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1. Introduction
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2. Data
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2.1 Stylized Facts on Firm Robot Adoption
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Fact 1. Robot Adoption Is Lumpy

• Table 1 reports summary statistics for the robot adoptions identified from firm 
customs records in Appendix A.2. 

• The take-away from the table is that robot adoption is lumpy. 

• Out of the sample adopters, 70.6 percent invest in a single year only, and the 
peak year of investment accounts on average for 90.7 percent of total firm 
robot expenditures. 

• Adopting firms purchase robot machinery for an average of $311,000. 

• This discrete nature of robot adoption motivates the choice in Section 3 to 
model robot adoption as a discrete choice problem.
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Table 1: Firm Robot Investments
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Fact 2. Larger Firms Select into Robot Adoption

• Table 2 shows firm outcomes for the robot adopters in the year prior to 
adoption. 

• Column 2 (“Industry”) reports average outcomes for non-adopters within the 
same two-digit industry year cells as the robot adopters. 

• Robot adopters are different from non-adopters along several dimensions, but 
the key feature that sets robot adopters apart is that they are substantially 
larger. 

• The model in Section 3 rationalizes the selection into robot adoption by 
combining firm heterogeneity with fixed costs of adoption, such that it is the 
firms with the largest expected efficiency gains from industrial robots that will 
choose to adopt the technology.
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Table 2: Firm Outcomes in the Year Before Robot Adoption

Note: “Joint orthogonality” represents a test of the joint hypothesis that all coefficients equal zero when the adopter indicator is regressed on the nine outcome variables in 
Table 2. Column 1 (Adopters) shows mean outcomes for robot adopters in the year before adoption. Column 2 (Industry) shows averages for randomly chosen non-adopters 
within the same industry-year cell as the adopters (one-to-one). Column 3 (Matches) shows averages for match firms within the same industry-year cell. These matches each 
have the minimum distance to an adopter with respect to log sales and production wage bill share (levels and two-year changes); see Appendix A.7.1 for details. Column 4 (P-
value A-M) shows p-values for the null hypotheses that Adopters (column 1) and Matches (column 3) have the same population mean.
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3. A Model of Firm Robot Adoption
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3.1 Production Technology
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3.2 Demand and Flow Profits
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3.3 Adoption of Robot Technology
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• The robot adoption model features two key simplifying assumptions about 
robot investment behavior. 

• First, robot adoption is treated as a one-off decision. This assumption is 
motivated by the observed lumpiness (Fact 1 in Section 2.1) whereby most 
robot users invest entirely in a single year. 

• Appendix C.5 estimates a model extension in which robots deteriorate at a 
fixed rate, thereby leaving scope for replacement investments. Second, firms 
cannot receive larger relative robot production effects g by spending more on 
robots. 

• The structural estimation in Section 4 will provide empirical evidence in 
support of this homogeneity assumption on the treatment effects of robot 
adoption.

• Equation (7) entails a key timing assumption that robot adoption is decided 
one year in advance.
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4. Structural Estimation of Firm Robot 
Adoption
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4.1 Elasticity of Substitution between 
Production Tasks
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Table 3: Estimating the Elasticity of Substitution between Tasks in 
Production
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4.2 Robot Technology
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Figure 1: Firm Outcomes Around Robot Adoption (Matching Diff-in-Diff)
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• Figure 1(a) shows that the average firm’s sales increase 20 percent around 
robot adoption.

• Through the lens of the structural model, this sales effect implies that robot 
technology increases firm production efficiency by around 7 percent, given the 
calibrated elasticity of firm demand e. 

• Figure 1(b) shows that the wage bill increases by 8 percent around robot 
adoption.

• The wage bill increase is less than the 20 percent sales effect in Panel (a), and 
implies that the substitution effects of robot adoption on labor go on average 
are negative.
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Figure 2: Firm Wage Bills Around Robot Adoption (Matching Diff-in-Diff)
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• Figure 2 decomposes the wage bill effects in Figure 1(b) by occupations. 
Production workers include tasks from welding to assembly, while tech workers 
include engineers, researchers, and skilled technicians. 

• Panel (a) of Figure 2 shows that the demand for production workers falls by 
around 20 percent around robot adoption, while Panel (b) shows that the 
demand for tech workers simultaneously increases by around 30 percent. 

• This shift of labor demand away from the production line and toward the tech 
department implies that robot adoption lowers the relative productivity of 
production workers (ො𝛾𝑃 = −0.461) but increases the relative productivity of 
tech workers ො𝛾𝑇 = 0.043 .

• Table 4 summarizes the estimated parameters of robot technology.



Heckman 34

Table 4: Estimated Parameters of Robot Technology

Note: The relative productivity effects go are measured relative to intermediate inputs. The parameter gH is normalized such that a zero sales effect of 
robot adoption would imply a value gH of zero.
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• The reduced-form effects in Figure 1 align well with Koch et al. (2019), who 
find that robot adoption increases output 20-25 percent and lowers labor costs 
per unit produced among Spanish manufacturing firms. 

• It is worth keeping in mind that the reduced-form effects in Figures 1 and 2 
only identify the partial effects of one firm adopting industrial robots, and that 
any general equilibrium effects of robotization are differenced out in the 
figures. 

• The general equilibrium model in Section 6 will fit these partial effects but also 
take into account general equilibrium interactions in product and labor 
markets to be able to quantify what happens when many firms in the economy 
adopt industrial robots.
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4.3 Baseline Technology
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4.4 Robot Adoption Costs
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Figure 3: Estimating Adoption Costs on the Robot Diffusion Curve

Note: Firm sales (the units in Panel (b)) are an average of adopter sales measured over the full simulation period.
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Figure 4: Size Premium of Robot Adopters for Varying Adoption Cost 
Dispersion v



Heckman 43

5. The Labor Supply Block
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5.1 Estimation of Labor Supply Parameters
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6. Counterfactual Experiments
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6.1 Closing the General Equilibrium Model
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6.2 The Distributional Impact of Industrial 
Robots



Heckman 56

Figure 5: Robot Diffusion Curve
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Figure 6: Real Wage Effects of Industrial Robots
(Weighted Average in 2019: +0.76 percent)
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Figure 7: Decomposition of the Production Wage Effect

Note: Labor demand effects are measured relative to the “Other Workers” occupation in the services sector.
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Figure 8: Welfare Effects for Workers in 2019
(Average: +0.85 percent)

Note: Labor demand effects are measured relative to the “Other Workers” occupation in the services sector.
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• Figure 9 shows that the welfare losses in Figure 8(b) are concentrated on older 
workers.

• Younger production workers, with less specific skills and a long career ahead of 
them, are less affected by the arrival of industrial robots, as wage losses in 
their current occupation are offset by gains in the option value of switching 
into occupations whose premiums rise as robots diffuse in the economy.

• The flip side of the labor supply responses found in Figure 7 is that industrial 
robots have contributed to employment polarization as documented in Autor
and Dorn (2013) and Goos et al. (2014). 

• Figure 10 shows that industrial robots can account for 25 percent of the fall in 
the employment share of manufacturing production workers and 8 percent of 
the rise in the employment share of tech workers in manufacturing since 1990.
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Figure 9: Welfare Effects for Manufacturing Production Workers in 2019
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Figure 10: The Effect of Industrial Robots on Employment Shares
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6.3 Policy Counterfactuals: The Dynamic 
Incidence of a Robot Tax
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• To map out the potential policies, I evaluate both a temporary and a 
permanent tax, each of 30 percent. 

• The policies are announced and implemented in 2019, and the temporary tax 
is put in place for 10 years. 

• Figure 11(a) shows the path of robot adoption costs under the tax policies. 

• I assume that a robot tax in Denmark does not alter the pre-tax price for robots 
which is determined on world markets. 

• Panel (b) of Figure 11 shows the first key result from the robot tax 
counterfactuals: The temporary tax is more effective in slowing down the 
diffusion of industrial robots while it is put in place.
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• With the temporary tax, only 43 percent of manufacturers will have adopted 
robots by 2029, compared to 48 percent with the permanent tax and 56 
percent in the baseline scenario. 

• The larger short-term effects of the temporary tax reflect the forward-looking 
nature of adoption, where firms foresee that the robot tax will expire and 
postpone adoption until then. 

• The flip side of these delays is that the adoption of robots accelerates beyond 
its baseline speed after the temporary tax expires in 2030.
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Figure 11: Robot Tax Counterfactuals
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• Figure 12 shows how the temporary robot tax affects the welfare of workers in 
2019. 

• The temporary tax lowers average welfare by 0.05 percent of lifetime earnings 
but benefits a group of older production workers employed in manufacturing 
by 0.2 to 0.3 percent.

• Table 5 shows how the burden of the robot taxes falls on workers and firms in 
the economy. 

• Measured in presented discounted terms, the robot taxes redistributes a total 
of 0.01 to 0.02 percent of GDP to production workers currently employed in 
manufacturing at the expense of a total welfare loss for workers of around 1 
percent of GDP.
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Figure 12: The Impact of a Temporary Robot Tax on the Welfare of 
Workers in 2019 (Average: -0.054 percent)
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• The robot taxes do, however, generate substantial amounts of tax revenue, 
whose burdens are primarily borne by manufacturing firms. 

• As Table 5 shows, the tax revenues are sufficient to make all workers better off 
from the robot taxes, insofar as the revenues can be rebated appropriately and 
the planner does not care about firm profits. 

• One should be cautious about drawing such a conclusions, however, as I do not 
model firms’ entry decisions. 

• If the robot taxes would cause some manufacturing firms to go out of business, 
these profit losses would be passed on to lower worker welfare.
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Table 5: Robot Tax Incidence
(Discounted Present Values in Percent of GDP in 2019)

Note: Workers represent compensating variations; see Appendix G.1.1 for details. Profits (excl. predatory externalities) represent the effect on
manufacturing firm values (Equations (7)-(8)) in 2019, holding constant pecuniary externalities of robot adoption in output markets; see
Appendix G.2.1 for details. Mechanical Effect is the tax revenues collected if robot adoption did not respond to the tax.
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7. Conclusion
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• This paper makes two methodological contributions in order to study the 
distributional impact of industrial robots. 

• First, I develop a dynamic firm model that can rationalize the selection into and 
reduced-form responses to robot adoption. 

• Second, I model both firm and worker dynamics in general equilibrium. 

• I use administrative data that link workers, firms, and robots in Denmark to 
structurally estimate a dynamic general equilibrium model that can account for 
event studies of firm robot adoption, the observed diffusion of industrial 
robots, and worker transitions in the labor market. 

• The model fits the labor demand responses to robot adoption but also takes 
into account how production efficiency gains from robots are passed through 
to lower consumer prices as well as the ability of workers to reallocate 
between occupations in response to industrial robots.
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Appendix
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A. Data
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Figure A.1: Firm Questionnaire on Firm Robot Adoption
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Table A.1: Identifying Robot Adoption in Customs Records



Heckman 77

Table A.2: Robot Adoption Across Industries: Comparison of Data 
Sources
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Figure A.2: Robot Adoption Across Time: Comparison of Data Sources
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Table A.3: Import Share in Robot Investments, Denmark 1993-2015 
(percent)
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Figure A.2: Robot Adoption Across Time: Comparison of Data Sources
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B. A Model of Firm Robot Adoption
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C. Structural Estimation of Firm Robot 
Adoption
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Figure C.1: Firm Robot Adoption Around the Event Year
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Figure C.2: Distributed Lag Model for Robot Productivities



Heckman 85

Figure C.3: Aggregate Factor Shares in Manufacturing Production
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Table C.1: Baseline Productivity Parameters
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Table C.2: Robot Adoption Cost Parameters (MSM)
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Table C.3: Rate of Change in Robot Adoption Costs: Model Estimates vs. 
External Measures
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Figure C.4: Effect of Industrial Robots with Depreciation of Robot 
Technology
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D. The Labor Supply Block
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Table D.1: Human Capital Function
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Table D.2: Bilateral Switching Costs
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Table D.3: Switching Cost Parameters
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Figure D.1: Employment Shares Across Occupations (Manufacturing)
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E. Model Extension to Firm-Specific Wages
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