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Abstract
We present a three sector OLG model with a homogeneous output good that is 
produced with traditional or robot technology. The traditional sector produces 
with labor and capital, whereas the modern sector employs robots instead of labor. 
Robots and workers are modeled as perfect substitutes to investigate whether eco-
nomic policy under the harshest assumptions is able to prevent the ascent of a robot-
ized economy. While we find that the transition is inevitable, higher taxes on robots 
and revenues can slow down the process. We also that the economy will switch from 
an exogenous growth model based on TFP to an endogenous growth model due to 
constant returns with respect to reproducible factors of production as it becomes 
fully robotized.

Keywords Robots · Singularity · Robot taxation · Economic growth

JEL Classification O40 · O33 · H11

1  Motivation

The rise of robots is a popular theme in public debate. Already in 1952, in his novel 
Player Piano, Kurt Vonegut described a society where production is completely 
automated. Very few people work as engineers, the rest remain idle. In nonfiction 
literature, Yuval Noah Harari (2018) argues that the advent of robots and artificial 
intelligence will lead to mass unemployment. But the dystopian image most of us 
will have in mind when thinking about the impact of robots on the future of soci-
ety is probably shaped by David Cameron’s film The Terminator (1984), starring 
Arnold Schwarzenegger (and inspiring the title of this paper).

Economists present a more balanced viewpoint. In his Essays in Persuasion 
(1930), John Maynard Keynes predicted that by 2030 there will be at most 15 h of 
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work per week for each of us, the rest being replaced by machines. In a recent arti-
cle, The Economist (11 Jan 2018) presents two differing opinions whether robots 
will eliminate jobs or not. The scientific discourse - to be reviewed in the next chap-
ter - on the impact of robots on work is ongoing.

The ambition of this paper is to present an extreme case scenario where robots 
can indeed eliminate work. In such, it is a proof of concept of something that may 
happen, rather than a description of what will happen. The crucial assumption is 
that robots are modeled as perfect substitutes to physical labor. Under such condi-
tions, we will demonstrate that work as we know it will end. We will also investigate 
whether (tax) policy has any possibilities at all to prevent such an event.

The paper proceeds as follows. The next chapter will review the literature on 
robots, with a special focus on the labor market, taxation and welfare. We will pre-
sent the building blocks of the model in chapter  3, starting with households, and 
then discuss the three sectors of the economy, the traditional sector, which produces 
with capital and labor, the modern sector, which produces with capital and robots, 
and the robotics sector, which manufactures the robots. Chapter 4 then derives the 
equilibrium and the transition to a fully automated economy. We will discuss policy 
options in chapter 5, before summarizing and concluding.

2  Related literature

2.1  Robots and the labor market

Recent empirical and theoretical literature provides mixed results about the impact 
of robots on the labor market.

One of the earliest empirical investigations into the impact of robots on employ-
ment is Autor et al. (2003). They find that robots will replace jobs with a large con-
tent of routine tasks, whereas jobs with many non-routine tasks will actually benefit.

In their study, Acemoglu and Restrepo (2017), analyze the effect of the increase 
in industrial robot usage between 1990 and 2007 on USA local labor markets and 
estimate that one more robot per thousand workers reduces the employment to popu-
lation ratio by about 0.18−0.34 percentage points and wages by 0.25−0.5. Frey and 
Osborne (2013) find that almost half of the total US population is at risk of being 
automated over the next two decades.

Graetz and Michaels (2018) use panel data on robot adoption within industries in 
17 countries from 1993-2007, findings show that robots did not significantly reduce 
total employment even though they reduced low-skilled workers’ share.

David (2017) evaluates the risk of job destruction caused by computer technology 
in Japan. They find evidence that approximately 55% of jobs are susceptible to be 
carried by computer capital in the next years.

In contrast, Dixon and Hong (2020) find that robot adoption actually leads 
to an increase in employment. More importantly, they argue that robots will lead 
to an increase in high skilled and low skilled employment, whereas it will reduce 
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employment of medium skilled managers. More importantly, they argue that robots 
will lead to organizational change, but this aspect is beyond the scope of this paper.

Dauth et al. (2017) look into the effects of industrial robots on the careers of indi-
vidual manufacturing workers and the equilibrium impact on local labor markets in 
Germany. The important conclusion is that robots do not result in overall job losses 
unlike the situation in the US, but change the mixture of the aggregate employment 
in Germany. They estimate losses in the manufacturing sector but this was compen-
sated with the additional jobs in the service sector.

Dengler and Matthes (2018) divide the tasks into groups (’routine versus non-
routine’) to look into the substitution potentials of occupations for specifically Ger-
many. When they use an ’occupation-level approach’, approximately 47% of the 
employees work in the substitutable occupations in 2013. Based on a ’task-based 
approach’, only 15% of workers are at risk of being replaced by automation. How-
ever, the authors emphasize that these are only the technical feasibilities. The link 
between automation probability and actual employment growth is not clear.

As another question, Zhang (2019) investigates whether the displacement of 
human workers by robots will widen the wage inequality between the skilled and 
unskilled labor and conclude that automation does not necessarily widen the wage 
gap. Guerreiro et al. (2017) show that without changes in the current US tax sys-
tem, a sizable fall in the cost of automation would lead to a massive rise in income 
inequality.

The literature on the impact of robots on the labor market is predominantly 
empirical. This paper compliments the literature by providing a theoretical under-
pinning under extreme conditions, where labor is completely substitutable. This fits 
medium and (to a certain degree) low skilled work, and the model is consistent with 
the empirical evidence.

2.2  Robotization and the welfare state

Potentially detrimental effects of automation lead policy-makers to think about 
several policy measures. These includes robot taxation, a universal basic income, 
higher education spending, and raising the marginal tax rates of high income indi-
viduals among others.

By using a DSGE model for the US economy, Peralta-Alva and Roitman (2018) 
look into the policies to adjust the economy to technology shocks (an automa-
tion shock and a drop in the price of capital). Changing the distribution of market 
income through education and other human capital formation policies or adjusting 
the incomes through tax cuts/benefits are some of the options depending on the soci-
ety’s preference on equality or higher output. Based on US education data, financing 
higher education spending requires an increase of 2.5 percentage points in consump-
tion taxes relative to a no-education-policy response baseline.

Goolsbee (2018) considers fiscal policy in an artificial intelligence intensive 
economy. In the case where nothing slows the speed of AI adoption and there is a 
mass job displacement in a short time, there is a call for a Universal Basic Income 
(UBI) introduction. Yet, there are number of challenges associated with negative 
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taxes and UBI as a policy solution. It is likely to expect a sizable drop in labor mar-
ket participation by low wage earners and worsen the non-participation rate in the 
economy.

Guerreiro et al. (2017) ask how should the government policy respond to techno-
logical change. They have a different attitude toward universal basic income. Their 
model demonstrates a massive rise in income inequality if automation costs fall. This 
can be reduced by making the tax system more progressive and by taxing robots, but 
this comes with a price; i.e., efficiency loss. This can be improved with Mirrlesian 
optimal income tax but as an alternative approach, when the transfer of basic income 
in place, it is optimal to tax robots as long as there is partial automation.

In their recent research report, Petropoulos et  al. (2019) argue that digitization 
and automation will lead to a change from dependent employment to self employ-
ment, thus putting strains on the Bismarckian concept of the welfare state. They sug-
gest to include self employed into the social protection system, but fall short of dis-
cussing potential issues with structurally unemployed.

This paper, too, is concerned with policy. If demand for labor vanishes, clearly 
taxation and redistribution is the only solution to maintain the welfare of the popula-
tion. This paper enables use to evaluate welfare implications of such a government 
policy reform. It is thus close to Guerreiro et  al. (2017), but as labor demand is 
eliminated in the long run in our model, progressive taxation would not suffice.

2.3  Robot taxation

Robot tax literature investigates whether it is optimal to tax robots and if yes, what 
would be the efficient tax rate. There are different approaches and conclusions to 
robot taxation. Gasteiger and Prettner (2017) analyze the long-run growth effects of 
automation in the canonical overlapping generations model framework and conclude 
that automation does not lead to positive long-run growth. On the production side, 
they introduce a robot tax to automation capital and show that in the steady state, it 
could raise the capital stock. Another paper from Zhang (2019) by using canonical 
specific-factor framework, concludes that a tax on robots does always improve wage 
inequality. Guerreiro et al. (2017) states that it is optimal to tax robots as long as 
lump-sum transfers and partial automation in place.

Costinot and Werning (2018) explore the magnitude of optimal taxes on robots 
and trade. They find the efficient tax rate on robots ranges from 1% to 3.7%. They 
then ask whether robots should be taxed more as they get cheaper and cheaper with 
the improvements in automation. Despite a strict preference for redistribution by 
government and increasing inequality because of automation, the authors show that 
new technologies are associated with lower taxes on firms using those technolo-
gies. Their result is that even if automation distorts wages of low skilled workers 
and redistribution is important for the economy, this does not justify the rationale for 
taxes and subsidies on innovation to distort technology adoption by firms.

Thuemmel (2022) studies the optimal taxation of robots and labor income. The 
author shows that it is optimal to distort robot adoption when measured against (a 
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far more distortionary) income tax on labor. The optimal tax for the US is positive 
once robots are sufficiently cheap and generates small welfare gains.

This paper, too, theoretically investigates the impact of taxation on robotization. 
Within a positive analysis, we can confirm that robot taxation reduces the speed of 
adoption as in the previous literature. The novel contribution here is that from a wel-
fare perspective, we find that a tax on robots reduces sunk fixed costs and therefore 
is welfare improving.

3  The model

3.1  Households

3.1.1  A general framework

Consider an overlapping generations model where households live for two periods. 
They supply labor when they are young and live from savings when they are old. We 
normalize the number of households to unity. Households maximize a generic utility 
function,

In the first period of their lives, households consume, suffer from work (disutility of 
labor) and save all their wage income and possible government transfers net of first 
period consumption,

In old age, households consume all their savings and possible government transfers,

It is rather straightforward to collapse the last two equations into a single intertem-
poral budget constraint,

Note that we would have a public pension system with �yt = 0 and 𝜏o
t
> 0 and a uni-

versal basic income with 𝜏yt = 𝜏o
t
> 0 . None of the benefits can be linked to choices 

by individual households and would have to be financed out of taxes on firms and 
factors of production. We would have a negative income tax with �yt = �wtLt . We 
would have unemployment benefits if �yt = max(bt,wtLt).

Substituting the budget constraint (4) into the utility function (1) and taking 
derivatives with respect to first period consumption yields the following first order 
condition for household utility maximization,

(1)maxU(Ct,Ct+1,Lt).

(2)St = wtLt − Ct + �
y

t .

(3)Ct+1 = (1 + rt)St + �o
t+1

.

(4)Ct+1 = (1 + rt)(wtLt − Ct + �
y

t ) + �o
t+1

.

(5)U1(Ct,Ct+1, Lt) − (1 + rt)U2(Ct,Ct+1, Lt) = 0,
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where U1 is the first derivative of the utility function with respect to its first element 
(Ct) and U2 with respect to the second element (Ct+1) . Rearranging this first order 
condition gives a conventional intertemporal Euler equation,

Shifting consumption from present to the future will lead to an increase in the mar-
ginal utility from first period consumption U1 and to a decline in the marginal utility 
of second period consumption U2 . Households will shift consumption to the future 
until the marginal rate of substitution equals the relative price, in this cast the inter-
est factor 1 + rt.

Taking derivatives with respect to labor yields the first order condition for house-
hold utility maximization,

Eliminating marginal utility of second period consumption with the intertemporal 
Euler Eq. (6) gives

The marginal rate of substitution between labor and leisure equals the opportunity 
cost of work wt . The two first order conditions, Eqs. (6) and (8) together with the 
budget constraint (4) implicitly identify the choice of households over consumption 
and leisure.

3.1.2  A special case

Whilst it is tempting to continue with the general framework, it would refrain us 
from obtaining a closed form solution, so we will discuss a special case next. Note 
however that all qualitative results would carry over in the general case. We will 
assume that the utility function is additively separable and that utility is linear in 
consumption,

where � determines the preference for present consumption over future consumption, 
or the degree of impatience. The assumption of additive separability implies that 
the level of consumption has no impact on the trade-off between work and leisure. 
The assumption that consumption enters linear implies that there is no diminishing 
marginal product of consumption, which is a strong assumption, but consistent with 
the Kuznet’s consumption function adopted in Solow (1956). Both assumptions are 
qualitatively unproblematic.

The marginal rate of substitution between current and future consumption for the 
above utility function (9) equals

(6)
U1

U2

= (1 + rt).

(7)(1 + rt)wtU2(Ct,Ct+1, Lt) + U3(Ct,Ct+1, Lt) = 0.

(8)
U3

U1

= wt.

(9)U(Lt,Ct+1) = �Ct + Ct+1 − u(Lt),
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Compared with the first order condition (5), we immediately realize that we are in a 
corner solution. In case 𝛽 > 1 + rt , all consumption would happen in the first period, 
and there would be no capital accumulation. We would thus be stuck in a forager 
society forever. The more interesting case, and the one we will pursue, is 𝛽 < 1 + rt , 
and all consumption will be deferred to the second period.

Disutility from work equals u(Lt) with u�(Lt) > 0 and uε(Lt) > 0 . This assumption 
ensures that an increase in work reduces utility (the marginal utility of labor is nega-
tive), and that an increase in wages will lead to an increase in labor supply. This will 
simplify the first order condition with respect to labor to

Multiplying Eq. (11) with Lt and substituting into the budget constraint (4) yields,

Note that it makes little sense for a government to pay transfers to households who 
do not have (consumption) expenditures yet, so we will set �yt = 0 in most cases.

3.2  The manufacturing sectors

There will be a single homogeneous output good in the economy. It can be pro-
duced either with a traditional technology that uses capital and labor as inputs, or 
with a modern technology that uses capital and robots as inputs. Both the traditional 
and modern sectors operate under constant returns to scale with an identical out-
put elasticity of capital, � . This implies identical output elasticities for labor and 
robots, and therefore that labor and robots are prefect substitutes. This is a crucial 
assumption for the model. It presents the worst case scenario for employment, with 
the ambition to see whether there is a future for work under extreme conditions. 
We may still imagine that consumers have preferences for human made products.1 
We could model this with a consumption bundle that consists of both human made 
and machine products with a finite (constant) elasticity of substitution (CES). This 
would lead to some human work remaining forever. However, this impedes us from 
finding a closed form solution, so for the sake of simplicity we refrain from this 
assumption.

Firms hire workers from the household sector and rent capital and robots from 
the old. Given that this is a two period OLG model, assuming full depreciation of 
the capital and robots good seems reasonable. Production is given by

(10)
U1

U2

= �.

(11)(1 + rt)wt + u�(Lt) = 0.

(12)Ct+1 = u�(Lt)Lt + (1 + rt)�
y

t + �o
t+1

.

(13)YS
t
= (KS

t
)�(AtXt)

1−�
.

1 Medical services would be a good example.
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where S ∈ {T ,M} indicates the traditional (T) and modern (M) sector, respectively. 
The second production factor Xt ∈ {Lt,Rt} is either labor Lt (in the traditional sec-
tor) or robots Rt (in the modern sector). We assume that labor augmenting technical 
progress At grows at a constant rate gA . Normalizing the price of the output good to 
unity, profits are given by

where we have introduced a tax on turnover (VAT), �S , a tax on capital inputs (capi-
tal income tax), �K , and a tax on the other factor, �X , which can be either a personal 
income tax in the case of labor, or a robot tax. As capital fully depreciates within 
one period, firms are expected to pay for the full capital good and interest, hence the 
net user cost of capital equals the interest factor 1 + rt . The rental price for the other 
factor Xt equals qt ∈ {wt, pt} . The first order condition with respect to capital reads

which should equal zero in optimum and can be simplified to

In theory we could distinguish between a tax on capital in the traditional versus the 
modern sector, but this is equivalent to a tax on output of the two sectors, as shown 
in Eq. (16) above. The first order condition with respect to the other factor yields

which should equal zero in optimum and can be simplified in the case of labor in the 
traditional sector to

Substituting (16) and (18) into (14) shows that firms in the traditional sector make 
zero profits. With constant returns to scale according to (13), the size of the firm is 
therefore undetermined, and can be either infinitely small or large. For the sake of 
simplicity, we assume that there is a single firm in the traditional sector operating 
under perfect competition. Substituting (16) and (18) into (13) allows us to deter-
mine relative prices,

Simplifying the first order condition (17) in the modern sector yields,

(14)�S
t
= (1 − �S)(KS

t
)�(AtXt)

1−� − (1 + �X)qtXt − (1 + �K)(1 + rt)K
S
t
,

(15)
d�S

t

dKS
t

= �(1 − �S)(KS
t
)�−1(AtXt)

1−� − (1 + �K)(1 + rt),

(16)�(1 − �S)YS
t
= (1 + �K)(1 + rt)K

S
t
.

(17)
d�S

t

dXt

= (1 − �)(1 − �S)(KS
t
)�A1−�

t
X−�
t

− (1 + �X)qt,

(18)(1 − �)(1 − �T )YT
t
= (1 + �W )wtLt.

(19)w1−�
t

(1 + rt)
� = ��(1 − �)1−�

1 − �T

1 + �W

(

1 + �W

1 + �K

)�

A1−�
t

.

(20)(1 − �)(1 − �M)YM
t

= (1 + �R)ptRt.
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Solving for the price of robots pt , this equation gives a demand function for robots. 
Substituting (16) and (20) into (14) shows that firms in the modern sector make zero 
profits. With constant returns to scale according to (13), the size of the firm is there-
fore indetermined. Without loss of generality, we can assume that there is a single 
firm in the modern sector operating under perfect competition, too.

3.3  The robotics sector

Robots are not standard manufacturing products and certainly require an enormous 
amount of knowledge and R &D to produce. We therefore assume that there are only 
a few firms (n) supplying robots, who work under imperfect competition (Cournot 
oligopolists).

Each robotics firm i uses the homogeneous output good ( Zi,t ) produced by the 
manufacturing sectors to transform it into robots Ri,t given productivity Bt,

where Rt =
∑

Ri,t and Zt =
∑

Zi,t . Profits of a particular robotics firm �R
i,t

 therefore 
depend on revenues from sales minus costs. Firms can enter freely into the produc-
tion of robots as long as they pay a fixed cost for using a robot blueprint Fi,t,

All robotics firms provide identical products for the same market with identical tech-
nology, so by symmetry all robotics firms will set the same price pi,t = pt . Substitut-
ing technology (21) and the demand function (20) gives

Note that the oligopolistic firm knows that its supply of robots Ri,t has an impact on 
total supply of robots Rt and production in the modern sector YM

t
 , and therefore of 

the price for the robots pt , hence

With n symmetric firms, we will have Rt∕Ri,t = n . In optimum, d�i,t∕dRi,t = 0 , so 
that we obtain robot supply,

where � = (1 − �)(1 − �∕n) . In the case of a monopolist supplier, this would reduce 
to (1 − �)2 , which is the well-known result of double marginalization. Free entry 
implies that firms will enter the robotics industry until profits (23) are zero. Sub-
stituting (25) into (23) and assuming that aggregate fixed costs are proportional to 
output, nFi,t = fYM

t
 yields after rearrangement the number of firms producing robots,

(21)Ri,t = Bt+1Zi,t,

(22)�R
i,t
= pi,tRi,t − Zi,t − Fi,t.

(23)�R
i,t
= (1 − �)

1 − �M

1 + �R

YM
t

Rt

Ri,t −
Ri,t

Bt

− Fi,t.

(24)
d�R

i,t

dRi,t

= (1 − �)
1 − �M

1 + �R

YM
t

Rt

(

1 + (1 − �)
Ri,t

Rt

−
Ri,t

Rt

)

−
1

Bt

.

(25)Rt = �
1 − �M

1 + �R
BtY

M
t



 G. Akar et al.

1 3

We can then derive the Amoroso-Robinson rule for mark-up pricing by substituting 
(25) into demand for robots (20),

Productivity in robotics will grow at gB , thus reducing costs of robots (and hence 
their price) over time. An increase in the number of firms will lower the price for 
robots. According to (26), the number of firms will increase with a fall in fixed costs 
f and a fall in the taxes on the modern sector �M and robots �R . As the number of 
robotics firms goes to infinity and market power vanishes, the price of robots will 
equal the cost of robots, 1∕Bt.

4  Equilibrium

The traditional and the modern sector both produce the same output good, which 
can be used for consumption, capital and robot investment, so that market clearing 
reads,

4.1  A purely traditional economy

In the absence of a robotics sector, YT
t
= KM

t
= Zt = 0 for all t, and the model sim-

plifies to a very conventional Solow OLG model. Market clearing (28) will reduce 
to KT

t+1
= YT

t
− Ct . Substituting traditional technology (13) and the household opti-

mum yields,

Setting first period transfers to zero, �y
t−1

= 0 , this defines a dynamic equation in the 
capital stock. Dividing both sides by KT

t
 gives the growth factor of the purely tradi-

tional economy,

As the capital stock in the economy grows, the second term converges to zero. In this 
case, however, pension payments will become more and more negligent with respect 
to income, so we may want to assume transfers proportional to income, �o

t
= �Yt . In 

this case the long run equilibrium growth rate of the capital stock (29) will change to

(26)n =
�(1 − �)

f

1 − �M

1 + �R

(27)pt =
n

n − �
B−1
t
.

(28)YT
t
+ YM

t
= Ct + KT

t+1
+ KM

t+1
+ Zt.

(29)KT
t+1

= (KT
t
)�(AtLt)

1−� − u�(Lt−1)Lt−1 − (1 + rt−1)�
y

t−1
− �o

t
.

(30)1 + gK =

(

KT
t

AtLt

)�−1

−
u�(Lt−1)Lt−1 − (1 + rt−1)�

y

t−1
− �o

t

KT
t

,



1 3

You have been terminated: robots, work, and taxation  

Subsitutiting tradtitional technology (13) and the first order condition with respect to 
capital (16) gives

This ensures that the interest rate is constant along the balanced growth path. 
Expectedly, a higher tax on capital and output of the traditional sector both reduce 
the interest rate. Note that an increase in pensions � also reduces the interest rate, 
thus making work less attractive for private savings.

Along a balanced growth path we must have gK = gA + gL , and substituting this 
into the production function, we also obtain gT = gK . From the first order condi-
tion of households (7) we obtain gw = −�gL , where � is the labor supply elastic-
ity � = uε(Lt)Lt∕u

�(Lt) . Substituting this into the first order condition for labor (18) 
yields gT = (1 − �)gL . Substituting this into the balanced growth rate of output, we 
find gT = [(� − 1)∕�]gA.

A purely traditional economy is following a conventional Solow growth model. 
In the long run, economic growth is driven by productivity and population growth. 
The size of the economy depends on deep parameters of the model (�) and tax rates. 
An increase in the tax on output (�T ) and capital (�T ) will both lower the interest rate 
and hence the capital stock in the steady state, which has a negative impact on the 
size of the economy.

4.2  A purely robotized economy

In an economy that uses only the modern technology, labor demand falls to zero, 
implying wt = 0 . Hence, consumption will depend solely on government transfers, 
Ct = �o

t
 . The market clearing condition (28) therefore reduces to

Eliminating YM
t

 by substituting (16) into (25) gives a constant proportion of robots 
and capital in production,

Substituting this into market clearing (33) and once again assuming that transfers are 
proportional to income �o

t
= �YM

t
 , we obtain a dynamic equation in the capital stock,

(31)1 + gK = (1 − �)

(

KT
t

AtLt

)�−1

.

(32)1 + rT =
�

1 − �

1 − �T

1 + �K
.

(33)KM
t+1

+ Rt = YM
t
− �o

t
.

(34)Rt =

[

(1 − �)
1 − �M

1 + �R
− f

]

BtY
M
t
,

(35)

KM
t+1

=

[

1 − � − (1 − �)
1 − �M

1 + �R
Bt + fBt

][

(1 − �)
1 − �M

1 + �R
− f

]
1−�

�

(AtBt)
1−�

� KM
t
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which identifies the growth factor of the capital stock KM
t+1

∕KM
t
= 1 + gK . From 

(34), we know that this is identical to the growth factor in robots, and from (13) to 
output, gK = gR = gM . Even in the absence of technical progress At = Bt = 1 , the 
economy will exhibit long-run endogenous growth due to constant returns to scale 
with respect to reproducible factors of production, gM > 0.

A purely robotized economy exhibits constant returns with respect to all repro-
ducible factors of production, capital Kt and robots Rt and thus resembles an 
endogenous growth model. The growth rate of the economy itself depends on 
tax rates. An increase in the tax rate on output (�M) and the tax rate on capital 
(�R) will lead to an equivalent decline in economic growth. In the next chapter, 
we will analyze how the economy shifts from a traditional to a modern technol-
ogy. Along this structural change, we will also find that we will switch from an 
exogenous growth model as identified in the previous chapter to the endogenous 
growth model of this chapter.

4.3  The mixed economy

Substituting the modern technology expansion path (34) into technology (13) gives

We can then derive the interest factor from the first order condition for capital in the 
modern economy (16),

This is the demand function for capital goods in the modern sector, and it turns out 
to be perfectly elastic. If interest rates in the traditional sector are higher than the 
above, no capital will be invested in the modern sector, and the economy will be 
purely traditional. As interest rates in the modern sector increase, they will slowly 
siphon capital away from traditional firms, increasing their marginal product of capi-
tal (16), until at one point the traditional sector disappears.

4.3.1  The rise of the machines

In the absence of a disutility of work, and if the traditional sector is in steady-state, 
we can identify the advent of the singularity,2 when a fully robotized sector starts to 
emerge (rM ≥ rT ),

(36)YM
t

= KM
t

[

(1 − �)
1 − �M

1 + �R
− f

]
1−�

�

(AtBt)
1−�

� .

(37)1 + rM
t
=

1

�

1 − �M

1 + �K

[

(1 − �)
1 − �M

1 + �R
− f

]
1−�

�

(AtBt)
1−�

� .

2 The singularity actually occurs not when fully automated production starts, but when computers 
become self aware. We apologize for this imprecision here. As fans of the Terminator movie know, it 
took Skynet a mere two hours and 14 min to become self-aware on Judgement Day, August 4, 1997.
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Tax policy can delay the rise of robots. Higher taxes on revenues of the modern sec-
tor with respect to the traditional sector would obviously yield this result. However, 
this may be very hard to reach practically. Interestingly, a higher tax on robots (�R) 
and a higher general tax level (�M) would also retard the rise of robots. By contrast, 
productivity gains, both in the general economy (At) and in the robotics sector (Bt) 
will make fully automated production more likely.

4.3.2  Hasta la vista

By substituting interest rates in the mixed economy (37) into the equation determin-
ing relative prices (19), we obtain the evolution of wages in the mixed economy,

Clearly, an increase in the tax on labor ( �W ) will reduce (net) wages. The possibility 
to tax revenues of the traditional sector ( �T ) less than the modern sector would ( �M ) 
would improve wages, as the modern sector would take longer to evolve. Taxing 
robots would reduce entry in the robotics industry, render robots more expensive, 
and delay the decline in wages. Finally, we find that an increase in the productivity 
of the robotics sector (B) would lead to a decline in wages.

Having identified interest rates (37) and wages (39) of the mixed economy, we 
can implicitly derive employment from the household first order condition (11),

Note that the right hand side of the above equation is negative, as 𝛼 − 1 < 0 . This 
implies that productivity gains both in production (A) and robotics (B) reduce 
employment. Three tax wedges are important to understand the evolution of employ-
ment. Revenue taxation between the traditional and modern sector has no impact on 
employment unless differentiated. Taxes on labor will reduce employment, unless 
capital - the substitute of labor in the traditional sector - is equally taxed. Finally, 
robot taxation reduces incentives to invest in robots and this slows the process of 
transformation of the economy.

5  Taxation and robotization

In order to be able to tax robots, we need to be able to define them. The International 
Organisation for Standardisation (2012) defines an industrial robot as “an auto-
matically controlled, reprogrammable, multipurpose manipulator programmable in 

(38)AtBt ≥

(

�2

1 − �

)
�

1−�
(

1 − �T

1 − �M

)
�

1−�
[

(1 − �)
1 − �M

1 + �R
− f

]−1

(39)wt = �
2�

1−�
1 − �

1 + �W
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1 − �T

1 − �M

)
�

1−�
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(1 − �)
1 − �M
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− f

]−1

B�−1
.

(40)

u�(Lt) = (� − 1)�
�

1−�
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1 − �T

1 − �M

)
�

1−�
[

(1 − �)
1 − �M

1 + �R
− f

]
1

�

A
1−�

�

t B
(1−�)2

� .



 G. Akar et al.

1 3

three or more axes, which can be either fixed in place or mobile for use in indus-
trial automation applications”. This definition has also been taken up by the Inter-
national Federation of Robotics. Kaplan (2015) defines robotic systems as “sensors 
and actuators that can see, hear, feel (touch), smell, [taste] and interact with their 
surroundings”. The EU Parliament (2017) defines smart robots as “the acquisition 
of autonomy through sensors and/or by exchanging data with its environment (inter-
connectivity) and the trading and analysis of those data; self-learning from experi-
ence and by interaction (optional criterion); at least a minor physical support; the 
adaptation of its behavior and actions to the environment; and the absence of life in 
the biological sense”.

All three definitions give the reader a clear idea what constitutes a robot. How-
ever, they are of little practical use when it comes to taxation, as an inverted Turing 
test, that we have devised can show: Under all of the above definitions, a modern 
car could be classified as a robot, whereas your typical Star Wars Fifth Class Ser-
vice Droid (GNK Series) would be able to escape the definition. If robots are pro-
grammed to tell the truth, self-declaration would work. But robots programmed 
to maximize profits would certainly self-declare as a simple machine if robots are 
taxed higher than machines. For all practical purposes, we will therefore assume that 
a robot cannot be differentiated from capital, and hence we will assume �R = �K and 
�T = �M.

Proposition 1 With exogenous technical progress, the rise of the modern sector can-
not be blocked. It can be slowed down by an increase in fixed costs to enter the 
robotics sector (f), an increase in the tax on machines (�R) , revenues (�M) , and 
transfers (�).

An increase in the fixed costs in the robotics industry providers will increase the 
mark-up for robots, and this makes modern technology more costly, and traditional 
technology can prevail for longer. Similarly, taxes on robots make entry less profita-
ble and thus slow the rise of the modern sector. An increase in proportional transfers 
introduces a tax wedge in capital accumulation, leading to an increase in the interest 
rate of the traditional sector, and thus rendering investment in traditional technology 
profitable for longer. These results can be immediately observed from equation (38).

Instead of preventing the emergence of a modern sector, politics may simply 
aim at reducing the use of robots within modern technology. With the exemption of 
reducing competition in the robotics sector, and a legal ban, there is little that can 
be achieved through taxation, as can be observed from Eq. (34). The same holds for 
ambitions to stop the decline of the traditional sector, Eq. (36).

Proposition 2 Lower taxes on wages and output (of the traditional sector) will foster 
wages, just like a increase in costs or a tax-induced decline of revenues of the robot-
ics sector.

An reduction in the tax on labor will obviously increase the after-tax real wage. 
Interestingly, a reduction in the tax on output of the traditional sector will increase 



1 3

You have been terminated: robots, work, and taxation  

in the amount of income distributed to workers and thus improve wages, despite 
the fact that this will also happen in the modern sector contemporaneously, given 
�T = �M . As we can observe from Eq. (39), a slower rise of the robotics sector (iden-
tified by the square brackets) will also raise wages.

The real issue is of concern over the impact of robots on employment. Here, our 
results depend crucially on the supply of labor.

Proposition 3 There is no revenue neutral tax reform that can stop the decline of 
employment in a robotized economy. Tax policy can however slow down the transi-
tion of the economy.

With technological progress in production, (A), and robotics, (B) ever increasing, 
the inequality (38) will eventually be satisfied, irrespective of the implemented tax 
rates. However a tax reform that burdens labor less at the expense of higher taxes 
on capital, (�K) , and robots, (�R) , will lead to higher employment for every level of 
technological progress, (A) and (B).

6  Welfare

There are no pure profits in this model, so welfare of the representative household 
depends on labor income and transfers. In a purely traditional economy consum-
ers receive wages wt when young, transfers �o

t+1
 when old and face disutility from 

work. Given that utility functions are unique up to a linear transformation, we can 
say nothing about the level3 of the felicity function of leisure, u(Lt) . However, as the 
economy grows and grows, this term becomes less and less important, so that we 
can ignore it in the limit. Thus, utility (9) of the representative household in a tradi-
tional economy can be approximated by

where we have made use of the fact that the labor share in income is (1 − � ). By 
contrast, in a purely robotized economy, there is no room for labor income and the 
entire household income depends on transfers. In order to compensate households 
for the loss of labor income government would need to set a much higher transfer 
rate (𝜏) in the case of a fully robotized economy,

Obviously, given a balanced budget, higher transfers require higher taxes on output 
(�M) or capital in the modern economy (�R) . As proposition (1) has shown, this will 
not stop the modern economy from emerging, but at best slow down its advent. As 
shown in chapter 4.3, the modern economy will only come about if output exceeds 

(41)uT
t
= (1 − � + �)YT

,

(42)𝜏 = 𝜏 + 1 − 𝛼.

3 All that is required to justify positive wages is a marginal disutility of work, du(L
T
)∕dL

t
> 0.
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the traditional economy, YM > YT , hence a sufficient condition that the modern 
economy is welfare increasing4 is for transfers to equal or exceed 𝜏.

Whilst taxes on output (�M) and robots (�M) have an identical impact on economic 
growth, Eq. (35), there may be a less distortionary way to finance transfers to house-
holds. As every additional firm in the oligopolistic robotics sector requires fixed 
costs fi , a tax on profits of the robotics firms would increase efficiency of the sector 
and thus lead to an increase in output YM.

7  Conclusions

We have presented a three sector overlapping generations model with a homogene-
ous output good that is produced with traditional or modern technology. The tradi-
tional sector produces with labor and capital, whereas the modern sector employs 
robots instead of labor. Labor and robots are thus perfect substitutes. This is the cru-
cial assumption of the paper. We have investigated - as a proof of concept - if robots 
will be able to take over jobs from people. The robotics sector produces robots using 
the homogeneous output good. In this setting, we were able to obtain several novel 
results.

First, unless exogenous technical progress comes to a complete halt, the economy 
will shift from a production model based on capital and labor to a model based on 
physical capital and robots. The paper identifies structural change in the economy. 
Interestingly, with decreasing returns to scale with respect to reproducible factors of 
production, an economy based on a traditional sector follows an exogenous growth 
model. However, as both physical capital and robots are reproducible, the economy 
will transition to an endogenous growth model as the economy substitutes all labor 
with robots.

This transition to a modern economy based on capital and labor cannot be 
stopped. We find that wages fall with a relative increase in productivity and robots 
will more and more replace workers in the production process. Employment will 
decline along with the rise of robots.

Whilst tax policy cannot (and from a welfare perspective should not) prevent 
a modern economy from emerging, it can slow the speed of transition. It may be 
tempting to tax revenues of the modern sector or robot inputs in production. But this 
may be practically impossible, as it may be difficult to distinguish robots from phys-
ical capital and the homogeneous output good produced with traditional technol-
ogy from one produced with modern technology. However, we have demonstrated 
higher tax rates can reduce the speed of transition. First, a tax on machines (capital 
and robots) will increase costs for robots with respect to labor, and slow down their 
adaptation. Second, a tax on revenues (both in the traditional and the modern sector) 

4 We can think of this as the Star Trek next Generation version of the future, where all material needs 
have been taken care of by technology. As a peculiarity, note that in the absence of transfers, 𝜏 = 0 , all 
output would be reinvested either as capital or robots (and investment would become a sink), not unlike 
the dystopian view of Terminator.
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will lead to lower profits from the sale of robots, and this will also somewhat halt 
the transition to a robotized economy. Finally, higher transfers to households will 
increase interest rates and thus returns of the traditional sector, greasing the wheels 
of transition. As these transfers need to be financed somehow, this also points toward 
higher taxes. In summary, we find that economies with higher taxation may transi-
tion to a fully robotized economy lateron. But the rise of robots is inevitable.
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