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Abstract

In this study, I explore the effects of capital-augmenting technical change (CATC) in a simple task-
based context where untapped automation opportunities exist. I contribute to the literature by
showing analytically that regardless of the value of the elasticity of substitution between capital and
labor, CATC lowers the labor share of income in this setting. In contrast to standard production
functions, CATC is thus capital-biased even in the face of strong complementarity between capital
and labor. The intuitive explanation for this result is that a rise in the effectiveness of capital has two
first-round effects on the labor share, namely (1) the standard effect whose sign is fully determined
by the elasticity of substitution, and (2) a contraction in the set of tasks in which labor is more
cost-effective than capital. Furthermore, I show that CATC increases the wage rate unambiguously.
I argue that CATC in the face of untapped automation opportunities can be regarded as a convenient
modelling approach to automation and I show that the implications of this approach match recent

empirical findings regarding the labor market impact of automation.
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1 Introduction

Many authors have used capital-augmenting technical change (CATC) as a core modelling instrument to automa-
tion in contexts where the share parameters of the production factors are fixed (e.g., Basso & Jimeno, 2021;
Nordhaus, 2015; Sachs & Kotlikoff, 2012; St&hler, 2021). However, it has been noted that the implications of
this approach are not consistent with the empirical findings regarding the impact of automation on the labor
share (Acemoglu & Restrepo, 2018a). Empirical studies on the labor market impact of robotics find that the
induced rise in labor productivity outstrips the induced rise in wages such that the labor share of income falls
as a result of robot adoption (Acemoglu et al., 2020; Acemoglu & Restrepo, 2020; Dauth et al., 2017; Graetz &
Michaels, 2018). Besides the evidence based on robotics data, there are convincing indications that automation
technologies as a whole have strongly contributed to the lowering of the labor share (Autor & Salomons, 2018;
Bergholt et al., 2022; Guimaraes & Gil, 2022). In standard settings, however, CATC will only decrease the labor
share of income if the elasticity of substitution between capital and labor is larger than one. This assumption is
untenable given that the bulk of empirical estimates point to an elasticity of substitution lower than one (e.g.,
Chirinko, 2008; Gechert et al., 2021; Knoblach et al., 2020; Oberfield & Raval, 2021). In a simple set-up with
fixed share parameters for capital and labor, CATC is thus not an adequate modelling approach to automation
since it cannot simultaneously acknowledge that automation lowers the labor share and that capital and labor

are gross complements in the aggregate production function.

This inconsistency in the CATC approach to automation can be remedied somewhat by distinguishing between
traditional capital and automation capital and only regarding the latter as a gross substitute for labor. This
method has been used by Basso and Jimeno (2021), Cords and Prettner (2022) and Jacobs and Heylen (2021)
for instance. In these frameworks however, the effect of the automation process on the distribution of income
across production factors is still governed by the elasticity of substitution between labor and (one type of) capital.
The task-based approach put forward by Acemoglu and Restrepo (2018a; 2018b) represents a more fundamental
alternative to the CATC approach, since automation in these models takes the form of a contraction in the set of
tasks which are executed by labor. From the aggregate production function point of view, this represents a fall
in the share parameter of the labor input. This modelling approach guarantees that automation lowers the labor

share of income, in accordance with the empirical literature.

Crucial for this study is that two distinct situations can arise in this task-based approach to automation. In the
first situation, firms are technologically constrained in their choice whether to produce a task using capital or labor.
This is the “I < I” case in the notation of Acemoglu and Restrepo (2018b). In this scenario, all “automation
opportunities” have been fully used by firms such that capital is used instead of labor in any instance where it is
technologically feasible. In the second situation, firms are not constrained by technology in their choice whether
to produce a task using capital or labor. This is the “/ < I” case in the notation of Acemoglu and Restrepo
(2018b). In this context, there are tasks where capital can perfectly substitute for labor, but firms prefer to make
use of labor since it is more cost-effective. This second situation of “untapped automation opportunities” is my

focus here.

In this work, I study the effects of CATC in a simple task-based model in the context where untapped automation
opportunities exist. Under these conditions, the share parameters of capital and labor in the aggregate production
function are no longer fixed, but they are a function of the relative factor cost. In this context, I show analytically
that — under quite general conditions — CATC lowers the labor share of income, regardless of the value of
the elasticity of substitution between capital and labor. Intuitively, this is because CATC will have two distinct
labor share effects in this framework. First, the standard effect whose sign is entirely determined by the elasticity
of substitution between capital and labor. Second, CATC will also lead firms to re-evaluate which tasks are
more cost-effectively produced with capital than with labor and this leads to a contraction in the set of non-
automated tasks. This second, so-called displacement effect always lowers the labor share and I show that this
effect dominates regardless of the value of the elasticity of substitution. From this perspective, I argue that CATC
in the presence of untapped automation opportunities is a convenient modelling approach to automation with

credible empirical implications for the labor share. Furthermore, I show that the effect of CATC on the wage rate



is also twofold in this setting. First, it raises the productivity of capital at the production of already automated
tasks and this increases the demand for the production of non-automated tasks and thus for labor. Second,
it leads to a contraction in the set of non-automated tasks and this displacement effect lowers labor demand. I
show that the productivity effect dominates irrespective of the parameterization such that CATC always increases
the wage rate. This is fully in accordance with the recent empirical findings of Gregory et al. (2022) who find
that the negative displacement effect of routine-replacing technical change is more than fully compensated by
countervailing mechanisms stemming from productivity gains. To the best of my knowledge, this is the first time
that the effects of CATC on the labor share and the wage rate are studied in this setting.! The paper to which

mine is most closely related is that of Martinez (2021).2

I argue that the context of untapped automation opportunities is a highly relevant one. First, note that it
is somewhat uneconomic to assume that production firms face a hard constraint and cannot respond to the
rising effectiveness of existing automation technologies by further automating the production process. Of course,
imposing that firms are technologically constrained in terms of the set of automated tasks only implies that there
can be no endogenous response at the level of the production firm which makes use of the automation technology.
There can still be a reaction to changing factor costs or productivities at the level of the development of new
automation technologies. Acemoglu and Restrepo (2018b) proceed in this way and thus make the technological
constraint to automation itself endogenous. However, there are several reasons to suppose that it is not only the
development of new automation technologies that can respond to changing factor costs or productivities, but also

the degree to which firms make use of existing automation technologies.

First, there is the strong positive correlation between the labor cost and robot density across countries, both
worldwide and for Europe specifically (Cséfalvay, 2020). Differences in the automation technology frontier are not a
good explanation for these cross-country differences, since robotics technology is commercially available in Europe.
This cross-country variation is more readily explained by differences in the adoption of existing automation
technologies prompted by the differences in labor costs and thus the cost-effectiveness of these technologies. At
least with respect to robotics, this suggests that the situation in which production firms have untapped automation
opportunities — which they can pursue as the cost effectiveness of automation technology relative to labor
improves — is quite commonplace. Second, there is some casuistic evidence that insufficient cost-effectiveness
in particular is an important reason for firms not to automate. Based on 26 interviews with managers (and
government and union representatives) in the South African apparel industry, Parschau and Hauge (2020) find
that an insufficiently strong business case for the investment is a crucial reason for why automation technology is
not used in more instances. Finally, the presence of “soft barriers“ to the adoption of automation technology might
ensure that untapped automation opportunities exist. Atkinson (2019) indicates that many western nations lag
behind in robot adoption and puts forward culture, government policy and labor market institutions as possible
explanations. Unlike technical constraints, these barriers can most likely be overcome once the cost improvement

of automating a task becomes sufficiently salient.

The remainder of this paper is structured as follows. In the second section, I set out the model. In the third
section, I analytically derive the effects of CATC on the labor share. In the fourth section, I derive the effects of
CATC on the wage rate. The fifth section concludes.

L Acemoglu and Restrepo (2021) investigate the effects of CATC in a task-based model of automation, but they restrict
their focus to the technologically constrained case where I < I. Since an increase in the productivity of capital cannot give
rise to a contraction in the set of non-automated tasks in this context, only the standard effect of CATC on the labor share
remains. As a result, they conclude that the labor share effect of CATC is fully governed by the elasticity of substitution
between capital and labor.

2He finds that the parameters of the aggregate production function are endogenously determined by the distribution
of automation technologies across firms. In this micro-founded setting, changes in the moments of the distribution can
generate a rise in the share parameter of capital in the aggregate production function and as such lower the labor share.
These results are distinct from mine, however, since his study considers CATC as a firm-level process and he finds that the
effect of CATC on the labor share depends entirely on whether it takes place in the least automated firms or in the most
automated firms.



2 Model

I assume that an infinite amount of representative firms are active on product markets. The production function
of a firm is set out in equation 1 and it exhibits constant returns to scale. It denotes that aggregate output is
the result of the joint execution of a continuous set of tasks. The continuous set is normalized to the 0-1 interval.

The parameter o denotes the elasticity of substitution between tasks.

Y = </01ti°aldz')aol (1)

Firms would like to use capital rather than labor for the execution of any task for which the relative cost of labor
W(:) ). In this study,

versus capital (%) is larger than the relative productivity of labor versus capital in that task (3 0)
I assume that firms can choose at the margin whether a task is executed by capital or by labor.®> This corresponds

to the case where firms are not constrained by automation technology (I < I) in Acemoglu and Restrepo (2018b).

As a result of this assumption, equation 2 holds.

ti= 0(i) ki (2)

As in Acemoglu and Restrepo (2018b), I impose more structure on the comparative advantage schedule by
imposing that the productivity of labor v (¢) rises exponentially in ¢ (equation 3). I also follow them in their

assumption that the productivity of capital is the same in all tasks (equation 4).

v (i) = e 3)
()= A (4)

I can define I as the marginally automated task in equation 5, meaning that firms are indifferent between using

capital and labor for this task.* Note that T also denotes the share of tasks which are automated.
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The general task-based production function from equation 1 can now be updated in the light of the automation

structure (equation 6).
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31t is important for the credibility of this framework to clarify that this assumption does not require that capital can
substitute perfectly for labor in all tasks. The assumption made here is simply that I<1I (following the notation of
Acemoglu and Restrepo (2018b)).

4Note that for the production function to be properly defined, the share of automated tasks I should not be smaller
than 0 or greater than 1. Based on equation 5, it can easily be shown that 0 < I < 1 implies the following restriction on
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Since the productivity nor the cost of capital varies over tasks, firms allocate the same amount of capital k to the
execution of each automated task. As a result, the total capital stock can be written as K = fOI ki di = fOI k di =

Tk. When we use this information in equation 7, we can simplify it to equation 8.

o—1
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=Y = {f% (AK) 7 + /fl (eBili)UTﬂdi} o (8)

I assume that workers have no preference regarding which task they execute such that the same cost of labor
w applies to each non-automated task. In a perfectly competitive labor market, firms will demand labor [; for
the execution of a non-automated task j (with I< j < 1) up to the point where the marginal product of the

execution of that task % is the same constant w for each non-automated task.
J
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Note that % is a negative function of /; such that non-automated tasks face diminishing returns. The aggregate
J

labor market equilibrium is defined by equation 10: it expresses that the total labor demanded for the execution

of non-automated tasks equals the total exogenous labor supply L. We replace the task-specific labor demand I;

by the expression set out in equation 9 such that equation 10 holds.

1 1
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From the aggregate labor market equilibrium in equation 10, we find an expression for the wage rate w in equation

11. Based on w, firms choose how much labor I; they demand for a non-automated task through equation 12.

1 eBlo—1) _ BI(o—1) 7
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(9) and (11) = VI<i<1:h= —Fo— 0 (12)
We insert expression 12 for /; in the production function of equation 8 and simplify.
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5No‘Ee that if no technological restriction on the automatability of tasks were to exist and firms chose to automate all
tasks (I = 1), the production technology specified in equation 13 would simplify to an AK-technology with Y = AK.



3 Capital-augmenting technical change and the labor share

I now study how CATC (an increase in A) affects the labor share in a static context in which the capital supply
K and the labor supply L are fixed. In this context, the ratio of the factor remunerations %> determines the
evolution of the labor share. The wage rate w was derived in the previous section and is given by equation 11.
To find the interest rate, I assume that firms operate on perfectly competitive capital markets such that capital is
paid its marginal product. For simplicity, I assume that the capital stock does not depreciate over time. Deriving

equation 13 with regard to K thus yields the interest rate r equation 14.°

(13):>r:8—y<:>7":Y5]~§AU§1K7Tl =
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We divide equation 11 by equation 14 to obtain an expression for .
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We can enrich equation 15 by acknowledging that the share of automated tasks I is endogenously determined

within this framework through equation 5. Crucially, I is a function of A and -
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Since empirical estimates of the elasticity of substitution between capital and labor o typically result in a value

lower than one, it is more elegant to rewrite equation 16 to equation 17.

1
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It is easily verified that as long as capital has the comparative advantage in some, but not all tasks (0 < I<
1= 0< @

< 1), the ratio of factor remunerations % is strictly positive and finite. We now implicitly

olw
derive equation 17 with regard to A and try to determine the sign of g;\).
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6Note that we can also find the wage rate w by deriving output Y in equation 13 to the aggregate input of labor L. If
we do this, we find equation 11 again.
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It is uncomplicated to see that F > 0 aslongas 0 < [ <1 <=0 < @

< 1.
For now, let us only look at the first-round effect of CATC on the labor share. This means that we disregard

the fact that any change in the relative factor costs > will also have repercussions for the choice that firms make

between capital and labor (I(A) instead of I(A, )). This implies setting a‘gf)

side of equation 18.

A equal to zero on the right-hand
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From equation 19, we can see that CATC affects the labor share in two distinct ways. The first part ((fo(%’A)(l*U)

—673(170->) originates from the direct dependence of % on A in equation 17. It is thus the typical labor share effect
of CATC that would prevail in a scenario where the set of automated tasks I were constant. It stems from the
fact that — because of the increased productivity of capital — the effective execution of already automated tasks
increases. This effect coincides with what Acemoglu and Restrepo (2019) have labelled the “deepening of automa-
tion” or “automation at the intensive margin”. As is well-known, the sign of this effect is entirely dependent on the
value of the elasticity of substitution o. If capital and labor are substitutes (o > 1) the effect on the labor share
is negative. If capital and labor are complements (0 < o < 1) the effect is positive. Since the share of automated

tasks I depends on A in this setting with untapped automation opportunities, there is a second labor share effect
BI(A,2)(1—g)e~ BIA A=) | (;BI’(A%)U—U)76_3(1_a)>
present. In equation 19, the second part (— BIAZ)(1—0) ) originates

from the indirect dependence of > on A through I. This is the so-called “displacement effect” of automation.



This effect is strictly negative as long as 0 < I < 1, since CATC leads to a contraction in the set of non-automated

tasks (see Appendix A) and the production of non-automated tasks faces diminishing returns.

Rearranging equation 19, we obtain equation 20.
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Based on equation 20, it is clear that net first-round effect (%) of CATC on the relative factor remuneration

“ is unambiguously negative as long as 0 < I < 1. This is the case for all values of the elasticity of substitution

between capital and labor o. In a static context with fixed factor inputs K and L, this implies that the first-round
effect of CATC on the labor share is negative.

w

Based on equation 18, it is also possible to find an expression for the final net effect % of CATC on the labor

share.
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(21)

The denominator of the expression on the right-hand side of equation 21 is positive as long as 0 < I < 1. From
a(w

T

this, we can conclude that the final net effect ((M) of CATC on the labor share has the same negative sign as

*
a(® -
the first-round effect (%) . Since the denominator is also strictly greater than one as long as 0 < I < 1, we

can conclude that the final net effect of CATC on the labor share is not as negative as the first-round effect. The
intuitive reason for this is that when CATC lowers % in the first-round effect, this also implies that the relative
cost of producing a task with labor falls. As a result, firms react to the increased cost effectiveness of labor by
re-expanding the set of non-automated tasks somewhat in the second round. In Appendix A, I show that the
CATC will always increase the set of automated tasks I, however, such that the final net effect of CATC on the
set of non-automated tasks always goes in the direction of a contraction. In the end, this displacement effect (the
contraction in the set of non-automated tasks) still dominates and the final net effect of CATC on the labor share
is always negative. This is consistent with the empirical consensus that (progress in) automation technologies is
linked with a lowering of the labor share (Acemoglu et al., 2020; Acemoglu & Restrepo, 2020; Autor & Salomons,
2018; Bergholt et al., 2022; Dauth et al., 2017; Graetz & Michaels, 2018; Guimaraes & Gil, 2022).



4 Capital-augmenting technical change and the wage rate

In a static framework with fixed factor inputs K and L, we can also determine how CATC affects the wage rate

w by deriving equation 11 with regard to A.
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Based on equation 22, we can decompose the absolute wage effect of CATC into two distinct effects. The first

a(za
term captures the displacement effect: CATC causes the set of non-automated tasks to contract (since (aTA )

is strictly positive: see Appendix A) and this unambiguously lowers the demand for labor. The second term

captures the productivity effect of CATC: CATC increases the effective execution of automated tasks and this
unambiguously increases the demand for the execution of non-automated tasks (and thus the demand for labor),

since automated tasks and non-automated tasks are g-complements in the aggregate production function with

ow
5A>

two effects dominate. Based on equation (A2) in Appendix A, we can find an expression for the displacement

constant returns to scale. To evaluate the sign of the absolute wage effect we have to determine which of these

effect term (equation 23). In Appendix B, we derive an expression for the productivity effect term (equation 24).
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Following equation 22, the sign of the wage effect of CATC is determined by the relative strength of the dis-
placement effect and the productivity effect. We insert the obtained expressions 23 and 24 for these effects and

evaluate the sign of g—z.
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The second term in equation 25 simplifies to zero since Y = rK + wL holds given the constant returns to scale
production function in equation 13 and the assumption of perfectly competitive factor markets. One can easily

prove this equality based on equations 11, 13 and 14.

I

(27) = sgn (g—z}) = sgn [a w”rlfam (26)

In equation 26, one can observe that the absolute wage effect of CATC is positive regardless of the value of the
elasticity of substitution between capital and labor. In other words, the productivity effect of CATC always
dominates the displacement effect such that an increase in the effectiveness of capital K always increases the
wage rate w. This result echoes the empirical findings of Gregory et al. (2022) who study the labor demand
effects of routine-replacing technological change and find that the negative displacement effect is more than fully

compensated by countervailing mechanisms stemming from productivity gains.
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5 Concusion

In this work, I demonstrated the attractive properties of a simple, yet largely unstudied process of automation that
reconciles elements from different strands in the literature. In standard settings, the effect of capital-augmenting
technical change on the distribution of income between the production factors depends entirely on whether capital
and labor are gross complements or substitutes in the aggregate production function. By adopting a task-based
approach, I analytically showed that this is not the case when untapped automation opportunities exist. More
precisely, when firms are not constrained by technology — such that they can choose at the margin whether they
use capital or labor for the production of a task, based on cost effectiveness —, the effect of capital-augmenting
technical change on the labor share is negative regardless of the value of the elasticity of substitution between
capital and labor. This is because the standard effect (whose sign is governed by the elasticity of substitution) is
overridden by the the contraction in the set of non-automated tasks which capital-augmenting technical change
elicits. Furthermore, this simple framework predicts that the effect of capital-augmenting technical change on
the wage rate is twofold. First, it raises the productivity of capital at the production of already automated
tasks and this increases the demand for the execution of non-automated tasks and thus for labor. Second, it
leads to a contraction in the set of non-automated tasks and this displacement effect lowers labor demand. The
productivity effect dominates irrespective of the parameterization such that capital-augmenting technical change
always increase the wage rate. I argue that the implications of capital-augmenting technical change in this setting

are consistent with the recent empirical findings regarding the labor market impact of automation technologies.
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Appendix A: The effect of CATC on the share of automated tasks

It is uncomplicated to show that CATC will always increase the share of tasks which are automated I. We start
from the expression for Iin equation 5 and we derive it with respect to A.

i tn(24) “
(5) = sgn (%) = sgn(a(afl)> = sgn (3 (8TAA)> (Al)

Based on equation (Al), it suffices to determine the sign of % to check how CATC affects the share of

automated tasks I. We replace % by its expression (set out in equation 17) and we derive ¥ A with regard to A.
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Aslongas 0< I <1 <= 0< % < 1, one can observe that % is strictly positive. Based on equation

(A2), this also implies that the share of automated tasks I is positively affected by CATC.
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Appendix B: The productivity effect of CATC on the wage rate

In section 4, we found that the effect of CATC on the wage rate depends on the relative strength of the displacement

—Bf(%,A)(1—a)76_B(1—a) 19y )

effect and the productivity effect (equation 22). The latter is represented by the term | £ B —0) 5T

In this Appendix B, we derive an expression for this productivity effect. We start off by deriving Y — set out in

equation 13 — with respect to A and updating our expression for the productivity effect.

ES
o

(13) = B(—0) LA~ B(—0) ACES

Y
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Based on equation (B1), we can further decompose the productivity effect of CATC in three distinct effects. The

first term indicates the effect on output Y generated by the expansion of the set of automated tasks I. The

e—Bf(%,A)(l—a) _ e BU-9) | gy B e—Bf(%,A)(l—a) _ e~ B-0) ¢ ( p )

second term indicates the effect on output Y generated by the increased productivity of capital at the production
of already automated tasks. The third term indicates the effect on output Y generated by the contraction in the
set of non-automated tasks (1 — I). We simplify equation (B1) by replacing expressions by w, r and % according
to equations 11, 14 and 17.
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In equation (B2), the first and third term cancel out implying that the positive productivity effect of the expansion
in the set of automated tasks cancels out the negative productivity effect of the contraction in the set of non-
automated tasks. Intuitively, this is because capital and labor are equally cost-effective at the production of the
marginally automated task I, as indicated by equation 5. As a result, the productivity effect of CATC is entirely
driven by the increased effectiveness of capital at the production of already automated tasks. Equation (B2)
represents the second term in the right-hand side of equation 22.

(B2) =

6fBI~(%,A)(170') _ e B(-9) | gy B K 716731?(%,/1)(170) _ e~ B-0)
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Equation (B3) establishes a useful expression for the second term in equation 22 (the productivity effect).
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