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Abstract What is the optimal mix of carbon and labor income taxes in a transition toward

net-zero emissions? I build a model of directed technical change in which an emission limit

renders the use of fossil energy socially costly. In the long run, when the net-zero emission

limit is binding, an optimal policy makes extensive use of carbon taxes. A subsidy on labor

helps stabilize production. In the short run, the policy implications differ sharply. Labor is

taxed to reduce economic activity and emissions. The carbon tax, instead, should not rise

as steeply. This allows the economy to benefit from fossil research while knowledge spillovers

from the fossil to the green sector mitigate the costs of a green transition.
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1 Introduction

To meet climate targets, the Intergovernmental Panel on Climate Change highlights the need

to transition to net-zero emissions by 2050 (IPCC, 2022a). The literature to date has largely

focused on carbon taxes. Such taxes direct production and R&D towards activities that

pollute less.1 However, other fiscal instruments also affect carbon emissions. Labor taxes, for

example, curb the level of production generally thereby diminishing emissions. Conversely,

labor subsidies boost production. Thus, labor income taxes may play a role in optimally

meeting emission goals. The question is what fiscal policy mix best supports the transition

to net-zero emissions.

To analyze the optimal fiscal mix, I set up a model of directed technical change. The

government chooses the dynamic path of labor income taxes and carbon taxes. In so doing, it

anticipates that net emissions are limited in the short run and have to be zero at some point

in the future. Calibrating the model to the US economy, I can characterize the optimal fiscal

mix during the transition toward net-zero emissions and thereafter. My main finding is that

when the net-zero emission limit is binding, the optimal policy is to tax carbon heavily and

to subsidize labor to stabilize production. During the transition phase, the optimal carbon

tax is lower. A tax on labor helps reduce emissions by minimizing overall production. This

mix allows for a higher productivity of research while meeting emission targets.

The key to the optimal mix of carbon and labor taxes lies in the endogenous allocation of

research activity. Decreasing returns to research in each industry and a knowledge advantage

in the fossil sector mean that a rapid shift to green research is costly. Knowledge spillovers

from research in the fossil to the green industry enable a steady transition: they ensure that

fossil knowledge generated in the short run profits green growth in the long run. Setting a

smaller carbon tax, the government engineers a smoother transition of research activity. A

tax on labor, in turn, reduces production in the short run to satisfy emission targets. In the

long run, only green production and research is feasible. A high carbon tax ensures this,

1See, for instance, Acemoglu et al. (2012), Golosov et al. (2014), or Fried (2018).
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yet, at the expense of lower consumption. Therefore, a labor subsidy optimally mutes the

disruption in output.

More in detail, the modeling follows Fried (2018). A final consumption good is produced

from energy and non-energy goods. The energy good, in turn, is composed of green and fossil

energy. The fossil sector exerts emissions. Imperfectly monopolistic producers of machinery

invest in research to increase the productivity of their machines. Machines are used in the

intermediate sectors: non-energy, fossil, and green energy. The model builds on the directed

technical change framework developed in Acemoglu et al. (2012), where innovation profits

from past technology levels within a sector. In addition to their model, returns to research

decrease in the number of scientists employed within a sector, and some knowledge spills

across sectors.

Relative to the study by Fried (2018), the current paper adds the consideration of an

optimal policy. The optimal policy accounts for a gradually declining net emission limit that

eventually turns to zero in 2050. Where the literature has mainly focused on carbon taxes

(Fried, 2018; Barrage, 2020), the planner in my model chooses (i) a sales tax per unit of fossil

energy (“the carbon tax”) and (ii) a tax on labor income. The role for the labor income tax

does not arise from equity considerations. Rather, the labor tax is an environmental policy

instrument next to carbon taxes because it affects the level of production. I solve for the

optimal path of carbon and labor taxes using the numerical approach by Jones et al. (1993)

and Barrage (2020).

To highlight the importance of endogenous growth for the optimal fiscal mix, I start

with a simple pencil-and-paper setting. This has the externality from fossil energy but does

away with endogenous growth. In this static setting, optimal fiscal policy only resorts to

a Pigouvian carbon tax and lump-sum rebates. The carbon tax adjusts the share of fossil

energy in production. Labor taxes do not play a role. The reason for this is that when the

carbon tax is set to the Pigouvian level, the wage rate reduces exactly by the social costs

from an additional hour worked. These costs arise from more pollution as economic activity
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rises. Hence, households internalize the externality of work in their labor supply decision.

Then, I turn to the dynamic model with endogenous growth. I first calibrate the model

to the US economy in the period from 2015 to 2019. Then, I feed an exogenous emission

limit into the model that is based on the path of the global target provided by the IPCC

(2022a). The emission limit for the US used in the analysis foresees a reduction by 84.5% in

net emissions in 2020 relative to 2019-levels. The value increases to 85.6% in 2045.2 In 2050,

the emission limit further reduces to net zero. In this setting, I perform two quantitative

exercises. First, I calculate carbon taxes that would be necessary to meet the emission limit

while keeping the labor income tax fixed. Second, the planner optimally sets the carbon and

the labor tax to maximize welfare.

As for the first exercise, I find that the necessary carbon tax is US$889 (in 2022 prices)

per ton of carbon in the 2020-2024 period. The tax increases to US$2,951 in the 2070-2074

period. The surge in the necessary tax on carbon over time follows from the tighter emission

limit and market forces which direct inputs to the fossil sector, such as knowledge spillovers

to the fossil sector. I compare the necessary carbon tax in the calibrated model—which has a

distortive income tax—to the necessary carbon tax absent labor income tax. Without income

taxation, the required carbon tax is 7% to 10% higher.

As for the second exercise, results show that the emission limit is best implemented

by a combination of carbon and labor income taxes. Before the net-zero emission limit

binds, a positive tax on labor optimally accompanies a carbon tax. The carbon tax amounts

to US$987 in the 2020-2024 period. It increases steadily to US$1,257 in 2040-2044. The

average (income-weighted) marginal income tax rate equals 0.31% in the 2020-2024 period

and decreases to 0.01% in the 2040-2044 period.

The role for labor taxation follows from the use of carbon taxes to direct research across

sectors. This constitutes a second target for the carbon tax next to adjusting the share of

2 These targets are more than twice as big than the reduction foreseen by the Biden
administration amounting to 38% relative to 2019-emissions. Source: https://www.whitehouse.gov/briefing-
room/statements-releases/2021/04/22/, retrieved 14 September 2022.
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fossil energy in production. The government chooses a lower carbon tax to allow for more

research in the fossil sector. Knowledge accumulation in this sector in the past renders fossil

researchers particularly productive. Furthermore, decreasing returns to research make a more

equal allocation of scientists more productive. Technological advances in the fossil sector, in

turn, benefit green growth in future periods because of knowledge spillovers. However, as

the carbon tax targets the direction of research, it deviates from the Pigouvian rate and the

wage rate does no longer fully capture the effect of hours on the externality. Labor supply

is inefficiently high. To mitigate the higher level of emissions, the government taxes labor

income.

The optimal policy mix changes sharply once the net-zero emission limit has to be

implemented. Now, the carbon tax rises steeply to direct research to the green sector. The

optimal tax on carbon jumps to US$2,833 per ton in 2050 and gradually increases to US$3,186

in the 2070-2074 period. In addition, the government subsidizes labor. The labor income tax

becomes negative already in 2045-2049: the average marginal tax rate is -0.07%. It declines

to -0.16% in 2070-2074.

The more stringent emission limit makes it infeasible for the economy to take advantage

of more fossil research. In this case, encouraging green research becomes optimal in order

to benefit from dynamic spillovers within this sector. To do so, the government raises the

carbon tax. However, this diminishes the wage rate, and labor supply declines. The subsidy

on labor helps to raise labor supply.

Knowledge spillovers are instrumental for the economy to profit from a smooth allocation

of researcher. With knowledge spillovers, fossil research in early periods boosts green growth

tomorrow. A more productive green sector renders a transition to net-zero emissions in future

periods less costly. When knowledge is sector specific, however, the optimal policy should

allocate more research to the green sector early on. This fosters green innovation tomorrow

as scientists can build on green technology advances today. The optimal carbon tax is higher

to bolster green research, and the labor income tax subsidizes labor throughout time. While
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knowledge spillovers to the green sector allow the economy to profit from fossil research,

overall, though, knowledge spillovers make a more aggressive environmental policy necessary.

The reason is that knowledge also spills to the fossil sector thereby raising the share of fossil

energy in production.

Literature The paper relates to three strands of literature. Firstly, the paper speaks to

the literature on environmental policy in endogenous growth models. In general, these papers

focus on environmental taxation and analyze settings with inelastic labor supply so that there

is no role for labor income taxes in stabilizing or reducing production.

Golosov et al. (2014) investigate the optimal carbon tax in a dynamic stochastic general

equilibrium model. Acemoglu et al. (2012) discuss the optimal environmental policy in a

tractable model of directed technical change. They highlight the need for green research

subsidies to foster green innovation in combination with carbon taxes. Research subsidies

serve to correct for the dynamic spillovers of green innovation not internalized by the research

sector. They discuss that under a second-best policy, when no subsidies are available, the

carbon tax needs to be higher to redirect research. The present paper’s exercise directly

connects to this case. In my framework, there is no research subsidy, and the government

takes into account the effect of the carbon tax on the direction of research. In this scenario, I

highlight the need for an additional policy measure—labor income taxes—to correct the level

of economic activity when research subsidies are lacking. Fried (2018) extends the framework

of the aforementioned paper to a quantitative model. She finds that a constant emission limit

can be met at a lower carbon tax when growth is endogenous.

Secondly, this paper is not the first to integrate distortionary fiscal policies into the

analysis of environmental policies. However, the role of fiscal policies has in general been

passive, and the focus rested on the impact of preexisting fiscal distortions on the environmental

policy. One example is the literature focusing on potential double dividends of environmental

taxes by generating government revenues (Goulder, 1995; Bovenberg and Goulder, 2002). The

present paper closely relates to Barrage (2020) who examines the role of fiscal distortions on
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the environmental policy in a quantitative framework. She also optimizes jointly over fiscal

and environmental policy instruments, but her focus rests on the deviation of the optimal

environmental tax from the social costs of carbon.

Thirdly, the paper contributes to the public finance literature. An equity-efficiency trade-

off is central to this literature. The benefits of distortive labor taxes arise from redistribution

and generating government revenues. (Heathcote et al., 2017; Conesa et al., 2009; Domeij

and Heathcote, 2004). To this literature, I add another motive for the use of distortionary

fiscal policies: adjusting the level of economic activity as part of the optimal environmental

policy.

Outline The remainder of the paper is structured as follows. Section 2 presents the

core model and the analytical results. In Section 3, I extend and calibrate the model to

a quantitative framework. Results are discussed in Section 4. Section 5 concludes.

2 Core model and theoretic results

This section develops a tractable model to derive the theoretic results. I show that scaling

the level of production is part of the efficient environmental policy. Yet, absent endogenous

growth, this is fully implemented by the use of an environmental tax and lump-sum transfers.

There is no role for labor income taxes.

2.1 Model

The representative household faces a consumption and labor supply decision. The final

consumption good is a composite of a fossil and a green good. Labor is the only input to

production. The fossil sector causes an environmental externality.3 There is no growth, and

the model is static.

3 For simplicity, the green sector does not induce any externality; yet, whenever intermediate goods are
no perfect substitutes, final good production is never perfectly green.
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Representative household Throughout the paper, the household’s decision is static.

Each period, the household maximizes its period utility

U(C,H;F ).

The household derives utility from consumption, C, but experiences disutility from hours

worked, H. An externality from fossil production, F , decreases household utility. The level

of fossil production is taken as given by the household. I assume additive separability of

consumption, hours, and the externality. Utility of consumption is increasing and strictly

concave. Utility is decreasing and strictly convex in hours worked and fossil production.

Utility maximization is subject to a period budget constraint:

C = λ(wH)1−τι + Tls. (1)

The variable w indicates the wage rate. Lump-sum transfers from the government are denoted

by Tls. The government levies income taxes on labor income using a non-linear tax scheme

common in the public finance literature (Heathcote et al., 2017; Bénabou, 2002). The tax

scheme is characterized by (i) a scaling factor, λ, which determines the level of average tax

revenues in the economy, and (ii) a measure of tax progressivity denoted by τι. Heathcote

et al. (2017) show that whenever τι > 0, the tax scheme is progressive since the marginal tax

rate exceeds the average tax rate irrespective of pre-tax labor income. Hence, average tax

payments increase with labor income.4 With a representative household, τι can be understood

as an instrument to regulate labor supply and, thus, the overall level of production. When

τι < 0, the government subsidizes labor, with τι > 0, it discourages labor.

Production All sectors of production are perfectly competitive, and production functions

have decreasing returns to scale. Intermediate goods, indicated by J ∈ {F,G} for fossil and

4 An alternative intuition is that when τι > 0, the elasticity of post- to pre-tax income is smaller unity
for all levels of pre-tax income.
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green, are produced from the labor input good, LJ , using technology, AJ . The variable Y

stands in for final output and is the numeraire. Production is given by:

Y = Y (F,G), F = F (AF , LF ), G = G(AG, LG). (2)

Government The government raises income taxes from households and levies an environmental

tax, τF , per unit of fossil bought by final good producers. The environmental tax, thus, is

modeled in parallel to a carbon tax which poses a price on emissions. Revenues from the

income tax and the environmental tax are treated separately by the government. Income

tax revenues are fully redistributed through the income tax schedule. Environmental tax

revenues are rebated lump sum to households:

τFF = Tls, 0 = wH − λ(wH)1−τι . (3)

The scaling parameter λ adjusts to balance the income tax scheme.

Markets Markets for labor and the final good both clear:

H = LF + LG, Y = C. (4)

Competitive equilibrium In a competitive equilibrium, household behavior is determined

by the budget constraint, eq. (1), and labor supply which follows from the household’s first

order conditions and substitution of λ from the government’s budget on the income tax:

−UH = UC(1− τι)w. (5)
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Firms choose the quantity of input goods to maximize their profits taking prices as given.

The following equations describe this behavior in equilibrium:

pG =
∂Y

∂G
, pF + τF =

∂Y

∂F
, w = pF

∂F

∂LF

= pG
∂G

∂LG

. (6)

The competitive equilibrium is defined as prices and allocations so that households and

firms behave optimally; i.e. eqs. (1), (5), and (6) hold. Production happens according to

eqs. (2). Equilibrium prices and the wage rate adjust to clear markets, eqs. (4). Finally, the

government’s budgets are satisfied eqs. (3). Policy variables τF and τι are taken as given.

2.2 Theoretic results

Section 2.2.1 defines and discusses the efficient allocation. It constitutes a benchmark for the

optimal allocation discussed in Section 2.2.2.

2.2.1 Social planner

Let the share of fossil to total labor be denoted by s = LF

H
. The social planner’s problem

reads

max
s,H

U(C,H;F )

s.t. C = Y.

The first order conditions are given by

wrt. s : UC ·
(
∂Y

∂F

∂F

∂s
+

∂Y

∂G

∂G

∂s

)
= −UF

∂F

∂s
, (7)

wrt. H : UC
∂Y

∂H
+ UF

∂F

∂H
= −UH . (8)
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Where UX denotes the partial derivative of utility with respect to the variable X. These

equations determine the efficient or first-best allocation. Absent an externality, UF = 0, the

efficient distribution of labor equalizes the marginal product of labor across sectors; compare

eq. (7). Efficient hours balance the marginal utility gain from consumption and the marginal

disutility from working, as formalized by eq. (8).

When there is an externality, the social planner adjusts the allocation in two ways: (i)

a compositional adjustment, that targets the share of fossil production, and (ii) a scaling

adjustment amending the level of production. The compositional adjustment is determined

by eq. (7). The negative externality of fossil production makes it efficient to alter the share

of fossil labor so that a marginal reallocation of labor to the fossil sector would raise output.5

I show in Appendix A.2 that the social planner reduces the fossil labor share when the

aggregate production function features decreasing returns to scale in its labor inputs, LG and

LF .

The scaling effect is summarized by eq. (8). First note that eq. (8) can be rewritten by

substituting eq. (7) and noticing the relation of derivatives with respect to H and s.6 The

second first order condition becomes:

−UH = UC
∂Y

∂G

∂G

∂LG

. (9)

Hence, the efficient level of the externality lowers hours as if the marginal product of labor

was equal to the marginal product of labor in the clean sector.

The recomposition of labor towards the green sector reduces the average marginal product

of labor in the economy. An additional unit of labor results in a smaller increase in consumption.

This effect has two opposing impacts on the efficient level of labor. On the one hand, there

is a substitution effect: as leisure becomes less costly, the efficient amount of hours reduces

5 Note that UF < 0 by assumption so that the right-hand side is positive and that dG
ds < 0. Hence, the

marginal product of labor in the fossil sector is higher compared to the green sector in the efficient allocation.
6 This is done in more detail for the optimal allocation in Appendix A.5. The relation of derivatives are

summarized in Appendix A.1.
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(note that the right-hand side of eq. (8) is increasing in H). On the other hand, the economy

becomes poorer in terms of consumption, and more work effort might be efficient. This is

captured by the term UC and equivalent to an income effect. Proposition 1 summarizes this

discussion.

Proposition 1. Efficient externality mitigation consists of a compositional and a scaling

adjustment.

Depending on the importance of the income effect, efficient hours worked may be higher

or lower than absent an externality. I will show in the following, however, that there is no

role for labor income taxation in implementing the efficient allocation. In fact, under the

optimal policy, the wage rate is set so that households internalize the effect of work effort on

emissions.

2.2.2 Decentralized economy

Governments use tax and transfer instruments to correct for distortions, such as an environmental

externality. The question arises if the efficient allocation can be decentralized by the use of

taxes and transfers in a competitive economy.

The government is characterized by a Ramsey planner who maximizes utility of the

representative household by use of tax and transfer instruments. The behavior of firms

and households constrain the government’s optimization problem. The Ramsey problem is

defined as

max
s,H

U(C,H;F )

s.t. C = Y,

subject to the behavior of households and firms. The first order conditions are equivalent to
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the social planner’s ones:

wrt. s : UC ·
(
∂Y

∂F

∂F

∂s
+

∂Y

∂G

∂G

∂s

)
= −UF

∂F

∂s
, (10)

wrt. H : UC
∂Y

∂H
+ UF

∂F

∂H
= −UH . (11)

When environmental tax revenues are fully redistributed lump sum, an environmental tax

equal to the marginal social cost of fossil production implements the efficient allocation.7

This observation is known as the Pigou principle in the literature. To see this, note that eq.

(10) ensures that the social planner’s first order condition, eq. (7), is satisfied. Rewriting eq.

(7) reveals that the Pigou principle holds:

−UF

UC︸ ︷︷ ︸
marginal social cost of fossil production

=

(
1 +

∂Y
∂G

∂G
∂s

∂Y
∂F

∂F
∂s

)
∂Y

∂F
= τ ∗F .

Where the second equality follows from substituting firms’ profit maximization conditions

from eqs. (6).

Absent an externality of production, it is efficient to balance marginal products of labor

across sectors. When there is an externality, the social planner lowers the share of labor

in the fossil sector. As a result, the marginal product of labor in this sector increases. It

falls in the green sector. To sustain this gap between marginal products in the competitive

equilibrium, the government has to introduce a corrective tax. Otherwise, market forces

would direct labor towards the sector with the higher marginal product. Consequently, the

equilibrium wage rate is below the marginal product of labor.8

Setting the environmental tax equal to the social cost of fossil production implies that

the second first order condition of the Ramsey planner, eq. (11), is satisfied without use of

the income tax instrument: τ ∗ι = 0. The reason is, that in this case, the wage rate reflects

the marginal social costs of hours through raising emissions. I show in Appendix A.5 that

7 I define and derive the social cost of fossil production in Appendix A.3.
8 I formally discuss this statement in Appendix A.4.
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the wage rate can be written as:

w =
∂Y

∂H
+

UF

UC

∂F

∂H
.

Since UF < 0, the second summand reduces the wage rate beyond the marginal product

of labor in the economy. Therefore, households internalize the marginal social costs of the

externality of hours worked in their labor supply decision. Relative to no policy intervention,

labor supply declines. Proposition 2 condenses this result.
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Proposition 2. The efficient allocation is implemented by an environmental tax and lump-

sum transfers. When the environmental tax implements the efficient share of dirty labor, the

wage rate fully captures the marginal effect of hours worked on the externality. There is,

hence, no role for distortive labor income taxation, τ ∗ι = 0.

Proof: Appendix A.5.

3 Quantitative model and calibration

The previous section shows that there is no role for labor income taxation in the optimal

policy. However, the model abstracts from endogenous growth. When growth is endogenous,

carbon taxes may be used to target the allocation of research across sectors.9 Then, a motive

for income taxation may arise from optimal emission mitigation because the carbon tax

deviates from implementing the efficient share of fossil labor. Therefore, Section 3.1 extends

the core model to a quantitative framework building on Fried (2018). Section 3.2 calibrates

the quantitative model.

3.1 Quantitative model

The main extensions to the core model are endogenous growth, a third, non-energy sector,

and skill heterogeneity. The latter allows to capture a skill bias in the green sector (Consoli

et al., 2016). The government maximizes utility of the representative household under the

constraint of meeting an exogenous emission limit. This limit attaches social costs to fossil

production and replaces the utility costs of fossil in the core model. Appendix B provides an

overview of all equations determining the competitive equilibrium.

9 Acemoglu et al. (2012) argue that to achieve the efficient allocation, a research subsidy needs to
complement a carbon tax. The subsidy serves to correct for dynamic spillovers in research. Absent a
subsidy on green research, the optimal carbon tax is higher to stimulate green growth today. The result in
my framework may differ due to knowledge spillovers and decreasing returns to research.
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Households A representative household describes the household side. The household

chooses hours of high-, hht, and low-skill workers, hlt, hours of scientists, St, and average

consumption, Ct, taking prices as given. The share of worker types is fixed with a lower

share of high-skill workers, zh, resulting in a skill premium. The household’s problem remains

static. Modeling the economy as a representative family allows to abstract from inequality as

a motive for government intervention while being able to study skill heterogeneity. The total

time endowment of workers and scientists is given by H̄. The household receives lump-sum

transfers from the government: Tπt and Tlst resulting from (i) confiscating firm profits and

(ii) the carbon tax. The household behaves according to:

max
Ct,hlt,hht,St

u(Ct, hlt, hht, St)

s.t. ptCt ≤ zhλt (hhtwht)
1−τιt + (1− zh)λt (hltwlt)

1−τιt + wstSt + Tπt + Tlst,

hht ≤ H̄, hlt ≤ H̄, St ≤ H̄.

The variables wht, wlt, wst, and pt indicate prices for high- and low-skill labor, for research,

and the final consumption good. The government taxes labor income at the skill level.

Production Production separates into final good production, energy production, intermediate

good production, and the production of machines and the intermediate labor input good. The

final sector is perfectly competitive combining non-energy and energy goods according to:

Yt =

[
δ

1
εy
y E

εy−1

εy

t + (1− δy)
1
εy N

εy−1

εy

t

] εy
εy−1

.

I take the final good as the numeraire and define its price as pt =
[
δyp

1−εy
Et + (1− δy)p

1−εy
Nt

] 1
1−εy

.

Energy producers perfectly competitively combine fossil and green energy to a composite
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energy good:

Et =

[
F

εe−1
εe

t +G
εe−1
εe

t

] εe
εe−1

.

The price of energy is determined as pEt =
[
(pFt + τFt)

1−εe + p1−εe
Gt

] 1
1−εe . The government

levies a sales tax per unit of fossil energy bought by energy producers, τFt. This tax is

referred to as environmental or carbon tax in this paper.

Intermediate goods, fossil, Ft, green, Gt, and non-energy, Nt, are again produced in

competitive sectors using a sector-specific labor input good and machines. The production

function in sector J ∈ {F,G,N} reads

Jt = L1−αJ
Jt

∫ 1

0

A1−αJ
Jit xαJ

Jitdi.

Variable AJit indicates the productivity of machine i in sector J at time t: xJit. Labor shares,

αJ , are sector specific. Intermediate good producers maximize profits:

πJt = pJtJt − wlJtLJt −
∫ 1

0

pxJitxJitdi,

where wlJt is the price of sector J ’s labor input good, LJt, and pxJit denotes the price of

machines from producer i in sector J .

The labor input good of sector J is produced by a perfectly competitive labor industry

according to:

LJt = hθJ
hJth

1−θJ
lJt .

This additional intermediate industry allows to capture differences in skills by sector and in

particular the skill bias of the green sector: θG > 1
2
(θF + θN).

Machine producers are imperfect monopolists searching to maximize profits. They choose
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the price at which to sell their machines to intermediate good producers and decide on the

amount of scientists to employ. Demand for machines increases with their productivity.

This provides the incentive to invest in research. Irrespective of the sector, the costs of

producing one machine is set to one unit of the final output good similar to Fried (2018)

and Acemoglu et al. (2012). Following the same literature, machine producers only receive

returns to innovation for one period. Afterwards, patents expire. Machine producer i’s profits

in sector J are given by

πxJit = pxJit(1 + ζJt)xJit − xJit − wstsJit.

The government subsidizes machine production by ζJt to correct for the monopolistic structure.

Machine producers’ profits are confiscated by the government to simplify notation.

Research and technology Technology growth is driven by research and spillovers. The

law of motion of technology of machines from firm i in sector J is modeled as

AJit = AJit−1

(
1 + γ

(
sJit
ρJ

)η (
At−1

AJt−1

)ϕ
)
.

Aggregate technology levels are defined as

AJt =

∫ 1

0

AJitdi,

At =
ρFAFt + ρGAGt + ρNANt

ρF + ρG + ρN
.

The parameters ρJ capture the number of research processes by sector. This ensures that

returns to scale refer to the ratio of scientists to research processes (Fried, 2018). Private

benefits of research diverge from social ones for two reasons. First, innovation builds on

“the shoulder of giants” introduced through the term AJit−1. However, producers do not

internalize the effect of today’s research on tomorrow’s productivity under one-period patents.
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Second, they neither consider knowledge spillovers to other sectors captured by the term(
At−1

AJt−1

)ϕ
with ϕ ≥ 0. There are no knowledge spillovers when ϕ = 0.

The marginal product of research determines the amount of researchers employed. It

equals the competitive wage for scientists given by

wst =
ηγ
(

At−1

AJt−1

)ϕ
(1− αJ)αJs

η−1
Jt pJtJt

ρηJ
.

The parameter γ refers to research productivity.

The supply of scientists is endogenous in my model. With this choice, I depart from the

standard assumption of a fixed supply of scientists in the literature on directed technical

change (Acemoglu et al., 2012; Fried, 2018). Modeling the supply of researchers flexibly

gives more freedom for the planner to choose lower growth levels: no a-priori fixed amount of

research has to be employed. In light of an absolute emission limit, this could be important.

There is free movement of scientists across sectors, which seems reasonable given the 5-year

duration of one period and certain research skills being applicable across sectors.

Markets In equilibrium, markets clear. I explicitly model markets for workers, scientists,

and the final consumption good:

zhhht = hhFt + hhGt + hhNt,

(1− zh)hlt = hlF t + hlGt + hlNt,

St = sFt + sGt + sNt,

Ct = Yt −
∫ 1

0

(xFit + xGit + xNit) di.

Government The government seeks to maximize lifetime utility of the representative

household. Each period, the government is constrained by an emission limit, Ωt, in line

with the Paris Agreement. It is characterized as a Ramsey planner taking the behavior
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of firms and households as given and discounting utility by the household’s time discount

factor, β. The planner chooses time paths for environmental taxes and the tax progressivity

parameter on the income tax scheme to solve:

max
{τFt}∞t=0,{τιt}∞t=0

∞∑
t=0

βtu(Ct, hht, hlt, St)

s.t. ωFt − δ ≤ Ωt, (12)

zh
(
whthht − λt (whthht)

1−τιt
)
+ (1− zh)

(
wlthlt − λt (wlthlt)

1−τιt
)
= 0, (13)∑

J∈{F,G,N}

(∫ I

0

πxJitdi− ζJt

∫ I

0

pxJitxJitdi

)
= −wstSt = Tπt, (14)

τFtFt = Tlst. (15)

subject to the behavior of firms and households, and feasibility. Constraint (12) is the

emission limit. The parameter δ captures the capacity of the environment to reduce emitted

CO2 through sinks, such as forests and moors. The parameter ω determines CO2 emissions

per unit of fossil energy produced.

The scale parameter on income taxes, λt, adjusts so that all revenues from the labor

income tax are redistributed to the household, eq. (13). The government also generates

revenues from confiscating profits which are used to finance the subsidy on machine production.

The rest is rebated lump sum to households, eq. (14). Finally, the government redistributes

environmental tax revenues lump sum, eq. (15).

3.2 Calibration

Section 3.2.1 derives and discusses the emission target. Secton 3.2.2 calibrates the remaining

model parameters.
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Figure 1: Net CO2 emission limit in Gt

3.2.1 Emission target

This section calibrates the emission limit. I consider CO2 emissions only and abstract from

other greenhouse gasses since carbon is the most important pollutant with the highest

mitigation potential (IPCC, 2022a, p.29). The most recent IPCC report (IPCC, 2022a)

formulates a reduction of global CO2 emissions in the 2030s by 50% relative to 2019 and net-

zero emissions in the 2050s as essential to meeting the 1.5°C climate target.10 Furthermore,

the report stipulates a remaining global net CO2 budget of 510 GtCO2 from 2020 to the

net-zero phase starting from 2050 (IPCC, 2022a, p.5, Chapter 3). To deduce an emission

target for the US, further assumptions on the distribution of mitigation burdens have to be

made. I follow Robiou Du Pont et al. (2017) who consider 5 distinct principles of distributive

burden sharing. I use an equal-per-capita approach according to which emissions per capita

shall be equalized across countries. I plan to conduct sensitivity analyses based on alternative

derivations of the emission target. Appendix C details the calculation of the emission target.

Figure 1 visualizes the resulting emission limit for the US.

Discussion The reduction in net CO2 emissions necessary to meet the emission limit

relative to 2019 emissions in the US is substantial. It amounts to around 85%. The result

is not only explained by the global emission limit but also by the US emitting beyond its

10 “Mitigation pathways limiting warming to 1.5°C [...] reach 50% reductions of CO2 in the 2030s,
relative to 2019, then reduce emissions further to reach net zero CO2 emissions in the 2050s [...] (medium
confidence).” (IPCC, 2022a, p.5, Chapter 3)
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population share in 2019. In 2019, US emissions accounted for 10.44% of global net emissions

while the population share of the US was 4.3%. Hence, even without an emission limit, the

US would have to reduce emissions according to the equal-per-capita principle.

The necessary reduction in net CO2 emissions found in this calibration exceeds political

goals. On April 22, 2021, President Biden announced a 50-52% reduction in net greenhouse

gas emissions relative to 2005 levels in 2030 and net-zero emissions no later than 2050.11

However, relative to 2019, the foreseen reduction for 2030 corresponds to a 38% decline only.

The resulting net emissions in the US would then amount to 103.21 Gt.12 This is 5 times

the budget acceptable for the US, if the global remaining carbon budget was allocated on a

equal-per-capita basis.13

3.2.2 Model parameters

Functional forms I assume the following functional form of period utility:

u(Ct, hht, hlt, St) = log(Ct)− zhχ
h1+σ
ht

1 + σ
− (1− zh)χ

h1+σ
lt

1 + σ
− χs

S1+σs
t

1 + σs

.

The log-utility of consumption ensures that the scaling parameter of the income tax scheme

does not affect hours worked. It cancels from the optimality condition describing labor supply

since income and substitution effect cancel which simplifies the analysis.14

Parameter values To calibrate the model, I proceed in three steps. First, I set certain

parameters to values found in the literature. Second, I calibrate the remaining variables

11 Source: https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/, retrieved 14
September 2022.

12 This calculation assumes emissions where left at 2019-levels until 2030 and then lowered to the Biden
target from 2030 to 2050 and net-zero afterwards.

13 The remaining net carbon budget for the US based on its population share is 20.738Gt for the period
from 2020 to 2050.

14 On the other hand, recent research has shown that substitution and income effects of the wage rate
most likely do not cancel. Boppart and Krusell (2019) argue for a slightly higher income effect so that hours
fall over time as productivity increases. I plan to conduct a sensitivity analysis by assuming the utility
specification suggested in their paper.
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requiring that equilibrium conditions and target equations hold. Third, parameters relating

production and emissions are chosen. Table 1 summarizes the calibrated parameter values.

I calibrate the model to the US in the baseline period from 2015 to 2019. Using this

calibration approach, it is not ensured that the economy is on a balanced growth path.

However, the goal of this paper is to study necessary interventions to meet an absolute

emission limit. Therefore, it is important to capture whether the economy is transitioning,

for example, to a higher fossil share. The optimal dynamic policy has to counteract these

forces.

In the first step, I mainly rely on Fried (2018) to calibrate the parameters governing

research processes, η, ρF , ρN , ρG, ϕ, and production, εe, εy, αF , αG, αN . The labor share in the

green sector is remarkably low with αG = 0.91. This diminishes the significance of labor

supply for green innovation and production. Furthermore, fossil and green energy are no

close substitutes with εe = 1.5 so that the cap on fossil energy cannot be fully substituted

for by green energy. Returns to research are decreasing with η = 0.79 < 1. This makes

extreme distributions of researchers across sectors unproductive. The non-energy sector is

the biggest research sector with ρN = 1 and ρF = ρG = 0.01. The utility parameters, β, σ,

are set to 0.9845 and 0.75−1 following Barrage (2020) and Chetty et al. (2011), respectively.

The business-as-usual policy is set to τι = 0.181, τF = 0, where I borrow the tax progressivity

parameter from Heathcote et al. (2017).

In the second step, I calibrate the weight on energy in final good production by matching

the average expenditure share on energy relative to GDP over the period from 2015 to

2019 taken from the US Energy Information Administration (EIA, 2022, Table 1.7). The

expenditure share equals 6%. The resulting weight on energy is δy = 0.38. The data to

match the high-skill share in labor production are taken from Table 3 in Consoli et al.

(2016). In particular, I derive the share of high-skill labor in the green sector and for the

non-green sector. I assume that within the non-green sector, i.e., sectors N and F in the

model, high-skill labor shares are the same, θF = θN . These three conditions determine
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θG = 0.57 and θF = θN = 0.42. The share of high-skill workers, zh, is chosen to match a

skill premium for the period 2005-2016 of wh

wl
= 1.9 following Slav́ık and Yazici (2020). The

disutility of labor, χ, is set to match equilibrium average hours worked to average hours over

the period from 2015-2019 drawing from OECD data (OECD, 2021), χ = 10.02. I normalize

total economic time endowment for workers and scientists per day, which I set to 14.5 as

found in Jones et al. (1993), to 1.

Two more variables determining research remain to be calibrated: research productivity,

γ, and the disutility from research, χs. To find γ, I force the maximum aggregate growth

rate, defined as the growth rate which would obtain, if researchers worked all available hours,

to match an annual growth rate of 4%. This value roughly reflects an upper bound for annual

growth rates in the US from 2010 to 2019 (compare OECD, 2022). The resulting research

productivity is γ = 0.06. Finally, I set average hours supplied by scientists to 0.34 similar

to workers while equilibrium equations have to hold. As a result, the disutility of research

is χs = 0.48. Initial productivity levels follow from normalizing output in the base period to

Y = 1 and matching the ratio of fossil-to-green energy utilization over the years 2015-2019

which equals 7.33 according to (EIA, 2022, Table 1.3). I find that total factor productivities

in the baseline period are A1−αN
N0 = 2.8, A1−αF

F0 = 8.21, and A1−αG
G0 = 1.27.

Finally, I calibrate the sink capacity to match the average difference between gross and net

CO2 emissions over the baseline period from 2015 to 2019. Information on emissions comes

from the US Environmental Protection Agency (EPA, 2022). Since sinks are relevant for all

greenhouse gasses, I only use the proportion of total sink capacity which reflects contribution

of carbon dioxide to gross greenhouse gas emissions. The resulting sink capacity per model

period is δ = 3.19GtCO2.
15 The parameter relating CO2 emissions and fossil energy in the

base period equals ω = 217.39.16

15 I consider this capacity to be constant. This is a simplifying assumption. What is crucial qualitatively is
the assumption that sinks are finite. Indeed, natural sinks and carbon capture and storage (CCS) technologies
rely on the use of land (Van Vuuren et al., 2018) which is in limited supply. In addition, the importance of
land for food production makes land even scarcer especially in light of a growing world population.

16 I perceive the fossil sector in the model as source of all CO2 emissions including, for instance, non-energy
use of fuels and incineration of waste.
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Table 1: Calibration

Parameter Target/Source Value
Household
(σ, σs) Chetty et al. (2011) (1.33, 1.33)

zh

skill premium 2005-2016:
wh/wl = 1.9
(Slav́ık and Yazici, 2020)

0.21

(χ, χs)
average hours worked per
economic time endowment
by worker: 0.34 (OECD, 2021)

(10.02, 0.48)

β Barrage (2020) 0.93

H̄
14.5 hours per day
Jones et al. (1993)

1.00

Research
η 0.79

(ρF , ρG, ρN) Fried (2018) (0.01, 0.01, 1.00)
ϕ 0.50

γ
maximum aggregate growth:
4% per annum (OECD, 2022)

0.06

Production
εy Fried (2018) 0.05

δy
expenditure share
on energy (EIA, 2022)

0.38

εe 1.50
(αF , αG, αN) Fried (2018) (0.72, 0.91, 0.36)

Initial total factor productivity

(A1−αF
F0 , A1−αG

G0 , A1−αN
N0 ) - (8.21, 1.27, 2.80)

Labor production

(θF ,θG,θN)
share of high skill
non-green: 27.55%,
green: 40.71% (Consoli et al., 2016)

(0.42, 0.57, 0.42)

Government
τF - 0.00
τι Heathcote et al. (2017) 0.18

Emissions
δ EPA (2022) 3.19
ω EPA (2022) 217.3

4 Quantitative results

This section presents and discusses the quantitative results. In Section 4.1, I use the model

to learn how a constant carbon tax affects the economy and how it interacts with a tax on

labor income. Section 4.2 calculates how high a carbon tax is necessary to meet the emission

limit. I find that an increasing carbon tax is necessary to counter market forces directing

production and research towards the fossil sector. Section 4.3 goes one step further asking

how the government can optimally satisfy the emission limit using carbon and labor income
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taxes. Results show that a combination of the two instruments is optimal throughout.

4.1 A constant carbon tax

We are now equipped to study how a carbon tax equal to US$185 (in 2020 prices) affects the

economy. The value reflects the social costs of carbon calculated by a joint research effort led

by Resources for the Future (RFF), an independent research institution, and the University

of Berkeley (Rennert et al., 2022).17

Figure 2: A constant carbon tax equal to US$185 (2020 prices) per ton of carbon

(a) Net CO2 emissions in Gt (b) Fossil energy in percentage
deviation from business-as-usual

Notes: Panel (a) shows levels of net emissions under a constant carbon tax equal to US$185 (in 2020 prices)
for a world with progressive income taxation at τι = 0.181, the solid graph, and without income taxation,
τι = 0. The thin dotted graph shows the emission limit suggested by the IPCC. Panel (b) presents the
percentage deviation from the business-as-usual policy in the economy (i) with and (ii) without income tax
by the solid and dashed graphs, respectively.

Static effect of a carbon tax Figure 2 shows the effect of a constant carbon tax in a

world with and without labor income tax represented by the solid and the dashed graphs,

respectively. In this and all following figures, the x-axis indicates the first year of the 5-year

period to which the variable value corresponds.18

Panel (a) depicts how net emissions evolve under the carbon tax. The level of emissions

is smaller in presence of a labor income tax with τι = 0.181. A carbon tax of 185$ per ton

17 For comparability, the social cost of carbon equal US$203.5 in 2022 prices.
18 Figure 9 in Appendix D.1 shows research related and other variables.
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diminishes emissions by around 46% initially relative to the business-as-usual (BAU) policy;

i.e., without carbon tax. However, net emissions exceed the emission limit derived previously;

see the dotted line in Panel (a). Panel (b) shows the percentage deviation from the BAU

allocation for fossil energy.

A carbon tax operates as follows. As energy producers face a higher price for fossil

energy, they lower demand for fossil and rise demand for green energy. Fossil production

falls, and green production rises. The tax on fossil goods also increases the price for energy

goods relative to non-energy goods on impact. Final good producers recompose their inputs

towards non-energy goods. The energy share to GDP declines. But, the recomposition is

limited as energy and non-energy goods are complements.

The shift in demand by energy and final good producers induces a reallocation of research.

In the model, the direction of research is determined by a market size effect, a price effect,

and knowledge spillovers. A market size effect directs research to the sector with the bigger

market; i.e., higher output. A price effect runs in the contrary direction rendering research

in more expensive sectors more profitable. Which effect dominates depends on the degree of

substitutability of goods (Acemoglu, 2002; Hémous and Olsen, 2021). Knowledge spillovers

make research in less productive sectors more profitable.

Since green and fossil goods are sufficient substitutes, the market size effect dominates the

price effect. As demand for the green good increases, profitability of research in this sector

rises. In contrast, research in the fossil sector falls. This makes the green good even cheaper

contributing to an increase in the green-to-fossil energy ratio. Non-energy research falls

because knowledge spillovers to the energy sector direct research away from the non-energy

sector.19

19 I examine the effect of a carbon tax on non-energy and energy research in Appendix D.1. Contrary
to theory, the price effect does not dominate. It does not direct research to the more expensive good. The
reason are heterogeneous labor shares which hamper a supply-side effect. Assume sectors share the same
input good. As demand for the more expensive good falls, the cheaper sector can produce even cheaper
because of a higher supply of input goods. This amplifies the price difference in goods. When the supply-side
effect is muted since sectors have different production functions, the price difference may not be big enough
to direct research to the more expensive good. The market size effect dominates directing research to the
sector with the bigger market: in this case, non-energy goods. Yet, knowledge spillovers from the non-energy
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Dynamics Over time, the effectiveness of the carbon tax to lower fossil production declines

from 40.8% to 39.3%. Hence, to meet a net-zero emission limit, a continuous intervention is

necessary. This finding is in contrast to the result by Acemoglu et al. (2012) who abstract

from knowledge spillovers and heterogeneity in labor shares. They conclude that when dirty

and clean goods are sufficient substitutes, a temporary intervention suffices to prevent too

high pollution. In contrast, in the present model, knowledge spillovers and heterogeneous

labor shares call for a continuous rise in the carbon tax to keep fossil energy from rising.

Consider, first, the effect of knowledge spillovers. Initially, the carbon tax reduces research

in the fossil sector, however, as green technology advances, knowledge spillovers from the

green sector make fossil research more profitable again, and demand for fossil scientists

resurges. It is not only that a constant amount of researchers becomes more productive

but also a change in the equilibrium level of fossil researchers which intensifies the effect of

knowledge spillovers. This mechanism explains the quick rise in emissions under a constant

carbon tax.20 Therefore, when knowledge spillovers are strong, reducing emissions to net-zero

requires a continues intensification of environmental intervention. In its extreme, growth may

have to stop eventually in order to prevent the fossil sector from growing too much.

Consider now the effect of heterogeneous labor shares. The green sector has the smallest

labor share. Labor is more important in the fossil and most important in the non-energy

sector. This heterogeneity lowers the effectiveness of the carbon tax through a supply-side

channel. A reduction in demand for labor in the fossil sector eases labor costs of the green

sector. When, however, the green sector only uses a small share of labor, the higher labor

supply does not lower green production costs as much, and the green good remains more

expensive. The share of green energy and labor rises less. This weakens the effectiveness of

directed technical change to foster green energy production. Panel (b) in Figure 10 displays

to the energy sector are pivotal. All in all, the share of energy research increases.
20 Panel (a) in Figure 10 shows the effect of a constant carbon tax in a model without knowledge spillovers,

ϕ = 0. The rise in net emissions over time is muted, and a constant carbon tax becomes more effective over
time in reducing fossil production. Absent knowledge spillovers, more research is allocated to the green and
non-energy sector.
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the behavior of key variables in a model with homogeneous labor shares across sectors.21

Panel (c) in Figure 10 shows the result in a model variation without knowledge spillovers

and with equal labor shares. A constant carbon tax suffices to lower emissions over time.

Then, endogenous growth directs research away from the fossil sector so that emissions

continuously decline. This finding is consistent with the result in Acemoglu et al. (2012).

Effect of the income tax A progressive income tax lowers the level of emissions; compare

the solid and the dashed graph in Panel (a) in Figure 2. As labor supply reduces, output

shrinks, and emissions fall. However, there are compositional effects of a progressive income

tax which (i) affect the economic structure, and (ii) interact with the effectiveness of the

carbon tax. I will explain each statement in turn.

A progressive income tax lowers the green-to-fossil energy ratio and diminishes the energy

share in GDP. The compositional effect of a progressive income tax originates from the

asymmetric reaction of high- and low-skill workers. Tax progressivity affects labor supply

via an income and a substitution effect. The income effect is similar across skill types due

to the family structure of the household side. The substitution effect, in contrast, is more

pronounced for high-skill workers. There are two reasons. First, post-tax income falls more

the higher pre-tax income as progressivity rises. Second, I assume that the marginal value of

leisure rises with hours worked. Since the high skill work more, they require a higher wage

rate to be compensated for an additional unit of labor. Hence, as tax progressivity rises,

and the after-tax wage rate falls, the high skill reduce their labor supply more. Overall, the

high-to-low skill ratio declines.

Now, note that green production is skill biased as opposed to fossil production. As a

consequence, green production becomes more expensive, while fossil production gets cheaper

when tax progressivity rises. The price of non-energy goods, which are less skill-intense than

energy goods, falls, too. Therefore, energy producers substitute fossil for green energy, and

21 In this counterfactual calibration, I set capital shares equal across sectors to the average in the baseline
calibration: αg = αf = αn = 0.66.
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final good producers turn to non-energy goods. The former effect raises, the latter diminishes

emissions.

Research responds to the change in demand and in prices. First, non-energy research is

less profitable due to its smaller price. Since non-energy and energy goods are complements,

the amount of non-energy goods does not rise sufficiently to raise machine producers’ profits

despite the smaller price. As a result, research turns to the energy sector. The share of

non-energy researchers reduces, albeit minimally. Second, focusing solely on the allocation

of researchers between the fossil and green sector, the relatively higher supply of low-skill

labor raises the market size of the fossil good. Since intermediate energy goods are sufficient

substitutes, the market size effect dominates the price effect and research shifts from green

to fossil. Although the share of green-to-fossil research drops, the absolute amount of green

scientists increases. The reallocation of research to energy goods in general implies a rise in

green researchers.

While the labor tax affects the composition of research due to skill heterogeneity, there is

no effect on aggregate research activity. To see this, I consider the model with homogeneous

skills, then the labor tax has no compositional effect. In this model, the equilibrium amount

of scientists remains unchanged by a progressive income tax. Indeed, demand for innovation

reduces in response to a progressive income tax since less labor is available to work with

technology. However, at the same time, scientists are willing to accept a lower wage rate since

consumption of the household reduces. In equilibrium, the reduction in demand is absorbed

by a change in the wage rate, and the level of aggregate research remains unchanged.

Interaction of income and carbon taxes The compositional effect of a tax on labor

interacts with the impact of the carbon tax. Quantitatively, the effect of the carbon tax

seems largely unaffected by the value of income tax progressivity. Yet, there is a smaller

reduction in fossil energy visible in Panel (b) in Figure 2. This discrepancy emerges from the

effect of a carbon tax on skill supply which is affected by the income tax.

The carbon tax changes the skill premium since demand for green-specific high-skill labor
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increases. High-skill hours in equilibrium rise, while hours of low-skill workers reduce. A

progressive income tax lessens the effect of changes in the wage rate on labor supply. The

reason is that the elasticity of after-tax labor income with respect to pre-tax labor income

diminishes with a higher tax progressivity.22 This mutes the supply response in the skill ratio

to the carbon tax, and production costs of the green good remain high.

4.2 Meeting the emission limit

The previous section makes apparent that, first, the carbon tax suggested by the RFF does

not cause emissions in line with the IPCC’s emission limit. Second, it shows that model

dynamics call for an increasing carbon tax. In this section, I calculate the necessary carbon

tax to meet the emission limit. I compare the resulting tax and allocations for the policy

regimes with labor income tax (“combined policy”) to a “carbon-tax-only” policy.

Figure 3 shows the results. Consider Panel (a). The necessary carbon tax ranges from

US$889 in the 2020-2024 period to around US$2,951 in the 2070-2074 period (both in 2022

prices). The carbon tax is lower when labor is taxed: the deviation of the carbon tax reaches

-10% in initial periods but diminishes over time to approximately -7.25% (Panel (c)).23

The combined policy results in a lower green-to-fossil energy ratio (Panel (b)) and a higher

energy share to GDP. Yet, the reduction in economic activity induced by the labor income

tax ensures that the emission limit is satisfied. On the upside, the combined policy enables a

smoother distribution of energy scientists (Panel (d)). While the carbon tax induces a shift

of researchers to the green sector, the labor tax lowers the green-to-fossil research share. In

sum, the combined policy allows for a smoother distribution of scientists across sectors. This

diminishes the reduction in scientists’ productivity due to decreasing returns to research.24

22 Consider Panel (f) in Figure 9 in Appendix D.1.
23 The smaller deviation under the net-zero emission limit results primarily from the tightness of the

emission limit itself and not the presence of the labor income tax. Abstracting from all model features
discussed earlier, the carbon tax nevertheless approaches the one without progressive income tax as the
emission limit gets tighter. Hence, the more stringent emission limit calls for a more aggressive carbon tax
despite the reductive effect of labor taxation.

24 I discuss the effects of knowledge spillovers, heterogeneous skills, heterogeneous labor shares, and
endogenous growth in Appendix D.2.1.
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Figure 3: Meeting the emission limit with and without preexisting labor tax

In levels

(a) Tax per ton of carbon in 2022 US$ (b) Green-to-fossil energy ratio

In percentage deviation from carbon-tax-only regime

(c) Carbon tax (d) Green-to-fossil scientists

Notes: Panels (a) and (b) show variables in levels when the emission limit has to be met (i) in a scenario
without income tax, τι = 0, dashed graphs, and (ii) in a scenario with labor income tax, τι = 0.181, solid
graphs. Panel (c) and (d) depict percentage deviation in variables in the combined scenario to the carbon-
tax-only scenario. A vertical line indicates when the net-zero emission limit becomes binding.

4.3 Optimal policy

This section seeks to answer the question how a benevolent planner optimally attains the

emission limit. After showing the results in Section 4.3.1, I discuss the intention behind the

optimal policy in Section 4.3.2. The optimal policy consists of a combination of labor income

and carbon taxes. The reason is that when the carbon tax is used to target the direction of

research, the wage rate no longer captures the social costs of labor. The labor tax boosts or

curbs labor supply to correct for the externality of work through emissions.
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4.3.1 Results

Figure 4 depicts the optimal policy. To meet the emission limit suggested by the IPCC, the

optimal policy taxes labor until 2044 (Panel (a)). The labor tax turns into a subsidy from

2045 onward, τιt < 0. Consider now Panel (b). The optimal carbon tax increases over time

Figure 4: Optimal policy

(a) Average marginal income tax rate (b) Tax per ton of carbon in 2022 US$

Notes: The x-axis indicates the first year of the 5 year period to which the variable value corresponds. A
vertical line indicates when the net-zero emission limit becomes binding.

and jumps to a higher level when the net-zero emission limit is introduced in 2050. In 2020,

the carbon tax equals US$987 and rises steadily to US$1,326 in the 2045-2049 period. As

the emission limit declines to net-zero, the tax rapidly surges to US$2,833 and gradually

increases afterwards reaching US$3,2186 in 2070-2074.

Figure 5 presents adjustments of key variables under the first-best (efficient) and the

second-best (optimal) policy relative to the laissez-faire allocation.25 Dashed graphs show

the efficient and solid graphs the optimal allocation. The efficient allocation can be perceived

as the allocation the Ramsey planner intents to implement. However, she may not be able to

achieve the efficient allocation due to the reliance on (a limited number of) tax instruments.26

The social planner attains the emission limit while increasing consumption and decreasing

labor relative to laissez-faire (Panels (a) and (b) in Figure 5). This allocation is achieved

25 I formulate the social planner’s problem in Appendix B.3.
26 Figure 13 in Appendix D.3 shows the laissez-faire, the efficient, and the optimal allocation in levels.
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Figure 5: Efficient and optimal allocation relative to laissez-faire

In percentage deviation from laissez-faire

(a) Consumption (b) Average hours worked

(c) Green-to-fossil energy ratio in k (d) Non-energy scientists share

In levels

(e) Fossil scientists (f) Green scientists

Notes: Panels (a) to (d) show the percentage deviation of the allocation resulting under the optimal
policy, the black solid graph, and the efficient allocation, the black dashed graph, relative to the laissez-faire
allocation. Panels (e) and (f) show fossil and green scientists in levels. The dotted graph refers to the
laissez-faire allocation. A vertical line indicates when the net-zero emission limit becomes binding.
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by a higher research effort on aggregate: average hours of scientists roughly double in all

periods. The social planner decreases the share of non-energy scientists (Panel (d)). More

research effort in the energy sector is efficient. Within the energy sector, a higher level of

fossil scientists as compared to green scientists characterizes the efficient allocation (Panels

(e) and (f)). As the emission limit becomes stricter, the ratio of green-to-fossil scientists

increases. The social planner can sustain high growth rates -especially in the fossil sector-

and simultaneously meet the emission limit by choosing a lower energy share to GDP and a

higher ratio of green-to-fossil energy (Panel (c)). I will discuss in the next section why this

allocation of researchers is efficient.

Under the optimal policy, in contrast, consumption reduces relative to the laissez-faire

allocation. Average hours of scientists fall slightly by approximately 0.1%. The optimal policy

implements a lower share of energy research, and the number of fossil scientists remains close

to zero (Panels (d) and (e)). The ratio of green to fossil scientists tends to infinity. In the

competitive economy, a rise in fossil research has to be induced via demand. A higher demand

for fossil, however, would conflict with the emission target. A trade-off between growth and

emission mitigation exists. In fact, the optimal allocation falls short of both the efficient

green-to-fossil energy ratio and the efficient allocation of researchers. Thus, implementing

the emission target is costly in terms of R&D investment and growth.

4.3.2 Discussion

What explains the optimal policy? To answer this question, I, first, consider the social

planner allocation without knowledge spillovers. Knowing the reasons behind the efficient

allocation enables us to better understand the use of policy instruments. Second, I look at

how the optimal allocation with labor income tax differs from the optimal allocation when

no income tax is available. Finally, I conduct a counterfactual experiment where only the

optimal carbon tax is implemented. This allows to decompose the effect of the carbon and

the labor income tax.
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Efficient and optimal allocation without knowledge spillovers Figure 6 depicts

deviations of the efficient and the optimal allocation from laissez-faire in the model without

knowledge spillovers. Absent knowledge spillovers, the social planner raises research efforts

by a factor of 3.5 compared to 2 in the benchmark model, and hours worked reduce less and

increase more over time (Panel (b)). Nevertheless, consumption grows less than in the model

with knowledge spillovers (Panel (a)). The reason is that meeting the emission limit is only

maintainable under a less productive allocation of researchers across sectors when knowledge

is sector specific.

When knowledge cannot spill from conventional to the green sector, meeting the emission

limit requires a strong rise in green relative to fossil research. Almost no energy research

happens in the fossil sector (Panel (c)), and the social planner raises green research effort

(Panel (d)). Due to decreasing returns to scale, this extreme allocation reduces overall

research productivity and, hence, consumption growth. Yet, it is efficient because it takes

into account dynamic spillovers in the green sector.27

The rise in working hours over time under the social planner reflects the slow down in

consumption. Consumption becomes so valuable, that hours have to rise. Hence, knowledge

spillovers diminish the costs of implementing the emission limit since they allow to mitigate

decreasing returns to research in the green sector.

Comparison to carbon-tax-only policy regime How is the income tax used to achieve

a more efficient allocation? This section analysis the benefits of the policy regime with income

tax, the combined regime, as opposed to a carbon-tax-only regime where τιt = 0. Panel (a)

in Figure 8 presents percentage deviations of variables under the combined policy relative

to the carbon-tax-only regime. In both regimes, tax instruments are chosen optimally. In

the period from 2020 to 2044, the carbon tax is lower when a labor income tax can be used

27 Figure 15 in Appendix D.3 depicts the ratio of green-to-fossil energy and the adjustment in the share
of non-energy scientists absent knowledge spillovers. When no knowledge spills to the non-energy sector, the
planner raises the share of non-energy scientists initially to boost consumption. Once the net-zero emission
limit binds, the social planner reduces the share of non-energy researchers relative to laissez-faire. Then,
energy research becomes more important to mitigate the costs of the emission limit.
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Figure 6: Efficient and optimal allocation: no knowledge spillovers

In percentage deviation from laissez-faire

(a) Consumption (b) Average hours worked

In levels

(c) Fossil scientists (d) Green scientists

(Panel (a i)). Recall that in the exact same period, the labor income tax is used to tax labor

(Panel (a), Figure 4). From 2045 onward, the carbon tax exceeds its counterpart when no

labor tax is available. Now, the government subsidizes labor. Thus, labor income taxes and

carbon taxes act as substitutes.

By setting a lower carbon tax and taxing labor, the government achieves a smoother

distribution of energy scientists in the periods before the net-zero emission limit: the share

of green-to-fossil scientists decreases (Panel (a ii)). Hence, in terms of the allocation of

research, the optimal policy comes closer to the efficient allocation. Yet, to do so, it forfeits an

advantageous green-to-fossil energy ratio.28 This observation highlights the trade-off between

28 Both, a smaller carbon tax and a tax on labor contribute to the adverse energy ratio. Figure 16 in
Appendix D.3 shows deviations of the green-to-fossil energy ratio.
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more fossil research and lower fossil demand.

When the net-zero emission limit binds, the carbon tax under the combined policy is

higher than in the carbon-tax-only scenario. The stricter emission limit leaves no room to

profit from fossil growth. Instead, more research has to be directed to the green sector. This

is in spirit of the finding in Acemoglu et al. (2012): absent a research subsidy, the carbon

tax is used to take into account the path dependency of research, i.e. the gains from green

research today by boosting green productivity tomorrow.

Indeed, the optimal policy in the model without knowledge spillovers subsidizes labor

throughout; see Figure 7. In this case, future green growth does not profit from fossil

growth today. Therefore, carbon is taxed higher to foster more green research right from

the beginning.29 By doing so, the optimal policy takes into account the path dependency

of research. As regards the level of the carbon tax, it is smaller than in the model with

knowledge spillovers. Knowledge spillovers to the fossil sector call for a higher and gradually

increasing carbon tax.30

Figure 7: Optimal policy without knowledge spillovers

(a) Average marginal income tax rate (b) Tax per ton of carbon in 2022 US$

Notes: The figure shows the optimal policy in the model without knowledge spillovers. Solid graphs refer
to the combined policy regime, and dashed graphs to the carbon-tax-only regime. A vertical line indicates
when the net-zero emission limit becomes binding.

In the next two paragraphs, I decompose the effect of the combined policy regime relative

29 The deviation in the carbon tax is minimal. For better visibility, consider Figure 17 in Appendix D.3.
30 On this point, see the discussion in Section 4.1.
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to the carbon-tax-only regime into the effect of (i) the adjusted carbon tax, and (ii) the

change in the labor income tax.

Effect of adjustment in carbon tax Panel (b) in Figure 8 depicts the deviation of the

allocation when only the optimal carbon tax is implemented and the labor income tax is

fixed at τιt = 0 relative to the carbon-tax-only scenario. The lower carbon tax almost fully

accounts for the deviation of the ratio of green-to-fossil research (Panel (b i)). Average hours

worked remain largely unchanged by the change in the carbon tax (Panel (b ii)). But, a

bigger labor share allocated to the fossil sector raises the externality associated with work.

As a result, the allocation with the lower carbon tax alone would violate the emission limit.

Effect of labor income tax Panel (c) in Figure 8 compares the allocation under the

combined policy to the one where only the carbon tax is set to its optimal value and the

labor income tax is kept at zero. The difference is, thus, explained by income taxation.

The labor income tax contributes to a smoother allocation of green-to-fossil scientists

albeit minimally (Panel (c i)). Instead, the labor income tax is more important to adjust

average hours worked (Panel (c ii)). Before the net-zero emission limit, it reduces labor

supply contributing to a reduction in emissions. In other words, the smaller carbon tax

implies a distortion in the labor market: households do not internalize the negative effect of

their work effort on emissions.

The higher carbon tax under the net-zero emission limit, in contrast, results in too low

a wage rate discouraging labor supply. In other words, households act as if their work was

associated with more social costs than it actually is. The labor subsidy ensures that labor

supply rises. It, thereby, raises fossil production. Yet, the emission limit remains satisfied

due to the higher carbon tax.

An alternative explanation for the use of labor income taxes could be to stimulate research

activity. Indeed, the progressive income tax fosters fossil research in early periods through

its effect on the skill ratio. However, even in a model with homogeneous skills, the labor
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income tax is part of the optimal policy. Nevertheless, in this counterfactual model, the

labor income tax does not affect research effort.31 The reason is that a higher demand for

research is absorbed by a higher wage rate for scientists, as discussed in section 4.1.

31 Compare Figure 19 in Appendix D.3.
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Figure 8: Decomposing effect of combined policy

(a) Deviation of combined policy from carbon-tax-only policy in percent

(i) Carbon tax (ii) Green-to-fossil scientists

(b) Deviation only optimal carbon tax from carbon-tax-only policy in percent

(i) Green-to-fossil scientists (ii) Average hours worked

(c) Deviation of combined policy from only optimal carbon tax in percent

(i) Green-to-fossil scientists (ii) Average hours worked

Notes: Graphs show the percentage deviations of the variable under the combined policy regime where the
planner can choose income tax progressivity and the carbon-tax-only regime where the income tax scheme
is non-distortive, τιt = 0. A vertical line indicates the introduction of the net-zero emission limit.
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5 Conclusion

The latest IPCC report (IPCC, 2022a) stresses the need to transition to a net-zero emission

limit in order to meet climate goals. The economics literature has largely focused on the use

of carbon taxes to lower emissions. However, labor income taxes may contribute to lowering

emissions by affecting the level of production. I ask what is the optimal fiscal mix of taxes

on carbon and labor income in a transition toward net-zero emissions?

I build an endogenous growth model in which an emission limit renders fossil energy

socially costly. I find that the optimal policy always chooses a combination of carbon and

labor income taxes. Once the net-zero emission limit binds, the optimal policy taxes carbon

extensively. A subsidy on labor serves to stabilize production. The rationale is a distortion

in the labor market arising from an excessive use of the carbon tax to also discourage fossil

research. As a side effect of the high carbon tax the wage rate declines. A subsidy on labor

mitigates this effect.

In the short run, the policy implications differ. The carbon tax should rise less. This

allows the economy to benefit from fossil research. However, a smaller carbon tax alone

would violate emission targets. A labor tax, therefore, serves to diminish emissions in line

with their target by lowering overall production.

The quantitative results show that the optimal allocation deviates substantially from the

efficient one when only carbon and income taxes are available. Absent knowledge spillovers,

Acemoglu et al. (2012) point to green research subsidies as an essential tool to implement the

efficient allocation. With knowledge spillovers, however, my results suggest that a subsidy

on fossil research might be beneficial. An important aspect of a green transition is societal

acceptance. Investigating additional instruments to reduce the costs of meeting emission

targets, therefore, is an important direction of future research.
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A Derivations and proofs

A.1 Useful relations of derivatives

Below relations follow from the definition of s as s = LF

H
.

∂F

∂H
=

s

H

∂F

∂s
(16)

∂G

∂H
= −(1− s)

H

∂G

∂s
(17)

∂G

∂s
= −H

∂G

∂LG

(18)

∂F

∂s
= H

∂F

∂LF

∂Y

∂H
=

∂Y

∂s

s

H
+

∂Y

∂G

∂G

∂Lg

The last equality follows from ∂Y
∂s

= ∂Y
∂F

∂F
∂s

+ ∂Y
∂G

∂G
∂s
. Multiplying by s

H
, adding and subtracting

∂Y
∂G

∂G
∂H

, and substituting eqs. (16), (17), and (18) yields the result.

A.2 Reduction in dirty labor share is efficient under decreasing

returns to scale

Proof. With a negative externality of dirty production it has to hold that

∂Y

∂F

∂F

∂s
> −∂Y

∂G

∂G

∂s
,

which can be rewritten as

∂Y

∂LF

>
∂Y

∂LG

. (19)

In the efficient allocation absent externality, marginal products of dirty and green labor are

equalized: ∂Y
∂LF

= ∂Y
∂LG

. Under decreasing returns to scale, it holds that the left-hand side

and the right-hand side of eq. (19) are decreasing in LF and LG, respectively. Hence, the
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adjustment to satisfy eq. (19) relative to the efficient allocation without externality requires

a decrease in LF and/or a rise in LG . This is achieved by reducing the fossil labor share, s,

since LF = sH and LG = (1− s)H.

A.3 The social cost of pollution and the Pigouvian tax rate

The Pigouvian tax is the tax on the externality which equals the marginal social cost

of the externality. The social cost of pollution in my model is defined as the price the

representative household is willing to pay for a marginal reduction in dirty production.

Solving the household problem as if there was a market for the externality yields this price.

The household’s problem is then determined by

max
C,H,F

U(C,H, F )− µ (C + p̃FF − Y (H)) .

Where µ is the Lagrange multiplier. Taking the derivative with respect to dirty production

and with respect to consumption yields

UF = µp̃F ,

UC = µ.

Substituting the Lagrange multiplier gives the negative of the equilibrium price, p̃F , the

household is willing to pay for a reduction in dirty production: p̃F = UF

UC
. The marginal

social cost of fossil production to be added to fossil buyers’ price is, hence, τPigou = −UF

UC
.

A.4 With a positive environmental tax, the wage rate in the competitive

equilibrium is below the marginal product of labor

This appendix shows that the competitive wage rate falls below the marginal product of

labor under the optimal environmental policy.
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Proof. The aggregate marginal product of labor is defined as

MPL =
∂Y

∂H
.

This expression can be rewritten using relations of derivatives summarized in A.1 as follows.

∂Y

∂H
=

∂Y

∂F

∂F

∂H
+

∂Y

∂G

∂G

∂H

=
∂Y

∂F

∂F

∂LF

s+
∂Y

∂G

∂G

∂LG

(1− s)

=
∂Y

∂G

∂G

∂LG

+ s

(
∂Y

∂F

∂F

∂LF

− ∂Y

∂G

∂G

∂LG

)
. (20)

The term in brackets is positive under the optimal policy as can be seen from the first order

condition with respect to s, eq. (10):

∂Y

∂F

∂F

∂LF

− ∂Y

∂G

∂G

∂LG

=
1

H

(
∂Y

∂F

∂F

∂s
+

∂Y

∂G

∂G

∂s

)
=

1

H

(
−UF

∂F
∂s

UC

)
> 0. (21)

The inequality holds since the externality of polluting production is negative. Now note that

the first summand in eq. (20) is the competitive wage rate. Hence w < MPL.

A.5 Sufficiency of the environmental tax and lump-sum transfers

This section is to prove proposition 2.

Proof. Noticing that ∂Y
∂H

= ∂Y
∂s

s
H
− ∂Y

∂G
∂G
∂s

1
H

and that ∂F
∂H

= ∂F
∂s

s
H
, and substituting eq. (10) in

eq. (11) yields

−UC
∂Y

∂G

∂G

∂LG

= −UH . (22)

Hence, if the environmental tax is set to guarantee that condition (11) holds and proceeds

are redistributed lump sum, optimal hours worked only trade off the disutility from labor
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and the utility from more consumption.

Substituting UH from household optimality, eq. (5), and the clean sectors’ profit maximizing

condition from eq. (6) yields

1 = 1− τ ∗ι .

Hence, τ ∗ι = 0 from which follows that λ = 1 so that the income tax scheme is a flat tax rate

equal to zero; the labor income tax is not used in optimum.

The reason for this result is that the competitive wage rate captures the social costs of

the externality induced by an additional hour worked when the carbon tax is set so that the

planners first order condition, eq. (10), holds. To see this, substitute the last equality of eq.

(21) in eq. (20) and solve for the wage rate w = ∂Y
∂G

∂G
∂LG

:

w =
∂Y

∂H
+

UF

UC

∂F

∂H
, (23)

where I replaced the derivative of fossil with respect to s with the derivative with respect to

H using the relations in Appendix A.1.

B Quantitative model

B.1 Model equations

Household

period utility log(Ct)− χ
zhh

1+σ
ht + (1− zh)h

1+σ
lt

1 + σ
− χs

S1+σ
t

1 + σ

Budget Ct = zhλt(whthht)
1−τιt + (1− zh)λt(wlthlt)

1−τιt + wstSt + Tπt + Tlst

Optimality C−1
t = µtpt
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χhσ
ht = µtλt(1− τιt)w

1−τιt
ht h−τιt

ht − γht/zh

χhσ
lt = µtλt(1− τιt)w

1−τιt
lt h−τιt

lt − γlt/(1− zh)

χsS
σs
t = µtwst − γst

where γht, γlt, and γsJt are Lagrange multipliers

on the inequality constraints

with respect to time endowment.

Final good and Energy producers

Optimality ptδ
1
εy
y Y

1
εy

t E
− 1

εy

t = pEt

pt(1− δy)
1
εy Y

1
εy

t N
− 1

εy

t = pNt

pEtE
1
εe
t F

− 1
εe

t = pFt + τFt

pEtE
1
εe
t G

− 1
εe

t = pGt

Definitions prices pt =
[
δyp

1−εy
Et + (1− δy)p

1−εy
Nt

] 1
1−εy

pEt =
[
(pFt + τFt)

1−εe + p
1−εy
Gt

] 1
1−εe

Production Yt =

(
δ

1
εy
y E

εy−1

εy

t + (1− δy)
1
εy N

εy−1

εy

t

) εy
εy−1

(24)

Et =

(
F

εe−1
εe

t +G
εe−1
εe

t

) εe
εe−1

(25)

Intermediate good producers

Production Ft = xαF
Ft (AFtLFt)

1−αF (26)

Nt = xαN
Nt (ANtLNt)

1−αN (27)

Gt = xαG
Gt (AGtLGt)

1−αG (28)

Labour demand wlF t = (pFt)
1

1−αF (1− αF )(αF )
αF

1−αF AFt

wlNt = p
1

1−αN
Nt (1− αN)(αN)

αN
1−αN ANt

wlGt = (pGt)
1

1−αG (1− αG)(αG)
αG

1−αGAGt

Machine demand xFit = (αFpFt)
1

1−αF LFtAFit
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xNit = (αNpNt)
1

1−αN LNtANit

xGit = (αGpGt)
1

1−αG LGtAGit

Labour producers

Production LFt = hθF
hFth

1−θF
lF t (29)

LNt = hθN
hNth

1−θN
lNt (30)

LGt = h
θg
hGth

1−θG
lGt (31)

Optimality hhFt = θFLFt
wlF t

wht

hhNt = θNLNt
wlNt

wht

hhGt = θGLGt
wlGt

wht

hlF t = (1− θF )LFt
wlF t

wlt

hlNt = (1− θN)LNt
wlNt

wlt

hlGt = (1− θG)LGt
wlGt

wlt

Machine producers

Price setting pxFit =
1

αF (1 + ζF )

pxNit =
1

αN(1 + ζN)

pxGit =
1

αG(1 + ζG)

Demand Scientists wst =
ηγA1−ϕ

Ft−1A
ϕ
t−1

(
sFt

ρF

)η
pFtFt

1
1−αF

sFtAFt

wst =
ηγA1−ϕ

Nt−1A
ϕ
t−1

(
SNt

ρN

)η
pNtNt

1
1−αN

sNtANt

wst =
ηγA1−ϕ

Gt−1A
ϕ
t−1

(
sGt

ρG

)η
pGtGt

1
1−αG

sGtAGt

Innovation AFit = AFt−1

(
1 + γ

(
sFit

ρF

)η (
At−1

AFt−1

)ϕ
)
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ANit = ANt−1

(
1 + γ

(
sNit

ρN

)η (
At−1

ANt−1

)ϕ
)

AGit = AGt−1

(
1 + γ

(
sGit

ρG

)η (
At−1

AGt−1

)ϕ
)

Government

0 = zh(whthht − λt(whthht)
(1−τιt))

+ (1− zh)(wlthlt − λt(wlthlt)
(1−τιt))

Tπt = −
∫ 1

0

(pxFitζFtxFit + pxGitζGtxGit + pxNitζNtxNit) di

+

∫ 1

0

(πFit + πGit + πNit) di = −wstSt

with ζJt =
1− αJ

αJ

for J ∈ {F,G,N}

Tlst = τFtFt

Markets

hhFt + hhNt + hhGt = zhhht

hlF t + hlNt + hlGt = (1− zh)hlt

sFt + sNt + sGt = St

Ct +

∫ 1

0

(xFit + xNit + xGit) di = Yt

B.2 Numerical appendix

Since I cannot solve explicitly for the optimal policy over an infinite horizon, I truncate the

problem after period T . In the literature, utility in periods after T are approximated under

the assumption that policy variables are fixed, and the economy reaches a balanced growth

path (Barrage, 2020; Jones et al., 1993). However, assuming a constant carbon tax would

most likely violate the emission limit since the model is designed to reflect market forces

describing an economy with green and fossil sectors operating in equilibrium.

I motivate the design of the continuation value by pretending the planner would hand
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over the economy to a successor after period T . A continuation value, PV , in the objective

function captures that the planner cares about utility after period T . This set-up accounts

for concerns about economic well-being of future generations in a similar vein than the

sustainability criterion proposed by the World Commission on Environment and Development

(1987) by attaching some value to the final technology level.32 I approximate the value of

future technology levels by assuming constant growth rates. To mitigate concerns that the

choice of the continuation value drives the results, I experiment with the exact value of

explicit optimization periods. I truncate the problem once explicitly adding a further period

leaves the optimal allocation numerically unchanged. That is the case after T = 42, or 210

years. The planner’s objective function becomes:

max
{τFt}Tt=0,{τιt}Tt=0

T∑
t=0

βtu(Ct, hht, hlt, St) + PV.

In more detail, I define the continuation value as the consumption utility over the infinite

horizon starting from the last explicit maximization period:

PV =
∞∑

s=T+1

βsu(Cs, hhs, hls, Ss).

I make three simplifying assumptions to derive the continuation value. First, I assume that

the consumption share, cs, with Cs = csYs, is constant from period T + 1 onward. Then,

consumption grows at the same rate as output. Second, as an approximation to future

growth, I assume the economy grows at the same rate as in the last explicit optimization

period. Third, hours of workers and scientists remain at their value in the last explicit

32 The sustainable development criterion reads ”[...] to ensure that it meets the needs of the present without
comprising the ability of future generations to meet their own needs. ” (p.24). This is a vague definition.
Dasgupta (2021) p.(332) interprets this criterion as meaning: ”[...] each generation should bequeath to its
successor at least as large a productive base as it had inherited from its predecessor. ”. However, this cannot
be used to derive a sensible condition on the optimization in the present setting since there is no negative
growth and technology is the only asset bequeathed to future generations. Thus, successors will always have
at least as much productive resources as predecessors left. The relation to the future is instead approximated
by a future potential to derive utility from consumption given bequeathed technology levels. Natural needs
of the future are accounted for through the emission limit.
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optimization period. Let γyT = YT

YT−1
− 1. Under above assumptions, I can rewrite future

consumption as Cs = (1 + γyT )
s−TCT . Given the functional form

u(Cs) =
C1−θ

s

1− θ
,

the continuation value reduces to

PV = βT

(
1

1− β(1 + γyT )1−θ

C1−θ
T

1− θ
+

1

1− β
u(hhT , hlT , ST )

)
.

Where u(Cs, hhs, hls, Ss) = u(cs) + u(hhT , hlT , ST ). When θ →
lim

1, the first summand in

brackets becomes

1

1− β
log(CT ).

B.3 Social planner allocation

The solution to the social planner’s problem is defined as an allocation

{hhFt, hhGt, hhNt, hlF t, hlGt, hlNt, xNt, xFt, xGt, Ct, hht, hlt, sFt, sGt, sNt} for each period which

maximizes social welfare,
∑T

t=0 β
tu(Ct, hht, hlt, St) + PV , subject to the emission limit and

feasibility. It holds that xJt =
∫ 1

0
xJitdi.

C Calibration of the emission limit

In 2019, global net CO2 emissions amounted to 44.25Gt (compare Figure SPM1.a p.11 in

IPCC, 2022b) yielding a net emission limit in the 2030s of 22.125Gt per annum. The IPCC

report is vague on the exact year when the 50% reduction has to be reached. I assume that

the net emission limit becomes binding in 2035 and is active until the limit reduces to zero

in 2050. To back out the share of the emission limit assigned to the US following the equal-

per-capita principle, I use population projections from the United Nations (2022). Since the
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US population share is projected to decline over the period from 2035 to 2050, the emission

limit reduces over this period.

Following this approach, the remaining net CO2 budget for the period 2020-2035 happens

to be smaller than total CO2 emissions equal to the limit between 2035-2050. This conflicts

with the downward sloping time path of emissions foreseen by the IPCC (p.3-28).33 To

generate a non-increasing pattern of the emission limit, I set the global emission limit for

the period from 2035 to 2050 to half the CO2 budget. This leaves an equal budget share

for the initial 15 years. I assume that in the period from 2020 to 2035 the budget is equally

distributed across years to simplify the numeric calculation of the optimal policy. Similar to

the derivation for the period from 2035 to 2050, I apply the year-specific population share

and sum over those years which form a model period. In sum, this approach amounts to

distributing the remaining budget of 510Gt equally over the 30 years until the net-zero limit.

D Quantitative results

D.1 A constant carbon tax

Effect on non-energy research As a side effect of the carbon tax, research in the

non-energy sector declines. The reason is that knowledge spillovers from the non-energy

sector boost research profitability in the energy sector so that the aggregate effect is a

decline in non-energy research. The theory on directed technical change suggests that a

price effect directs research to the energy sector since energy and non-energy goods are

complements. However, absent knowledge spillovers, the share of non-energy research rises;

consider Panel (a) in Figure 10 which shows the effect of the constant carbon tax in a

model without knowledge spillovers. The rise in non-energy scientists without knowledge

spillovers—contrary to theory34—results from heterogeneous labor shares across sectors. The

33 The reason is that global net-CO2 emissions are so high that a 50% reduction starting from 2035 results
in more than half the emissions of the remaining carbon budget.

34 See, for instance, Hémous and Olsen (2021).



reduction in labor demand from the energy sector fails to lower non-energy production costs,

and the price of non-energy goods remains higher.

The carbon tax raises the price of energy goods. As energy and non-energy goods are

complements, demand for the non-energy good reduces, too. The price of non-energy goods

falls. For the direction of research the relative change in revenues is essential. It turns out that

in the model absent knowledge spillovers, revenues in the energy sector fall more, so that

non-energy research increases. However, knowledge spillovers from the non-energy sector,

which is the biggest sector and has, therefore, a higher share in aggregate technology, rise

profitability of the energy sector so much, that in equilibrium, non-energy research declines

in response to the carbon tax.

The result of the theoretic literature on directed technical change is reestablished in the

model without knowledge spillovers when labor shares are homogeneous. Then, a supply-side

effect makes non-energy goods cheaper: lower labor demand from the fossil sector reduces

production costs of the non-energy sector. Lower production costs amplify the reduction

in the price of non-energy goods induced by lower demand. As a result, revenues in the

non-energy sector fall more and non-energy research declines—in line with the theory—even

absent knowledge spillovers; see Panel (c) in Figure 10 which shows the effects of a carbon

tax in a model without knowledge spillovers and with equal labor shares.
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Figure 9: Effect of a constant carbon tax equal to US$185 (2020 prices) per ton of carbon
in percentage deviation from business-as-usual (BAU)

(a) Green energy (b) Energy share to GDP

(c) Fossil scientists (d) Green scientists

(e) Non-energy scientists (f) Non-energy scientists share

(g) Green-to-fossil ratio (h) High-to-low skill ratio
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Figure 10: Effect of a constant carbon tax in model variations

(a) No knowledge spillovers

Net emissions Fossil energy Green scientists

Green-to-fossil energy

ratio

Non-energy scientists

share

Non-energy scientists

(b) Equal labor shares

Net emissions Fossil energy Green scientists

Green-to-fossil energy

ratio

Non-energy scientists

share

Non-energy scientists

(c) Equal labor shares and no knowledge spillovers

(a) Net emissions (b) Fossil energy (c) Green scientists

(d) Green-to-fossil energy

ratio

(e) Non-energy scientists

share

(f) Non-energy scientists



D.2 Meeting the emission limit

Figure 11: Deviation in carbon tax: no knowledge spillovers, equal labor shares, homogeneous skills,
and exogenous growth
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Figure 12: Necessary carbon tax with and without progressive income tax

(a) No knowledge spillovers

(i) Carbon tax (ii) Deviation in carbon tax

(b) Equal labor shares

(i) Carbon tax (ii) Deviation in carbon tax

(c) Homogeneous skills

(i) Carbon tax (ii) Deviation in carbon tax

(d) Exogenous growth

(i) Carbon tax (ii) Deviation in carbon tax
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D.2.1 Effect of model ingredients on necessary carbon tax

This appendix discusses the effect of model ingredients on the necessary carbon tax. The

discussion is based on Figure 12.

Role of Knowledge spillovers Knowledge spillovers render a higher carbon tax in all

periods necessary. This underlines the previous observation that emissions rise faster especially

in future periods when knowledge spills from the green to the fossil sector.

Role of heterogeneous labor shares Heterogeneous capital shares increase the necessary

carbon tax to meet emission limits since a positive supply side effect is muted. With equal

capital shares, the necessary carbon tax is almost half as high as in the benchmark model

during the net-zero emission period. As the fossil sector lowers demand for labor, the green

sector profits from a higher labor supply, yet, less so under a lower labor share.

With equal labor shares the carbon tax in presence of a progressive income tax is, however,

closer to the required carbon tax absent progressive labor taxation. The reason is that the

compositional effect of the progressive labor tax on skill supply is less devastating for green

production when the green sector relies less on labor. Then, a bigger reduction in the carbon

tax is possible while meeting emission limits.

Role of heterogeneous skills The required carbon tax to meet emission limits is higher

when skills are homogeneous. The reason is that the resources for fossil production increase.

When skills are homogeneous, labor income tax progressivity has no compositional effect

on the economic structure. One might expect, therefore, that a stronger reduction in the

carbon tax is admissible. However, the reduction in the carbon tax is smaller when skills are

homogeneous.

One explanation is that with homogeneous skills, similar to heterogeneous capital shares,

there is no supply side effect triggered by the carbon tax. Instead, labor supply is unaffected.

With heterogeneous skills, however, the carbon tax has a compositional effect on labor supply
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which makes green production less costly. A reduction in the carbon tax does not harm the

green-to-fossil energy ratio as much when skills are heterogeneous.

Role of endogenous growth In line with Fried (2018), I find that a smaller carbon tax

is required when growth is endogenous because the shift in research intensifies the effect of

the carbon tax.

D.3 Optimal policy

Figure 13: Laissez-faire, optimal, and efficient allocation in levels

(a) Consumption (b) High-skill hours worked (c) Low-skill hours worked

(d) Fossil scientists (e) Non-energy scientists (f) Green scientists
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Figure 14: Laissez-faire, optimal, and efficient allocation in levels: no knowledge spillovers

(a) Consumption (b) High-skill hours worked (c) Low-skill hours worked

(d) Fossil scientists (e) Non-energy scientists (f) Green scientists

Figure 15: Efficient and optimal allocation: no knowledge spillovers

In percentage deviation from laissez-faire

(a) Green-to-fossil energy ratio in k (b) Non-energy scientists share
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Figure 16: Decomposition effect of combined policy: deviation of green-to-fossil energy
ratio in percent

(a) Combined versus carbon-tax-
only policy

(b) Only optimal carbon tax
versus carbon-tax-only policy

(c) Combined policy versus only
optimal carbon tax
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Figure 17: Deviation of combined policy from carbon-tax-only: no knowledge spillovers

(a) Average marginal income tax rate (b) Carbon tax

(c) Green-to-fossil scientists (d) Green-to-fossil energy ratio

Notes: Panel (a) shows the level of the average marginal income tax rate. Other graphs show percentage
deviations of variables under the combined policy regime and the carbon-tax-only regime without income
tax, τιt = 0. A vertical line indicates when the net-zero emission limit becomes binding.



Figure 18: Deviation of combined policy from carbon-tax-only: no knowledge spillovers
and homogeneous skills

(a) Average marginal income tax rate (b) Carbon tax

(c) Green-to-fossil scientists (d) Green-to-fossil energy ratio

Notes: Except for Panel (a), all graphs show the percentage deviation of the variable under the combined
policy regime where the planner can choose income tax progressivity and the carbon-tax-only regime where
the income tax scheme is non-distortive, τιt = 0. Panel (a) shows the income tax progressivity by regime.
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Figure 19: Optimal combined policy versus only optimal carbon tax: homogeneous skills

(a) Average marginal income tax rate (b) Average hours worked

(c) Fossil scientists (d) Green scientists

(e) Non-energy scientists (f) Green-to-fossil output
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