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a b s t r a c t

I revisit the productivity slowdown debate by estimating the capital-labor elasticity and the bias of
technical change for the U.S. economy under four different models of technical change. One with
constant growth rates, one with a structural break in the constant growth rates, one in which growth
is linear, and one with flexible time-varying growth rates. I find evidence in support of non-constant
growth rates of factor-augmenting technical change. Labor-augmenting technical change growth rates
are decelerating, while capital-augmenting technical change is non negligible but vanishes quickly.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Motivated by the long-run constancy of the growth rate of GDP
er capita, the assumption of constant growth rates of total factor
roductivity or factor-augmenting technical change is ubiquitous
n the economics literature. However, labor productivity and total
actor productivity have slowed down (Gordon, 2010; Fernald,
014; Byrne et al., 2016). Philippon (2022) argues and provides
vidence that TFP growth is, in fact, additive and not exponential.
hus, he concludes that this slowdown is more likely a result of
he linear growth trend than a change in the exponential growth
ate.

In this paper, I revisit the productivity slowdown debate by
stimating factor-augmenting technical change processes for the
ggregate U.S. economy under four scenarios. Constant growth
ates, constant growth rates with a structural break, time-varying
rowth rates based on a Box–Cox specification (Box and Cox,
964), and an additive growth specification as in Philippon (2022).
o estimate factor-augmenting technical change, I follow (Klump
t al., 2007) and use a normalized supply-side system where I
stimate the elasticity of substitution between capital and labor
ogether with the bias of technical change. I extend the results
y Klump et al. (2007) considering a longer time period and
stimating two additional models for technical change.
In terms of results, the model with a structural break yields

he best overall fit followed by the Box–Cox model. This provides
upporting evidence in favor of non-constant and decelerating
rowth rates of technical change. Under the Box–Cox specifica-
ion, capital-augmenting technical change vanishes quickly over
ime, while labor-augmenting technical change shows mildly de-
elerating growth rates. This is consistent with capital-augmenting
echnical change being transitory and not the main driver of
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growth (Acemoglu, 2003). All the models with non-constant
growth rates suggest that both factor augmenting productivities
are, in fact, decelerating. The Box–Cox model suggest that labor-
augmenting technical change is decelerating at a faster pace than
what the estimates of Klump et al. (2007) suggested, which is also
supported by the structural break model.

I assess the contribution of the capital and labor augmenting
technical change by estimating TFP using a Kmenta approxima-
tion (Kmenta, 1967) which is as a weighted average of both
factor-augmenting technical change processes. I find that the
dynamics of labor productivity are captured better by the struc-
tural break and the Box–Cox models, although the additive model
provides a good fit. The model with constant growth rates has the
poorest performance.

The rest of the paper is organized in the following sections.
Section 2 introduces the estimation system; Section 3 describes
the data; Section 4 shows the results; Section 5 concludes.

2. The supply-side system approach

To estimate the aggregate elasticity of substitution and the
bias of technical change, I consider the system approach intro-
duced by Klump et al. (2007). I follow (de La Grandville, 1989)
and Klump et al. (2007) and explicitly normalize the production
function for estimation. León-Ledesma et al. (2010) show that
explicit normalization of the production function helps with the
identification of the parameters. This normalization procedure
consists on rewriting the production function in a consistent
index form by choosing baseline values for labor (Ht ), capital
Kt ), output (Yt ), and technology levels (Γ i

t ). Thus, the production
unction explicitly normalized is given by

t = Y0

⎡⎣π0

(
Γ K
t Kt

Γ K
0 K0

) σ−1
σ

+ (1 − π0)
(

Γ H
t Ht

Γ H
0 H0

) σ−1
σ

⎤⎦ σ
σ−1

(1)
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here,

0 =
r0K0

Y0

π0 is the capital share evaluated at the baseline point. I fol-
low (Herrendorf et al., 2015) by defining the normalization point
as Y0 = Ȳ , K0 = K̄ , H0 = H̄ , π0 = π̄ , and t0 = t̄ where K̄ , H̄ , π̄ ,
nd t̄ are the geometric averages of capital, labor, capital income
hare, and the time index, respectively.
I estimate the model under four different assumptions for

echnical change. First, when technical change grows exponen-
ially at constant rates given by Eq. (2).

og
(

Γ i
t

Γ i
0

)
= γi(t − t0) for i ∈ {K ,H} (2)

Second, I allow for a structural break as

log
(

Γ i
t

Γ i
0

)
= γi (t − t0) + γ̃i(t − τ i)I[t ≥ τ i

] for i ∈ {K ,H} (3)

where I(t ≥ τ i) is an indicator function taking value one if the
time period is above the structural break τ i and zero otherwise,
and γ̃i captures the change in trend after period τ i.1

Third, I follow (Klump et al., 2007) who propose a flexible form
for technical change based on a Box–Cox transformation (Box
and Cox, 1964) which allows for non-constant growth rates. This
particular functional form is

log
(

Γ i
t

Γ i
0

)
=

γit0
λi

[(
t
t0

)λi

− 1

]
for i ∈ {K ,H} (4)

where γi denotes the growth rate at the baseline point, and λi
controls the curvature of the function. This specification nests
three particular cases depending on the value of λi. For a value
of 1, it becomes (2); for a value of 0 it becomes log-linear; and
for negative values it becomes hyperbolic. Third, I estimate the
system under the linear functional form (5)

Γ i
t

Γ i
0

= 1 + γi(t − t0) for i ∈ {K ,H} (5)

where γi gives the step increase from period t to t + 1 as
in Philippon (2022).

The estimating equations then consist of the production func-
tion together with the first order conditions of the firm’s cost
minimization problem. The markup is defined as the inverse of
the real marginal cost following (Jiang and León-Ledesma, 2018).
The system is given by Eqs. (6)–(8).

ln
(
Yt

Y0

)
=

σ

σ − 1
ln

⎡⎣π0

(
Γ K
t Kt
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0 K0
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1 To be consistent with the normalization, τ i
≥ t .
0 u

2

Estimating the full system with the Box–Cox specification is
challenging because it is highly non-linear. Furthermore, it has
been noted that the system estimation tends to produce values of
γK that are negative which are difficult to interpret (Mućk, 2017).
o circumvent these issues, I estimate the system under the Box–
ox specification by doing a fine grid-search on parameter λK . In
articular, I estimate the system for values of λK ∈ [−3, 3] and
ook for the minimum log-determinant of the residual covariance
atrix conditional on the value of λK and on γK being greater or
qual than zero.
To estimate structural break model (3), I look for the combina-

ion of {τH , τ K
} that yields the lowest log-determinant. I estimate

he system using a two-step GMM estimator with the lags of the
ariables as instruments with a weighting matrix that allows for
eteroskedasticity and autocorrelation of up to two lags.2

. Data

I use data from the Bureau of Labor Statistics, the National
ncome and Product Accounts Tables, and the Fixed Assets Tables
or the United States, it is yearly data and covers the period 1948
ntil 2015. For the construction of the series, I follow (Koh et al.,
020) closely.
The measure for capital stock used in estimations is a Törn-

vist aggregate of structures, equipment, and IPP capital obtained
rom the series for investment including private residential, pri-
ate nonresidential, and government investment. Labor input is
he product of nonfarm business sector average weekly hours of
ork and civilian employment. Output is defined as the Gross
ational Product. Finally, I take the estimated average markups
or the U.S. from (Baqaee and Farhi, 2019) which is computed
s the harmonic sales-weighted average. Unfortunately, their es-
imated markup only goes back to 1980, so I keep the average
arkup constant at the 1980 value for the period 1948–1980.
use the labor share as constructed by Koh et al. (2020) and
ollowing (Jiang and León-Ledesma, 2018), I obtain the capital
hare as rtKt

Yt
=

(
1 −

wtHt
Yt

µt

)
1
µt

. Fig. 1 shows the series used in
the estimation.

4. Results

Table 1 shows the estimated parameters for the system (6)–(8)
under the four different models for technical change.

The elasticity of substitution is significantly below one in
all cases and within the range of most of the estimates in the
literature. The system performs well under all specifications but
the best overall fit is achieved under the structural break model
followed by the Box–Cox specification.

Under the constant growth rates, the structural break, and ad-
ditive model specifications, capital augmenting technical change
growth rates are negative. The structural break model estimates
that there is a deceleration after 2001 for capital augmenting
technical change and after 1974 for the labor augmenting. Under
the Box–Cox specification, capital augmenting technical change is
positive and statistically significant, but small. This fact together
with λK being below 1 implies that capital-augmenting techni-
cal change tends to vanish quickly and is not really persistent
over time. Although the structural break model slightly outper-
forms the Box–Cox model, the latter provides more economically
sensible estimates.

2 Essentially, this GMM estimator is a 3SLS estimator. It first estimates
eparately each equation by 2SLS and then computes a weighting matrix that
llows for contemporaneous correlation of the error terms across equations. It
ses this weighting matrix in the second step of GMM.
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Fig. 1. Series for Estimation.
Table 1
Estimation of the supply-side system.

Constant T.C. Structural Break Box–Cox T.C. Additive T.C.

σ 0.5912*** 0.2832*** 0.6512*** 0.4676***
(0.0002) (0.0006) (0.0009) (0.0013)

γK −0.0062*** −0.0017*** 0.0014*** −0.0082***
(0.0006) (0.0002) (0.0004) (0.0001)

γ̃K −0.0357***
(0.0011)

λK 0.08
[—]

γH 0.0141*** 0.0280*** 0.0155*** 0.0147***
(0.0002) (0.0002) (0.0001) (0.0001)

γ̃H −0.0166***
(0.0002)

λH 0.2155***
(0.0231)

Structural Breaks

τH 1974
τ K 2001

Tests p− values

σ = 1 <0.001 <0.001 <0.001 <0.001
Hansen’s J−test 0.4441 0.4917 0.3302 0.8246

Log-Determinant −19.3310 −23.0350 −20.5771 −19.5083

Note: Heteroskedasticity and autocorrelation robust standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01. Parameter
λK is chosen via a fine grid search. Lower panel shows p− values of the tests for σ = 1, Hansen’s overidentification test, and the
log determinant of the residual covariance.
For the labor-augmenting technical change, γH is positive and
statistically significant in all specifications and always larger than
γK . However, both the Box–Cox specification and the structural
break models imply a deceleration in labor-augmenting technical
change, since λH < 1 and γ̃H < 0. In fact, the estimate of λH is
roughly half that of Klump et al. (2007) while γH is almost the
same, which implies that labor-augmenting technical change is
decelerating faster.

To assess the relative contributions of the capital and labor
augmenting technologies, it is helpful to use the Kmenta ap-
proximation (Kmenta, 1967). This gives us an implied TFP that
is a weighted average of both technical change processes. This
approximation is given by

log(TFP) = π0 log
(

Γ K
t

Γ K
0

)
+ (1 − π0) log

(
Γ H
t

Γ H
0

)
−

1 − σ π0(1 − π0)
(
log

(
Γ H
t
H

)
− log

(
Γ K
t
K

))2 (9)
σ 2 Γ0 Γ0

3

The panels of Fig. 2 show the relative contributions of each
factor-augmenting technical change together with the Kmenta
approximation. For both the additive and the structural change
models, the contribution of capital augmenting technical change
is negative, reducing aggregate growth. In the structural break
model, there is also a reduction in the labor augmenting technical
change growth rate.

To assess how well the three models track the dynamics
of labor productivity, the panels of Fig. 3 show their predicted
values. The structural break and the Box–Cox specification yield
the lowest residual mean square error (RMSE) of 0.029 and 0.039,
respectively. The additive model yields an RMSE of 0.052.

5. Conclusions

I revisit the productivity slowdown by estimating a supply-
side system under four different models for factor-augmenting
technical change. One with exponential and constant growth
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Fig. 2. Predicted Technical Change Paths.
Fig. 3. Predicted and Actual Labor Productivity.
ates, a similar model with a structural break, a Box–Cox specifi-
ation that allows for time-varying growth rates, and an additive
odel. I find that the elasticity of substitution is below one

n all cases and provide supporting evidence that the growth
ates of factor-augmenting technical change are not constant.
n particular, I find labor-augmenting technical change to be
he main driver of growth, although all models suggest growth
ates are decelerating. Capital-augmenting technical change is
on-negligible but vanishes quickly.
I use the estimates to predict the dynamics of labor produc-

ivity and find that the models with non-constant growth rates
erform well. In sum, the paper provides more evidence in favor
f non-constant growth rates of technical change.
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