is evident that real propagation contributes to the slow expansion in prices. The
slow response of prices to the monetary expansion in the benchmark model can be
compared to the model without any of the propagation mechanisms. In period 1,
prices increase more quickly than the money supply in the No Propagation model.
The over-response of prices to persistent monetary growth is a standard element
of rational-expectations monetary models. Households rationally expect future
money growth to reduce the value of the current money stock and thus reduce their
real money holdings. By contrast, in a model with real propagation, the transac-
tions demand for money increases and households are willing to increase their
real money holdings for many periods.

4. LEARNING SPILLOVERS

Though evidence exists in the data that lagged aggregate output is positively as-
sociated with subsequent productivity, the exact microeconomic nature of this
relationship is unclear. One intuitively plausible channel through which lagged
output can affect production as a public good is through learning spillovers. Pro-
duction of goods or investment creates knowledge as a byproduct. The acquired
knowledge is a freely available public good. External learning by doing often has
been a feature of endogenous growth models [see Arrow (1985)]. In this literature,
knowledge is a stock variable. Learning supplements an accumulable factor that
depreciates either not at all [as in much of the empirical literature, see Bahk and
Gohrt (1993) or Irwin and Klenow (1994)] or at the same rate as the physical
capital stock (as in the theoretical literature). In the business-cycle literature, the
intertemporal externality is a flow variable that depreciates every period. It is easy
to model the externality as a stock variable by introducing a depreciation term:

Zi=1-d)Zi1+ (Yiae™). (19

Selecting the appropriate depreciation rate is more difficult. The externality,

itself is unobservable. Estimating knowledge depreciation at business-cycle fre-
guencies is made more challenging by the annual nature of the industry data. In
lieu of a good parameter estimate, | examine the model at several values of the de-
preciation rate. In Figure 3, | show the dynamic response of output to a 1% money
growth shock at several knowledge depreciation rates. It is clear from Figure 3 that
the faster the externality depreciates, the more persistent is the temporary shock. In
the benchmark case, whéh fully depreciates in one quarter, output increases in
period 1 and then slowly declines period by period. The shock diminishes so slowly
that, even after eight periods, output is still more than 0.4% over the long-term
growth path. When the shock depreciates slightly more slowly, as @ke®. 75,

there is a sharper dropoff after the initial shock, but following that dropoff, output
then diminishes only gradually. The real effects of the monetary shock are almost
as long-lived as in the full-depreciation case. Output is 0.3% above steady state
eight periods after the shock. This pattern is repeated more dramatically when the
knowledge depreciation rate, is 0.5 or 0.25. Output rises sharply in the period of
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Ficure 3. Output path at different productivity depreciation rates.

the initial shock. Then, in period 2, output drops sharply and declines slowly after-
ward. However, even when the depreciation rate is as low as 0.25, output remains
substantially above steady state for many periods. However, when the depreciation
rate is as slow as that of physical capital (ice= 0.0195), there is essentially no
propagation of the temporary shock.

Any stock variable with a low depreciation rate will be large relative to one
period’s flow. Thus, the quantity of this variable will not vary much when af-
fected by a temporary shock. Physical capital, for example, is a poor propagation
mechanism because the depreciation is so low. As noted, the depreciation rate of
learning is not as easily measured as the depreciation of physical capital. A no-
tion of learning spillovers as accumulated knowledge about production techniques
would intuitively indicate a choice of a low depreciation rate. Itis difficult to imag-
ine that knowledge about production techniques gained through experience would
depreciate in one or two quarters. However, the arguments for business-cycle ex-
ternalities typically are centered around the advantages of thick markets. These
arguments suggest that it is cheaper to produce and sell goods when it is easy to
find customers that are good matches for a product. The benefits of thick markets
(i.e., the ease of finding good matches) are likely dynamic; contact with customers
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can be maintained for future benefit. These contacts could depreciate more quickly
than physical plant or knowledge of production techniques.

5. DISCUSSION

This paper quantitatively studies the real propagation of short-term monetary
shocks using a monetary model with standard parameters. If intertemporal exter-
nalities strongly affect future production possibiliteasdthe externalities depreci-

ate quickly, short-term monetary shocks can have long-term real effects. Industry
data provide evidence that externalities are important for production dynamics. It
is more difficult to obtain hard evidence on the depreciation rate of the external-
ity. It is reasonable to suppose that the depreciation rate would be fast enough to
make learning spillovers an important propagation channel. | explicitly study the
contribution of variable capital utilization which is shown to be an important sup-
plementary propagation mechanism. The dynamics of nominal goods prices are
noteworthy. In the liquidity model without a real propagation mechanism, nominal
goods prices increase sharply in response to a money growth shock, even outpac-
ing the growth in the money supply. By contrast, in the model with propagation,
the nominal price level increases much more slowly, lagging the increase in the
money supply for many periods. This is much closer to the effect of identified
monetary shocks in the U.S. economy. Christiano et al. (1997), for example, argue
that a sluggish price response to exogenous monetary shocks is a key criterion for
assessing a monetary model.

Several elements of this model seem at odds with the basic dynamic response of
the U.S. economy to exogenous monetary shocks [as identified using VAR models
as in Christiano et al. (1996)]. In the model presented here, the liquidity effect is
strictly transitory though evidence from U.S. data suggests a longer-lasting effect.
Further, it is also true that the sharpest liquidity effect of a monetary shock pro-
ceeds the strongest output effect in the U.S. economy. In all parameterizations of
this model, the strongest liquidity effect of the monetary shock is contemporaneous
with the effect on production. This suggests that, though intertemporal externalities
may be an important part of the monetary transmission mechanism, they are not
the only part. Combining this propagation channel with a mechanism that works
to prolong the liquidity effect [examples are in Christiano and Eichenbaum (1992)
or Cook (1997)] could produce more realistic dynamics.
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APPENDIX: DATA SOURCES

The sectoral data are drawn from the NBER Productivity Database compiled by Bartelsman
and Gray (1994). In that database, value added (mnemonic VADD) is defined as shipments
plus changes in inventories minus costs of materials used (MATCOST). | measure real
gross output as the sum of value added and materials costs deflated by the shipments
deflator (PISHIP). Real Materials is materials costs (MATCOST) deflated by the materials
deflator (PIMAT). Hours per worker are calculated as total hours of production workers
(PRODH) divided by number of production workers (PRODE). This quantity is multiplied

by a total number of employees (EMP) to get the proxy for employee hours. The real capital
stock is available in the database (CAP). Energy usage is energy expenditures (ENERGY)
deflated by the energy deflator (PIEN). The annual measure of U.S. GDP is from Citibase
(GADP).

The quarterly data used to estimate the VAR'’s are from the St. Louis Federal Reserve
FRED database and Citibase. The quarterly output figure is real GDP (FRED mnemonic
GDPC92); the price level is the GDP deflator (FRED mnemonic GDPCTPI) The federal
funds rate, nonborrowed reserves, and total reserves are quarterly means of monthly data
(respective FRED mnemonics FEDFUNDS, BOGNONBR, and TRARR). For commodi-
ties prices, | use the quarterly mean of the Commaodity Research Bureau index (Citibase
Mnemonic PSCCOM). The VAR'’s are estimated using data from 1960:1 to 1995:4.
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