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The Marginal Product of Capital:
A Persistent International Puzzle

Abstract

Large and sustained differences in marginal products of capital (MPKs) across countries are
sharply at odds with the core implications of the neoclassical framework. Lucas (1990) and
many subsequent studies have examined reasons for this MPK differential. In a recent
contribution, Caselli and Feyrer (2007) take the ground out from under this debate by
reconsidering measurement issues and concluding that the MPK differential vanishes. Despite
Casdlli and Feyrer's important advances in measurement, the internationa MPK puzzle
persists. We show that the measurement of MPKs in their framework is substantially affected
by adjustment costs in the accumulation of capital. With the proper technology and a
plausible parameterization of adjustment costs, the MPK in poor countries is much higher
than the MPK in rich countries. Why capital flows do not eliminate the MPK differential
remains a persistent international puzzle. We examine the quantitative importance of financial
frictions, relative prices, and adjustment costs in accounting for the MPK differentia and
document that adjustment costs provide the leading explanation.
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The Marginal Product of Capital:

A Persistent International Puzzle

I. Introduction

“Why Doesn’t Capital Flow from Rich to Poor Countries?” This provocative question
posed by Lucas (1990) initiated a line of research focusing on the substantial differences in the
marginal product of capital (MPK) among countries. Large and sustained differences are sharply
at odds with capital’s pursuit of profitable investment opportunities and diminishing returns in
production that are at the core of the neoclassical framework. Financial market frictions, relative
factor prices, human capital, and total factor productivity, among other factors, have been
advanced as explanations for international differences in MPKs, though no consensus has
emerged.! The outcome of this debate has important implications for development economics in
general and foreign aid policies in particular.

In an important contribution, Caselli and Feyrer (CF, 2007) take the ground out from
under this debate by carefully considering measurement issues. They conclude that, when
properly measured, MPKs are largely equalized internationally. This radical conclusion follows
from three innovations in measuring the MPK. First and most importantly, CF develop a method
for measuring MPKs that is based on the neoclassical framework, requires few assumptions, and
can be computed with available data.” Their method confirms the standard result that the MPK
in poor countries is much larger than in rich countries. The MPK differential — the ratio of the
average MPKs for poor to rich countries — is 2.386. Second, CF refine the measurement of the
capital share by “backing-out” the effects of land and natural resources that distort measures of
the marginal product of reproducible capital. Based on newly available data from the World
Bank, CF find that the MPK differential falls to 1.587. Third, the MPK measure is further
refined by multiplication by the price of output relative to the price of investment. Combined

with the modification of the capital share, the average MPKs for poor countries is now lower

' Banerjee and Duflo (2005) review some of the empirical evidence.

* The CF analysis requires data from the Penn World Table (Summers and Heston, 1991 and Heston,
Summers, and Aten, 2004), Bernanke and Gurkaynak (2001), and the World Bank (2006).



than that for rich countries; the MPK differential is 0.821. Improved MPK measurement would
seem to eliminate the need to address the Lucas question.

Despite the important advances in measurement by CF, the international MPK puzzle
persists. We argue that there is a critical specification problem in the CF approach due to
adjustment costs in accumulating capital and the resulting wedge between gross and net outputs.
Implicit in the CF analysis is that gross and net outputs are equal. However, adjustment costs
drive a wedge between these two definitions of output and affect the measurement of MPK.
Adjustment costs are a central element in a multitude of input demand models and rightfully
belong in the technology underlying the MPK calculations. As we demonstrate below,
adjustment costs reverse the CF finding. Under plausible parametric assumptions, the MPK
differential, even with the two CF corrections for the capital share and the relative output price,
reverts to or exceeds its original value of 2.386.

Our analysis of the impact of adjustment costs on the measurement of MPKs proceeds as
follows. Section II presents the CF specification of the MPK based on an alternative derivation
and then expands the model to recognize a role for adjustment costs. This general model
depends on two parameters describing the adjustment cost technologies in poor and rich
countries. Section III reviews evidence on the magnitude of adjustment costs in the United
States and the extent to which adjustment costs are relatively higher in poor countries. The MPK
differential depends positively on these two adjustment cost parameters interacting with the
output/capital ratio, which is much higher in poor countries. Section IV simulates the model
based on the two adjustment cost parameters and the CF data. For our preferred estimates of the
adjustment cost parameters, the MPK differential is 100% to 200% higher than the estimate
reported by CF. All of the above analysis focuses on the impact of adjustment costs on MPK
measurement. Based on a dynamic optimizing model, Section V assesses how much of this
difference can be accounted for by adjustment costs in comparison to two leading explanations,

relative prices and financial frictions. Section VI summarizes our results.

II. Measuring the Marginal Product of Capital
CF present a direct method for measuring the MPK that can be implemented with

available data. The required assumptions are that gross output (Y°) is determined by a



neoclassical production function, GJ[.], depending on labor (L) and capital (K) inputs, G[L,K] is
homogeneous of degree one in both inputs, and output and input markets are competitive. The
following derivation differs from that of CF, though we use the same assumptions and arrive at
the same specification for the MPK. Using Euler’s Theorem of Homogeneous Functions, we can

write the production function as follows,

(1) Y9 = G[L,K] = G{ L + GgK,

where subscripts denote partial differentiation. Defining MPK = Gy , equating Gy to the wage
rate (w) per the assumption of a competitive labor market, and rearranging, we obtain the key

equation (1) in CF,

2) MPK = Gy = (YG—wL)/K,

(YG/K)*(l—wL/YG),

- (YG/K)*aK,

where o is the capital income share. Along with refinements for non-reproducible capital in
the capital share and the relative price of output, equation (2) is the basis for the MPKs discussed
in Section I and presented by CF in Tables II and III.

The provocative conclusion that follows from equation (2), however, is based on a
misspecified technology. Since the work of Eisner and Strotz (1963) and Lucas (1967), the
capital accumulation process has been constrained by adjustment costs. These costs represent
lost output from disruptions to the existing production process, as new capital goods are "broken-
in" and “fitted” and labor is diverted from production to "bolting-down" new capital. (Readers
who have installed a new computer or added a room to their home have a keen appreciation of
the importance of adjustment costs and the disruptions that drain resources.) These installation
and “teething” costs are a standard element in modeling input demands (see the surveys by
Nickell (1978), Maccini (1987), Chirinko (1993), Hamermesh and Pfann (1996), and Caballero
(1999)) and play important roles for understanding the transition path and steady-state in growth



models (Barro and Sala-i-Martin, 2004), the New Keynesian Phillips curve (Woodford, 2005),
and productivity growth (Basu, Fernald, and Shapiro (2001) and Groth (2008)). Adjustment
costs impact MPK measurement by driving a wedge between gross output (Y®) and net
output (Y).

This wedge is a fundamental impediment to measuring the MPK because, while gross
output defines the MPK, it is unobservable. Published estimates of aggregate output are net of
adjustment costs.” (Returning to the example of adding a room to a home, the number of
research papers written during the construction period would undoubtedly drop, and all that
one’s Department chair would observe is lower net output.) Internal adjustment costs are the
focus of this paper and, being largely distant from market transactions, are nearly impossible to
incorporate into national income measures of aggregate output. The United Nations’ System of
National Accounts (SNA, which underlie the Penn World Table estimates) excludes internal
costs -- “[o]utput is the value of the goods and services which are produced by an establishment
in the economy that become available for use outside that establishment...” (United Nations,
2004, p. 23). External adjustment costs may be reflected partly in the investment data entering
Y™ in those countries estimating aggregate output with expenditure data, as opposed to
production or income data.* However, “[m]ost often GDP is estimated by the production
approach” (United Nations, 1999, p. 10, note 37).

The wedge between unobservable gross output and observable net output is bridged by
specifying the adjustment cost technology. Following the literature, we assume that the
adjustment cost function, A[L,K], depends on investment (I) and capital, is homogeneous of
degree one, and is separable from gross output. These considerations lead to the following

relation among net output, gross output, and adjustment costs,

* We thank Francesco Caselli for raising this issue.

* GDP can be estimated by one of three equivalent approaches — production, expenditure, or income. In
the latter case, the labor required for installing capital will be reflected in higher compensation, thus
seemingly raising GDP measured by income. However, labor diverted from production activities to
installation activities will be reflected in lower salable output and lower profits, the latter cancelling the
effects of the higher compensation. Thus, internal adjustment costs have the same impact on GDP
regardless if the latter is measured by production, expenditure, or income.



YN = G[L,K]- A[LK] = GgK + G| L — A{I — A¢K,
3) =

MPK = Gy —Ag = (YN/K)*(aK+AII/YN).

To parameterize the adjustment cost function in a parsimonious manner, we adopt the familiar
quadratic specification for adjustment costs (e.g., Barro and Sala-i-Martin (2004, Section 3.2),

and Sargent (1987, Chapter XV)),

AILK] = (B/2)*(1% 1K),

“4) =
Al =2*A[LK].

Combining equations (3) and (4), we can estimate the MPK with the following equation,

MPK = (YN/K)*(OLK+2*C),
(5
¢ = A[LK]/ YN,

where { measures adjustment costs relative to net output. The original CF model (equation (2))
is obtained as a special case of equation (5) when adjustment costs are absent (£ =0). Equation

(5) shows the appropriate way to “add back” adjustment costs to account for the wedge between
gross and net outputs and obtain a more accurate measure of the MPK.

The derivation of the equation for estimating the MPK contained in this section differs
from that in CF. While both derivations are based on the same set of neoclassical assumptions,
CF derive equation (2) by assuming that the MPK computed from national income accounting
data equals the financial rate of return (with corrections for depreciation and relative prices).
However, the equality between the financial return and the MPK will not hold in the face of

adjustment costs and the associated drain of real resources. The derivation presented here



relying on Euler’s Theorem of Homogeneous Functions clearly identifies the role of adjustment
costs in raising the measured MPK.

Our expanded model can be computed with available data and values for the { parameter

in poor and rich countries. Empirical evidence bearing on these two parameters will be
examined in Section III, and simulations quantifying the sensitivity of the MPK differential to
adjustment costs and other factors will be undertaken in Section IV. But, at this point, it is clear
from equation (5) that the introduction of adjustment costs raises the measured MPK differential

for two separate reasons. First, if the ( ’s are equal in poor and rich countries, then the relatively

higher output/capital ratio in poor countries will raise the MPK differential. Introspection

suggests, however, that C is greater in poor countries. This difference will be a second factor

contributing to the relative increase in the measured MPK for poor countries when adjustment

costs are taken into account.

ITI. On the Magnitude of Adjustment Costs
The relation between the MPKs for poor and rich countries depends on the output/capital
ratio and capital income share, as in the CF study, and on two parameters describing adjustment
cost technologies. The MPKs in poor and rich countries will be evaluated in Section IV. But
first, we estimate the two adjustment cost parameters using equations (4) and (5) and existing
empirical evidence.

I1ILA. Rich Countries (¢ )

The most extensive set of studies estimating adjustment cost parameters has been based
on US data, and we use these results to estimate the ratio of adjustment costs to net output for the

rich countries ({g ). The cross-model comparisons are enhanced by an additional common

element -- all models (save the last one) discussed in this subsection and listed in Table I can be
derived from one general adjustment cost model containing an unobservable shadow price of
capital.’” The models differ only by the way in which applied researchers relate the unobservable

shadow price to observable variables.

> See Chirinko (1993, Section I1I and V.B.) for further discussion of adjustment costs models.



TABLE I

Estimates Of Adjustment Cost Parameters

Study Br LR Characteristics

& 2
Hayashi 23.641 | 0.162 | Stock Market Q Equation
(1982) Aggregate Data
Gilchrist and Himmelberg 20.000 | 0.137 | Stock Market Q Equation
(1995) Firm Panel Data
Barnett and Sakellaris 51.282 | 0.352 | Stock Market Q Equation
(1998) Firm Panel Data
Abel and Blanchard 76.923 | 0.528 | Linear Projection Q Equation
(1986) Aggregate Data
Gilchrist and Himmelberg 5.464 | 0.038 | Linear Projection Q Equation
(1995) Firm Panel Data
Shapiro 5.443 | 0.037 | Euler Equation
(1986) Aggregate Data
Chirinko (1995), Capital 4.481 | 0.031 | Euler And Stock Market Q Equations
Adjustment Costs Aggregate Data
Chirinko (1995), Capital + - 0.045 | Euler And Stock Market Q Equations
Employment Adjustment Costs Aggregate Data
Cooper and Haltiwanger -—-- 0.053 | Indirect Inference
(2006) Plant Panel Data
Cooper and Haltiwanger -—-- 0.069 | Indirect Inference

(2006)

Plant Panel Data
Controlling for Endogeneity

Notes to Table I: See the Appendix for details concerning the calculations underlying the
estimates of the parameters. The adjustment cost function parameter (g ) enters equation (4).

The adjustment costs/net output ratio (g ) is defined in equation (5) and discussed in subsection

IILA.




The first three studies are based on the Brainard-Tobin Q model that relates investment
spending to stock market Q. With aggregate data, Hayashi (1982) reports an estimate of

Br =23.641, which implies (g =0.162. (A detailed discussion of the econometric studies
reviewed in this subsection and their implications for Br and Cy is presented in the Appendix.)
With firm panel data, Gilchrist and Himmelberg (1995; (g =0.137) obtain similar results, and
Barnett and Sakellaris (1998; (g =0.352) report more substantial adjustment costs. All of these

estimates based on stock market Q imply quite large adjustment costs.

Stock market Q studies have been criticized for estimating parameters implying
unreasonably long adjustment periods for capital accumulation in response to a shock and hence
unreasonably large adjustment costs. This pattern has been linked to excess volatility in stock
market Q, perhaps due to bubbles, noise, or other nonfundamental influences on stock prices. In
response to this concern, researchers have pursued two alternative estimation strategies. One set
of studies replaces stock market Q with linear projection Q, defined by a linear projection of
variables known in a given time period and unlikely to be affected by stock market
misvaluations. The effects on adjustment cost parameters of substituting linear projection Q for
stock market Q are mixed. With aggregate data, Abel and Blanchard (1986) find that adjustment

costs continue to be sizeable: (g =0.528. However, with firm panel data, Gilchrist and
Himmelberg (1995) report much lower adjustment costs: (g = 0.038.

A second set of studies avoids possible biases due to volatility in stock market Q by
estimating the Euler equation characterizing optimal behavior. With aggregate data, Shapiro
(1986) estimates a system of equations that includes Euler equations for capital, production
workers, nonproduction workers, and hours, as well as the wage bill. He reports estimates of
Br =5.443 and Cg =0.037 that are remarkably close to Gilchrist and Himmelberg’s estimates
with linear projection Q.

As noted above, the econometric equations considered so far differ only by the way in
which the unobservable shadow price for capital is related to observable variables. Chirinko
(1995) combines the Q and Euler solutions to the unobservable shadow price problem and, with
aggregate data, estimates an equation system that includes a stock market Q equation and the
Euler equation for capital, as well as the Euler equation for employees, a pricing equation setting

marginal revenue equal to marginal cost, and an hours equation based on an inverted production



function. His framework permits two estimates of g . The first approach directly estimates
Br =4.481, which implies g =0.031.

The second approach broadens the analysis to include employment adjustment costs and
their impact on the measurement of the MPK. While employment adjustment costs do not
directly affect the marginal return to capital, they -- like capital adjustment costs -- affect MPK
measurement based on Euler’s Theorem of Homogeneous Functions. Reevaluating equations (3)
to (5) with homogeneous adjustment cost functions for capital (A[I,K]) and labor (H[£,L], where
€ is the change in number of employees), the specification of the MPK is the same as in equation

(5) with ¢ replaced by C',

©) C'=(6+9)/2,
¢ = (AILK]+H[£L]) /YN,

where C'=C when H[.] = 0. The second approach in Chirinko (1995) generates a direct estimate
of ¢ =0.058 , which implies {'g =0.045.°

The above estimates are based on the convex adjustment cost model. Recent work has
emphasized two additional adjustment costs — nonconvexities (due to fixed adjustment costs) and
costly reversibilities (due to a gap between purchase and resell prices of capital goods). These
additional costs disrupt the homogeneity and differentiability properties, respectively, of the
production function, and hence estimates from these models can not be analyzed in the current
framework relying on Euler’s Theorem. Nonetheless, an estimate of average adjustment costs
due to nonconvexities, costly reversibilities, and convexities relative to net output, {", can serve
as a useful robustness check. With plant panel data, the estimates of Cooper and Haltiwanger
(2006) imply that £"g =0.053. When they control for endogeneity, the estimate of " rises to
0.0609.

In sum, the latter four studies seem to deliver the most plausible estimates and suggest

that the adjustment costs/net output ratio for the United States varies between 3.0% and 6.0%.

We favor estimates toward the upper end of this range because, as the data in Section II1.B will

% Based on these estimates, employment adjustment costs are 87% as large as capital adjustment costs.
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document, adjustment costs tend to decrease with per capita GDP. Since the United States is the
richest of the rich countries in this dataset, the US estimate is likely a downwardly biased
estimate for rich countries as a group. We conclude that a reasonably conservative estimate for

the adjustment costs/net output ratio for rich countries, Cg , is 4.0% to 5.0%.

I11.B. Poor Relative to Rich Countries (1)
The simulations also require a measure of the adjustment costs/net output ratio for poor
countries. Estimating this parameter from econometric studies of the sort examined in Section
III. A is not feasible because few, if any, such studies exist for the poor countries. Instead, we

rely on proxies to estimate the relative adjustment costs between poor and rich countries,

(7 A =Cp/Cr,

where Cp is the ratio of adjustment costs to net output for poor countries (cf., equation (5)).

Four proxies that quantify internal adjustment costs are drawn from two studies that have
examined entrepreneurial activity across countries. We are thus assuming that these proxies
adequately capture the frictions and impediments to entrepreneurial activity and are proportional
to the true adjustment costs facing all firms when accumulating capital.

The first proxy is taken from the study of the regulation of entrepreneurial activity by
Djankov, La Porta, Lopez-de-Silanes, and Shleifer (2002). They compile several measures of
the costs associated with obtaining legal status to operate a firm (stated as a fraction of per capita
GDP). The direct out-of-pocket costs include all “identifiable official expenses (fees, costs of
procedures and forms, photocopies, fiscal stamps, legal and notary charges, etc.) as well as the
monetized value of the entrepreneur’s time” (Djankov, et. al., p. 16.). These “Cost + Time” data
are presented in the first row of Panel A in Table II. The ratio of the mean values for poor to rich
countries presented in column 7 is 2.735.

The remaining three proxies are obtained from the World Bank project Doing Business.
The “Dealing with Licenses” proxy “tracks the procedures, time, and costs to build a warehouse,
including obtaining necessary licenses and permits, completing required notifications and
inspections, and obtaining utility connections;” the data are presented in terms of cost as a
percentage of income per capita. The “Registering Property” proxy “examines the steps, time,

and cost involved in registering property, assuming a standardized case of an entrepreneur who



TABLE II

Source Data For Poor And Rich Countries And The United States

11

POOR COUNTRIES RICH COUNTRIES Cols. USA
1) /4
Mean Std. N Mean Std. N Mean
Dev. Dev.
(1) (2) (3) G (5) (6) () (3)
A. Adjustment
Costs Proxies
DLLS: 0.651 0.627 19 0.238 0.189 23 2.735 0.017
Cost + Time
World Bank
Doing Business
Dealing With 220.242 | 184.316 | 24 72.352 44.199 23 3.044 16.000
Licenses
Registering 7.210 5.754 29 4.448 3.283 23 1.621 0.500
Property
Starting A 49.938 61.162 29 5.187 6.497 23 9.628 0.700
Business
A 4257
B. Caselli/Feyrer
Data
(Y /K)*ox *(Py/Py) 0.069 0.037 29 0.084 0.019 23 0.094
(Y/K) 0.738 0.276 29 0.371 0.062 23 0.456
(I/K) 0.070 0.027 29 0.072 0.021 23 0.079
) 0.107 0.058 29 0.197 0.063 23 0.174

Notes to Table II: The definitions of poor and rich countries are the same as used by CF:
poor countries are those with GDP per worker less than or equal to 26,113 (the value for

Malaysia) in purchasing power parity for 1996; rich countries are those with GDP per worker
greater than or equal to 30,086 (the value for Portugal) in purchasing power parity for 1996. The
coverage of the four proxies — “Cost + Time,” “Dealing With Licenses,” “Registering Property,”
and “Starting A Business” — are discussed in Section III.B. The “Cost + Time” proxy is obtained
from Djankov, La Porta, Lopez-de-Silanes, and Shleifer (2002, Table III). The remaining three
proxies are from the World Bank’s Doing Business webpage (http://www.doingbusiness.org/).
The A parameter is the mean value of the entries in column 7 and is defined in equation (7). The

data in panel B are presented in CF (Table II); we use the more precise data available on

Francesco Caselli’s webpage. Hong Kong is excluded for lack of data. N is the number of
countries in the poor or rich categories.
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wants to purchase land and a building in the largest business city — already registered and free of
title dispute;” the data are presented in terms of cost as a percentage of property value. The third
proxy concerns “Starting A Business” and “identifies the bureaucratic and legal hurdles an
entrepreneur must overcome to incorporate and register a new firm;” the data are presented in
terms of cost as a percentage of GNI per capita. The data are displayed in the second to fourth
rows of Panel A in Table II. The ratios of the mean values for poor to rich countries presented in
column 7 are 3.044, 1.621, and 9.628, respectively.

The proxies clearly indicate that adjustment costs are relatively higher in poor countries.
The mean value of the four ratios is 4.257. Since entrepreneurs are likely to face greater costs
than established firms, this figure may be an upwardly biased measure for the economy as a
whole. Alternatively, some of the impediments facing domestic entrepreneurs may be less than
those confronting foreign firms importing capital from abroad, an important mechanism for
equating MPKs internationally. We conclude that a reasonably conservative estimate of the ratio

between poor and rich countries of the adjustment costs/net output ratio, A, is 2.00 to 3.00.

IV. Adjustment Costs and the Measurement
Of the Marginal Product of Capital across Countries
The key relation in which we are interested is the MPK differential — the ratio of the
average MPKs for poor to rich countries. The MPK differential is defined by a parameter, @,

_ MEANc, {MPK_|

8 (D =
®) MEANc, {MPK_}

2

where Cp and Cg represent the set of poor and rich countries, respectively, and MEAN({.} is an
operator computing the mean value over all ¢ countries in a given set. Using equation (5) to

substitute for the MPKs, we measure @ as follows,
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CF
MPKp" + ADJU
©) D[CR.A] = ——¢z L,
MPKR" + ADJUy

MPKSF = MEAN, ¢ {(YN /K) . aff}, x={P, R}
X c
ADJUp =2%1*Cg *MEAN ¢, {(YN /K) } ,
C
ADJUp =2*Cg *MEAN ¢, {(YN /K) } .
C

The MPK differential depends on averages of the output/capital ratio and capital share, both of

which are determined by the available data, and the adjustment cost parameters, (g and
Cp =A*Cr . When adjustment costs are absent, equation (9) reduces to the ratio of average
MPKSs computed by CF, and ®[0,0]=0.821. More generally, ®[Cgr,A] depends primarily on

the two adjustment cost parameters interacting with the output/capital ratio. In evaluating the
impact of adjustment costs on relative MPKs, it proves convenient to examine MPK differentials

relative to the original CF estimate, and we define the normalized MPK differential as follows,

_ O[Cr,A]
(10) O[Cr,A] = “0[0.0] 1.0

Table III simulates ®[Cy ,A] based on alternative values of the adjustment cost
parameters ranging from (i = {0.00, 0.10) in increments of 0.01 and A = {1.00, 1.10, 1.25,

1.50,1.75, 2.00, 3.00, 5.00} . The first row contains zeroes because of the normalization relative

to the CF estimate (per equation (10)). The estimates in column 1 are based on equal adjustment
cost parameters between poor and rich countries and range from 11.5% to 66.7%. For our

preferred values of (i = {0.04, 0.05), the differences are 37.1% and 43.6%, respectively.

The remaining entries in Table III recognize that adjustment costs in poor countries are

larger than in rich countries by allowing A to exceed unity. The interactions are complex,



TABLE III

The Normalized MPK Differential: ®
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A
Cr 1.00 1.25 1.50 1.75 2.00 3.00 4.00 5.00
(D 2 3) “ ®) (6) Q) ®)

0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.01 0.115 0.165 0.214 0.263 0.312 0.508 0.705 0.902
0.02 0.213 0.304 0.395 0.486 0.577 0.941 1.304 1.668
0.03 0.298 0.425 0.551 0.678 0.805 1.312 1.820 2.327
0.04 0.371 0.529 0.687 0.845 1.003 1.636 2.268 2.900
0.05 0.436 0.621 0.806 0.992 1.177 1.919 2.661 3.403
0.06 0.492 0.702 0.912 1.122 1.331 2.170 3.009 3.848
0.07 0.543 0.775 1.006 1.237 1.468 2.39%4 3.319 4.244
0.08 0.589 0.839 1.090 1.341 1.591 2.594 3.597 4.600
0.09 0.630 0.898 1.166 1.434 1.702 2.775 3.847 4.920
0.10 0.667 0.951 1.235 1.519 1.803 2.938 4.074 5.210

Notes to Table III: The Normalized MPK Differential (® ) is defined in equation (10). The
adjustment costs/net output ratio (g ) is defined in equation (5) and discussed in subsection

III.A. Relative adjustment costs between poor and rich countries (A ) is defined in equation (7)
and discussed in Section I1I.B. All entries are stated as percentage changes relative to the ratio
of the MPKs from poor and rich countries reported by Caselli-Feyrer of 0.821. Entries in
boldface are based on our preferred parameter values of (g ={0.04, 0.05} and A ={2.00, 3.00} .

though O[CR,A] uniformly increases in (g and A. To place some structure on these
voluminous results, the Figure plots ®[Cg,A] against {g for four values of
A={1.0,1.5,2.0,3.0}. The plots clearly document the sensitivity of the MPK differential to the
introduction of adjustment costs. Our preferred range of estimates are g ={0.04, 0.05} and

A =1{2.00, 3.00}, and the normalized MPK differentials range from 1.00 to nearly 2.00. The

initial estimate of the normalized MPK differential by CF without their corrections to the capital
share and inclusion of the relative price of output is 1.906 (= (2.386 / 0.821) — 1.0), within the
range of estimates implied by our model with the two CF corrections and the preferred
adjustment cost parameters. Table III and the Figure document that adjustment costs have a

notable impact on the measurement of the MPK differential.
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FIGURE
Normalized MPK Differential (®) vs. {r For Various A's
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V. Accounting for the MPK Differential:
Adjustment Costs, Relative Prices, and Financial Frictions

All of the above analysis has focused on the impact of adjustment costs on MPK
measurement. As discussed in Section IV, the impact is substantial, and the MPKs in poor
countries are much larger than those in rich countries. This section offers a quantitative
assessment of how much of this differential can be explained by adjustment costs in comparison
to two leading explanations, relative prices and financial frictions.

We begin with the standard first-order condition for investment that emerges from a

dynamic optimization problem containing adjustment costs,’

7 See Chirinko (1993, Section II1.A) for further discussion of this first-order condition and the associated
maximization problem. CF use a similar relation without adjustment costs; see their equation (5).
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(11) ¥ = PY #(1.0+A]).

Equation (11) is the dynamic equivalent of the simple decision rule for the optimal capital stock
equating the marginal benefit — ¥, the sum of current and future MPKs discounted by the

financial cost of capital (p ) and decremented by the rate of capital depreciation (3 ) — to the

marginal costs of acquiring capital. The marginal costs depend on the purchase cost — plY , the
price of investment relative to the price of output — and the marginal adjustment cost — Aj[.].

Along a balanced growth path, all of these variables are constant, and the discounted sum of

MPKs in equation (11) can be written as follows,

MPK

(p+9)
(12) =

MPK = P #(1.0+Af[.]) * (p + 3).

=P (1.0 +A[]),

We assume that the MPKs for poor and rich countries can be characterized by equation (12), and
hence their ratio generates a second, independent relation for the MPK differential.
The ability of this model based on the dynamic decision rule to explain the MPK

differential measured by equation (9) is evaluated with the following statistic,

(PII,Y*(1.O+2*X*§R/IYP))*(pR*x+8)

(PﬁY*(1.0+2*z;R/1YR))*(pR +5)

(13) QCR,A x] = OCn ] = 1.0 :
R> — 1.

- 1.0

where subscripts have been added to denote the poor and rich countries, the marginal adjustment
cost functions have been restated (per equations (4) and (5) and with 1Y, equal to the

investment/output ratio), and the financial cost of capital for poor countries has been replaced by

the product of the financial cost of capital for rich countries and a parameter, y > 1, representing
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financial market frictions that may affect poor countries. Some of the leading explanations of the
MPK differential -- relative price differences (Hsieh and Klenow, 2007) and financial market
frictions (Lucas, 1990; CF, 2007) -- can be understood in terms of Equation (13). When
equation (13) equals 1.0, all of the MPK differential (in the denominator) is explained by the
decision rule governing optimal investment (in the numerator).

The extent to which adjustment costs, relative prices, and financial frictions account for

the MPK differential is evaluated as follows. We begin by assuming specific values for {z and
A. To assess the extent to which adjustment costs alone account for the MPK differential, we
“turn-off” the effects of the relative price and financial frictions by setting P%Y = PII{Y =1.0 and

x =1, respectively, and compute the following ratio,

(1.0+2*A*CR /1Yp)
- 1.0
(1.0+2*CR /1YR)

®[Cg,A] - 1.0

(14a) Qa,[Cr-A] =

In a similar manner, we evaluate the explanatory power of relative prices by “turning-off” the

effects of adjustment costs and financial frictions and computing the following ratio,

piY
T - 1 -O
Pr

(14b) QPIY[CRaM = D[] — 1.0 .
R> — 1.

Lastly, the impact of financial frictions is assessed by “turning-off” the influences of relative

prices and adjustment costs in the following equation,

(PR*X+5)

(PR + 5)
O[Cp,A] - 1.0

- 1.0

(14c) Q,[CroMx] =
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To evaluate equation (14c), we need to make three additional assumptions: pg =0.07 (based on

the long-run return to equity in the United States), & = 0.06 (CF, p. 544), and a range of values
for y ={1.25,1.50,1.75, 2.00} .

Table IV presents values for the €).] statistics under the restrictions discussed above and
with our preferred range of adjustment cost parameters, g = {0.04, 0.05} and A = {2.00, 3.00} .

As indicated in the first row, adjustment costs are able to account for the MPK differential.® For
example, the entry in column 1 of 1.200 indicates that 120.0% of the MPK differential defined in
equation (9) is accounted for by the ratio of first-order conditions from a dynamic optimization
model (equation (12)). The amount explained remains nearly constant as the importance of
adjustment costs are increased in the remaining three columns.

Relative prices also explain the MPK differential. When adjustment costs are small,
differences in the relative price of investment goods between poor and rich countries explain
134.3% of the MPK differential (as shown in the second row). However, as adjustment costs
become relatively more important in poor countries, the ratio drops to 74.4% and 62.0%.

Financial frictions are evaluated with the entries in the remaining four rows. This
hypothesis was rejected by Lucas (1990) as an explanation of the MPK differential. His
conclusion is confirmed here. Except when adjustment costs are low and financial frictions are
very large (doubling the financial cost of capital in poor relative to rich countries), the entries in
the third to sixth rows indicate that financial frictions can not adequately account for the MPK
differential.

In sum, these computations suggest that, among the three factors considered here,
adjustment costs provide the leading explanation of the MPK differential between poor and rich
countries. It should be noted that the analysis in this section is based on convex adjustment
costs. Non-convex and asymmetric adjustment costs provide an additional channel for

explaining the MPK differential. As noted in Section III.A, these adjustment costs might arise if

¥ While adjustment costs are included in both the numerator and denominator of equation (14a), they enter
for two independent reasons -- the denominator as a result of Euler’s Theorem of Homogeneous
Functions and the numerator from the first-order condition for dynamic profit maximization. There is no
necessary reason why the latter should account for the former. Indeed, adjustment cost parameters are not
the fundamental driving force underlying the results in row 1. If the investment/output ratios in the two
sets of countries are equalized to their weighed-average of 0.147, the entries in the first row of Table IV
are approximately halved, and the corresponding entries become 0.546, 0.513, 0.605, and 0.579.



TABLE IV

Accounting For the MPK Differential

Adjustment Cost Parameters

Statistic Cg = 0.04 Cg = 0.05 Cg = 0.04 Cg = 0.05
A = 2.00 A =2.00 A = 3.00 A =3.00
D) 3) @) @)
Adjustment Costs
Qu [Cro2] 1.200 1.145 1.121 1.089

Relative Prices
Qpiv[CroA] 1.343 1.099 0.744 0.620

Financial Frictions

Q, [Cr,A ]
v =1.25 0.208 0.171 0.116 0.096
x =1.50 0.417 0.341 0.231 0.193
x=1.75 0.625 0.512 0.347 0.289
v =2.00 0.834 0.683 0.462 0.385

Notes to Table IV: The entries are the proportion of the MPK differential (stated as a
percentage change from the MPK for rich countries) accounted for the by ratio of first-order
conditions from a dynamic decision rule describing capital accumulation for poor and rich
countries (stated as a percentage change from the MPK for rich countries). The entries are
evaluated for various restrictions that isolate the impact of adjustment costs (2 A [.]), relative

prices (QPW [.]), and financial frictions (€2, [.]) and various combinations of adjustment cost
and financial friction parameters. The Q A [.1, QPIY [.],and Q,[] statistics are defined in

equations (13) and (14). The adjustment costs/net output ratio (Cg ) is defined in equation (5)

and discussed in subsection III.A. Relative adjustment costs between poor and rich countries
(A) is defined in equation (7) and discussed in Section III.B. The y parameter represents

financial market frictions that raise the cost of financial capital in poor countries.




20

the firm incurs a fixed cost from investing or disinvesting or if the firm faces asymmetric costs of
buying and selling capital (when selling costs are infinite, the firm faces an irreversibility
constraint). In either case, a firm must take into account the ex-post possibility of having too
much capital when making an ex-ante investment decision, and it will face a “reluctance to
invest” (Pindyck and Dixit (1994); Abel and Eberly (1999); Caballero (1999)) that can be
thought of as an “irreversibility premium” added to the cost of capital. Based on U.S. data,
Chirinko and Schaller (2007) show that the irreversibility premium increases with limited access
to resale markets and demand uncertainty, factors that are like to have relatively greater impact
in poor countries. Consequently, the irreversibility premium, the cost of capital, and the steady-
state MPK all will be relatively higher in poor countries as a result of non-convex and

asymmetric adjustment costs.

VI. Summary

Lucas’ question -- “Why Doesn’t Capital Flow from Rich to Poor Countries?” -- remains
relevant. Recent advances in measuring the marginal product of capital (MPK) by Caselli and
Feyrer (2007) suggest that the MPKs in poor and rich countries are approximately equal and
hence that the driving force for equilibrating capital flows vanishes. However, adjustment costs
in accumulating capital impact MPK measurement, and they drive a wedge between gross output
(relevant for MPK calculations) and net output (published by national income accountants). We
develop a revised formula for measuring the MPK that depends on adjustment cost parameters
for poor and rich countries. Extant studies are used to generate the relevant range of parameter
values. Our computations document that, with the proper technology and a plausible
parameterization of adjustment costs, the MPK in poor countries is much higher than the MPK in
rich countries. Our preferred estimates indicate that the differential is 100% to 200% greater
than reported by Caselli and Feyrer. Why capital does not flow among countries to eliminate
this MPK differential remains a persistent international puzzle. The calculations and discussion

in Section V suggest that adjustment costs may be one factor that deserves further consideration.



21

Appendix: Estimates Of The Ratio Of Adjustment Costs to Net Output
This Appendix details the computations underlying the estimates of Br and g reported

in Table I. Our estimates of these two parameters are drawn from seven econometric studies
containing precisely estimated adjustment cost parameters (i.e., parameters with standard errors
that imply an economically plausible range of values). The most extensive set of studies
estimating adjustment cost parameters has been based on US data, and we use these results to

estimate Bg and (i . Before proceeding to the specifics of the seven studies, we discuss the

following elements of the adjustment cost technology common to all studies.
To parameterize the adjustment cost function for rich countries in a parsimonious

manner, we adopt the familiar quadratic specification for adjustment costs,
(A-1) A[LK] = (BR/Z)*(IZ/K),

and hence the marginal adjustment cost function is as follows,
(A—2) AI = BR *(I/K)

The cross-model comparisons are enhanced by an additional common element -- all models
(save the last one) discussed in this subsection can be derived from one general adjustment cost
model containing an unobservable shadow price of capital.” The models differ only by the way
in which applied researchers relate the unobservable shadow price to observable variables and

hence estimate Bi . Given an estimate of By , the adjustment costs/net output ratio is computed

as follows,

= AILK]/YN = Bp *(1/K *(I/YN) /2 = Bg *Tyic,
Cr [LK] BR( )US US Br *I'ys

(A-3)

*(I/YN) /2 = 0.00687,

Tus = (I/K ) .

[N

? See Chirinko (1993, Section I1I and V.B.) for further discussion of adjustment costs models.
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where the investment/capital and investment/net output ratios are evaluated in the last line for the
United States with data from Table II.

Hayashi (1982) regresses the investment/capital ratio on stock market Q (adjusted for
taxes) using aggregate data. From his equation (30), the coefficient on stock market Q is 0.0423.
Given equation (A-2) and the appropriate first-order condition characterizing optimal capital

accumulation, the coefficient on stock market Q can be interpreted as follows:
0.0423 = Bf{l = Br =23.641. Given equation (A-3), (g =0.162.

Barnett and Sakellaris (1998) regress the investment/capital ratio on stock market Q
using firm panel data. From their column 1 in Table 3, the coefficient on stock market Q is
0.020. Given equation (A-2) and the appropriate first-order condition characterizing optimal

capital accumulation, the coefficient on stock market Q can be interpreted as follows:

0.0195 = Bﬁl = Br =51.282. Given equation (A-3), {g =0.352. (Their estimates in Table 2

do not reflect tax adjustments and hence are not useful for the comparisons with the five other
convex adjustment cost models reviewed here, all of which adjust for taxes.)

It should be noted that Barnett and Sakellaris’ preferred model estimates three separate
coefficients on stock market Q in a threshold model. We could not use these estimates because
we do not have sufficient information to weight these three coefficients to form the single
estimate needed for our computation. These three estimates bracket the single coefficient
estimates reported above, and hence there is no necessary reason to expect that the estimates of

Br and Cy reported in Table I are seriously biased.

Abel and Blanchard (1986) regress the investment/capital ratio on linear projection Q
using aggregate data. The linear projection is based on the ex-post equity discount factor, the ex-
post debt discount factor, the after-tax wage bill divided by capital, after-tax output divided by
capital, and the rate of wholesale price inflation. The model includes a correction for second
degree autocorrelated residuals and the contemporaneous and two lags of linear projection Q.
The statistic reported below are the sum of these three coefficients. (It should be noted that the
presence of the lagged variables disrupts the structural interpretation of the coefficient estimates,
and Abel and Blanchard warn that these estimates should not be interpreted as a structural

relation.) From their column 1 in Table Vb, the coefficient on linear projection Q is 0.013.
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Given equation (A-2) and the appropriate first-order condition characterizing optimal capital

accumulation, this coefficient can be interpreted as follows: 0.013 = Bﬁl =
Br =76.923. Given equation (A-3), Cg =0.528.

Gilchrist and Himmelberg (1995) regress the investment/capital ratio on linear
projection Q using firm panel data. The linear projection is based on profits and sales both
divided by capital. From their column 3 in Table 1, the coefficient on linear projection market Q
is 0.183. Given equation (A-2) and the appropriate first-order condition characterizing optimal

capital accumulation, the coefficient on linear projection Q can be interpreted as follows:

0.183=PBg' = Br =5.464. Given equation (A-3), (g =0.038.

The panel data estimates of Gilchrist and Himmelberg allow us to assess with comparable
data the hypothesis that the relatively more volatile stock market Q is associated with larger
estimates of adjustment costs. The coefficient on stock market Q will tend to be small as it
attempts to reconcile highly volatile stock market Q on the right-side of the regression to a less
volatile investment/capital ratio on the left-side. Alternatively, measurement error in stock
market Q due to bubbles, noise, or other nonfundamental factors can lower the coefficient on

stock market Q. For either reason, the adjustment cost parameter, By , which is the inverse of

the coefficient on stock market Q, can be large. The hypothesis is consistent with their empirical
results. From their column 2 in Table 1, the coefficient on stock market Q is 0.050. Given

equation (A-2) and the appropriate first-order condition characterizing optimal capital
accumulation, this coefficient can be interpreted as follows: 0.050 = Bﬁl = Br =20.000. Given
equation (A-3), g =0.137. This estimate is more than 3.5 times larger than the comparable

estimate from their model with linear projection Q.

Shapiro (1986) estimates a system of equations that includes Euler equations for capital,
production workers, nonproduction workers, and hours, as well as the wage bill. He reports the
following estimate of the marginal reduction of output due to adjustment costs associated with

investment,
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AI = gKK*YN*AK,
0.0014*64.0*%4.8,
0.430,

(A-4)

where gk is an estimated parameter from Shapiro’s model and its value and the values for Y™

and AK are from his page 530. Equation (A-2) allows us to infer By,

0430 = BR *(I/K)US’
Br = 5.443,

(A-5)
where the value of (I/K)ys is taken from Table II. Given equation (A-3), (g =0.037.

Chirinko (1995) estimates a system of equations that includes a stock market Q equation,
Euler equations for capital and employees, a pricing equation setting marginal revenue equal to
marginal cost, and an hours equation based on an inverted production function. These
coefficient estimates permit two estimates of Cp . From the average of his columns 1 to 3 of row
2 in Table 2, the marginal reduction of output due to adjustment costs associated with investment

is A} =0.354. Equation (A-2) allows us to infer By,

0354 = Br *(1/K)ys.
Br = 4.481,

(A-6)

Given equation (A-3), Cg =0.031.
The second approach examines the extent to which adjustment costs for both capital and

employment affect MPK measurement. The impact of total adjustment costs on the MPK is

represented by C' defined in equation (6) as (Z; + (I)) / 2 . From the average of columns 1 to 3 of

row 3 in his Table 2, ¢ = 0.058. (This estimate is based on the assumption that factor costs

equal net output, which is consistent with the assumptions of perfect competition and linear

homogeneous technologies used elsewhere in this paper.) The { parameter appearing in

equation (6) equals the prior estimate of (g =0.031, and £'=0.045=(0.031+0.058)/2.
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As an aside, these estimates of ¢ (which reflects both employment and capital
adjustment costs) and { (which reflects only capital adjustment costs) imply that employment
adjustment costs are 87% as large as capital adjustment costs (0.87 =(¢p—C)/C =
(0.058-0.031)/0.031).

Cooper and Haltiwanger (2006) estimate a model on plant panel data containing three
types of adjustment costs: nonconvexities, costly reversibilities, and convexities. Estimates are

obtained by indirect inference that minimizes the weighted difference between actual and

simulated moments. Adjustment costs per dollar of investment (AC/I) are computed as follows,

AC/I = ((F *K)y*(1- no)) /1 (nonconvexities)
(A-7) + ((1 —pg) *I* n_) /1 (costly reversibilities)

+ ((y *12 ) K)y*(1- TEO)) /T  (convexities)

where the 7’s are the fraction of investment that is negative or zero. F represents fixed costs,

p; is the selling price (less than or equal to the purchase price of 1.0), and yis equivalent to Bg

in equation (A-1); these three parameters are estimated. Equation (A-7) ignores interactions
among the distribution of investment rates and other plant characteristics and hence is only an
approximation of AC/I. From the first three rows of their Table 1 and the first row of their Table

4, equation (A-7) can be evaluated as follows,

AC/T = ((0.039)*(1-0.081)) / (1/K)
+ ((1-0.975)%0.104)
+((0.049* (1-0.081)) * (1/K)
= 0.302

(A-8)

An estimate of average adjustment costs relative to net output is obtained as follows,

(A-9) (" = (AC/D)*1/YN) = 0.302%0.174 = 0.053.
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To control for endogeneity, Cooper and Haltiwanger replace K (the capital stock of the plant in a
given year) by the average capital stock of the plant. In this case, AC/I rises to 0.395 (fn. 20) and
€"gr =0.069.
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