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Abstract

We assess the long-run growth effects of automation in the overlapping gener-

ations framework. Although automation implies constant returns to capital and,

thus, an AK production side of the economy, positive long-run growth does not

emerge. The reason is that automation suppresses wage income, which is the only

source of investment in the overlapping generations model. Our result stands in

sharp contrast to the representative agent setting with automation, where sus-

tained long-run growth is possible even without technological progress. Our anal-

ysis therefore provides a cautionary tale that the underlying modeling structure of

saving/investment decisions matters for the derived economic impact of automa-

tion. In addition, we show that a robot tax has the potential to raise per capita

output and welfare at the steady state. However, it cannot induce a takeoff toward

positive long-run growth.

JEL classification: O33, O41, E60.
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1 Introduction

Automation and its potential economic consequences have caught the attention of

economists, policymakers, and the general public over the last few years. For the

recent breathtaking development of automation technologies, see, for example, The

Economist (2014), Ford (2015), Brynjolfsson and McAfee (2016), and Tegmark (2017)

who provide many examples for advances in robotics and artificial intelligence (AI)

that were considered impossible even ten years ago. The number of industrial robots

that substitute for workers on assembly lines started to take off in the 1990s (Inter-

national Federation of Robotics, 2015) and 3D printing is used to produce customized

products like hearing aids and prostheses for which specialized labor was required in

the past (Abeliansky et al., 2019). Currently, driverless cars and trucks that could

soon revolutionize the employment-intensive transport business are being developed

and tested.1

While there is widespread agreement that automation has a great potential to

raise living standards, there are concerns that automation could (at least partly) be

responsible for the stagnating wages of low-skilled workers, a phenomenon observed in

the United States since the 1970s. Thus, automation might be a major driver of the

rise in wage inequality and in the skill premium since the 1980s (Autor et al., 2003;

Atkinson et al., 2011; Autor and Dorn, 2013; Piketty, 2014; Lankisch et al., 2019).2

On top of these concerns, Sachs and Kotlikoff (2012), Benzell et al. (2015), and

Sachs et al. (2015) use an overlapping generations (OLG) setting to argue that automa-

tion could lead to lower wages and investment, overall economic stagnation, and even

to decreasing welfare of future generations. This result is perhaps surprising because

the literature on automation in the representative agent setting of Solow (1956), Cass

(1965), and Koopmans (1965) implies that automation could lead to perpetual long-

run growth even without (exogenous or endogenous) technological progress (Steigum,

2011; Prettner, 2019).

We aim to contribute to this strand of the literature along two lines. First, we

explain the differences between the predictions of representative agent neoclassical

growth models of automation and OLG models of automation from an analytical per-

spective. To this end, we propose a framework that differs in the following two ways

from Sachs and Kotlikoff (2012): i) it allows to distinguish between traditional ma-

1Automation is not only confined to routine tasks: devices based on machine learning are starting
to rival (and outcompete) doctors in the accuracy of diagnosing diseases, reporters in writing news-
flashes, authors in writing books, and even scientists in formulating theories based on vast amounts
of experimental data (see National Science Foundation, 2009; Schmidt and Lipson, 2009; Barrie, 2014;
Ford, 2015). For an interesting recent contribution that discusses the differences between the economic
effects of mechanization, automation, and artificial intelligence (AI), see Growiec (2019).

2See Autor (2010), Steigum (2011), Frey and Osborne (2013, 2017), Arntz et al. (2016, 2017),
Hémous and Olsen (2016), Abeliansky and Prettner (2017), Acemoglu and Restrepo (2017, 2018b,c),
Dauth et al. (2017), Autor and Salomons (2018), Graetz and Michaels (2018), Eden and Gaggl (2018),
Prettner (2019), Cords and Prettner (2019), Guimarães and Mazeda Gil (2019), and Prettner and
Strulik (2019) for different arguments in the debate.
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chines and robots and thereby to analyze the extent to which their effects on growth

differ, and ii) it is analytically tractable. Using this framework, we show that the

reason for the differential effects of automation between neoclassical growth models

and OLG models is rooted in the implied life-cycle saving pattern rather than in the

specifics of the production sector. The generation that builds up its assets for retire-

ment in the OLG model can save only out of wage income. The resulting assets are

in turn used to invest in standard physical capital and in automation capital. Since

automation capital is a close substitute for labor, its accumulation suppresses wages

and therefore diminishes the only source of investment in this model. As a result,

automation is itself preventing the takeoff to long-run growth in the OLG economy.

By contrast, households in the representative agent neoclassical growth model save out

of their wage income and out of their asset income. Thus, they are able to benefit

from the positive effects of automation on the rate of return on assets. This allows to

sustain investment and to accumulate assets even though that wages stagnate.

This central result provides a cautionary tale that the underlying modeling struc-

ture of saving/investment decisions matters in assessing the effects of automation. This

holds true although OLG models and the representative agent model usually lead to

similar predictions, for example, on convergence patterns and on the effects of capital

accumulation on growth in the medium run. Our result should not be misinterpreted in

the sense that we believe that economic stagnation is the likely outcome of automation

or that we think the OLG model is more appropriate than the representative agent

setting. Instead, we merely aim to show that otherwise innocuous modeling choices

on saving/investment turn out to have crucial effects when analyzing the economic

consequences of automation.

Our insight is preserved when extending the analytically tractable baseline model

to include i) three overlapping generations, ii) bequests, iii) a more general utility

function, and iv) a more general production function that accounts for an imperfect

substitutability between workers and robots. The extent to which the theoretical

channel identified in our paper matters in reality depends on whether the process of

asset accumulation is described better by the OLG setting or by the representative

agent setting. This is ultimately an empirical question.

As a second contribution to the literature we analyze the effects of a robot tax

coupled with a redistribution of the proceeds of the tax from robot income to labor

income. We trace the effects of the tax-transfer scheme on the steady-state capital

stock and thus on steady-state per capita output. We show that such a tax-transfer

scheme cannot overcome the stagnation steady state and push the economy onto a path

with positive long-run growth. However, the tax-transfer scheme has the potential of

raising the steady-state levels of per capita capital, per capita output, and welfare for

certain levels of the tax rate. The intuitive explanation for this result is that the robot

tax distorts the optimal split between investments in traditional physical capital and

in automation capital in favor of the former. This raises the wages of the workers in
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the next period and allows them to save more. Thus, the traditional capital stock

and automation capital in the next period are higher, which, in turn, raises aggregate

income.

A recent contribution by Guerreiro et al. (2018) analyzes the optimality of a robot

tax in a static model of production. In contrast to the standard result on production

efficiency that it is not optimal to tax production inputs (Diamond and Mirrlees,

1971a,b; Judd, 1985; Chamley, 1986), Guerreiro et al. (2018) show how a robot tax

increases welfare as long as automation is not yet full. Since their paper is concerned

with the static efficiency gains of taxes on robots, whereas our paper is concerned with

the effects of a robot tax on the dynamic forces that determine long-run growth in the

OLG economy with automation, we view these two papers and their results as highly

complementary.

The paper is structured as follows. In Section 2, we present the basic formulation of

the OLG model with automation. In Section 3, we analyze the equilibrium dynamics

and show that such a model leads necessarily to long-run stagnation. In Section 4, we

show that the baseline mechanism is robust with respect to the following extensions

i) a three-period setting, ii) bequests, iii) the generalization of the utility function to

allow for an intertemporal elasticity of substitution that is different from unity, and

iv) the generalization of the production function to allow for imperfect substitutability

between robots and human labor. In section 5, we analyze the effects of a robot tax

on the steady-state capital stocks, on per capita income, and on welfare. In Section 6,

we summarize and draw conclusions for policy makers.

2 Automation in the canonical OLG framework

Consider an economy in which time t = 0, 1, 2 . . . evolves discretely and households live

for three time periods, youth, adulthood, and retirement. Children do not make any

economic decisions and fulfill their needs via the consumption expenditures of their

parents. Adults supply their available time on the labor market for the market clearing

wage wt and save for retirement. Retirees do not work and finance their consumption

expenditures at old age out of their savings carried over from adulthood. The popu-

lation growth rate is exogenous and denoted by n > −1 such that the evolution of the

population size is given by Nt+1 = (1 + n)Nt, where Nt refers to the size of the adult

cohort in period t.

Following Diamond (1965), households derive utility from consumption in adult-

hood, c1,t, and from consumption in retirement, c2,t+1. Assuming that households

discount the future at rate ρ > 0, which implies a discount factor of β = 1/(1 + ρ),

and a logarithmic utility function to guarantee analytical tractability, the household’s

lifetime utility is given by

Ut = log(c1,t) + β log(c2,t+1).
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Denoting the real interest rate on savings between time t and time t + 1 by rt+1, the

standard budget constraint of households is

c1,t +
c2,t+1

1 + rt+1
= wt, (1)

where the left-hand side refers to discounted lifetime consumption expenditures and

the right-hand side to lifetime labor income. Solving the household’s intertemporal

optimization problem yields the consumption Euler equation

c2,t+1

c1,t
= β(1 + rt+1) (2)

describing the optimal consumption growth path for a given interest rate and a given

discount factor. From this expression and the budget constraint, optimal consumption

and savings of adults follow as

c1,t =
1

1 + β
wt, st =

β

1 + β
wt. (3)

Note that adults consume and save a fraction of their wage income in the first period,

which allows them to build up assets for consumption when retired. However, young

adults do not yet have any asset income that they could save, which stands in contrast

to the models of Solow (1956), Cass (1965), and Koopmans (1965), where individuals

start to accumulate assets at the first moment of their life.

While the consumption side is identical to the standard canonical OLG model, the

production side changes in a fundamental way in the face of automation. There are

now three production factors: labor, which is supplied by adults on the labor market,

traditional physical capital in the form of machines, assembly lines, factory buildings,

etc., which is an imperfect substitute for labor, and automation capital in the form

of industrial robots, 3D printers, devices based on machine learning, etc., which is,

according to its very definition, a perfect substitute for labor3. In Subsection 4.3, we

relax this assumption and show that our results also hold in case of an imperfect sub-

stitutability between workers and automation capital. When investing their savings,

households can choose to buy traditional physical capital or automation capital.

Given this setting, the representative firm has access to a production technology

as described by Prettner (2019)

Yt = Kα
t (Nt + Pt)

1−α, (4)

where Yt denotes aggregate output (real GDP), Kt denotes the stock of traditional

physical capital, Pt denotes the stock of automation capital4, and α ∈ (0, 1) is the

elasticity of output with respect to traditional physical capital. This production func-

3See, for example, the definition of automation in Merriam-Webster (2017).
4The letter P stands for “programmable labor” because R for “robots” would lead to a confusion

with the rate of return on capital.
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tion conceptualizes the distinctive feature of automation capital as a perfect substitute

for labor.5

There is perfect competition in goods and factor markets such that all three pro-

duction factors are paid their marginal value products. Using aggregate output as the

numéraire, the profits of the representative firm are given by

Πt = Kα
t (Nt + Pt)

1−α − wtNt −RktKt −RptPt,

where Rkt is the rate of return on traditional physical capital and Rpt is the rate of

return on automation capital. The first term on the right-hand side is the revenue

of the representative firm, whereas the last three terms are the costs of production in

terms of the wage bill (wtNt), the expenses for traditional physical capital (RktKt),

and the expenses for automation capital (RptPt). Profit maximization then implies the

following factor rewards

wt
!

= Rpt = (1− α)

(
Kt

Nt + Pt

)α
, (5)

Rkt = α

(
Nt + Pt
Kt

)1−α
. (6)

Similar to the standard Diamond (1965) model, an increase in traditional physical

capital raises the wage rate because it raises the machine intensity of the economy and

therefore the productivity of workers. By contrast, an increase in automation capi-

tal has the opposite effect because automation capital competes closely with workers.

Thus, an increase in the stock of automation capital does not raise worker’s produc-

tivity as measured by their marginal value product but renders the workers more and

more redundant. Notice, however, that labor productivity as measured by output per

worker increases for both an increase in Kt and an increase in Pt. The reason is that

an increase in both types of capital implies more production for a given amount of

labor input.

5Below we show that the use of a more general production function such as in Steigum (2011),
where the elasticity of substitution between labor and automation capital is allowed to be lower than
in case of Equation (4) does not alter our central insights. The reason is that – with a lower elasticity
of substitution – the potential for positive long-run growth would be reduced and for low enough
levels it would not even emerge in the representative agent setting. In this case, we would be back
in the standard well-known stagnation steady state, irrespective of whether we consider the models
of Solow (1956), Cass (1965), and Koopmans (1965), or the model of Diamond (1965) as the baseline
framework.
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3 Equilibrium of the canonical model and main results

For low levels of the traditional capital stock and for low levels of automation capital,

Equations (5) and (6) imply

lim
Pt→0

Rpt = (1− α)

(
Kt

Nt

)α
and lim

Kt→0
Rkt =∞.

Consequently, the Inada conditions are not fulfilled for automation capital such that

the possibility of a corner solution emerges. If the traditional capital stock and the

automation capital stock are close to zero, individuals would only want to invest in

the accumulation of traditional physical capital because its return is higher. Only

later, for a large enough traditional physical capital stock, an interior equilibrium on

the capital market emerges. For certain parameters, investments in both types of

capital then yield the same rate of return and individuals start to accumulate both,

traditional physical capital and automation capital. Such an interior equilibrium of

the capital market is characterized by a no-arbitrage relationship between both types

of investment implying that Rkt = Rpt . From this condition, the following relationship

between Pt and Kt emerges that holds in an interior capital market equilibrium

Pt =

(
1− α
α

)
Kt −Nt. (7)

The intuition behind this relationship is best illustrated by referring to Equations (5)

and (6): a higher stock of traditional physical capital (Kt) raises the rate of return

on investment in automation capital (Pt) and reduces the rate of return on traditional

physical capital. Hence, the stock of automation capital has to rise in response to

re-establish the equality between the rates of return on traditional physical capital

and on automation capital. By contrast, a larger cohort size of adults (Nt) implies

that there are more workers available. In light of Equation (5), workers will then

have lower wages as a result such that the incentives to invest in automation capital

are reduced. This, in turn, leads to a decline in the equilibrium stock of automation

capital (see also Abeliansky and Prettner, 2017; Acemoglu and Restrepo, 2018a, for

theoretical considerations regarding this aspect and for supporting empirical evidence).

Altogether, the behavior of the stock of automation capital is given by

Pt = max

{
0,

(
1− α
α

)
Kt −Nt

}
,

which takes into account that households do not invest in automation capital if Equa-

tion (7) is negative. In this case the production function collapses to the standard

expression of the canonical OLG model as given by Yt = Kα
t N

1−α
t and, consequently,

the steady-state per capita capital stock and per capita income are constant.

To solve for the steady state that is associated with an interior equilibrium of the
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capital market, we plug the no-arbitrage relationship (7) into the production function

(4). This yields an AK-type of production technology in equilibrium

Yt =

(
1− α
α

)1−α
Kt, (8)

where A ≡ [(1−α)/α]1−α. As is well-known, such a production structure usually leads

to perpetual growth because there are constant returns with respect to the accumula-

tion of physical capital (see, for example, Romer, 1986; Rebelo, 1991). In neoclassical

models of automation that admit a representative household along the lines of Solow

(1956), Cass (1965), and Koopmans (1965), there is indeed the possibility of perpetual

long-run growth for exactly this reason. For the theoretical derivation of these growth

paths see Steigum (2011) and Prettner (2019). It is important to note that long-run

growth is possible for a constant level of technology and it is not the result of knowl-

edge spillovers due to a learning-by-doing mechanism. Instead, it follows directly from

the feature of automation that it is a substitute for labor, which prevents the dimin-

ishing returns of capital accumulation from kicking in. Thus, the standard neoclassical

convergence mechanism toward a steady state in which the economy stagnates is not

operative in this setting.

However, as we show next, the fact that automation leads to an AK-type of pro-

duction technology in case of an interior capital market equilibrium does not imply

sustained growth in the OLG model. This stands in sharp contrast to the described

findings of Steigum (2011) and Prettner (2019) for the representative agent neoclas-

sical growth model with automation. Since the economy is closed and we follow the

standard practice in OLG models by assuming that both types of capital fully depre-

ciate over the course of one generation, the aggregate stock of assets at time t + 1 is

determined by investment in period t. This implies the following law of motion for the

aggregate stock of assets

St = stNt
!

= Kt+1 + Pt+1 =
β(1− α)

1 + β

(
Kt

Nt + Pt

)α
Nt. (9)

We now define the competitive equilibrium of the economy with automation as

follows.

Definition 1. A competitive equilibrium is a sequence {Kt, Pt, c1,t, c2,t, Rt, R
k
t , R

p
t , wt}∞t=0,

such that

i) {Rt, Rkt , R
p
t , wt}∞t=0 satisfy (5), (6), and Rt = Rkt = Rpt ;

ii) {c1,t, c2,t}∞t=0 satisfy (2) and (3);

iii) {Kt, Pt}∞t=0 satisfy (7) and (9);

iv) {Nt}∞t=0 satisfies the population growth equation Nt+1 = (1 + n)Nt.
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Dividing Equation (9) by the size of the adult cohort Nt+1 and plugging the no-

arbitrage condition (7) into the result, we arrive at the capital accumulation equation

kt+1 = α+ α

(
β

1 + β

)(
1− α
1 + n

)(
α

1− α

)α
. (10)

It is immediately clear that there are no transitional dynamics and that the steady-

state capital-labor ratio of the economy is constant at kt+1 = kt = k. From inspecting

Equation (8) it follows that GDP per capita stagnates and there is no potential for

long-run economic growth. We summarize our main finding on the long-run growth

effects of automation in the canonical OLG economy in the following proposition.

Proposition 1. In the canonical overlapping generations model with automation and

an interior capital market equilibrium in which both traditional physical capital and

automation capital are accumulated:

i) the production structure resembles the properties of an AK type of growth model;

ii) the accumulation of automation capital reduces wages and therefore the sav-

ings/investments of households;

iii) the economy is trapped in a stagnation equilibrium because of the feedback effect

between automation and wage income.

This proposition implies that, in contrast to automation-augmented neoclassical

growth models with a representative agent, the economy necessarily stagnates in the

automation-augmented canonical OLG model even if agents invest in both types of

capital. The reason is that investment is fully financed out of wage income as implied

by (3). However, wage income itself is reduced by automation. In a sense, automation

is therefore digging its own grave in the OLG model.

4 Extensions of the baseline model

Next, we clarify the effects of the following extensions of the model: i) a three-period

setting, ii) bequests, iii) the generalization of the utility function to allow for an in-

tertemporal elasticity of substitution that is different from unity, and iv) a generaliza-

tion of the production function to allow for imperfect substitution between robots and

human labor. We show that in these settings automation does not have the potential

to lead to perpetual growth for the very same reasons as in the baseline model.

4.1 Three-period overlapping generations

One might surmise that a three-period structure would re-introduce the possibility of

perpetual growth because in the second period, individuals would have asset income
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that they could save. If we allow for such a three-period OLG structure, the consump-

tion side of the economy changes, while the production side does not. Households then

live for three periods and maximize their utility as given by

Ut = log(c1,t) + β log(c2,t+1) + β2 log(c3,t+2)

subject to the budget constraints that take into account that individuals work in the

first and in the second period of their lives but that they are retired in the third period:

c1,t = wt − st,

c2,t+1 = wt+1 + (1 + rt+1)st − st+1,

c3,t+2 = (1 + rt+2)st+1.

The resulting Euler equations are given by

c2,t+1

c1,t
= β(1 + rt+1),

c3,t+2

c2,t+1
= β(1 + rt+2).

Using the Euler equations and the budget constraints, we can derive savings as

st =

[
β + β2

(1 + β + β2)

]
wt −

[
1

(1 + β + β2)

]
wt+1

(1 + rt+1)
.

From the no-arbitrage relation for investments in traditional physical capital and in

automation capital (7), the equilibrium accumulation equation for the capital stock

per worker follows as(
1 +

1− α
α

)
kt+1 = 1 +

[
(β + β2)(1− α)

(1 + β + β2)(1 + n)

](
α

1− α

)α

−
[

(1− α)

(1 + β + β2)(1 + n)

] (
α

1−α

)α[
1 + α

(
α

1−α

)α−1] .
It is thus immediately clear that the stagnation result from the baseline model carries

over to the three-period overlapping generations case.

4.2 Bequests

Another obvious conjecture is that allowing for bequests might change our central

result because bequests lead to capital holdings of the young such that they have an

additional source of income apart from their work.
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4.2.1 Warm glow motive of giving

One way of modeling bequests in our setting is by the warm glow motive of giving

(Andreoni, 1989), according to which the members of the old generation derive utility

from their bequests to the young. This implies that the preferences of households and

the budget constraint change as compared to the baseline model. When turning old,

the bequest that the individual has received when young is rented out to firms. In this

period the individual begets an offspring, works, and dies. For simplicity, we assume

that the young do not consume and work and that there is no population growth.

Thus, the size of each cohort is normalized to unity (for the exposition of the problem

without automation capital see Acemoglu, 2009, pp.342ff.).

Taking bequests into account, the income yi,t of individuals in generation t consists

of wage income and capital income from bequests

yi,t ≡ wt + (1 + rt)bi,t−1

where bi,t−1 is the bequest that the offspring received. This income can then be spent

on consumption and on bequests to the next generation such that

yi,t = ci,t + bi,t.

Considering the normalization Nt = 1 for all t and solving the household problem

under the assumption that individuals live for two generations and have a logarithmic

utility function as in the canonical model, the evolution of individual bequests and the

evolution of aggregate bequests coincide and read

bi,t =
β

1 + β
yi,t =

β

1 + β
[wt + (1 + rt)bi,t−1] ,

where β/(1 + β) can be interpreted as the bequest rate. Thus, the model has an

endogenous wealth distribution that evolves over time and depends on the evolution

of wt and Rt.

The production side is as in the canonical OLG model with automation that we

described above. Capital market clearing requires that Kt+1 +Pt+1
!

= Bt. Dividing by

the population size we get

kt+1 + pt+1 =
β

1 + β
[wt + (1 + rt)(kt + pt)] .

Considering the no-arbitrage relationship between the rates of return on traditional

physical capital and on automation capital, we derive the evolution of the traditional

physical capital stock per worker as

kt+1 = α+ α
β

1 + β

{
(1− α)

[
α

1− α

]α
− α

[
1− α
α

]1−α}
+ α

β

1 + β

[
1− α
α

]1−α
kt,
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where we define the composite coefficients

Λ = α
β

1 + β

{
(1− α)

[
α

1− α

]α
− α

[
1− α
α

]1−α}
,

Γ = α
β

1 + β

[
1− α
α

]1−α
.

The growth rate of k is then given by

gk,t+1 :=
kt+1 − kt

kt
= (α+ Λ)k−1t + (Γ− 1).

From this expression it follows that the long-run growth rate of kt converges to zero.

At the steady state, we thus have kt+1 = kt = k such that the steady-state capital

stock k solves for

k =

(
α+ Λ

1− Γ

)
.

Again, as in the canonical model, stagnation prevails in the long run despite the

presence of automation and bequests.

4.2.2 Altruistic linkages across generations

An alternative way of modeling bequests is to assume altruistic linkages across gener-

ations in line with Barro (1974). In doing so, we follow the exposition of Barro and

Sala-i-Martin (2003, pp. 198-200) and assume the following dynastic utility function

Ut =

∞∑
i=0

(
β

1 + n

1 + φ

)i
[log(c1,t+i) + β log(c2,t+1+i)] ,

where φ ∈ (−1,∞) measures the strength of intergenerational linkages, i.e., the degree

of altruism. If φ = 0, individuals attach the same weight to their offspring as to

themselves such that there is perfect intergenerational altruism. If φ tends to infinity,

by contrast, there is no intergenerational altruism and the utility function collapses to

the one in the baseline model. −1 < φ < 0 can be interpreted as a case where parents

attach more weight to the utility of their offsprings relative to their own utility. As in

Barro and Sala-i-Martin (2003), population growth n can be positive.

The budget constraint and the production function are as in the baseline model

and given by (1) and (4). Solving the household’s optimization problem and plugging

in the expressions for the interest rate and the no-arbitrage relation for investments in

the two types of capital yields the following consumption Euler equation for aggregate

consumption

ct+1

ct
= β

αα(1− α)1−α

1 + φ
.
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We observe that the right-hand side of the consumption Euler equation consists only

of exogenous parameters such that, depending on the value of these parameters, three

different cases can in principle emerge: i) if the right-hand side is greater than one,

there is perpetual consumption growth over time such that perpetual long-run eco-

nomic growth prevails; ii) if the right-hand side is equal to one, then consumption

stagnates and the economy is at its steady state; iii) if the right-hand side is lower

than one, consumption declines perpetually and converges to zero. These cases are

qualitatively in line with the results of Steigum (2011) for the representative agent

neoclassical growth model with automation. However, we will see next that the first

case is impossible to occur for the routinely considered range of φ ∈ [0,∞) and the

generally agreed-upon values for α and β in the literature.

To this end, we compute the value of intergenerational altruism (φ) depending on

α and β at which consumption switches between growing and shrinking. This relation

is given by

φ = βαα(1− α)1−α − 1

and we have

ct+1

ct
:


> 1, if φ < βαα(1− α)1−α,

= 1, if φ = βαα(1− α)1−α,

< 1, if φ > βαα(1− α)1−α.

In Figure 1, we plot the values of φ and the associated consumption growth rates for

α = 1/3 (see, for example, Jones, 1995; Acemoglu, 2009) and β = 0.6, which corre-

sponds to a yearly discount rate of 2%. We observe that positive long-run growth is

only possible for negative values of φ such that individuals would attach more weight

to their children than they do to themselves. Please note that the rather low value of

the yearly discount rate makes it more likely that consumption growth could, in prin-

ciple, be positive depending on the measure for intergenerational altruism, φ. Raising

the yearly discount rate would therefore imply that we needed even lower values of φ

to generate perpetual long-run growth in the model.

To summarize, while intergenerational linkages by altruism would, in principle,

allow for the emergence of a long-run balanced growth path with constant positive

consumption growth in the automation-augmented OLG framework, the implied pa-

rameter value required for intergenerational altruism were negative and therefore out-

side of the routinely considered range.

4.3 The general model with isoelastic utility and CES production

In this extension, we investigate whether our result from the canonical model holds

true in case of a more general utility function and a more general production structure.
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Figure 1: Consumption growth depending on intergenerational altruism as measured
by φ

0
-1 1 5 10

ϕ

-1

-0.5

ct+1 - ct

ct

Notes: Consumption growth depending on the parameter measuring intergenerational altruism
(φ). A smaller value of φ implies that parents attach a higher weight on the utility of their parents.
In case of φ = 0 there is perfect intergenerational altruism. The other parameters required for
plotting consumption growth are given by α = 1/3 (Jones, 1995; Acemoglu, 2009) and β = 0.6,
which corresponds to a yearly discount rate of 2%. We observe that long.run consumption growth
is only positive for negative values of φ implying that parents would attach more weight to the
utility of their children than to themselves.

To this end, we assume that household’s utility is derived from consumption according

to the following iso-elastic utility function

Ut =
c1−θ1,t − 1

1− θ
+ β

c1−θ2,t+1 − 1

1− θ
,

where θ is the coefficient of relative risk aversion such that the elasticity of intertem-

poral substitution is given by 1/θ. Maximizing utility subject to the same budget

constraint as in the canonical model yields the following modified Euler equation

c2,t+1

c1,t
= [β(1 + rt+1)]

1
θ .
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Together with the lifetime budget constraint, the Euler equation allows us to derive

first period consumption and savings st = wt − c1,t as

c1,t =
wt[

1 + β
1
θ (1 + rt+1)

1
θ
−1
] ,

st =

1− 1[
1 + β

1
θ (1 + rt+1)

1
θ
−1
]
wt.

For later reference, we follow Acemoglu (2009) and rewrite savings as

st =
wt
ψt+1

,

where

ψt+1 ≡ 1 +
[
β

1
θ (1 + rt+1)

1
θ
−1
]−1

.

Aggregate savings are again given by St = stNt and the population grows at rate n.

On the production side, we allow for a more general CES specification along the

lines of Steigum (2011) in which automation capital and labor are imperfect substitutes:

Yt = Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ ,

where µ ∈ (−∞, 1] determines the substitutability between automation capital and

workers and ν is the production share parameter of automation capital. For µ→ −∞,

we would get a Leontief production function in which human labor and automation

capital were perfect complements, whereas for µ→ 1, we would get the perfect substi-

tutability case. The factor prices are then given by

wt =
1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
,

Rpt =
1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
νµPµ−1t

]
,

Rkt = αKα−1
t [νPµt + (1− ν)Nµ

t ]
1−α
µ .

From a qualitative perspective, similar interpretations obtain as in the canonical OLG

model in which automation capital and human labor are perfect substitutes. Applying

the no-arbitrage condition Rkt
!

= Rpt to the new setting implies the following relation

between traditional physical capital and automation capital

Kt =
αµ

1− α
νPµt + (1− ν)Nµ

t

νµPµ−1t

. (11)

At the competitive equilibrium, we have Kt+1+Pt+1 = stNt such that the evolution
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of assets is given by

Kt+1 + Pt+1 =

[
1− 1

1 + β
1
θ (1 + rt+1)

1
θ
−1

]
× 1− α

µ
Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
Nt.

In terms of per capita variables, the following conditions apply

kt =
α

ν(1− α)

[
νpt + (1− ν)p1−µt

]
,

Rt = αkα−1t [νpµt + (1− ν)]
1−α
µ ,

wt = (1− α)(1− ν)kαt [νpµt + (1− ν)]
1−α−µ

µ ,

kt+1 + pt+1 =
wt

(1 + n)ψt+1
.

It is well-known that the general OLG model is not tractable analytically and this

is also the case here. We therefore linearize the model and solve it numerically.6 In

doing so, we assume that a generation lasts for 25 years, which is a standard value

in the OLG literature. As far as the parameter values are concerned, we set α = 1/3

(Jones, 1995; Acemoglu, 2009) and β = 0.6 (corresponding to a yearly discount rate

of 2%) as before, assume population growth at rate n = 0.25, which corresponds to

a yearly population growth rate of 0.9% (World Bank, 2019), take µ = 0.5 such that

the elasticity of substitution between robots and workers is 2 (which is a plausible

value given the substitutability between low-skilled and high-skilled workers reported

by Acemoglu and Autor, 2012; DeCanio, 2016), and assume that ν = 0.1, and θ = 2

(Chetty, 2006; Guvenen, 2006).

The results for the stock of traditional physical capital per capita, automation

capital per capita (multiplied by 100 to facilitate the comparison with the physical

capital stock), the wage rate, and the capital rental rate are displayed in Figure 2.

We observe that the economy converges to the steady-state solution with a stagnating

income in the long run. Thus, the results of the canonical model carry over to the

generalized case.

There are two additional extensions that do not invalidate our central result: i)

the effects of labor-augmenting technological progress are as in the standard OLG

model, which we demonstrate in Appendix A. Technological progress merely introduces

exogenous growth to the setting presented here. It cannot lead to a situation in which

automation would be an independent source of growth (in contrast to the representative

agent setting); (ii) Lankisch (2017, pp. 46-51) extends our analysis to a setting in

which two types of labor are available in the economy: low-skilled labor, which is a

perfect substitute for robots, and high-skilled labor, which is an imperfect substitute

6The details for the calculations are provided in Appendix B.
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for robots. He demonstrates that the stagnation result remains valid in this setting.7

We summarize all the results of the extensions in the following remark.

Remark 1. The result that automation does not have the potential to lead to perpetual

growth in the OLG framework carries over from the canonical model to a setting with

i) three-period overlapping generations,

ii) bequests,

iii) a more general iso-elastic utility function and a more general CES production

function,

iv) exogenous technological progress,

v) low-skilled and high-skilled labor in which only low-skilled labor is a perfect sub-

stitute for automation capital.

At this stage we want to emphasize again that it is not our aim to argue that

the OLG model is superior to the representative agent setting or that we believe that

automation will lead to stagnation. By contrast, our aim is much more modest. We

want to show that caution has to be applied when modeling the effects of automation

because the result is not robust to the underlying model of the consumption/saving

decision. An OLG framework can lead to very different predictions as compared with

a representative agent neoclassical growth setting.

5 The effects of a robot tax

A natural question that emerges in our context is the extent to which redistribution

policies can affect the impact of automation on the economy. In particular, a tax on

robots is often suggested as a solution to mitigate some of the negative consequences of

automation. For example, Bill Gates stated in an interview in 2017 that “[. . . ]taxation

is certainly a better way to handle it than just banning some elements of it.” Gates

also mentioned how such a tax could be designed: “Some of it can come on the profits

that are generated by the labor-saving efficiency there. Some of it can come directly in

some type of robot tax.” (Delaney, 2017). Furthermore, some governments and even

the European Parliament are considering ideas about a robot tax (see, for example,

Prodhan, 2017). In the context of our model, it might be straightforward to conjecture

that a tax on the income generated by robots and an associated redistribution of

the proceeds of the tax toward workers who do not own assets could raise aggregate

savings and enable the asset-poor parts of the population to participate in the gains

of automation. In the following we show that, while such a scheme is not effective in

7For an early contribution analyzing the effects of computerization on workers with different skill
levels, see Autor et al. (2003).
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overcoming long-run stagnation, it can raise the levels of per capita income and welfare

at the steady state under certain conditions.

To conceptualize the tax-transfer scheme, we examine lump-sum transfers to the

working age adults denoted by τ̄t, which are financed by a tax on the use of automation

capital by firms (the robot tax) at rate τ > 0. The budget constraint of households in

the model with taxes and redistribution has to be modified and is given by

c1,t +
c2,t+1

1 + rt+1
= wt + τ̄t.

Please note that transfers generally depend on time t because, as the stock of robots

and their price change during transition, the tax base also changes (cf. Prettner and

Strulik, 2019). Thus, even for a constant robot tax rate, the transfers to each individual

might vary over time. Analogous to the previous section, the solution of individual

savings is given by

st =
wt + τ̄t
ψt+1

.

The profit-maximization problem of the representative firm in case of the tax-subsidy

scheme becomes to maximize

Πt = Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ − wtNt − (1 + τ)RptPt −RktKt

by choosing employment Nt, the use of traditional physical capital Kt, and the use of

automation capital Pt. This profit function takes into account that a constant robot tax

τ increases the cost of employing automation capital versus other types of machines. As

a consequence, τ distorts the no-arbitrage condition between using traditional physical

capital Kt and automation capital Pt in favor of using traditional capital Kt. Solving

the no-arbitrage condition for the employment of traditional physical capital as above

leads to the following relation between traditional physical capital and automation

capital

Kt = (1 + τ)

{
αµ

1− α
[νPµt + (1− ν)Nµ

t ]

νµPµ−1t

}
.

When comparing this to Equation (11) of the model without the tax, more traditional

physical capital is used in the production process when the robot tax rate is positive.

This is intuitively clear because the robot tax increases the cost of producing with

robots as compared to traditional machines such that firms would switch to the latter.

Next we calculate the lump-sum transfers to each adult recognizing that the aggre-

gate proceeds of the robot tax are given by τRptPt. Dividing by the size of the adult

18



cohort Nt, we get the amount that each individual receives as

τ̄t = τRpt

(
Pt
Nt

)
.

With these ingredients, we can derive the equilibrium capital accumulation equation

by using again that Kt+1 + Pt+1 = stNt such that

Kt+1 + Pt+1 =

1− 1[
1 + β

1
θ (1 + rt+1)

1
θ
−1
]
×{

1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
+ τtR

p
t pt

}
Nt.

Using the conditions derived based on the no-arbitrage relationship, we again write

the equations that fully describe our economy as

kt = (1 + τ)

{
α

ν(1− α)

[
νpt + (1− ν)p1−µt

]}
Rt = αkα−1t [νpµt + (1− ν)]

1−α
µ

wt = (1− α)(1− ν)kαt [νpµt + (1− ν)]
1−α−µ

µ

kt+1 + pt+1 =
wt + τRtpt
(1 + n)ψt+1

.

Next, we linearize the model and solve it numerically. We display the results for

the stock of traditional physical capital per capita, automation capital per capita

(multiplied by 100 to facilitate the comparison with the physical capital stock), the

wage rate, and the capital rental rate in Figure 3. As before, we observe that the

economy converges to the steady-state solution with stagnating stocks of per capita

traditional capital and per capita automation capital. Thus, also incomes stagnate in

the long run and the result of the canonical model carries over to the economy with

the robot tax.

While our analysis shows that the long-run growth result from the canonical OLG

model is robust to the introduction of a robot tax that is redistributed to households,

we now investigate what happens to the levels of the capital stocks and to income

if such a robot tax is introduced. In doing so, we also trace the effects of different

tax rates on wages, savings, consumption in the two periods of life, the rate of return

on capital at the steady state, and the tax revenue. The results are shown in Figure

4. Overall, we observe “Laffer” effects in the sense that – for a low robot tax rate –

the increase of the tax rate has positive effects on per capita income. However, these

effects turn negative beyond a certain level of the tax rate.
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Figure 2: Simulation of the transitional dynamics of the general model
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Notes: Simulation of the general model with iso-elastic utility function and CES production
function. Parameter values: α = 1/3, β = 0.6, n = 0.25, µ = 0.5, ν = 0.1, and θ = 2.
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Figure 3: Simulation of the transitional dynamics of the general model with a positive
robot tax rate τ = 0.5

(a) Robots per worker scaled by 100
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(f) Robot tax revenues scaled by 1000
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Notes: Simulation of the general model with iso-elastic utility function and CES production
function for the case of a robot tax at rate τ = 0.5. Parameter values: α = 1/3, β = 0.6,
n = 0.25, µ = 0.5, ν = 0.1, and θ = 2. 21



Figure 4: An analysis of the effects of robot taxes on the steady-state outcomes in the
general model

(a) Robots per worker scaled by
100

1 2 3 4
τ

0.0001

0.0002

0.0003

pss

(b) Traditional capital stock
per worker

1 2 3 4
τ

0.0722

0.0724

0.0726

kss

(c) Output per worker

1 2 3 4
τ

0.3623

0.3624

0.3625

0.3626

0.3627

0.3628

yss

(d) Wage rate

1 2 3 4
τ

0.2410

0.2412

0.2414

0.2416

0.2418

wss

(e) Capital rental rate

1 2 3 4
τ

0.01670

0.01675

0.01680

Rss/100

(f) Robot tax revenues scaled
by 1000

1 2 3 4
τ

0.05

0.10

τss*1000

(g) Savings per worker

1 2 3 4
τ

0.0903

0.0905

0.0906

0.0907

0.0908

0.0909

sss

(h) Consumption per worker in
the first period of live

1 2 3 4
τ

0.15070

0.15075

0.15080

0.15085

0.15090

0.15095

0.15100

c1
ss

(i) Consumption per worker in
the second period of live

1 2 3 4
τ

0.1512

0.1513

0.1514

0.1515

0.1516

0.1517

c2
ss

Notes: Steady-state outcomes of the general model with iso-elastic utility function and CES
production function for a varying robot tax at rate τ ∈ [0, 4]. Parameter values: α = 1/3,
β = 0.6, n = 0.25, µ = 0.5, ν = 0.1, and θ = 2.
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The intuitive explanation for this result is that the robot tax distorts the optimal

split between investments in traditional physical capital and in automation capital in

favor of the former. Ceteris paribus, this raises the traditional physical capital stock

and lowers the stock of automation capital as long as the robot tax is comparatively

low. As is clear from the production function, this raises the wages of the workers

in the next period, which, in turn, allows them to save and invest more. Thus, the

traditional physical capital stock and the stock of automation capital increase in the

next period, which leads to a higher aggregate income level. As the robot tax rate

increases, however, the negative effect that the robot tax rate has on the rate of return

of both types of capital becomes stronger. This discourages capital accumulation and

eventually leads to a dampening of the wage rate. Eventually, with further rising robot

taxes, output and consumption start to decline. Thus, there is an interior tax rate that

maximizes per capita output at the steady state.

To calculate the welfare effects of the robot tax at the steady state, we follow Lucas

(1990), Cooley and Hansen (1992) and others, and compute the consumption equivalent

by which an individual needs to be compensated in case of the implementation of the

robot tax such that she is equally well off in terms of utility compared with the situation

before the implementation of the robot tax. Lifetime utility of an agent born in period

t at the steady state without the robot tax is

U0 =
c1−θ1,0 − 1

1− θ
+ β

c1−θ2,0 − 1

1− θ
,

where c1,0 and c2,0 denote consumption when young and old at the steady state with

τ = 0. To get the consumption amount that is needed to compensate the agent for

the effects of a robot tax, we solve

U0 =
[c1,τ (1 + x1)]

1−θ − 1

1− θ
+ β

[c2,τ (1 + x2)]
1−θ − 1

1− θ

either for x1 by setting x2 = 0, or for x2 by setting x1 = 0. Here c1,τ and c2,τ are

consumption when young and old at the steady state with τ > 0. For x1 and x2 we

get

x1 =

c1−θ1,0 + β
(
c1−θ2,0 − c

1−θ
2,τ

)
c1−θ1,τ


1

1−θ

− 1,

x2 =

β−1
(
c1−θ1,0 − c

1−θ
1,τ

)
+ c1−θ2,0

c1−θ2,τ


1

1−θ

− 1.

Then we can compute either (x1×c1,τ )/yτ , or (x2×c2,τ )/yτ , which is the compensating

variation (CV) – leaving an agent equally well off after the implementation of the policy

as before – either in units of consumption when young or in units of consumption
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when old, given as a fraction of output at the stead state with the robot tax. The

consumption levels are given by

c1,0 =
w0

1 + β
1
θ (1 + r0)

1
θ
−1
,

c1,τ =
wτ + τ̄

1 + β
1
θ (1 + rτ )

1
θ
−1
,

c2,0 =
[β(1 + r0)]

1
θ w0

1 + β
1
θ (1 + r0)

1
θ
−1
,

c2,τ =
[β(1 + rτ )]

1
θ (wτ + τ̄)

1 + β
1
θ (1 + rτ )

1
θ
−1

,

where c2,0 and c2,τ follow from the corresponding Euler equations.

The result for a range of values τ ∈ [0, 4] is displayed in Figure 5. For our baseline

parameter values, τ = 0.55 maximizes welfare. If we reduce µ from 0.5 to 0.4 such that

automation capital becomes a worse substitute for labor, the optimal tax rate rises to

τ = 0.57, whereas it decreases to τ = 0.54 if we raise µ to 0.6 such that workers and

robots become better substitutes. This implies that introducing a robot tax could be

a valuable option for policymakers if an economy followed an OLG saving/investment

structure.

24



Figure 5: Welfare effects of the robot tax for a tax rate in the interval [0, 4] in terms
of the compensating variation (CV)
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Notes: Steady-state compensating variation (CV) of the general model with iso-elastic utility
function and CES production function for a varying robot tax at rate τ ∈ [0, 4]. The solid line
represents the CV in terms of consumption on the first period of the life-cycle, whereas the dashed
line represents the CV in terms of consumption in the second period of the life-cycle. Parameter
values: α = 1/3, β = 0.6, n = 0.25, µ = 0.5, ν = 0.1, and θ = 2.
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Altogether, the robot tax has the potential to raise per capita capital, per capita

output, and welfare at the steady state. However, we have to emphasize that this

result is only derived here for a closed economy, where capital in either form cannot

move abroad. In an open economy setting, the robot tax faces the same difficulties as

a tax on any mobile production factor: it is very easy to move a mobile production

factor to a jurisdiction that does not impose such a tax and export the goods produced

with robots in the foreign economy to the home market. A successful implementation

of a robot tax then depends on whether or not it is implemented by all (or – at least

– sufficiently many economically powerful) countries jointly. Thus, the results of our

model with respect to the taxation of robots can only be interpreted to hold for a large

entity such as all OECD countries taken together.

A second caveat applies if innovation and automation are endogenously determined

as in Prettner and Strulik (2019). They show that the introduction of a robot tax

reduces the incentives to invest in new technologies to the extent that technological

progress and economic growth slow down after its introduction. Thus, the robot tax

decreases income of future generations as compared to the baseline trajectories without

the robot tax in such a setting.

6 Conclusions

Representative-agent neoclassical growth models and OLG models lead to different

predictions regarding the consequences of automation for long-run economic growth.

In representative agent neoclassical growth models with automation, the diminish-

ing returns to capital accumulation are overcome by automation to the extent that

the overall production structure resembles the properties of an AK growth model

and long-run economic growth becomes possible even without technological progress.

By contrast, the canonical OLG model of Diamond (1965) always implies economic

stagnation even if the diminishing returns to capital accumulation are overcome by

automation. The reason for stagnation is that, in this framework, households save

exclusively out of their labor income. By definition, however, automation competes

with labor and depresses the wage rate. This reduces the saving/investment potential

of households and prevents the economy from growing. We show that this baseline

result holds true in various extensions of the model i) toward a three-period setting,

ii) toward including bequests, iii) toward a generalization of the utility function with

an elasticity intertemporal of substitution different from unity, and iv) toward a gen-

eralization of the production function with imperfect substitutability between robots

and human labor.

We also analyze the effects of a robot tax in the more general setting with extensions

iii) and iv) and show that it has the potential to raise per capita capital, per capita

output, wages, and welfare at the steady state. However, it cannot overcome the

stagnation equilibrium of the economy. This result with respect to robot taxation
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derived in a dynamic setting complements the result of Guerreiro et al. (2018) that a

robot tax can be efficient in a static setting. A caveat to our result applies if innovation

and automation are endogenously determined as in Prettner and Strulik (2019). In

this setting a robot tax might reduce the incentives to invest in new technologies to the

extent that technological progress and economic growth slow down. Thus, the robot tax

would decrease the income of future generations as compared to the baseline situation

without the robot tax. In addition, from a policy perspective, the implementation of a

robot tax would require a coordinated move across countries because otherwise capital

might move to jurisdictions without a robot tax.

Finally, we would like to stress once more that our main point is not that we believe

that automation implies stagnation. We also do not think that the OLG model is a

more realistic depiction of the saving/investment choices of households than the one in

the representative agent neoclassical growth model. We merely provide a cautionary

tale in the debate on automation by showing that the underlying modeling structure

of saving/investment decisions matters in assessing the effects of automation, whereas

it does not usually matter in the analysis of other phenomena related to economic

growth. Thus, when analyzing the economic impact of automation, it is even more

important to think carefully about the underlying framework’s properties and to be

transparent on the modeling choices and its potential implications. Otherwise, just

by choosing a different underlying model formulation, very different conclusions could

emerge. Ultimately, the relevance of the theoretical channel described in this paper

needs to be assessed from an empirical perspective.
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Guimarães, L. and Mazeda Gil, P. (2019). Explaining the labor share: Automation vs

labor market Institutions. MPRA Paper No. 92062.

Guvenen, F. (2006). Reconciling conflicting evidence on the elasticity of intertemporal

substitution: A macroeconomic perspective. Journal of Monetary Economics, Vol.

53:1451–1472.

Hémous, D. and Olsen, M. (2016). The Rise of the Machines: Automation, Horizontal

Innovation and Income Inequality. Mimeo.

International Federation of Robotics (2015). World Robotics. Industrial Robots 2015.

International Federation of Robotics.

Jones, C. I. (1995). R&D-based models of economic growth. Journal of Political

Economy, Vol. 103(No. 4):759–784.

Judd, K. (1985). Redistributive taxation in a simple perfect foresight model. Journal

of Public Economics, Vol. 28(No. 1):59–83.

30



Koopmans, T. C. (1965). On the concept of optimal economic growth. In The Econo-

metric Approach to Development Planning. Amsterdam: North Holland.

Lankisch, C. (2017). Effekte der Automatisierung auf Wirtschaftswachstum und

Lohnentwicklung. Master thesis available at http://repositum.tuwien.ac.at/

obvutwhs/content/titleinfo/1943404.

Lankisch, C., Prettner, K., and Prskawetz, A. (2019). How can robots affect wage

inequality? Economic Modelling, Vol. 81:161–169.

Lucas, R. (1990). Supply-Side Economics: An Analytical Review. Oxford Economic

Papers, 42(2):293–316.

Merriam-Webster (2017). “Automation.” Retrieved on March 3, 2017, from https:

//www.merriam-webster.com/dictionary/automation.

National Science Foundation (2009). Maybe robots dream of electric sheep, but can

they do science? Press release. url: https://www.nsf.gov/news/news_summ.jsp?

cntn_id=114495 [accessed on 01/01/2018].

Piketty, T. (2014). Capital in the Twenty-First Century. The Belknap Press of Harvard

University Press.

Prettner, K. (2019). A note on the implications of automation for economic growth

and the labor share. Macroeconomic Dynamics, Vol. 23(No. 3):1294–1301.

Prettner, K. and Strulik, H. (2019). Innovation, Automation, and Inequality: Pol-

icy Challenges in the Race against the Machine. Journal of Monetary Economics.

(forthcoming).

Prodhan, G. (2017). European parliament calls for robot law, rejects robot tax. http:

//www.reuters.com/article/us-europe-robots-lawmaking-idUSKBN15V2KM

[accessed on 01/06/2017].

Rebelo, S. (1991). Long-Run Policy Analysis and Long-Run Growth. Journal of

Political Economy, Vol. 99(No. 3):500–521.

Romer, P. (1986). Increasing returns and long-run growth. Journal of Political Econ-

omy, Vol. 94(No. 5):1002–1037.

Sachs, J. D., Benzell, S. G., and LaGarda, G. (2015). Robots: Curse or blessing? A

basic framework. NBER Working Paper 21091.

Sachs, J. D. and Kotlikoff, L. J. (2012). Smart machines and long-term misery. NBER

Working Paper 18629.

Schmidt, M. and Lipson, H. (2009). Distilling free-form natural laws from experimental

data. Science, Vol. 324(No. 5923):81–85.

31



Solow, R. M. (1956). A contribution to the theory of economic growth. The Quarterly

Journal of Economics, Vol. 70(No. 1):65–94.

Steigum, E. (2011). Frontiers of Economics and Globalization: Economic Growth and

Development, chapter 21: Robotics and Growth, pages 543–557. Emerald Group.

Tegmark, M. (2017). Life 3.0: Being Human in the Age of Artificial Intelligence. Allen

Lane – Penguin Random House. London, UK.

The Economist (2014). Immigrants from the future. A special report on robots. The

Economist, March 27th 2014.

World Bank (2019). World Development Indicators 1960–2019. The World Bank,

Washington, DC.

32



Appendix

A The effects of labor-augmenting technological progress

In this appendix we show that the general insights of the canonical model and the cor-

responding intuition do not change when we allow for labor-augmenting technological

progress. In this case, the production side of the economy has to be modified, while

the consumption side stays as in the baseline model. The modified production function

of the canonical OLG model is then given by

Yt = Kα
t (AtNt + Pt)

1−α,

where technology evolves according to At+1 = (1 + g)At with A0 = 1 and g > 0. The

effective capital-labor ratio k̃ ≡ K/AL is given by

k̃ = α+ α

(
β

1 + β

)
(1− α)

(1 + n)(1 + g)

(
α

1− α

)α
(A.1)

at the steady state. In this case, per capita variables grow along a balanced growth

path at the rate of technological progress, g. For g = 0, Equation (A.1) collapses to

Equation (10) and the economy is back in the stagnation steady state. Thus, with

positive long-run growth, our result still holds true in the sense that automation does

not represent an additional engine for long-run economic growth besides technological

progress. Note that – in the representative agent setting in which individuals safe out

of labor income and out of capital income – automation would act as an additional

source of long-run growth apart from technological progress.

B The general model with robot tax

In this Appendix, we provide the derivation of the model with an iso-elastic utility

function and a CES production function. The equations for the case without the robot

tax follow directly by setting τ = 0.

B.1 Consumption Side

Consider the following problem

max
c1,t,c2,t+1,st

Ut = u(c1,t) + βu(c2,t+1) s.t.

c1,t = wt + τ̄t − st, (B.1)

c2,t+1 = (1 + rt+1)st, (B.2)

where rt+1 ≡ Rt+1 − δ is the real interest on a one-period loan from t to t + 1, Rt+1

is the rental rate of capital, and τ̄t is the transfer financed by the robot tax. The
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Lagrangian is

L(·) = [u(c1,t) + λt(wt + τ̄t − st − c1,t)]

+ β [u(c2,t+1) + λt+1((1 + rt+1)st − c2,t+1)] .

The FOCs are

∂L(·)
∂c1,t

!
= 0 ⇔

[
u′(c1,t)− λt

] !
= 0,

∂L(·)
∂c2,t+1

!
= 0 ⇔ β

[
u′(c2,t+1)− λt+1

] !
= 0,

∂L(·)
∂st

!
= 0 ⇔ −λt + βλt+1(1 + rt+1)

!
= 0,

with ∂L(·)/∂λt and ∂L(·)/∂λt+1 establishing (B.1) to (B.2). Assuming iso-elastic

utility

Ut =
c1−θ1,t − 1

1− θ
+ β

c1−θ2,t+1 − 1

1− θ
,

the FOCs imply the following Euler equation

c2,t+1

c1,t
= [β(1 + rt+1)]

1
θ . (B.3)

Next, we combine (B.1) and (B.2) by replacing st to get

c2,t+1 = (1 + rt+1)(wt + τ̄t − c1,t).

Using the Euler equation (B.3), we can obtain optimal consumption c1,t as

c1,t =
(wt + τ̄t)

1 + β
1
θ (1 + rt+1)

1
θ
−1
.

With this result, optimal savings st can be derived by using (B.1) as

wt

1 + β
1
θ (1 + rt+1)

1
θ
−1

= wt + τ̄t − st

⇔ st =

[
1− 1

1 + β
1
θ (1 + rt+1)

1
θ
−1

]
(wt + τt).

Rewriting along the lines of Acemoglu (2009) yields

st =
wt + τ̄t
ψt+1

,

where ψt+1 ≡ 1 +
[
β

1
θ (1 + rt+1)

1
θ
−1
]−1

.
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B.2 Production Side

The representative firm rents the capital and labor available at period t such that the

problem of the representative firm is given by

max
Kt,Pt,Nt

Πt = Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ − wtNt − (1 + τ)RptPt −RktKt

with τ referring to the robot tax and the production function being as in Steigum

(2011). The FOCs are

∂Πt

∂Nt

!
= 0 ⇔ 1− α

µ
Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
− wt

!
= 0,

∂Πt

∂Pt

!
= 0 ⇔ 1− α

µ
Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
νµPµ−1t

]
− (1 + τt)R

p
t

!
= 0,

∂Πt

∂Kt

!
= 0 ⇔ αKα−1

t [νPµt + (1− ν)Nµ
t ]

1−α
µ −Rkt

!
= 0.

The factor prices are thus

wt =
1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
,

(1 + τt)R
p
t =

1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
νµPµ−1t

]
,

Rkt = αKα−1
t [νPµt + (1− ν)Nµ

t ]
1−α
µ

and the no-arbitrage condition for investments in the two types of capital pins down

to

Rkt
!

= Rpt

⇔ (1 + τt)[νP
µ
t + (1− ν)Nµ

t ] =
1− α
αµ

Kt

[
νµPµ−1t

]
⇔ Kt = (1 + τt)

(
αµ

1− α
[νPµt + (1− ν)Nµ

t ]

νµPµ−1t

)
.

We assume that the total proceeds of the robot tax are redistributed to the households

in a lump-sum manner such that

τ̄t = τtR
p
t

Pt
Nt

= τtR
p
t pt.

B.3 Competitive Equilibrium

Capital markets clear such that the aggregate stock of capital consisting of traditional

physical capital and of automation capital is equal to aggregate investment/saving

because of full depreciation. Thus, we have Kt+1 + Pt+1 = St = stNt with Nt+1 =
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(1 + n)Nt. Plugging in the various results from above, we get

Kt+1 + Pt+1 =

1− 1[
1 + β

1
θ (1 + rt+1)

1
θ
−1
]


×
{

1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
(1− ν)µNµ−1

t

]
+ τtR

p
t pt

}
Nt.

In addition, we have the following conditions that have to hold in equilibrium:

Kt = (1 + τt)

{
αµ

1− α
[νPµt + (1− ν)Nµ

t ]

νµPµ−1t

}
,

Rt = Rpt = Rkt =

{
1− α
µ

Kα
t [νPµt + (1− ν)Nµ

t ]
1−α
µ
−1
[
νµPµ−1t

]}
(1 + τt)

−1

= αKα−1
t [νPµt + (1− ν)Nµ

t ]
1−α
µ .

Rewriting in terms of per capita variables, we get

kt = (1 + τt)

{
α

ν(1− α)

[
νpt + (1− ν)p1−µt

]}
,

Rt = αkα−1t [νpµt + (1− ν)]
1−α
µ ,

wt = (1− α)(1− ν)kαt [νpµt + (1− ν)]
1−α−µ

µ ,

kt+1 + pt+1 =
wt + τtRtpt
(1 + n)ψt+1

.

We can linearize the above equations around the steady state (k, p) as follows

kk̂t = (1 + τ)

{
α

ν(1− α)

[
νp+ (1− ν)(1− µ)p1−µ

]}
p̂t,

RR̂t = αkα−1 [νpµ + (1− ν)]
1−α
µ

×
{

(α− 1)k̂t +
1− α
µ

[νpµ + (1− ν)]−1 νµpµp̂t

}
,

wŵt = (1− α)(1− ν)kα [νpµ + (1− ν)]
1−α−µ

µ

×
{
αk̂t +

1− α− µ
µ

[νpµ + (1− ν)]−1 νµpµp̂t

}
,

kk̂t+1 + pp̂t+1 =
w

(1 + n)ψ
ŵt +

τRp

(1 + n)ψ
p̂t

+

[
τp

(1 + n)ψ
+

w + τRp

(1 + n)ψ2

(
1

θ
− 1

)
β−

1
θR−

1
θ

]
RR̂t+1,

where k̂t ≡ (kt − k)/k, p̂t ≡ (pt − p)/p, ŵt ≡ (wt − w)/w, and R̂t ≡ (Rt − R)/R. We

are also interested in the evolution of output per capita and can express it as

yt = kαt [νpt + (1− ν)]
1−α
µ
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with the linearized version being

yŷt = kα [ν + (1− ν)]
1−α
µ ×

[
αk̂αt +

(1− α)

µ
[νpµ + (1− ν)]−1 νµpµp̂t

]
.
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