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1. Introduction

In The Economic Possibilities for Our Grandchildren (Keynes, 1930, p. 7), the economist

John Maynard Keynes wrote about a situation much akin to today. Economists wondered

whether productivity growth would stagnate and whether the world would turn to crisis.

Keynes, however, pointed to the almost unlimited possibilities of technological progress, and

even predicted a world in which enough wealth could be created for the fundamental problem

of scarcity to be solved:

“I see us free, therefore, to return to some of the most sure and certain principles of religion

and traditional virtue - that avarice is a vice, that the exaction of usury is a misdemeanour,

and the love of money is detestable, that those walk most truly in the paths of virtue and sane

wisdom who take least thought for the morrow. We shall once more value ends above means

and prefer the good to the useful. We shall honour those who can teach us how to pluck the

hour and the day virtuously and well, the delightful people who are capable of taking direct

enjoyment in things, the lilies of the field who toil not, neither do they spin.

But beware! The time for all this is not yet. For at least another hundred years we must

pretend to ourselves and to every one that fair is foul and foul is fair; for foul is useful and

fair is not. Avarice and usury and precaution must be our gods for a little longer still. For

only they can lead us out of the tunnel of economic necessity into daylight.”

Now, almost a hundred years later, we are indeed coming closer and closer to the point where
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1. Introduction 2

productivity is such that humanity can provide access to basic necessities like food and clean

water for every family, to own their own home, to have access to energy and basic medical

care, all without polluting the environment. This, however, is not happening. Today, just

like in 1930, income inequality is rising just like in 1930, and some argue (see, for example

Gordon 2016) that growth will come to a slowdown. Moreover, the global environment is

quickly deteriorating, and it is impossible for the poorest half of the world to live like people

in the West: Our environment will not withstand. Inequality and the environment seem to

appear as constraints standing between us and the utopian world that Keynes envisioned

nearly a hundred years ago. Better is perhaps to take a holistic view where growth, inequality

and the environment are all equal inputs

Inspired by Keynes’ vision of the future, my interest is with these two central issues of

our time. I identify effects of climate change policy on income inequality, and options for

optimal climate change policy, taking distributional issues into consideration. The broad

underlying motivation to research how to move humanity forward in an acceptable while

giving proper attention to inequality and the environment is concretized in several ways: I

look at the relative importance of a renewables subsidy compared to a tax on coal, I look

at income inequality effects of climate policy in the Netherlands, and I look at effects of an

individual intrinsic aversion to inequality on the optimal income tax.

Perhaps the most obvious way inequality and the environment are related, is internation-

ally: If the whole world had the same carbon footprint, defined by the total emissions caused

by an individual, as the average person in the West (for example the average person United

States), catastrophic climate change would be unavoidable. The fact that catastrophic cli-

mate change would be unavoidable, is at odds with giving everyone the living standards like

those in the West. From Figure 1.1 we can see that large swathes of populated areas in for

instance sub-Saharan Africa are without light. Giving these people access to energy and

electricity is an essential part in alleviating them from poverty: If you do not have access

to electricity, you cannot work or study late at night. When you have an accident at night,

it is hard to get treatment because no one can see your wound. It is for reasons like these,

perhaps even more than climate change mitigation, that philanthropists like Bill Gates are
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searching for a low-cost source of renewable energy.1

Figure 1.1: Composite satellite data on light in the night sky (NASA, 2016).

Climate change seems to still be a hard upper limit on improving global standards of

living. On top of that, whilst energy access is not prevalent in low-income economies in

for instance sub-Saharan Africa, the predicted damages from climate change seem to be

disproportionally high in that very same area (Adger et al., 2003; Fankhauser et al., 1997).

So the poor are in many ways in a poor predicament, including a climate perspective.

There are even more ways in which the poor are worse off from an environmental perspective.

Likening to Bertolt Brecht’s famous dictum: “Erst kommt das Fressen, dann kommt die

Moral” (Brecht, 1928), the poor would be well understood to have other things on their

mind rather than care about climate change.

1https://www.gatesnotes.com/Energy/Life-in-the-Dark

https://www.gatesnotes.com/Energy/Life-in-the-Dark
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Climate policies that make sense on a global level, like a carbon tax, may also have

unintended consequences in poor regions. For example, by pricing carbon, rural areas may

move away from using gasoline and become more dependent on local biofuels and indoor

cooking fires, causing both increases in land use changes and negative health effects (Mishra

et al., 1999). A second example is a shift from carbon intensive goods like gasoline or coal

to biofuels. While this may mitigate climate change, it also places a heavy burden on the

natural capital of low-income countries by replacing agricultural land, and will have a rising

effect on food prices because the biofuel will compete with agriculture for food. Observations

like these make a case for country-to-country transfers, so that rich countries can help poor

countries for doing their part in mitigating environmental damages.

These international aspects of climate change are important, however in thesis I deal

mostly with income inequality on a national scale. Although climate change is eminently a

global problem, the solution will largely be found through national policies. Within nations

too, there seems to be a strong connection between fighting inequality and environmental

policy: Both are often seen as left-wing policies. These two are at odds from time to time as

poor people spend a greater part of their income on carbon-intensive goods such as energy to

warm their house, or gasoline to drive their car. Because of this, many studies show a carbon

tax to be regressive, i.e. the tax having an increasing effect on inequality. This consumption

channel is shown in Figure 1.2, based on data from Grainger and Kolstad (2010). We would

therefore find an internal conflict between the two left-wing positions: More environmental

policy is supposed to be anti-egalitarian.

However, there are more inequality effects of a carbon tax. Aside from the consumption

differences between rich and poor individuals, different sectors in the economy may feel

the burden of a carbon tax differently. Because carbon-intensive industries might be more

capital intensive, or have higher concentrations of high-paid employees, this may well affect

the income and wealth distribution in a different direction. Also, the poor are hurt more

by pollution. The price of capital may also be affected by the expected future climate

policies. For example, land above sea-level may increase in value relative to land below

sea-level. Moreover, two people who experience the same climate change effects like loss
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Figure 1.2: The consumption channel.

Broad CO2-Equivalent Tax Burden by Income (%). Note: Burden to income ratio from a tax on CO2- equivalent ($15/ton)

as a fraction of annual net income and current expenditures. The calculations are done by Grainger and Kolstad (2010) and

are based on consumption data from the Consumer Expenditure Survey and associated emissions from the Economic Input

Output model of Carnegie Mellon University.

of biodiversity, might well still value them differently (Fullerton, 2011). If and when the

valuation of these effects differs between income groups, this effects the income distribution.

Particularly, more poor people live in vulnerable coastal areas and they are less likely to be

able to move.

In Chapter 2, I show, however, that a carbon tax can be more progressive in the Nether-

lands than is commonly assumed (i.e. having a more negative effect on inequality). Because

capital-intensive industries are also energy-intensive, a tax on carbon or a tax on energy

will function as an indirect tax on capital. Because rich people own most capital, the tax

is an indirect tax on the wealthy. At the same time, if capital-intensive industries also have

relatively high concentrations of low-skilled work, a tax on carbon could also be an indirect

tax on low-income workers. We identify these channels for the Netherlands and analyze

them. We find a carbon tax in the Netherlands to be progressive, contrary to the common

view within economics. Our results are of course from a model that is merely illustrative

in nature. Due to the specific nature of the Dutch energy infrastructure, it is unpredictable

how this result would change when studying other countries.

One of the reasons why a carbon tax might not be implemented is the political infeasibility
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that lies in the idea that a carbon tax is worse for the poor than for the rich. If that argument

is taken away, it could be an important reason for the government to embrace carbon pricing.

Every assumption about the economy we make should be tested for its sensitivity to the

end result, and we performed various of the most important sensitivity analyses. Also, our

model is only a two-sector model with constant labour supply and partial capital mobil-

ity. Conditional on these reservations, I find that a carbon tax in the Netherlands reduces

inequalilty between skill groups.

One could ask what the implications are of a regressive or progressive effect of the carbon

tax. Is it not simpler to just do all redistribution through the income tax, and all environ-

mental policy through channels like a carbon tax, permit systems, and innovation subsidies?

There are many papers arguing about this, looking for potential co-benefits of environmen-

tal taxation. The discussion centers on a concept called the double dividend. The idea of a

double dividend is that it is possible to obtain an improvement of both environmental and

economic conditions by imposing an environmental tax and recycling revenues obtained to

reduce other pre-existing taxes (Freire-González and Ho, 2018). The revenue can then be

used elsewhere, for example to lower the income tax rate in a lump sum fashion. Below,

I will first explain why I think notions of environmental tax policy and redistributive tax

policy can be viewed as separate problems for optimal tax systems, unlike is done in much

of the double dividend literature. After that, I will motivate why I have taken a Pigouvian

approach to income taxation in one of my later chapters.

Unlike the public finance framework as in Mirrlees (1971), the double dividend literature

at its start (Bovenberg and De Mooij, 1994; Bovenberg and Van der Ploeg, 1994; Goulder,

1995) considered the economy to exist of only one type of household with only one type

of income (the so-called representative agent) and did not consider adverse effects on the

distribution due to a lowering of the income tax. Using such a representative agent model,

Lans Bovenberg, Ruud de Mooij, van der Ploeg, Larry Goulder and others found that the

reduction in the income tax rate would reduce distortions on the labour market and at the

same time increase the environmental quality through a tax on pollution. Whenever the

representative agent is taxed, then she will respond by working less. So there is a distortion
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on the labour market: Her own choice between work and leisure is distorted from what it

was prior to the tax. The way to avoid this problem could be to raise government revenue

through taxing pollution, and using the money to reduce the income tax level. The pollution

tax would incentivize the representative agent to choose more of the clean good. This would

set the pollution tax as a balance between the distorted consumption choice on the one hand,

and the environmental benefits and reduced labour market distortions on the other hand.

Jacobs and De Mooij (2015) look at optimal tax reform, and take into account the

distribution side of the economy, and find that it is best do environmental policy through a

Pigouvian tax on emissions, and redistribution through the income tax. There is a balance

between redistribution and income tax distortions as in the public finance literature.

When the pollution tax is set at a suboptimal level, however, welfare effects of an envi-

ronmental tax reform increaseBovenberg and Van der Ploeg (1998). For instance, suppose

there is only a very small environmental tax, far too small to internalize the environmental

externality. Then, if consumers decide to buy relatively more (less) of the pollution-intensive

goods when their income is taxed higher, the income tax should be set a bit higher (lower)

out of environmental concerns: A higher income tax could compensate for the suboptimal

environmental tax. Conversely, if the income tax is set lower than optimal, then if the

pollution intensive (extensive) goods are disproportionally used by the wealthy, the environ-

mental tax should be set higher (lower) for redistributive reasons: the environmental tax

could compensate the suboptimal income tax (as in the double dividend literature). For

given suboptimal tax systems I review in chapter 3 what the optimal tax reform would be

when constrained to the two policy options of lowering the income tax rate or increasing the

return g.

The motivation for chapter 3 is to describe the optimal income taxation framework in

the light of such a possible intrinsic aversion to inequality in the utility function. I describe

how a direct aversion to income inequality above and beyond the reasons mentioned in the

classical public finance literature might lead to a different level of optimal taxation. In this

framework, I study how to optimally redistribute revenues of a carbon tax. Such a framework

can be used to explain political motives for taxes over the top of the Laffer curve, as have
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been seen on the left of the political spectrum.

Lastly, in chapter 4, I ask if carbon taxes are indeed optimal by considering the optimal

renewables subsidy level in a framework with multiple fossil fuel inputs. It is important to

study multiple fossil fuel inputs because whilst a carbon tax disincentivizes the use of car-

bon appropriately by levying a higher tax for carbon-intensive inputs like coal, renewables

subsidies ignore these differences and might push fossil fuel use more towards coal. Cur-

rently, oil is still a competitive alternative to coal. However, looking at the world’s rising

energy diet (The World Bank, 2014), it is inevitable that rising extraction costs will make

oil uncompetitive relative to coal as a source of energy.

Unless suitable environmental policies are put in place to curb the use of fossil fuels and

replace them with renewables, this will have serious negative consequences for the earth’s

climate (Sinn, 2008). A substantial carbon tax or permit system is needed to save the cli-

mate (Van der Ploeg and Withagen, 2014), but may be politically infeasible. It is therefore

important to examine the impact of various other climate policies. This study contributes to

that goal by finding the optimal subsidy in the presence of a dirty backstop and comparing it

to the market outcome and the first-best carbon tax. We also examine in detail the effects of

different climate damage and renewable energy cost specifications, as well as announcement

effects. Our conclusion is that even the optimal subsidy hardly increases welfare and that for

a substantial welfare improvement governments need to turn to carbon taxes or tradeable

permits. This chapter is a direct extension of Van der Ploeg and Withagen (2012b), now

taking into account renewables subsidies. We find that general subsidies are a poor alterna-

tive to a carbon tax because they do not differentiate between the relative carbon intensities

of coal and other fossil fuels.



2. Effects of a Carbon Tax on

Income Inequality Between

Skill Groups

2.1 Introduction

Imposing a carbon tax in order to internalize the externality of greenhouse gas emissions is

often proposed as an important part of a solution to the problem of climate change. Aside

from the impact of such a tax on emissions, it may, however, simultaneously affect another

contemporary issue: that of (rising) income inequality. The incidence of a carbon tax is of

importance for its political feasibility (see, for example Klenert et al., 2017), as a climate

policy that would affect low-skilled households more severely than high-income households

may be perceived to be unfair and face strong public opposition. This chapter addresses

the incidence of a carbon tax and does so through the introduction and application of a

novel theoretical model. In particular, we wonder if a carbon tax increases or decreases

This chapter is based on a paper together with Devi Brands. In that paper there were equal contributions

from both authors. For this paper, I acknowledge comments from attendees at the 2016 EARE conference,

and comments from several anonymous referees.

9
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inequality between low- and high income groups, and use skill level groups as a proxy for

income groups. We find a pollution tax mostly hurts the higher incomes, mainly via a

lower return on capital owned relatively more by the high skilled. Instead of using a partial

equilibrium analysis focusing solely on the consumer side of the economy without considering

differences in skills, income and consumption patterns, or focusing only on the production

side, we include both the consumer and the producer side of the economy in our analysis.

Furthermore, differences in skills have thus far received little attention in the analysis of

the incidence of carbon taxes, but they are relevant when studying income inequality. Our

model does account for differences in skills and associated inequality in wages. The developed

computable general equilibrium (CGE) is static, and should be viewed as the long-term

equilibrium of a dynamic model. The model is calibrated to the Dutch economy and used

to run simulations for different calibrations and different tax levels. In contrast to common

findings on the incidence of carbon taxes, we show that the carbon tax tends to be more

progressive than is often thought. This finding could be of help to policy-makers who face

opposition to implementing carbon taxes because of their supposedly regressive character.

We show that recycling of carbon tax revenues to protect low incomes makes the tax more

progressive (see Figure 2.1) in nature and we elect to study a government that uses these

revenues for other purposes such as abatement. For examples of studies finding a regressive

carbon tax, see Cornwell and Creedy (1996); Hassett et al. (2007); Kerkhof et al. (2008).

We study a competitive, small open economy in which two sectors produce distinct goods.

One sector is capital- and energy-intensive,1 and the other is labour-intensive and energy-

extensive. The former sector produces a tradeable and the latter a non-tradeable good.

Technologies in both sectors are represented by a nested constant elasticity of substitution

(CES) production function that varying takes capital, energy and high- and low-skilled

labour as production factors. This means that there are no constant shares of high- and

low-skilled labour per sector. Two types of consumers derive utility from a CES aggregate

1By capital-, energy-, or labour-intensive we mean a higher equilibrium share of costs of capital, energy,

or labour in total production costs of that sector. A different definition of intensity could be the shares of

capital-, energy-, labour in production relative to some other share in production.
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of both consumption goods, where differences between types of consumers are expressed by

differences in fixed shares of income that are spent on each good. We distinguish between

high- and low-skilled consumers. The demand functions describe the response of consumers

to a change in relative prices, provided that marginal utility of consumption in either good

is decreasing. The fraction of high-skilled workers differs between sectors and, depending on

how the fraction changes as a function of the carbon tax, will cause the incidence of a carbon

tax to fall more or less on the low-skilled. Most of the burden of the pollution tax falls on

the least mobile parts of the economy like the immobile capital, in line with a long line of

literature since Harberger (1962). Most capital income is received by high-income groups and

the energy intensive industry is most capital intensive, and the parts of the economy least

mobile seem to be most energy-intensive (Hao and van Ark, 2013). The resulting pollution

tax burden falls disproportionally on the high incomes.

As we find that a pollution tax hurts higher incomes most, revenue recycling schemes

of a pollution tax such as a lowering of the income tax for the low skilled, can in that case

not be based on the argument of reducing the regressive effects of a carbon tax that we

show will only increase inequality between groups further. The government thus plays only

a limited role in the model. We study the effect of a carbon tax under the assumption on the

government budget that the generated revenues of the tax are used to mitigate the negative

impact of carbon emissions on the environment. All taxes are set exogenously except the

carbon tax. To preview our result, we show here in Figure 2.1 the effect of a carbon tax on

the inequality between low-skilled and high-skilled households, where the government uses

the revenue of a carbon tax for abatement (no revenue recycled) or for lowering the income

tax on the lower-income household group (revenue recycled). The pollution tax revenue is

assumed to be spent on abatement for the remainder of the chapter.

Our model describes two main channels through which a carbon tax may affect the

income distribution. First, the commodity channel: A carbon-tax induced rise in energy

prices increases the relative price of the energy- (and capital-)intensive good compared to

the labour-intensive good. The incidence of this effect of the tax falls more heavily on the

low-skilled, who spend a higher proportion of their income on the energy-intensive good.
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Figure 2.1: The effect of a carbon tax on inequality when revenue is recycled and when it is

not.

Second, the factor channel: Due to the tax, there is substitution away from the energy-

intensive good as a consequence of its increased relative price. Because the energy-intensive

good is also capital-intensive, the gross rate of return to capital will decrease relative to

wages. Furthermore, as firms face diminishing returns to each production factor and the

fraction of high-skilled workers increases in each sector, relative marginal productivity of

high-skilled labour compared to low-skilled labour decreases. While the commodity channel

has a regressive impact, the decrease of the gross rate of return on capital relative to wages

in general and the relative decrease of high-skilled wages with respect to low-skilled wages

both have a progressive impact. The total number of high- and low-skilled labourers could

be endogenous. More people could be educated, and (particularly high-skilled) labour can

move across borders, instead of only between sectors. We abstract from this.

To calibrate the model, we use information on the cost-shares of capital, energy, and

labour from the Eurostat database. Using Statistics Netherlands’ data, we estimate the

share of income that is spent on each type of goods for both types of consumers. These

estimates can be used directly as calibrated values for parameters in both utility functions.

Our calibration furthermore uses the relative amount of high-skilled workers between sectors,

the relative cost of capital in production, the relative cost of energy in production and the
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relative share of high-skilled workers in the total number of workers. The calibrated model

is simulated to find inequality in equivalent income between households as a function of

a carbon tax. We divide sectors based on a calibration of differences in the cost share of

capital, labour and energy, and share of high-skilled in the total amount of labour due to

differences in the choice of separation between capital- and labour-intensive industries.

Comparable studies to ours do not allow for capital mobility in their analysis. Harberger

(1962) and Fullerton and Monti (2013) model a closed economy, but also Dissou and Siddiqui

(2014) model the capital stock to be immobile. Capital flight as a consequence of a carbon

tax is researched in Jeppesen et al. (1999), and they find it is practically nonexistent. The

question of capital mobility is also related to the Feldstein-Horioka puzzle: In a world with

perfect capital mobility one would expect low correlations between investments and savings

per country. Instead there are very high correlations.

Haskel and Westlake (2017) study the rise of the intangible economy and mention its

greater mobility. A rare study relating this to energy use in western Europe is Hao and van

Ark (2013), who find that at the national level, energy intensity is negatively correlated to

the ratio of intangible to tangible investment. At the industry level, they find that energy

intensity is negatively correlated to R&D investment, software investment and ICT tangible

investment, while it is positively related to non-ICT tangible investment and total tangible

investment. These findings are line with our usage of capital as partially mobile.

If the economy is divided into multiple sectors, some sectors may be capital-intensive

but not energy-intensive. However, in the economy as a whole we find that most capital-

intensive sectors are also energy-intensive.2 In our two-sector model of the economy, factor

and commodity channels can be identified that are at work in the economy as a whole.

This chapter contributes to the existing literature in two ways. Firstly, it introduces

a theoretical model with four production factors, which allows for skill differentiation with

corresponding differences in wages and differences in the amount of capital owned by different

2This is observable in the data of the Dutch economy, as presented in Section 2.4.
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skill groups. This model can be used to analyse the incidence of carbon taxes. Secondly, it

calibrates the model to the Dutch economy, which both illustrates the relevance of accounting

for the factor channel and different types of labour, and provides an estimate of the actual

incidence of a carbon tax for the Dutch case.

The remainder of this chapter is structured as follows. Section 2.2 provides a literature

overview. Section 2.3 describes the model. Section 2.4 describes the data. Section 2.5

contains simulation results and a discussion. Section 2.6 concludes.

2.2 Literature

Climate change and income inequality are two of the most pressing issues of our time, and

they are intertwined. One important aspect of this is international, because the main victims

of climate change are found to be in some of the poorest regions of the world (Stiglitz, 2012;

Stern, 2006; Catholic Church and Pope Francis, 2015). This chapter, however, focuses on

how environmental policy affects the income distribution on a national level. A carbon tax

is often suggested as an effective and efficient method to reduce greenhouse gas emissions

(Pizer, 1999; Baranzini et al., 2000), but is also often criticized for being regressive. This begs

the question what exactly is the national incidence3 of a carbon tax. This has previously been

discussed by considering the timing and distributional impact of climate policy in general

and a carbon tax in particular (Mathur and Morris, 2014; Carbone et al., 2013; Blonz et al.,

2012; Williams et al., 2014). Our contribution is not in expanding existing overlapping

generations and other dynamic models that study distributional impacts of time-varying

damages in a dynamic setting. Instead, we consider a static computable general equilibrium

(CGE) model with multiple types of labour and capital inputs in order to consider multiple

channels through which carbon taxes can affect inequality.

3In order to study the regressive or progressive nature of a carbon tax, we address regressivity before any

returns from revenues.
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The literature on the incidence of taxes goes back to Harberger (1962) to estimate inci-

dence of a tax, who finds that in the United States, capital probably bares most of the tax

incidence of a corporate profits tax. Mieszkowski (1967) expands on Harberger’s analysis

and presents a unified theory of the incidence of a wider range of partial taxes and assumes

nonidentical spending functions for different groups. A carbon tax, in the form of a fixed

tax per unit (e.g., metric tonne) of CO2 emissions, can be seen as a tax that is imposed at

different rates on different sectors, as the energy-intensity (and therewith carbon intensity)

differs per sector. Although we apply it here to the case of a carbon tax, Mieszkowski (1967)

describes these processes for general factor taxes. As a factor tax, a carbon tax will tend to

increase the relative price of energy-intensive goods. The incidence of this tax will then fall

more heavily on those who spend a higher share of their income on energy-intensive goods.

This is the commodity channel. Furthermore, demand for the energy-intensive good will fall

in response to the tax, as the relative price of the good is higher for a higher level of the

carbon tax. For energy-intensive goods that are also capital- (labour-)intensive, a decrease

in output will tend to decrease (increase) the price of capital relative to that of labour as the

energy-intensive sector will release more capital (labour) than the energy-extensive sector

is willing to absorb at factor prices that existed before the introduction of the carbon tax.

Finally, the imposition of a tax on one production factor will tend to result in substitution of

that factor for other production factors. As a result, the before-tax price of that factor will

have to increase,4 to restore equilibrium in the factor markets. The combination of the shift

in the price of capital relative to labour and the increase in the before-tax price of energy is

called the factor channel. 5

In the spirit of Harberger (1962), who studied the incidence of a corporate income tax,

theoretical work on the incidence of environmental taxes has been done by Rapanos (1995).

Rapanos (1995) models pollution to negatively affect production in a clean sector, and pol-

lution intensity cannot be altered by a tax. In this chapter, we allow for substitution away

4Given the assumption that total supply of the specific factor is fixed and that factors receive the same

after-tax payments in both industries.

5Here, no distinction between different kinds of labour is made yet.
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from the polluting input. Fullerton and Monti (2013) have been the first to introduce skill

differentiation in a general equilibrium framework for analysis of tax incidence. The total

stock of high- and low-skilled labour is, just as in our model, fixed exogenously. Their ana-

lytical model allows pollution to be either a relative complement or a substitute for labour

or for capital, which ensures that a pollution tax can change the relative demands for capital

and labour and affect their relative prices. In their numerical work, they abstract from hav-

ing capital as a production factor and focus on the question if pollution tax rebates can fully

protect low-income households rather than asking if the burden is regressive or progressive.

Their results show that the rebates cannot protect low-skilled households.

There have been many studies, for instance Burtraw et al. (2009); Metcalf (1999); Fuller-

ton and Monti (2013) that assess whether the revenues of a carbon tax can offset any regres-

sive effects. This approach has a strong connection to the literature on the double dividend,

that studies if and how the revenues of an environmental tax can be used to offset distorting

effects of other taxes. An overview of this literature can be found in Bovenberg (1999).

Double dividends could be a source of political feasibility for a carbon tax because they

can decrease distortions of income taxation. However, the income tax is already a balance

between distortions and redistribution. This is also found in Jacobs and De Mooij (2015)

who show that the marginal cost of public funds equals one in the optimal tax system. They

find that the distorting effect of an income tax can, in the optimum, not be alleviated by use

of carbon tax revenues, because the income tax is already at the optimal level in the sense

that it is a balance between distortions on the labour market and distributional benefits.

Moreover, the pollution tax is alreadty found to be progressive in our model.

Empirically, Robinson (1985) was the first to study the distributional effects of environ-

mental policy by combining input-output tables and investment data with data on pollution

abatement related operating and maintenance costs and estimates of purchases from each

sector by each income class for the United States for the years 1973 and 1977. The study

finds that the regressive nature of environmental policy did not change significantly over time,

even though the overall burden of abatement costs rose by approximately 40%. Cornwell and

Creedy (1996) discuss the case of a carbon tax specifically for Australia. The authors use
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various measures to assess the distributional impact of the tax and find that a carbon tax

has an adverse distributional effect; i.e. it is regressive. More recently, Hassett et al. (2007)

study both the impact of a carbon tax on current income and on two measures of lifetime

income in the United States. They decompose the impact of the tax into a direct and an

indirect component, i.e., direct consumption of energy related products such as petrol and

electricity, and the indirect consumption of energy in products that use energy in their pro-

duction process. They find that carbon taxes are more regressive when income rather than

consumption is used as a measure of economic welfare. Furthermore, the direct component of

the tax appears to be more regressive than the indirect component. Hassett et al. have also

studied the incidence across regions and found the regional variation in equality effects of a

carbon tax to be comparatively small. Jiang and Shao (2014) use the same differentiation

between direct and indirect impacts of a carbon tax and explore the distributional impact of

a carbon tax for the case of Chinese households in Shanghai. They find the overall incidence

to be regressive, although they find a weakly progressive direct impact (which is explained

by the fact that high-income households in Shanghai spend a relatively large share of their

income on fossil fuels).

Of special interest for this research is the Dutch case described by Kerkhof et al. (2008).

They present a comparison of the incidence of a CO2 tax and a ‘comprehensive’ GHG tax

that covers all the Kyoto gases6 for the Netherlands. The levying of both taxes is required

to ensure that the Dutch target for climate change mitigation (as part of collective target

of the European Union, adopted within the framework of the Kyoto Protocol), to have

reduced annual GHG emission by 6% in 2010 with respect to 1990 levels, is met. Again,

a combination of consumer expenditures data per income group7 and input-output tables8

were used to determine the incidence of both taxes. The authors determined the tax rates

on the basis of marginal costs of emission reduction measures needed to achieve the earlier

6Carbon dioxide, Methane (CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons

(PFCs) and Sulphur hexafluoride (SF6).

7Based on the Dutch Expenditure Survey from Statistics Netherlands.

8Based on National Accounts provided by Statistics Netherlands as well.
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mentioned target and found that a GHG tax should be set at e57 per ton of CO2 equivalent

and that a CO2 tax should be set at e91 per ton. Kerkhof et al. use the Gini coefficient as

their measure to assess the incidence of the taxes and find a value of 0.327 (0.316) for the

situation of a CO2 (comprehensive GHG) tax compared to a value of 0.287 for a situation

without a tax; i.e. both taxes decrease income inequality, but the CO2 tax more so than the

GHG tax. They abstract away fromo producers and consumers adjusting their behavior to

the changed product prices. Producers will use different inputs in their production processes

and consumers will change their consumption patterns.

Similarly, Wier et al. (2005) use input-output tables and expenditure data (both from

Statistics Denmark) to assess the incidence of the Danish carbon tax for the year 1996.

The Danish CO2 tax has changed since its introduction in 1992, but after the 1993 tax

reform, households paid an effective tax of e81 per ton of CO2 and businesses paid an

effective tax of e13.50 per ton of CO2. In contrast to the findings of Jiang and Shao (2014)

for Shanghai, Wier et al. (2005) find the direct component to be more regressive than the

indirect component for Denmark. Furthermore, in accordance with the findings of Hassett

et al. (2007), the tax appears to be less regressive when studying the distribution of total

household expenditure instead of disposable income.

Although Mieszkowski described the factor channel in 1967, subsequent articles discussed

above (and others) ignore the impact of a carbon tax (or a pollution tax in general) on factor

incomes. Failing to take the factor channel into account, through which a carbon tax can also

influence inequality, can result in biased results and tends to lead to the possibly erroneous

conclusion that carbon taxes are regressive. Grainger and Kolstad (2010) include prices

of non-energy goods, and Fullerton and Heutel (2007) provide a theoretical exploration of

the distributional effects of environmental taxes in a general equilibrium context. They

model pollution as a production factor (a variable input) that is used in the dirty sector.

In response to changes in prices, producers can choose to change the mix of the production

factors labour, capital and pollution. Fullerton and Heutel (2007) do address the factor

channel and show theoretically and numerically that the remuneration of capital is more

strongly affected than that of labour, which will tend to make a carbon tax progressive as
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the higher income groups earn a relatively large share of their income (compared to the

lower income groups) by supplying capital. However, they only address it theoretically

without attempt to estimate the incidence empirically for a particular country or situation.

Next, Fullerton and Heutel (2010) research in a general equilibrium framework the factor

and consumption channel. We expand on this similar study by allowing skill differences,

and we look at the Dutch economy instead of that of the US. Here it is important that we

apply aspects of a small open economy such as international prices on the energy market,

and a partially internationally mobile capital stock. Whereas both studies find a regressive

consumption channel, their results show a regressive total carbon tax, whereas our carbon

tax can be progressive due to stronger effects of the factor channel.

Of particular interest is a study by Reaños and Wölfing (2017). This paper studies the

distributional effects of rising energy costs for households differentiating between electricity

and heating demand and models other consumption goods using the German EASI-system of

Lewbel and Pendakur (2009) for the analysis of inequality and welfare at the individual and

social level and for estimating general Engel curves. They find, for given prices, declining

Engel curves for several necessities such as housing, electricity and heating, and an Engel

curve for food that is flat for low income and decreasing for high incomes. Their approach

highlights that Engel curves can be non-linear. When neglected, this leads to a biased result

in the estimates of distributional effects. This result is an extension of earlier work by Deaton

and Muellbauer (1980) who note that clustering several goods into one category puts very

strong assumptions on the preference structure for all goods within the same cluster with

implausible implications on substitution and income effects. Reaños and Wölfing (2017)

therefore highlight the importance of a flexible demand system such as the Almost Ideal

Demand System (AIDS) (Deaton and Muellbauer, 1980) or the EASI-system (Lewbel and

Pendakur, 2009). Applying such a system, Reaños and Wölfing (2017) find that increases

in heating prices are more regressive than those in electricity, although both are regressive.

In this paper, we cluster consumption goods into two categories: energy-intensive and not

energy-intensive. Further, we employ a utility function of CES-type, leading to linear positive

Engel curves. In our study, the answer depends on the magnitude of the demand and supply

elasticities.
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Dissou and Siddiqui (2014) were the first to assess the impact of a carbon tax on in-

equality, while examining both the commodity and the factor channel. They developed a

CGE model that allows for substitution between different types of fossil fuels and different

intermediate inputs. They construct a social accounting matrix to simulate the base case,

in which there is no carbon tax, based on Canadian national data, and simulate for different

levels of the hypothetical carbon tax (C$15, C$30, C$50, C$100 and C$150) and assess its

incidence on equivalent income. The authors find a U-shaped relationship between inequality

(measured through the Gini coefficient) and the carbon tax level. At relatively low values

of the carbon tax, the effect of the factor channel, which overall tends to reduce inequal-

ity, dominates the effect of the commodity channel, which tends to increase inequality; i.e.,

a relatively low carbon tax9 ensures that it is progressive. Vice versa, for relatively high

values of the carbon tax, the effect of the commodity channel outweighs the effect of the

factor channel, which results in a regressive impact of the tax; i.e. the negative impact on

inequality of the change in commodity prices outweighs the positive impact of the change

in factor prices, which ensures that inequality is higher for higher values of a carbon tax.

Up to a tax of approximately C$50, increasing the tax makes it more progressive, whereas

increases beyond the same point are estimated to make the tax less progressive until it even

becomes regressive (above approximately C$120). We build on their efforts by adding the

extra dimension of multiple skill levels and focus on the Dutch case.

2.3 Theoretical Model

Our model explores the relationship between a carbon tax and inequality in a setting with

multiple types of labour. It is loosely based on the model developed by Copeland and

Taylor (2004) in the second chapter of their book Trade and the Environment. It is a

simple computable general equilibrium model of a small open economy with two sectors,

an energy-intensive sector (which produces a tradeable good) and an energy-extensive one

9Up to a value of around 120 Canadian dollars per ton of CO2.



21 2.3. Theoretical Model

(which produces a non-tradeable good) that are respectively capital- and labour-intensive.

Capital is subdivided into internationally mobile capital,10 and immobile capital that does

not move across borders. As the model could be viewed as a long-run equilibrium of a

dynamic model, we do not have transaction costs.

Four different types of input factors are used in the production process: energy, capital

and two types of labour (low-skilled and high-skilled). Capital and labour are supplied by

the two types of households that together form the consumer side of the model, with one type

of household supplying low-skilled and the other one high-skilled labour. A fixed fraction of

total energy use is available from a domestic source (in the case of the Netherlands mainly

from natural gas reserves) and the rest is imported. Both types of energy are assumed to be

perfect substitutes and are supplied at the world market price. Demand for each commodity

comprises the individual demands of both household types, and, in the case of the tradeable

good, demand from abroad.

2.3.1 Production and Technology

Firms combine the four production factors to produce either good 1 or good 2, where the

former is the capital- (and energy-)intensive good. One firm produces the tradeable good 1

and the other firm produces good 2. Although some papers (e.g. Kemfert (1998); Van der

Werf (2008)), use a CES-production function with inputs of energy, capital and labour, where

capital and labour are nested first, and are then combined with energy, we follow the more

recent paper of Dissou et al. (2012). They find that a nested production structure, that first

combines energy and labour in one nest and then adds capital in a CES function, fits their

Canadian data best.11 Although this result is for the Canadian economy, we follow them in

10In this chapter, when we talk of mobile capital, we mean mobile across borders

11Furthermore, Dissou et al. found the elasticity of substitution between capital and labour to be relatively

high and the substitution elasticity between labour and energy is found to be relatively low, which we will

also use.
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using the K(LE) nesting structure. A downside of this approach is that it becomes impossible

to include any capital-skill complementarities, even though some might exist (Duffy et al.,

2004). This results in the following production function:
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(2.4)

Elasticities σi,1, σi,2, σi,3 and σi,K are the substitution elasticities in production between

capital and the aggregate Z, between energy and labour, between the two types of labour, and

between the two types of capital, respectively. Energy (E) is assumed to be a substitute for

both low-skilled labour (LL) and high-skilled labour (LH) in both the production process of

the labour-intensive and that of the capital-intensive good. Substitution between low-skilled

labour (LL), and high-skilled labour (LH), is possible and these are modelled as imperfect

substitutes. Capital in each sector (Ki) exists of two components: mobile capital (Ki,M) and

immobile capital (Ki,F ). Mobile capital can accrue and diminish by flowing abroad, whereas

immobile capital will not move across borders, but can move between sectors. The price to

producers of production factor energy ,pE, depends on the price of energy on international

markets, p∗E, and the value of an imposed carbon tax τ on ad valorem energy use:

pE = p∗E(1 + τ)

Net foreign assets are introduced to allow capital flows abroad as a result of a carbon

tax, and are defined as the net amount of foreign capital owned by domestic agents. This

last equation tells us that the stock of foreign assets at any level of tax τ is given as a

perturbation on the calibrated initial stock of foreign assets held by domestic households.

To be precise, the stock of foreign assets is given by the initial stock of foreign assets minus
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the amount of mobile capital that moves that moves abroad. The stock of net foreign assets

is calibrated to 0 in the equilibrium without a carbon tax.

NFA = NFA|τ=0 +
∑
h

Kh
M |τ=0 −

∑
h

Kh
M . (2.5)

Our production function specification implies that firms face constant returns to scale

for all input factors and nests of input factors. αi,1 refers to factors of technology that shift

the weight of the production process from the energy-labour composite towards capital; αi,2

refers to parameters that shift the weight of the production process from the labour composite

towards energy; αi,3 refers to parameters that shift the distribution of tasks between skill

groups.

The small open economy is characterized by the fact that the prices of energy pE and

the tradeable good (good 1) on the world market are given. Firms choose the amount of

capital, energy and high- and low-skilled labour they use in production in such a way that

production costs are minimized. When the cost of producing one unit of output (cyi) is at

its minimum, this minimizes overall costs due to the constant returns to scale. Firms face

the following problem:

cyi(rF , rM , pE, wL, wH) = min rFKi,F + rMKi,M + pEEi + wLL
L
i + wHL

H
i

s.t.: Fi(Ki, Ei, L
L
i , L

H
i ) = 1.

(2.6)

The flexible national interest rate rF is the rate of return on immobile capital. The world

interest rate rM is set on world markets. We use relative inverse factor demand functions to

get more insights about the factor demand functions. First-order conditions of the problem

above can be used to find relative inverse factor demands for production of one unit of

product i. The levels of demand are then determined by the equilibrium conditions that are

addressed at the end of this section. The relative inverse factor demands are:

wL
wH

=
αi,3

(1− αi,3)

(
LLi
LHi

)−σ3,i
, (2.7)
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The relative demand for low-skilled labour with respect to high-skilled labour is, as can

be seen from equation (2.7), a function of wages for both types of labour. However, whether

the relative demand is higher or lower for a higher price of high-skilled labour depends on

whether the two types of labour are substitutes or complements respectively, and vice versa

for the price of low-skilled labour. The high- and low-skilled workers are substitutes when

the elasticity of substitution σ3,i > 1 and complements when σ3,i < 1. As firms operate in

a competitive environment, prices of final goods will equal marginal production costs. The

price of good 1 is normalized to p1 = 1.

2.3.2 Consumers

Labour and capital are owned by households and generate income that can be spent on

consumption of good 1 (c1) and good 2 (c2). The total supply of labour is assumed to

be inelastic, though labourers can move between sectors. The model contains two types

of households with different types of labour (low-skilled, LL, and high-skilled, LH) and
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different levels of domestic capital endowment (KF and KM) held by household h. Total

capital is also subdivided in capital owned by low-skilled workers (KL) and capital owned

by high-skilled workers (KH), where we assume high-skillled workers own the most capital

(KL < KH). Both types of households derive utility from consumption and pursue to

maximize the former, given their level of income. The utility function is of the CES form.

Although one could argue that carbon emissions from energy use may influence consumer

utility through resulting changes in the climate, the impact of emissions from this small

open economy on the individual households are assumed not to influence their consumption

decisions. This leads to the following consumer problem for household h (where h = L,H):

max Uh(ch,1, ch,2) = [βhc
ν−1
ν

h,1 + (1− βh)c
ν−1
ν

h,2 ]
ν
ν−1 ,

s.t.: p1ch,1 + p2ch,2 ≤ whL
h(1− tL) + [rFK

h
F + rMK

h
M ] ≡ Ih.

(2.12)

tL is the exogenously set labour income tax rate. The return on capital and the wage

rate that goes to household h determine the level of income in combination with the levels

of Kh and Lh, supplied by the household.

Relative demand for the commodities by each household that follows from (2.12) has the

following expression:

(
ch,1
ch,2

)−1/ν =
(1− βh)p1

p2βh
. (2.13)

Marshallian demand for good i is given by:

ch,1 =
Ih
p1

β−νh p1−ν
1

p1−ν
1 β−νh + p1−ν

2 (1− βh)−ν
. (2.14)

ch,2 =
Ih
p2

β−νh p1−ν
2

p1−ν
1 β−νh + p1−ν

2 (1− βh)−ν
. (2.15)

2.3.3 The Government

The government plays a limited role in the model. It imposes the ad valorem tax (τ) on energy

and collects the revenue (τpEE). Revenue is assumed to be fully invested in abatement, i.e.
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there are no transfers from the government to producers or consumers. Furthermore, no

government revenue neutrality is imposed; so an increase in one tax does not have to be

offset by a decrease in some other tax. Although making the role of the government more

complex can in general result in a model that gives a more realistic representation of reality,

doing so is expected to not add additional insight into the relationship between a carbon

tax and income inequality, i.e. into the incidence of a carbon tax. This is in agreement with

Fullerton and Monti (2013) and Harberger (1962). We estimate how much difference in the

end result there would be if the government would recycle its revenue by lowering the income

tax for the low skilled, and find that this results in slightly more reduction of inequality

between high- and low-skilled groups than in our baseline scenario (see section 2.5.2).

2.3.4 Equilibrium Conditions

In order to close the model, several restrictions are imposed. First of all, the budget restric-

tion of the firm:

piyi = rMKi,M + rFKi,F + wLL
L
i + wHL

H
i + p∗EEi + Ti, (2.16)

where

Ti = τpE
∗Ei. (2.17)

Total net supply equals total demand for both goods, which is captured by the following

equations:

y1 −
αT1

p1

= cL,1 + cH,1 + x+
tL(wLL

L
1 + wHL

H
1 )

p1

, (2.18a)

y2 −
αT2

p2

= cL,2 + cH,2 +
tL(wLL

L
1 + wHL

H
1 )

p2

, (2.18b)

where x stands for net exports of good 1. As stated earlier, total supply of labour and capital

by the households is assumed to be fully inelastic. Furthermore, the amount of each of the

production factors that is used in production should equal its supply, which results in the

following conditions:

LL1 + LL2 = LL, (2.19)
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LH1 + LH2 = LH , (2.20)

K1,M +K2,M = KL
M +KH

M +NFA, (2.21)

K1,F +K2,F = KL
F +KH

F , (2.22)

In our model, all capital and potential foreign assets are owned by high-skilled labour. The

level of energy use is determined endogenously and can therefore vary. In order to ensure

that the value of imports (of energy) are balanced by the value of exports, so that there

is not a continuous money outflow as payment for the required imported energy, some of

the produced goods will have to be exported. Domestic production of energy covers most

of the domestic consumption in the Netherlands (approximately 80% in 2012 (Eurostat,

2012)). The remaining energy is imported, and its value equals the value of total exports.

We abstract away from the fact that the Netherlands is a transit country for much energy

and take the imports of energy to be used for domestic purposes only. The condition that

has to hold in order for a balance, between the values of imports and the values of exports,

to occur is:

p1x1 − rMNFA = αp∗E(E1 + E2). (2.23)

Here, α is the fraction of the total energy used that is imported. All information as

presented above can be combined to form a CGE model that comprises a system of non-linear

equations and is used to assess the distributional impact of a carbon tax in the Netherlands.

The steady state analyse does not capture the trade surplus of the Netherlands accurately.

The Netherlands has a structural trade surplus, so structurally accumulates assets. In this

static model, the surplus is used to pay foreigners owning Dutch capital. The dynamics

to discuss these issues fully are abstracted from, yet are of importance. I have included

an analysis of the inequality effects when an exogenously set current account is present in

section 2.5.3, which seems to point out an exogenous current account surplus does not affect

inequality effects qualitatively. When analysing the incidence of taxes, only relative prices

matter as one is interested in how changes in relative prices affect different groups (for an

example where this happens, see Fullerton and Metcalf (2002)).
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2.3.5 The Factor Channel and the Commodity Channel

It has been assumed that good 1 is capital- and energy-intensive. This means that in

equilibrium rK1

p1y1
> rK2

p2y2
, and pEE1

p1y1
> pEE2

p2y2
. As is shown empirically in Section 2.4, the sector

that is more heavily reliant on capital as factor of production (the capital-intensive sector

1), in our calibrated model relies also more heavily on energy. When energy becomes more

expensive due to a carbon tax, the price of good 1 can be expected to show a stronger increase

than that of good 2. The incidence of this tax will then fall more heavily on those who spend

a higher proportion of their income on good 1, which are the low-skilled households. This

is the commodity channel discussed in Section 2.2. Further, due to the tax, there will be

substitution away from the energy-intensive good as a consequence of its increased relative

price. Because good 1 is also capital-intensive, the gross rate of return decreases relative to

wages. This is the factor channel as discussed in Section 2.2. However, as our model also

captures differences in skills, the factor channel contains a third component. This component

can have a progressive or regressive impact, depending on the influence of the tax on the

distribution of workers over both sectors. If the fraction of high-skilled workers in total

workers is higher (lower) in both sectors,12the impact of this component will be progressive

(regressive). The reasoning behind this is as follows: If the fraction of high-skilled workers

is higher (for higher level of the carbon tax) in both sectors, the marginal product of high-

skilled labour will be lower relative to that of low-skilled labour. Note here that firms face

technologies with diminishing marginal returns to each production factor. Furthermore, as

wages are equal to marginal products, a decrease in the relative wage of high-skilled workers

ensures that wages will show convergence. The situation where the fraction of high-skilled

workers decreases in both sectors follows the same line of reasoning. The effect of this

component is that it is not on forehand clear if the share of high-skilled workers in total

12It may seem counterintuitive that the amount of high-skilled workers in total workers can increase in

both sectors simultaneously as a result of a tax. To see this is in fact possible, consider a situation with

100 workers in each sectors, 5 high-skilled in sector A, and 10 high-skilled in sector B. Now, in a new

hypothetical situation, there are 7 out of 130 high-skilled in sector A, and 8 out of 70 high-skilled in sector

B. The concentration of high-skilled workers has increased in both sectors.
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workers is higher in one sector and lower in the other.

While the commodity channel is regressive, the decrease of the gross rate of return on

capital compared to wages is a progressive channel. In the special case where capital is

excluded, production no longer has capital as one of its production factors and the major

progressive component of the carbon tax is thus removed. This scenario reflects the story

as in Fullerton and Monti (2013), and, contrary to what is found in this chapter, the tax

is found to be regressive there. Following Dissou and Siddiqui (2014), we define equivalent

income as the expenditure level IEh that household h needs at the reference price pi, where

the carbon tax level is zero, to enjoy the same level of utility as after a non-zero carbon

tax τ is introduced. As derived in Dissou and Siddiqui (2014), there is a decomposition

possible of equivalent income into channels that involve factor prices and channels that

involve commodity prices. The fact that Ih = whL
h + rFK

h
F + rMK

h
M is used to define

θLh , θKh
F

, and θKh
M

such that d ln(Ih) = θLhd ln(wh) + θKh
M
d ln(rM) + θKh

F
d ln(rF ). Now, the

equivalent income IhE can be decomposed into four components:

IhE = Ih(τ = 0) + δ1
h + δ2

h + δ3
h, (2.24)

with

δ1
h = Ih(τ = 0)[θLhd ln(wh) + θKh

M
d ln(rM) + θKh

F
d ln(rF )], (2.25a)

δ2
h = −Ih(τ = 0)[1− βh]d ln(p2), (2.25b)

δ3
h = IhE − [Ih(τ = 0) + δ1

h + δ2
h]. (2.25c)

Equation (2.24) thus splits up the change in equivalent income into three parts: δ1
h, the

impact of a change in factor prices, δ2
h, the impact of a change in the price of commodities

of sector 2 with respect to the price of commodities in sector 1, and δ3
h, a residual effect that

includes combined effects of changes in factor prices and commodity prices. This decom-

position and its intuition are completely equivalent to that in Dissou and Siddiqui (2014),

except that wh varies in our model with skill-level.
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2.4 Data

Data on the economy of the Netherlands have been collected to calibrate and run the model.

The Dutch economy is divided into two sectors. Subsequently, values that are useful for

calibration and current values of the fixed variables (LL, LH , KL, KH) are determined. Op-

erations to get to these calibration and fixed variable values are discussed below, as is the

specific two-sector division.

2.4.1 Aggregation of Industries

Data from Eurostat and Statistics Netherlands have been used to divide the Dutch economy

into a capital- and a labour-intensive sector. Eurostat uses the European ‘NACE Rev 2’

as classification system13 to classify the production side of national economies into different

sectors and sub-sectors (further referred to as industries and sub-industries to not confuse

them with the sectors in the model). Statistics Netherlands uses the ‘SBI 2008’ classification

system,14 which is based on the NACE Rev 2. The one-digit NACE Rev 2 system is used

for this article. This results in a division into twenty-one industries of which seventeen are

displayed in Table I. The industries Real estate, Financial services, Activities of households

as employers (e.g. having a babysitter or cleaner) and Extraterritorial organisations and

bodies (e.g. United Nations or NATO) have been omitted, as some (or most) of the required

data were unavailable for those industries. The omission of the latter two is unlikely to have

any significant impact on overall results, as the size of both industries is relatively small

with a combined output of approximately 0.3% of total output by all industries in 2012

(Eurostat, 2012). The former two industries produce approximately 12% of total output

(Eurostat, 2012), which makes their omission more critical. Data on consumption of fixed

13NACE Rev 2 refers to the French Nomenclature statistique des Activités économiques dans la

Communauté Européenne revision 2.

14SBI refers to the Dutch Standaard Bedrijfs Indeling.
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capital (which are available for both sectors) suggest that the financial services industry

is relatively capital-extensive and has a cost share of labour that is close to the economy-

wide average, whereas the real estate industry is relatively capital-intensive compared to the

average of the entire economy and has a cost share of labour that is considerably below the

average. Based on this information, the financial services industry would have been added

to the labour-intensive aggregate sector and the real estate industry to the capital-intensive

one, if data on interest payments would have been available for those industries as well. The

share of high-skilled workers in the workforce of both industries ranks among the highest.

Furthermore, both have an energy cost share that is substantially below the average. As a

result, omitting both industries is expected to result in a (slightly) lower share of high-skilled

workers for both aggregated sectors and a higher energy cost share than when they would

have been included. The expected consequence of omitting both industries is that the impact

of both channels will be more pronounced than when included.

Information on gross output, labour compensation and fixed capital consumption15 in

different industries has been retrieved from Eurostat (Eurostat, 2012). Data on interest

payments have been retrieved from StatLine (CBS, 2015b). The same holds for number of

workers and the fraction of high-skilled workers (CBS, 2013).16 Capital costs are defined as

the sum of fixed capital consumption and interest payments.

The relative size of capital costs with respect to labour costs is used to categorize indus-

tries into two categories. Sector 1 is the sector where the relative size of capital costs with

respect to labour costs is high, and sector 2 where it is low. The specific distinction between

the two sectors is made by selecting all industries where wL
rK

is above a certain fraction. We

look at two possible calibrations for these tax levels. In the first calibration (further referred

to as Case 1), an industry is considered to belong to sector 1 if the capital costs are more

than 0.35 times as large as labour costs. This results in eight industries being part of sector

15Fixed capital consumptions is defined as the amount of fixed assets used up as a result of normal wear

and tear and foreseeable obsolescence (Eurostat, 2014).

16These CBS data are found for the year 2010, where the industry data was for 2012.
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Table I: Industry overview, 2012 (Eurostat, 2012; CBS, 2013)

Industries Output Number of

workers

Fraction of

high-skilled

workers

Capital costs/

labour costs

Energy share

in total costs

mln e x1000 % %

Agricul., forestry & fish 28 193.0 81.1 7.8 1.39 8.5

Mining & quarrying 26 116.0 7.2 40.3 2.86 4.5

Manufacturing 310 406.0 724.1 19.6 0.45 15.8

Energy supply 38 224.0 22.4 35.3 1.86 16.1

Water & waste 13 014.0 35.2 25.9 0.95 2.6

Construction 73 609.0 344.7 11.5 0.17 2.0

Trade 121 003.0 1 206.1 12.8 0.25 2.4

Transport & storage 55 574.0 349.4 14.6 0.49 9.1

Hospitality industry 18 468.0 312.1 8.3 0.22 4.6

Info & communication 50 789.0 209.6 54.1 0.45 0.6

Spec. commercial serv. 62 271.0 427.7 50.2 0.13 0.9

Rental & remaining serv. 48 552.0 717.4 16.8 0.24 2.0

Public admin. & defence 68 884.0 514.7 43.4 0.43 1.2

Education 35 270.0 512.4 74.2 0.14 1.9

Health care 75 995.0 1 294.8 31.8 0.09 0.1

Culture, sports & recrea. 11 518.0 128.0 29.3 0.26 5.0

Other services 10 632.0 144.0 35.0 0.16 4.7

Total 1 048 518.0 7 030.9 28.3 0.30 7.0
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1. In this case, the industry with lowest capital costs with respect to labour costs that is

still in sector 1 is Public administration & national defence, and the industry with highest

capital costs with respect to labour costs that is still considered to be part of sector 2 is

Culture, sports & recreation.

Besides this case, we also consider an alternative case (further referred to as Case 2) in

which ten industries are part of sector 1 (industries are considered to be part of sector 1 if

capital costs are more than 0.25 times as high as labour costs). The industry with lowest

capital costs with respect to labour costs in sector 1 is Hospitality industry and the industry

with highest capital costs with respect to labour costs in sector 2 is Construction.

For Dutch data, the sector with relative high capital-costs with respect to labour costs

is capital-intensive and energy-intensive. It also has a higher share of capital in production

(K/L is larger) than sector 2, and most of the Dutch export goods are produced in sector

1 OECD (2012).

The data on energy costs have been received upon request from Statistics Netherlands via

email and are for the year 2012. The characteristics of the resulting two aggregate sectors,

for both the Case 1 and Case 2, are presented in Table II. The last column of this table

shows that the capital-intensive sector is indeed also relatively energy-intensive in the Dutch

case, as assumed in Section 2.3.

Table II: Aggregated sectors

Sector Output Number of

workers

Share of LH in

total amount of

labour

rMKM+rFKF
wL Energy

share

mln e x1000 % %

Case 1: 1 591 200.0 1 943.7 28.6 0.53 11.0

rMKM+rFKF
wL > 0.35 2 457 318.0 5 087.2 28.2 0.17 1.9

Case 2: 1 723 721.0 3 277.8 22.8 0.45 9.5

rMKM+rFKF
wL > 0.25 2 324 797.0 3 753.1 33.1 0.15 1.6
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2.4.2 Parameter and Calibration Values

The parameter βh will be the share of income of household h that is spent on the capital-

intensive good (good 1).17 This parameter is not directly observable in consumption data

because categories at the consumer side of markets follow the lines of final products as bought

by consumers, whereas the production side of markets tends to be categorized along the lines

of production (sub-)industries. As a result of this difference in categorization, a matching

of expenditure patterns of different types of consumers with different production categories

requires additional information on the link between production output and final consumer

products. That information was unavailable.

Low-income households spend a different fraction of their income on different goods than

high-income households as can be seen from Table III. 18

Table III: Percentage of household income spent on different types of goods, by income level

(CBS, 2014a)

Group Housing Food Education

& recrea.

Transport Goods &

services

Household

equip.

Clothing Other

LL 36.34 10.94 11.46 7.86 5.82 4.64 3.96 19.14

LH 27.34 11.10 15.22 11.10 7.18 5.92 5.48 16.66

In estimation of the expenditure shares of high- and low-skilled labour, we assume the ex-

penditure patterns of high-income groups can be used as proxy for that of high-skill groups19.

In our model LH/(LH + LL) ≈ 0.28 where households in the highest 28% income groups

are assumed to be high-skilled and the other households are assumed to be low-skilled. We

17This follows from the CES type specification of the utility function.

18The numbers in this table have been calculated based on CBS data (CBS, 2014a). They specify expen-

diture shares based on five different income levels, that are here brought down to two.

19Indeed, there is strong correlation between income and skill, see for instance https://www.cbs.nl/en-

gb/publication/2017/26/trends-in-the-netherlands-2017
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base the estimates of both β’s on expenditure shares of different income groups, and the

expected relative capital-intensity of these consumption categories. Based on Eurostat data

on CAPEX/profit, we expect housing, food and transport to be capital-intensive, clothing

to be labour-intensive, and the other sectors to be of ambiguous nature with respect to their

capital-intensity. The same sectors are confirmed to be relatively energy-intensive in the

input/output analysis in Kerkhof et al. (2008). This leads to βL = 0.750 and βH = 0.708.

The parameters αi,j in the production function depend on the cost shares of specific

production factors, prices of goods and elasticities of substitution between production factors

or nests of production factors. These are calibrated for relative wages (CBS, 2014b), the

fraction of wages in the Dutch gross domestic product (e808.8 billion (The World Bank,

2014)), the rate of return,20 and GDP itself (specific values are presented in Table V in

Section 2.5). Van der Werf (2008) find a value of 0.2199 for σ1 and of 0.7783 for σ2. Dissou

et al. (2012) find values of σ1 and σ2 of respectively around 0.45 and 0.75. Based on these

results, we choose a value of 0.4 for σ1 and a value of 0.75 for σ2. Most estimates of elasticity

σ3 of substitution are in the neighbourhood of 1.5 (Johnson, 1997; Autor et al., 2008), which

is the value we assume it to be. Although the values can differ across industries, we could

not find estimates available for a two-sector economy like ours. For this reason, we perform

a robustness check with respect to these elasticities.

Finally, as explained in Section 2.3, energy can be imported against a fixed world market

price p∗E. This price is set at e14,- per GJ, which is a rough estimate of the energy price to

Dutch firms and organizations (CBS, 2015a).21

20The rate of return rM is assumed to be the sum of the rate of depreciation and the market interest rate,

which are assumed to be 0.05, after Van der Ploeg and Withagen (2014), and 0.035, respectively.

21The price of gas varies between e7.5/GJ and e14.5/GJ. The price of electricity varies between e16.7/GJ

and e34.2/GJ. Both prices depend on the amount you demand as firm, where the more you use, the lower

the price per unit of energy will be.
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2.4.3 The Netherlands as Energy Transition Country

Natural gas policy in the Netherlands is dependent on domestic demand. Its production

is neither constant nor a constant fraction of total energy consumption in the Netherlands.

Energy imports as a fraction of total net energy consumption in the Netherlands fluctuate

between 0.14 and 0.29. We use a middle value of α = 0.2 for the fraction of total of the

energy used that is imported. We assume the Dutch government to let gas be approximately

a constant fraction of electricity generation in the Netherlands (Rijksoverheid, 2015). This is

a simplification, as recently the government has announced gas will be phased out. Energy

can be imported (and is domestically supplied) against a fixed price, which implies that total

demand and supply from this small economy are negligible in comparison with total supply

of energy on the world market. This approach is also used by Copeland and Taylor (2004),

who assume the price of energy to be fixed and equal to the level of the tax. 22

2.4.4 Labour and Capital

High-skilled labour is provided by consumers that have, in contrast to the low-skilled, ob-

tained at least a bachelor degree. The value of the total amount of material fixed assets

(CBS, 2015b) is included as approximation of capital used for production. This aggregate

determines the amount of total capital in the economy, which is, as discussed earlier, assumed

to be supplied by consumers.

The total amount of labour in the economy has been retrieved from (CBS, 2013), together

with data on educational level of workers to determine the total number of high and low-

skilled workers, as displayed in the first row of Table IV, and fractions of high-skilled workers

22Copeland and Taylor (2004) address pollution directly rather than energy, but they model pollution as

an input to production, which makes it equivalent to the production factor energy in our model but with

the difference that firms can choose which energy to buy.
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per sector23. For the capital distribution, we assume that high-skilled labour is at the top of

the capital distribution, and low-skilled labour is the rest of the distribution. Further, we use

wealth as a proxy for capital. High-skilled labour accounts for nearly 30% of the total labour

in the Netherlands, but corresponds to 93% of total wealth(Van Bavel, 2014). This way of

modelling the capital share owned by high-skilled labour has shortcomings in two respects.

First, this modelling approach neglects the fact that some low-skilled workers may have a

lot of capital, leading to an understatement of the low-skilled share of capital. Therefore,

the progressiveness of a carbon tax might be overstated. Second, there are differences in the

capital distribution within both groups. This leads us to understate the level of the Gini

coefficient.

2.4.5 Calibration

In order to examine the incidence of a carbon tax in the Netherlands, we use simulation.

The parameter values, calibrated as described in Section 2.4, are used to compute the degree

of inequality as a function of the carbon tax. We calibrate the model for the two possible

choices of separating sector 1 and sector 2 by the relative cost of capital and labour for

different industries. The calibration is used to determine the value of the αi,j and A24 in

the model. We calibrate the model for Dutch GDP, relative wages and the rate of return

on capital. We also calibrate such that the relative number of high-skilled workers between

sectors, the relative cost of capital in production between sectors, the relative cost of energy

in production between sectors and the relative number of high-skilled workers as a fraction of

23Low-skilled workers are assumed to be the sum of low and moderately educated workers, which is

captured the definition that is provided in Table IV.

24As units of the variables LL
i , LH

i , Ki and Ei are not determined a priori, they can be chosen to be

for example men-hours or numbers of employees, machines or a monetary value, kilowatt-hour (kWh) or

giga-joule (GJ), for capital, labour and energy inputs respectively. Including the scaling factor A enables to

adjust for different choices of units and to ensure that output is expressed in the desired units.
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Table IV: Parameter overview

Parameter Value Definition

LH 1 989 Total number of workers that have obtained at least a bachelor

degree (x1000).

LL 5 041 Total number of workers for whom the level of their highest

completed education is below bachelor degree (x1000).

K 287 844 The initial value of the total amount of material assets (fixed and

mobile) in millions of euro’s.

KF 230 275 The value of the total amount of material fixed assets in millions

of euro’s.

σ1 0.45 The elasticity of substitution between energy and the nest of

capital and labour.

σ2 0.75 The elasticity of substitution between capital and the nest of

labour.

σ3 1.5 The elasticity of substitution between low-skilled and high-skilled

workers.

βH 0.720 The share of income that high-skilled households spend on the

capital and energy intensive type of goods (good 1).

βL 0.757 The share of income that high-skilled households spend on the

capital and energy intensive type of goods (good 1).

p∗E 14 The exogenous (fixed) world market price of energy in euro’s per

GJ (this is a rough estimate of the energy price Dutch firms face

on average).
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the total number of workers are set at their realistic values.25 The values for both calibrations

are presented in the following table:

Table V: Calibration for different cases.

Case 1 Case 2

LH1 /L
H
2 0.39 0.82

rFK1,F+rMK1,M

p1Y1
/
rFK2,F+rMK2,M

p2Y2
1.36 1.48

p1 1 1

pEE1

p1Y1
/pEE2

p2Y2
5.91 6.05

LH1
L1
/
LH2
L2

1.01 0.69

rF 0.06 0.06

p1Y1 + p2Y2 6.45× 109 6.45× 109

wL/wH 1.61 1.61

We use the Gini coefficient as a measure of income inequality,

G =

∑
i

∑
j |Ii − Ij|

2
∑

i

∑
j Ii

, (2.26)

where agent i has income Ii. By simplifying the set of Ii to only contain two types of agents,

this reduces to:

G =
LLLH |IEL − IEH |

(LLIEL + LHIEH)(LL + LH)
, (2.27)

where the two types of agents come in numbers given by LL and LH , and IEL and IEL are

the levels of equivalent income for each type of households. Furthermore, we define the

progressivity of a carbon tax by the difference in income inequality (as a function of the

carbon tax) between the case where there is no carbon tax, and the case where there is a

carbon tax.26

25We calibrate the rate of return on capital to 2%. The other values are all either described directly in

Section 2.4 or are derived from Table I.

26P = G(0)−G(τ), where P is the progressivity of a carbon tax.
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2.5 Simulations

The relative fraction |L
H
1

L1
/
LH2
L2
|, and the capital-intensity of each sector play an important

role in determining the progressivity of a carbon tax, as they are a determinant of how much

high-skilled labour and capital are targeted relative to low-skilled labour. We model in such

a way that the capital-intensive sector has the correct share of production costs of capital,

but we are unsure if the share of high-skilled labour in total labour corresponds to the actual

share of high-skilled labour in sector 1. To study which case gives a more accurate description

of the high-skilled labour distribution, we look at the correlation between the energy cost

shares and the relative demand of high-skilled labour in each sector. Figure 2.2 is a scatter

plot of the data on energy cost shares and shares of high-skilled labour per industry, with a

regression line of the data, weighted with respect to total sector output. The cost share of

energy is put on the y-axis and the fraction of high-skilled labour in total labour is put on

the x-axis. The slope of the line is −0.14. We compare this to the same slope in each of our

cases, represented by

φscen =
∆Output

∆Concentration LH
=

pEE1

p1Y1
− pEE2

p2Y2

LH1
L1
− LH2

L2

.

We find that φ1 = 21.82, and φ2 = −0.76. Because |φi − (−0.14)| is smallest for Case 2,

in this case the correlation between the share of high-skilled workers and energy cost shares

most closely resembles the data, and can thus be preferred. The high value of φ1 is caused by

the very small difference in high-skilled labour concentration between sector 1 and 2. This

points to Case 2 as the better case.

2.5.1 Baseline Results

In Figure 2.3 our baseline result is shown for Case 1 and Case 2, the different calibrations of

our model. We find that, for the calibration and parameter choices in either case, the carbon
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Figure 2.2: Correlation in the energy share and fraction of high-skilled labour.

tax is progressive over the entire tax range tested. The Gini coefficient in the Netherlands

is 28.2 according to estimates of the World Bank (The World Bank, 2014). A carbon tax of

1 corresponds to a price increase of 100%.

Case 1

In Case 1, the capital-intensive industries are Agriculture, Forestry and Fishing, Mining and

Quarrying, Manufacturing, Energy supply, Water and Waste, Construction, Transport and

Storage, and Public Administration and Defence. The effect of a carbon tax is progressive

because the effect of the tax on the high-skilled households is higher than that on the low-

skilled households, cf. the change in equivalent income between both groups in Figure 2.4a.

For the result of Case 1, we assumed that the sector 1 is characterized by industries for

which
rFK

H
i,F+rMKi,M

wHL
H
i

> 0.35 (c.f. Section 2.4). This choice is made such that roughly half

the sectors are categorized as sector 1, the capital-intensive sector, and half as sector 2, the

labour-intensive sector. This choice is however still arbitrary and has a both quantitative

and qualitative influence on the different channels in the model, as can be seen from the

baseline result in Figure 2.3.
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Figure 2.3: Baseline result under Case 1 and Case 2.

(a) Case 1 (b) Case 2

Notes: Left: Inequality as a function of the carbon tax for Case 1. In case 1 sector 1 is bigger than in Case 2 due the broader

definition of capital intensity. Right: Inequality as a function of the carbon tax for Case 2.

For low-skilled households, the change in equivalent income is primarily attributed to

a change in their wage and in relative prices of goods, as most capital is owned by high-

skilled households. For high-skilled households, this change in equivalent income depends

on, besides the change in relative prices of goods, the change in both capital income and

labour income. This decomposition is shown in Figure 2.4d. The wage of low-skilled workers

relative to the rate of return rF is lower for lower values of the carbon tax, (Figure 2.4b). In

Figure 2.4f, we see that the relative price of good 2 is lower for a lower value of the carbon

tax.

Another way to separate the effect of a carbon tax into different components, is by

separation into the factor channel and commodity channel, as done with the δ’s described

in the section 2.3.5. We show the effect of δ1
h and δ2

h for both types of household (see

Figure 2.4e). Here, we see that the effect of relative prices in sector 2 on equivalent income

levels is positive and increasing and similar for both households, with δ1
L being slightly larger

than δ1
H . The reason for this effect to be positive is that the price of goods from sector 1

is used as a numeraire and that the price of goods from sector 2 decreases relative to that.
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At the same time, the effect of the factor prices on equivalent income levels is negative and

decreasing, and differs between low-skilled and high-skilled households. This points to the

factor channel for the initial decrease in income inequality.

The difference in the relative concentration of capital between the two cases can explain

the difference in qualitative response of inequality to a carbon tax. When sector 2 has a

higher concentration of capital, as in Case 1, the regressive effects of a carbon tax via capital

are bigger, because the energy- and capital intensive industry is taxed primarily through the

carbon tax. This effect has a more progressive impact in Case 2, because there the relative

concentration of capital in sector 1 is higher.

Case 2

In Case 2, we also find a progressive carbon tax. In this case, the sectors Trade, Hos-

pitality Industry, Rental and Remaining Services, and Culture, Sports and Recreation are

added to the list of industries in sector 1, now defined by industries for which (rFK
H
i,F +

rMK
H
i,M)/wHL

H
i > 0.25. We show how the end result changes for different definitions of

which industries are part of sector 1. These results are shown in Figure 2.5.

The impact of the tax on the income of low-skilled and high-skilled households is shown

in Figure 2.5a. The rate of return decreases compared to wages of low-skilled households in

Case 2. This contributes to the overall progressive effect of the carbon tax, in spite of bigger

energy-intensive sector 1 in Case 2.

2.5.2 Revenue Recycling

The government could decide to use the tax income of a carbon tax to reduce the income

tax burden of the low-skilled households. In this case, the government does not simply give

its extra tax revenue away to abatement, but instead requires that for a t′L 6= tL that:
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(wLL
L + wHL

H)(1− tL)|τ=0 = wLL
L(1− t′L) + wHL

H(1− tL) + α
∑
i

Ti.

In this case, we find in Figure 2.1 that the inequality between high- and low-skilled

households after a carbon tax is slightly lower than even in our baseline case.

2.5.3 Current Account

In this subsection I describe the role of the current account in the model. The current

account is defined in the model as CA ≡ p1x1 + rMNFA− αp∗E
∑

iEi.
27. The definition of

the trade balance is TB ≡ X −M = p1x1 − αp∗E
∑

iEi, where X are exports, M imports.

In a static model it is not possible to talk of capital flows. However, we can compare two

equilibria. When we compare the equilibrium at carbon tax 0 with the equilibrium at carbon

tax τ , we find:

p1(0)x1(0)− αp∗E(0)
∑
i

Ei(0) = −rMNFA(0),

p1(τ)x1(τ)− αp∗E(τ)
∑
i

Ei(τ) = −rMNFA(τ).

Using NFA(τ) ≡ NFA(0) +
∑

i(Ki,M(0) − Ki,M(τ)), and using the assumption that

NFA(0) = 0, the difference between the above equations becomes:

27From Obstfeld (2012): “A country’s current account is the difference between (...) its exports of goods

and services (including income receipts on assets held abroad) and its imports.” A country’s imports are

defined in the Nationale Rekeningen (voor de Statistiek Nederland 2016, p.121) as: “Import of goods happens

when the economic ownership of goods by a non-resident is transferred to a resident, independent of whether

there is physical transboundary movement of goods. A company or entity is considered a resident when it

has been active in the Netherlands for at least one year. Whether this company or entity is in foreign hands,

is not relevant.” Translating these definitions to the model, the imports are defined by the total value of

imported energy in both sectors, given by p∗E
∑

iEi.
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[p1(τ)x1(τ)−αp∗E(τ)
∑
i

Ei(τ)]−[p1(0)x1(0)−αp∗E(0)
∑
i

Ei(0)] = −rM
∑
i

(Ki,M(0)−Ki,M(τ)),

or,

TB(τ)− TB(0) = −rM
∑
i

(Ki,M(0)−Ki,M(τ)).

This is a rewriting of the change in the trade balance on the left-hand side and the change

capital account on the right-hand side of the equation when comparing both equilibria.

Applying these definitions, we see in simulation (Figure 2.6) that the trade balance is higher

when the carbon tax level is higher, see also Bovenberg and Van der Ploeg (1994). As carbon

is taxed, energy is indirectly taxed. As these taxes are not present abroad, mobile capital

will respond by moving abroad. From TB(τ)−TB(0) = −rM
∑

i(Ki,M(0)−Ki,M(τ)) we see

that in that case, the trade balance indeed must also increase with increasing carbon tax.

Note that the numbers on the Y-axis on the graphs of mobile capital and the trade balance

are in line with the rest of the chapter in units of hundreds of billions of euros. We can

compare these numbers to the actual trade balance of the Netherlands (presented below in

figure 2.7, World Bank database 2018) and conclude that this would constitute to over five

percent of the Dutch trade balance when a carbon tax is set at 100%.

In order to see what discrepancy there is between the model world and the real world

we have tested what effect the model would have if an exogenous parameter Z would be

introduced to represent the current account, thus modifying equation 2.23:

p1x1 − αp∗E
∑
i

Ei − rMNFA = CA = Z

In figure 2.8 and 2.9, In Figure 2.9, we have simulated what happens when Z ∈ [0, 1]

(again in units of hundreds of billions of euros). We see that the effect of introducing an

exogenous current account imbalance would have very little impact on the progressivity of

a carbon tax or the size of a change in the trade balance.
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2.5.4 Sensitivity Analysis

In this section, we assess the sensitivity of our results with respect to parameter values and

other calibration choices.

Shares parameters of high- and low-skilled workers

We study the sensitivity of our results with respect to the expenditure shares. Specifically,

we look at what effect changing βH and βL has on the incidence of the carbon tax. The

results are shown in Figure 2.10. In Figure 2.10a, we see inequality as a function of the

carbon tax for the original values of the β’s for Case 1. In Figure 2.10b, we see inequality as

function of the carbon tax in Case 1, when the difference βL−βH is much larger (βL = 0.756

and βH = 0.320). Here the tax is more progressive. The intuition here is that the fraction

of consumption of energy-intensive goods is much higher for low-skilled households than for

high-skilled households, which ensures that the increase in the relative price of the energy-

intensive commodity more heavily affects the low-skilled households and therefore the tax

becomes more regressive. In Figure 2.10c, we look at inequality as a function of the carbon

tax for Case 1, when the difference between βL and βH remains the same as in Figure 2.10a,

but both β’s have a lower value, βL = 0.356 and βH = 0.320. Then, the difference as a

fraction of their size increases for higher values of a carbon tax, and the tax is also more

progressive than in the baseline calibration (Figure 2.10b). In all cases the tax is progressive.

In Case 2, seen in Figure 2.10d-f, the tax is progressive compared to Case 1, for all studied

values of βh. The intuition behind the relative progressiveness for different values of β

remains the same as in Case 1.

Elasticities

Unlike for σ3, not many estimates of σ1 and σ2 can be found in the literature for the specific

K(LE) nesting structure. We therefore also assess the effect of a carbon tax on inequality
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for different values of the elasticity of substitution between capital and the energy-labour

composite, σ1, and the elasticity of substitution between energy and the composite of high-

and low-skilled labour, σ2. In Figure 2.11a and Figure 2.11c, inequality is shown as a function

of the carbon tax for different values of σ1, equally spaced between 0.25 and 0.45, for Case 1

and Case 2 respectively. In both graphs, the lowest elasticity of substitution is represented

by the lowest line and the elasticity increases when moving upward towards the most upper

line. Figure 2.11b and Figure 2.11d present similar findings for different values of σ2, equally

spaced between 0.7 and 0.9, again for Case 1 and Case 2 respectively. Here, the highest

elasticity of substitution is represented by the lowest line and the elasticity decreases when

moving upward towards the most upper line. Although varying the elasticities of substitution

around their calibrated values does influence the estimated incidence of the carbon tax, its

net impact remains progressive for all used values.

In Figure 2.11a, the progressivity of the tax in the value of σ1, i.e. the lowest value of σ1

(0.25) results in the steepest slope and highest progressivity, while the highest value (0.45)

results in the flattest slope and lowest progressivity. The intuition behind this is that if σ1 is

relatively low, it is relatively difficult to substitute capital for other production factors, which

ensures that the return on capital is more strongly affected by a carbon tax. This increases

the importance of the factor channel. Equivalently, if σ1 is relatively high, which makes is

relatively easy to substitute capital for other production factors, the return on capital will

be less affected by the tax and the factor channel will be of less importance. The intuition

behind Figure 2.11c is exactly the same, although the impact is less pronounced here.

The overall impact of a change in one of the elasticities of substitution on our main results

is largest in the case of σ1 in Case 1. Note that the tax is more progressive in Case 1 than

in Case 2 and the main reason for this is the fact that the return on capital is more strongly

affected by the tax in the former case. The return on capital is also changes due to variation

in the elasticity of substitution between capital and the energy and labour composite (σ1),

which affects the size of the factor channel.

In Figure 2.11b and Figure 2.11d, the progressivity of the tax increases in the value of σ2,

i.e. the lowest value of σ2 (0.7) results in the flattest slope and lowest progressivity, while the
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highest value (0.9) results in the steepest slope and highest progressivity. Literary results on

the substitution elasticity between energy intensive and energy extensive goods in the utility

function could not be found. An example of a result for elasticity of substitution between

clean and dirty inputs in the production function are present, as in for instance Papageorgiou

et al. (2017) or Pelli (2012). As it becomes easier to substitute away from production factor

energy, the relative price of good 1 (compared to good 2) will be less affected by the tax, which

will decrease the importance of the regressive commodity channel and therefore increase the

progressivity of the tax. The impact of variation in σ2 on the incidence of the tax is, in

contrast to variation in σ1, more pronounced in Case 2 than in Case 1. We conclude that

the results are robust to slight changes in elasticities of substitution.

Price of Energy

The price of energy was calibrated to e14 per GJ, with a possible range between e11 and

e17 per GJ. In Figure 2.12a, we show how inequality of equivalent income depends on a

carbon tax for ten different values of the price of energy pE equally spaced between values

of e11 and e17 per GJ, where the lightest shade line represents pE = 11 and the darkest

shade pE = 17. Similarly, for Case 2, we vary the price of energy between the same values

in Figure 2.12b, where lightest shade again represents pE = 11 and the darkest pE = 17. We

see no extreme change in the incidence of the carbon tax. We conclude that the resulting

effect on the progressivity of a carbon tax is small and our results are robust against a change

in the initial energy price. Note that we vary the initial energy price here, with which the

whole model is calibrated. Increasing the energy price ceteris paribus would be equivalent

to imposing and increasing a carbon tax.

Rate of Return on Capital

In Figure 2.12c and d, we see the effect of a different calibration of the rate of return on

capital on how income inequality is affected by the carbon tax. We varied the rate of return

on capital rF between 0.01 and 0.15. In Figure 2.12c, the most progressive line is associated
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with highest calibrated rate of return on capital for Case 1. When the rate of return on

capital rF is calibrated to a high value, the tax is more progressive, since when there is a

high rate of return on capital, a carbon tax will affect the high-skilled incomes more than

the low-skilled incomes through the factor channel which is than more pronounced. When

we calibrate to a near-zero rate of return on capital, we see that this channel is ‘muted’ and

the carbon tax is regressive as a result. In Figure 2.12d, we see the same plot for Case 2,

where the effects are the same. However, in Case 2, the tax is still progressive even in the

case of a low-calibrated rF . This is because there is a second progressive channel through

the wages, because the low-skilled wage increases relative to the high-skilled wage as a result

of a tax on carbon (Figure 2.5b).

Relative Share of High-Skilled Workers

Figure 2.13a and b shows the effect of a different calibration of the relative share of high-

skilled workers in Case 1 and Case 2. The relative share of high-skilled workers is varied

between 0.5 and 1.5 (which equals 1.01 and 0.69 in Case 1 and Case 2 respectively, see

Table V). Figure 2.13c and d present the progressivity of a carbon tax in the case where

there is only one type of workers, eliminating the effect of having both high,- and low-skilled

labour. The tax is still progressive when no skill differentiation is taken into account. We

find that a higher concentration of low-skilled workers in sector 1 corresponds to a lower

Gini. This is in accordance with our expectation, as a carbon tax would more strongly affect

the capital-intensive sector, and thereby indirectly the high-skilled workers.

Share of Capital Owned by Low-Skilled Workers

Figure 2.14a and b display the effect of varying the share of capital owned by low-skilled

workers in Case 1 and Case 2. We varied this share (by changing KL and KH) between

0% and 50%. Note that, as there are more low-skilled workers than high-skilled, having KL

equal to 50% of total capital still means that latter own more capital per worker than the

former.
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Figure 2.14 shows that inequality decreases as capital becomes more evenly distributed

among workers from both groups, as would be expected. Furthermore, it also illustrates

that the carbon tax becomes less progressive, and even regressive in Case 1, when this is

the case. The larger the share of capital that is owned by the low-skilled workers, the more

strongly that group is affected by the change (decrease) in rate of return on capital and the

factor channel will consequently become of less importance. The mechanism behind this

is similar to the one behind varying the rate of return on capital directly and hence the

similarity in results between Figure 2.12c & d and Figure 2.14a & b.

Capital Mobility

In this chapter we approximate 20% of capital is mobile. Often, in a small open economy

capital is considered perfectly mobile. Results from the carbon leakage literature however

seem to suggest that the amount of capital flowing away due to a carbon tax is very limited

(Jeppesen et al., 1999; Kuik and Verbruggen, 2002; Barker et al., 2007; Kuik and Gerlach,

2007; Carević, 2015).

The debate around mobility of capital in the wider study of economics is related to the

Feldstein-Horioka puzzle: In a world with perfect capital mobility one expects to see low

correlation between investments and saving. This is usually not the case, and is seen as one

of the great mysteries in economics (Obstfeld and Rogoff, 2000). Due to the large impact

of including capital mobility on the model outcomes, and the difficulty in reaching exact

outcomes on how g of a minority of capital is to be considered mobile in response to a

carbon tax, we do a robustness check on the main result of the chapter. In Figure 2.15 we

see that for lower values of calibrated mobile capital stock, the carbon tax becomes more

progressive. The mechanism here is that the progressive effects through the capital channel

described in the introduction become of less importance.
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2.6 Conclusion

In this chapter, we have studied the incidence of a carbon tax for the economy of the

Netherlands. We have developed and applied a static, two-sector general equilibrium model,

which novelty lies in accounting for different levels of skill and corresponding differences in

wages. We included both the production and the consumption side of the economy to study

the impact of a carbon tax on relative commodity prices and factor prices. Our findings

suggest, in contrast to most of the existing studies, that a carbon tax would be a lot more

progressive than is often suggested in the Dutch case. There are two main reasons for

this progressivity: Reduction of capital income through a lowering of the rate of return on

immobile capital, and indirect taxation of high-skilled labour. Although this chapter may

not provide the definitive answer to whether a carbon tax is progressive for the Netherlands

(and to what extent), it does confirm the importance of considering the factor channel

and provides reason to differentiate with respect to labour in analyses of the incidence of

carbon taxes. This is important in the light of the Dutch debate on climate policy (see, for

example, Vollebergh (2014)). What the redistributive effects of a carbon tax are, may play

an important role in its political feasibility.

One important extension of this model could be to introduce endogenous labour. If

the number of high-skilled people would be modelled endogenously, there would be several

effects. One, the sector that houses most high-skilled labour will be affected more. This

means the energy intensive industry would be targeted more as a result of this tax. They

are slightly more concentrated in sector 1 in our best calibration, though the difference is

very small. Second, high-skilled labourers would become more scarce, and as they earn more

than average and are in minority already, inequailty between the groups would decrease.

Note that high-skill labour can move between sectors in our model. Third, as high-skill

labourers move away the tax income resulting from their labour would decrease, government

income could be lower. In our model this would result in lower abatement efforts, but if

a government decides to do less redistribution as a result of lower tax incomes, then the

inequality between groups can in fact increase.
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We study what happens when the government recycles the pollution tax revenue to the

lowest income group, instead of spending it on abatement. An important extension is to

test what various other revenue recycling schemes could do to the income inequality effects

between household skill groups. Because of the different cost shares of energy, capital and

labour, and the differences in high-, and low-skilled labour concentrations per sector, a source

of inaccuracy is having a model with only two sectors. Another great source of inaccuracy

about the result lies in the uncertain nature of the mobility of capital. Moreover, we assume

total labour supply to be constant, and only flexible between sectors. Tax interaction effects

could make the results in this chapter more progressive, as the labour supply elasticity is

found to be higher for rich people than poor people.

We also have a static model that does not capture the trade surplus of the Netherlands

accurately. The Netherlands has a structural trade surplus, so structurally accumulates

assets. The surplus is used to pay foreigners owning Dutch capital. The dynamics to discuss

these issues fully are abstracted from. This could be another important extension of this

model.

Another important caveat is the current debate around capital mobility. This debate

focuses mostly on capital becoming more mobile due to tax havens and new technologies. A

natural extension of this chapter would be to develop a multi-sector framework. Moreover,

although we allow for four inputs of production (capital, energy and two types of labour),

having theses limited inputs to production and not considering the possibility of intermediate

production goods is another shortcoming of the model. We also assume perfect competition,

CES utility functions with consumption as only input, and we only consider a static model.

Other useful additions to the model include relaxing the assumption of a perfect competitive

market, of utility and production functions with constant elasticity of substitution (between

commodities and both between capital and the energy-labour composite and between energy

and the labour composite), expanding the number of inputs to production, including inter-

mediate goods and taking the rate of return on capital to include depreciation on both the

production and consumer side. Specifically, the inclusion of a specific tax instead of an ad

valorem tax could be an interesting extension. While the absolute level of energy-intensive
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consumption of rich households is higher, the rich also typically have a higher elasticity of

consumption. It is therefore unclear what the extension of a specific instead of an ad valorem

tax would do to the end result. It should be noted that our results are likely not robust

to every given subset of these additions. However, we have taken into account capital- and

skill level-considerations in our assessment of the impact of a carbon tax, and, for our best

estimate, the carbon tax is then progressive.

Our findings offer an opposing view to those who claim that carbon taxes are regressive.

They underline the need to model the production side of the economy, as shown before

by Dissou and Siddiqui (2014) for Canada. We also show that the carbon tax incidence

should not be studied without considering differences in worker skill-levels per sector. As an

important obstacle to the implementation of a carbon tax could be its supposed regressive

impact on society, this chapter can contribute to mitigation of such concerns.
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2.7 Appendix: Current Account and the Role of the

Government

We assume in this chapter that the government completely uses the income from the carbon

and net energy sales on reducing emissions. We first discuss the simplest case without foreign

capital in hands of domestic agents.

G = p∗E(τ + (1− α))(E1 + E2)

Per definition therefore, the budget restriction of the government holds. For households,

their budget restriction takes the form

∑
i,h

pic
∗
i,h =

∑
i,h

whL
h
i +

∑
i

rKi,

Profit maximization under perfect competition results in:

∑
i

piYi =
∑
i

rKi +
∑
i,h

whL
h
i + p∗E(1 + τ)

∑
i

Ei, (2.28)

Addition of the collective and private budget restrictions gives the trade balance:

G+
∑
i,h

pici,h = p∗E(τ + (1− α))
∑
i

Ei +
∑
i,h

whL
h
i +

∑
i

rKi

Using 2.28 results in:

G+
∑
i,h

pici,h = p∗E(τ + (1− α))
∑
i

Ei +
∑
i

piYi − p∗E(1 + τ)
∑
i

Ei, (2.29)
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Rewriting gives:

G+
∑
i,h

pici,h = −αp∗E
∑
i

Ei +
∑
i

piYi, (2.30)

As sector 1 produces the tradeable good, and sector produces the non-tradeable good

that can be used for emission reduction and other non-tradeable goods. Equilibrium on the

goods market gives:

∑
h

c1,h = Y1 −X1,

G+
∑
h

c2,h = Y2,

Substitute this into 2.30 to get:∑
h

p1c1,h = −αp∗E
∑
i

Ei + p1Y1,

Now, rearrange:

αp∗E
∑
i

Ei = p1(Y1 −
∑
h

c1,h),

Substitute
∑

h c1,h = Y1 −X1, into 2.30:

αp∗E
∑
i

Ei = p1X1.

Next we assume there is also foreign capital in the hands of domestic agents. For house-

holds, there is now the budget restriction

∑
i,h

pic
∗
i,h =

∑
i,h

whL
h
i +

∑
i,h

rAhi ,

where the capital A, exists of domestic investments, K, and net foreign capital NFA:

∑
i,h

Ahi =
∑
i

Ki +NFA,
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Profit maximization under perfect competition gives:

∑
i

piYi =
∑
i

rKi +
∑
i,h

whL
h
i + p∗E(1 + τ)

∑
i

Ei, (2.31)

Addition of the collective and private budget restrictions gives the trade balance:

G+
∑
i,h

pici,h = p∗E(τ + (1− α))
∑
i

Ei +
∑
i,h

whL
h
i +

∑
i

(rKi + rNFA)

Use 2.31:

G+
∑
i,h

pici,h = p∗E(τ + (1− α))
∑
i

Ei +
∑
i

piYi − p∗E(1 + τ)
∑
i

Ei + rNFA,

Rewrite:

G+
∑
i,h

pici,h = −αp∗E
∑
i

Ei +
∑
i

piYi + rNFA, (2.32)

Again, as sector 1 produces the tradeable good, and sector produces the non-tradeable good

that can be used for emission reduction and other non-tradeable goods. Equilibrium on the

goods market gives:

∑
h

c1,h = Y1 −X1,

G

p2

+
∑
h

c2,h = Y2,

Substitute this into 2.32:∑
h

p1c1,h = −αp∗E
∑
i

Ei + p1Y1 + rNFA,

Rewrite:

αp∗E
∑
i

Ei = p1(Y1 −
∑
h

c1,h) + rNFA,

Substitute
∑

h c1,h = Y1 −X1, to arrive at:
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αp∗E
∑
i

Ei = p1X1 + rNFA
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Figure 2.4: Decomposition of the result in Case 1.

(a) (b)

(c) (d)

(e) (f)

Notes: Left (Top): Change in equivalent income as a function of the carbon tax. Right (Top): Relative wages wL/wH for

different values of the carbon tax. Left (Second row): the rate of return on capital for different values of the carbon tax. Right

(Second row): Income decomposition of the high-skilled household. Left (Bottom): δ1 and δ2 for different values of the carbon

tax. Right(Bottom): High-skilled labour in both sectors.
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Figure 2.5: Decomposition of the result in Case 2.

(a) (b)

(c) (d)

Notes: Left (Top): Change in equivalent income as a function of the carbon tax. Right (Top): Relative wages wL/wH as a

function of the carbon tax. Left (Bottom): Rate of return on capital rF as a function of the carbon tax. Right (Bottom):

Income decomposition of the high-skilled household.
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Figure 2.6: The change in the trade balance as a result of a carbon tax

Figure 2.7: Net trade balance in goods and services, the Netherlands (World Bank, 2018)
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Figure 2.8: The effect of an exogenously set Current Account on the main result

Figure 2.9: The changing of an exogenously set Current Account on the net trade balance.
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Figure 2.10: Baseline result for different calibrations of βH and βL.

Case 1:

(a) βL = 0.756, βH = 0.720 (b) βL = 0.756, βH = 0.67 (c) βL = 0.69, βH = 0.67

Case 2:

(d) βL = 0.756, βH = 0.720 (e) βL = 0.756, βH = 0.67 (f) βL = 0.69, βH = 0.67

Notes: The Gini coefficient as a function of a carbon tax rate for several values of βl and βh, in both case 1 and

case 2.
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Figure 2.11: Varying the substitution elasticities in Case 1 and Case 2.

(a) Case 1, varying σ1 (b) Case 1, varying σ2

(c) Case 2, varying σ1 (d) Case 2, varying σ2

Notes: Lighter shade corresponds to a lower value for the elasticity. Top left and bottom left: σ1 varying between 0.5 and 0.8.

Top right and bottom right: σ2 varying between 0.65 and 0.8.
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Figure 2.12: Variation of the rate of return on capital and the price of energy in Case 1 and

Case 2.

(a) Energy price Case 1 (b) Energy price Case 2

(c) Return on capital Case 1 (d) Return on capital Case 2

Notes: Lighter shade corresponds to a lower value for rM and pE . Top left and top right: pE varying between 11 and 17.

Bottom right and bottom left: r varying between 0.3 and 0.09.
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Figure 2.13: Varying the relative share of high-skilled workers in Case 1 and Case 2.

(a) Relative Conc. of High-Skilled, Case 1 (b) Relative Conc. of High-Skilled, Case 2

Notes: Lighter shade corresponds to a lower value for the amount of high-skilled workers in sector 1 relative to sector 2.
LH

1 /L1

LH
1 /L2

varying between 0.5 and 1.5.

Figure 2.14: Varying the share of capital owned by high-skilled workers in Case 1 and Case

2.

(a) Capital Owned by High-Skilled, Case 1 (b) Capital Owned by High-Skilled, Case 2

Notes: Lighter shade corresponds to a lower value for the share of capital owned by low-skilled workers. Variation between 0

percent and 50 percent of capital owned by low-skilled workers.
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Figure 2.15: Varying the mobility of capital.

(a) 10% (b) 20%

(c) 30% (d)40%

Notes: The effect of a carbon tax on inequality, for different values of calibrated initial stock of mobile capital



3. Individual Inequality Aversion:

Optimal Income- and Corrective

Taxes

“What the honourable member is saying is that

he would rather that the poor were poorer,

provided that the rich were less rich. So long as

the gap is smaller, they would rather have the

poor poorer.”

Margaret Thatcher, Nov. 27 1990

3.1 Introduction

On November 22, 1990, Margaret Thatcher used these comments to justify that under her

regime, income inequality had risen. In this chapter, we explain the motive to decrease

I thank comments from several anonymous referees and conference attendees of SURED 2014 and Cana-

dian PhD and early career workshop 2014.
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income inequality by means of taxation even when both rich and poor households are worse

off in terms of consumption levels. This is the classical equity-efficiency trade-off. In this

introduction, I first address how we model this inequality aversion differently than is usual,

then I discuss both macro-, and micro-economic reasons for implementing such an inequality

aversion, and lastly I discuss the relevance and previous scholarly works of a framework that

includes the environment as well.

In a classical public-finance model as in Mirrlees (1971), there is a balance between

efficiency and redistribution, where redistribution is done for two reasons. First, because

low incomes are assumed to have a higher marginal utility of consumption. Second, the

welfare function is often a weighted sum of all individual utility functions, where those

with low income get a higher weight. Taking the above reasons into account, one can

proceed to calculate the maximum income tax level above which level there will be no more

redistribution, as the high income households will under a higher income tax be expected to

produce so much less income that low-income households will not benefit extra even if all

proceeds of the income tax were used to redistribute. In this chapter it is argued that there

may be other reasons for an aversion to inequality. In that case, efficiency losses are to such

a degree to gain greater equity, that one might indeed want the poor to be poorer, provided

the rich were less rich, thus solving the Thatcher paradox.

We use a Mirrlees-type linear public finance model that includes an income tax and a

lump-sum government rebate, and extend it to include a direct aversion of income inequality

in the household’s utility functions. We adjust the used formula for optimal income taxation

derived by the welfare optimizer, in which a new term appears that shows how to adjust the

income tax for a given income inequality level. We give policy simulations that show the

optimal linear tax system for different levels of income inequality aversion, and the model

is illustrated with a numerical example for the Dutch income distribution. Next, we extend

the model by including an externality tax on the environment. The optimal income tax

formula is again changed by correcting for the externality. We find the optimal policy mix in

a linear tax system. Lastly, we look at optimal income tax reform. For a given tax system,

we ask what the optimal policy mix is when implementing an externality tax: increasing the
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government rebate, or decreasing the income tax rate.

In an empirical study, Schwarze and Härpfer (2007) link life-satisfaction data to inequality

of before-government income distribution at the regional level in Germany, to estimate the

degree of inequality aversion. They find that Germans are inequality averse over the entire

income distribution. Another example is a laboratory study (Engelmann and Strobel, 2006).

They find inequality aversion matters less than other factors like efficiency in choosing the

optimal distribution. This finding is later refuted by Fehr et al. (2006), who find that

inequality aversion is a more important factor.

The appearance of the occupy movement (Gamson, 2012) is one example from the public

discourse where there is an aversion to income inequality in itself. But there exist also at-

tempts to directly measure if people have an aversion to inequality. Rözer and Kraaykamp

(2013) give, for example, a review of the literature of attitudes towards inequality. They

distinguish between normative and comparative aversion to inequality. The first is the in-

dividual’s disinterested evaluation (i.e., independent of own gains) of income inequality, and

the second is individual’s inequality attitude dependent on how much income they receive

and on how much they receive compared to others. They find that the happiness literature

on the normative view of the income distribution provides a wide scattershot of findings,

the difficulty being controlling for relative income or Keeping up with the Joneses effects

when estimating the correlation between happiness and the income distribution. Failing to

do so, nearly all studies provide some kind of compound correlation which includes both

comparative and normative elements. They conclude from the many empirical analyses that

others’ income does affect individual well-being, most certainly in a comparative sense and

very likely normatively too.

Another study of interest is Zagorski et al. (2014), who find that inequality has no

significant effect on quality of life on a national level. This suggests that directing policies and

resources towards inequality reduction is unlikely to benefit the general public in advanced

societies. In contrast (Hajdu and Hajdu, 2014) find using the European Social Survey

the link between reduction of income inequality (redistribution) with subjective wellbeing.

Their results show Europeans are negatively affected by income inequality, and reduction of



3. Individual Inequality Aversion 70

inequality has a positive effect on wellbeing. Finseraas (2009) finds, using European Social

Survey data, that the amount of inequality is correlated with demand for redistribution, and

also finds the average person is sensitive to the level of inequality.

A benevolent ruler might well ask how to best make progress for its country and the

world instead of maximizing welfare defined as a sum of utilities based on consumption and

labour. Based on the idea that there is increasing utility of consumption, these ideas may

hold a large overlap. Some studies seem to suggest money indeed buys happiness, both on

a personal level (Stevenson and Wolfers, 2013) (rich individuals report being happier) and

an international level (Inglehart et al., 2008) (rich countries report higher happiness). In

another example, Kahneman and Deaton (2010) report that the income–well-being link that

one finds when examining only the poor, is similar to that found when examining only the

rich. They find this holds both when making cross-national comparisons between rich and

poor countries as well as when making comparisons between rich and poor people within

a country. However, some of the added happiness of an individual when possessing more

money is due to its associated power over other people, and should therefore not be taken

into account by a welfare optimizer. For example, hiring a cleaner may raise your utility

because there will be no more need to clean yourself. But the cleaner also does not like

doing cleaning, he has to because he needs money. Another example of how Rawlsian and

utilitarian welfare approaches are not a good welfare measure is on an international level,

where wealthier nations might be happier because of the improved state of institutions and

technology that allows for improved health care and education amongst other things. These

ideas are not modelled in this chapter or in classical public finance frameworks, but taking a

direct aversion to income inequality can serve as a proxy for overvaluation of the increased

welfare by increasing top income levels.

However, there are more reasons to have an aversion to income inequality. Income in-

equality is measured to be negatively correlated with happiness (Alesina et al., 2004; Wilkin-

son and Pickett, 2010), income inequality within rich societies is correlated positively with

increasing crime rates (Blau and Blau, 1982), mental health and drug use (Wilkinson and

Pickett, 2010), health and social problems (Wilkinson and Pickett, 2006), and decreasing
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educational performance and social mobility (Isaacs et al., 2008; Joumard et al., 2012). In-

come inequality might increase the centralization of power, as described in Stiglitz (2012),

increases inequality of opportunity (Stiglitz, 2012), and can fuel populist, protectionist and

anti-globalization sentiments (Joumard et al., 2012). Stiglitz and Deaton (2013) also raise

the point that although inequality may not be bad as long as everyone is better off, this

reasoning no longer applies when the wealthy can exchange their riches for political power,

leaving the poor not only financially poor but also disempowered. The idea that something

other than consumption may be optimized by a welfarist has been explored in a public finance

framework by Gerritsen (2015), who formulates this in a general public-finance framework,

of which we study a special case relating to income inequality. Earlier explorations towards

other utility function shapes are found in Sen et al. (1982).

In these examples reducing income equality might well benefit society in ways that are

hidden by consumption levels. This is found in the idea that consumption levels and growth

are not a correct measure of welfare. Reminiscent of Fréderic Bastiat’s idea, ce qu’on voit pas

(Bastiat, 1869); some virtues are hidden by measurement of pure growth. Fixing a broken

window or financing of a war both spur consumption growth, but there is no welfare gain

in either breaking a window and repairing it or in faring war. Likewise, reducing income

inequality might create some distortions, but also decrease crime rates or increase mental

health. The negative utility effect of income inequality is not limited to low incomes: those

with high incomes are hit by the negative effects of crime as well, and suffer the consequences

of lower growth when the poor are not only poor in income but also poor in opportunities

(Deaton, 2013).

In the last part of the chapter, we apply the idea of an aversion of income inequality to

find the optimal income tax, both with and without the presence of another distortionary

environmental tax. Sandmo (1998) also studies distributional effects of a carbon tax on

the level of the carbon tax. He however does not include an income tax, which he points

out to be a better way to redistribute. Neither Sandmo nor any paper in the overview

of Bovenberg and Goulder (1996) contain a broader public-finance study. A public-finance

approach to the inquiry about how to incorporate tax externalities is contained in Kaplow
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(2012). More recently Jacobs and De Mooij (2015) find that the presence of pre-existing

distortions is largely irrelevant for the level of a externality-controlling Pigouvian tax. Their

findings are based on a framework that has a heterogeneous agent framework like that of

Mirrlees. This chapter can be seen as a complement to the work of Jacobs and De Mooij

(2015) and Kaplow (2012) by including pure income inequality aversion, and looking at the

scenario of suboptimal taxation as well. The main objective in Jacobs and de Mooij (2015)

is to demonstrate that the second-best tax on an externality-generating goods should not be

corrected for the marginal cost of public funds. As an important corollary to this, it implies

that the double-dividend hypothesis has no influence on the optimal Pigouvian tax. Just

like them, we find that the marginal cost of public funds in the optimum equals one. Our

goal, however, is to use an externality approach to inequality to explain political motives

for redistribution higher than the highest optimal level possible in a standard Mirrlees-type

framework. Lastly, turning to simulation, instead of optimal taxation, this chapter focuses

on tax reform and what to do with the proceeds of a carbon tax.

The two most-cited works on the empirics of individual inequality aversion are Fehr

and Schmidt (1999) and Bolton and Ockenfels (2000). Fehr and Schmidt (1999) look at

two types of evidence: 1. People exploiting their bargaining power in competitive markets

but not in bilateral bargaining situations. 2. People exploit free-riding opportunities in

voluntary cooperation games but when they are given opportunity to punish free-riding,

even though punishing free-riding is costly to the punisher, stable cooperation is maintained.

They consider individual preferences to include equity to solve these empirical findings. To be

precise, they use inequality aversion in which individual agents suffer negative utility when

the distribution of payoffs moves away from the egalitarian distribution. The individual

agents may still care differently about whether they are ahead of others or behind them.

They find that this type of inequality aversion can explain the evidence they look at. Bolton

and Ockenfels (2000) use an individual’s relative payoff as well as pecuniary payoff to describe

an agent’s satisfaction. The main difference between Bolton and Ockenfels (2000) and Fehr

and Schmidt (1999) is in the type of experimental outcomes they consider. For the purpose

of this paper, the difference in their individual aversion to inequality is of importance. Here,

Fehr and Schmidt focus on the difference in consumption of any agent with the average
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consumption, whereas Bolton and Ockenfels focus on the individual attitudes towards their

consumption as a fraction of total consumption.

Furthermore, Aronsson and Johansson-Stenman (2016) consider the inequality aversion

considered in Fehr and Schmidt (1999) and Bolton and Ockenfels (2000), but also two other

measures they construct based on income variation and the Gini coefficient. They discuss

how including these measures in individual utility changes optimal income tax rates. Their

study is of particular importance to this chapter as they also include direct aversion too

inequality in the individual utility function to study optimal income tax rates based on the

Gini coefficient. Specifically, three out of four models of inequality aversion they consider

(all but Bolton-Ockenfels) show that the first-best efficient marginal tax rates required to

internalize the externalities caused by inequality aversion are both substantial in size and vary

substantially with respect to the consumption levels. For low inequality aversion of all types

except Bolton-Ockenfels they find positive increasing marginal tax rates for low incomes,

and for high incomes they find marginal tax rates decreasing asymptotically to zero. For

higher inequality aversion they find high negative marginal tax rates for low incomes, and

high positive marginal tax rates for high incomes.

Aronsson and Johansson-Stenman (2016) show that for self-centered type of inequality

aversion as in Bolton and Ockenfels (2000), optimal marginal tax rates are closer to zero than

for the type of aversion as in Fehr and Schmidt (1999). The intuition behind this result can

be described as follows: When individuals derive disutility if their consumption deviate from

the average, any individual with a consumption level below (above) the average will prefer

that others reduce (increase) their consumption. It does not matter who reduces (increases)

their consumption. The resulting optimal marginal tax rate reflects effects of such positive

and negative marginal willingness to pay, and is closer to zero. The Bolton-Ockenfels type

inequality aversion is thus considered atmospheric (meaning that the externality generated

by consuming one additional unit will typically differ depending on who consumes it.) as

opposed to non-atmospheric.

Aside from slight modelling variations between our approaches (they base utility on the

inverse of the Gini, we use one minus the Gini), their approach is similar. Their approach
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is more general in that it includes a nonlinear income tax, whereas the present study only

includes a linear tax system. In the present study with linear tax rates, the marginal income

tax rates are constant and positive, and the policy study is limited to a flat tax rate. Our

study is focused differently from Aronsson and Johansson-Stenman (2016) in that we study

both income tax-, and environmental tax policy in a setting with environmental concerns as

well. With respect to their work on optimal taxation, we find that in an optimal setting,

even with inequality aversion, the environmental tax and the income tax can be studied

separately.

There is an extensive literature on aspects of optimal taxation based on interdependent

utility structures where people instead of caring about inequality have preferences regarding

their own relative consumption or relative income. This literature shows that when relative

consumption is considered in utility, for instance in the “Keeping up with the Joneses”-

literature, this has important effects on the optimal tax structure, implying higher marginal

labour income tax, commodity tax and/or capital tax rates than would be the outcome in

models where such concerns are absent.

For example, Boskin et al. (1978) find optimal redistributive taxes to be higher when

individual utility depends on relative income than on income directly, Oswald (1983) studies

optimal non-linear taxes in a world in which there is altruism and jealousy and find higher

tax rates as a result. Persson (1995) finds, based on an optimal income tax model where

utility depends on the ratio of one agent’s consumption to another agent’s consumption, that

there will be a tendency for taxes to be high in societies where pre-tax wage inequality is low.

Ljungqvist and Uhlig (2000) look at optimal taxation under Keeping up with the Joneses-

effects and find higher tax rates too. Ireland (2001) and Dupor and Liu (2003) look at

optimal taxation under the influence of status effects, and jealousy, respectively. Similarly,

Abel (2005) studies optimal income taxation when consumers have a benchmark level of

consumption, and Wendner and Goulder (2008) and Wendner (2014) look at nonatmospheric

consumption externalities. Here, also Dynan and Ravina (2007) is of interest, who find a

positive correlation between happiness and the relative income of people’s socio-economic

groups compared to the geographic area even after controlling for relative income.
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In order to address distributional effects of an environmental tax, a public finance model

is developed with different valuations of income inequality. Justified by the growing literature

that warns for negative effects of income inequality, this chapter incorporates the possibility

that the household utility of inequality is negative, and explores the effects thereof. The

case where environmental taxation is included is of specific interest, because climate change

is such a big issue and a pollution tax is likely a part of the solution. Jacobs and De Mooij

(2015) show that in the case of optimal taxation, the environmental tax is a Pigouvian

tax, and redistribution is dealt with through income taxation. However, this does not mean

distributional effects of an environmental tax do not affect the optimal income tax. Moreover,

most tax systems are far from optimal. Therefore, this chapter looks closer at how an

environmental tax alters the income tax, both in optimal and suboptimal tax systems, giving

special attention to distributional aspects. The tax system is linear, which is an abstraction,

but it does leave the central choice between redistribution and efficiency intact.

The remainder of this chapter is organized as follows. First, we discuss the model without

inclusion of the environment and derive the optimal income tax rule. Next, we expand the

model to include environmental taxation and again derive the optimal rule. Lastly, we look

at optimal tax reform in the presence of an environmental tax.

3.2 Model

3.2.1 Optimal Income Taxation: No Environment

In this section a model is developed to derive an expression for the optimal linear income tax

rule. The model contains heterogeneous households, a consumption good and a government

and can easily incorporate the environment and a measure for income inequality. First, the

special focus on income inequality is described, and after that the environment is included

in the model.
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3.2.2 Households

There is a total mass of agents equal to N , and they may differ by skill, represented by

parameter n ∈ N = [n, n̄]. The density of agents with type n and the corresponding

distribution function are given by f(n) and F (n) with F ′(n) = f(n). Each agent n receives

utility from environmental quality E, from consuming a clean commodity yn and consuming

a dirty commodity xn. The dirty commodity will be taxed by a commodity tax τ . There

is a disutility from labour ln and income inequality I. Households take the level of income

inequality to be exogenous. In this chapter, like in Mirrlees (1971), intertemporal problems

are ignored, as are differences in taste, family size and composition and involuntary transfers.

We assume no tax on the clean commodity. Further, we assume linear technology and thus

fixed relative producer prices. Relaxing the assumption of fixed relative producer prices and

linear technology does not affect the results as long as producer prices result from competitive

behaviour and producers face constant returns to scale (see, for example Bovenberg and

Van der Ploeg (1994)). Agents are assumed rational. There is no migration. Furthermore,

we follow Mirrlees (1971) in that derivatives with respect to any variable q of person n’s

utility un will be denoted by un,q:

un ≡ u(yn, xn, ln, I, E),

un,x, un,y,−un,l,−un,I , un,E > 0,

un,xx, un,yy, un,ll, un,EE < 0, ∀n.

(3.1)

The dependency of un on I with un,I < 0 is the key new feature in this model compared to

other public finance models. Here I is a function I : z → R, where z is the set of all net

incomes; z = {wn(1− t) + g}. Households are tied to their budget constraint:

yn + xn(1 + τ) = (1− t)wn + g, ∀n (3.2)

Here nln is a person’s ability level multiplied by the number of hours worked, and so

wn ≡ nln is the labour income of an individual agent n. g is a lump-sum transfer identical

for all households. The household maximization problem subject to the budget constraint

gives the FOC’s:
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un,y
un,l

= − 1

(1− t)n
,

un,x
un,l

= − 1 + τ

(1− t)n
,

un,x
un,y

= 1 + τ.

(3.3)

The marginal rate of substitution between the consumption good and leisure equals their

relative prices. It can be used to formulate Roy’s Lemma. Further, we define v(t, g, I) as

the indirect utility at an optimal choice of ln, yn and xn, l∗n, y
∗
n and x∗n: vn = v(t, g, I) ≡

u(l∗n, y
∗
n, x

∗
n, I). This gives the expressions for Roy’s Lemma:

∂vn
∂t

=
dun
dt (dg=dI=dτ=0)

= −nlnλn,

∂vn
∂g

=
dun
dg (dt=dI=dτ=0)

= λn,

∂vn
∂I

=
dun
dI (dt=dg=dτ=0)

= uI ,

∂vn
∂τ

=
dun
dτ (dt=dg=dI=0)

= xnλn.

These will be used to solve the model later on. The environment is modelled as an

environmental stock that declines with the consumption of the dirty good:

E = E0 − ζN
∫
N
xndF (n),

where dF (n) = f(n)dn.
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3.2.3 The Government

The government maximizes a Bergson-Samuelson social welfare function, which is a concave

sum of individual utilities:

maxt,g W = N

∫
N

Ψ(un)dF (n),

with: Ψ′(un) ≥ 0, Ψ′′(un) ≤ 0,

(3.4)

where Ψ can be such that the government is Rawlsian (Ψ′(un) = 0, except for n = n), or

utilitarian (Ψ′(un) = 1 ∀n), or anywhere in between. There are also government expenditures

on public goods outside of redistribution G:

N

∫
N

[tnln + τxn]dF (n) = Ng +G.

This equation describes on the one hand the tax revenue from labour and the externality

tax, and on the other hand the government expenses G, and the cost of covering the lump-

sum rebate Ng.1 The last ingredient is that the government can only see the household

income wn = nln, not the hours worked or the agent’s ability levels, and has to base all

its decisions on this. The model is therefore a second-best. If inequality is not taken into

account, the optimal tax result is as in the Mirrleesian optimal tax model (Mirrlees, 1971).

We do take inequality into account, and find a different labour-income tax and lump-sum

rebate. Except for the fact that un depends on I with un,I < 0, this model is the same as

that used in Jacobs and De Mooij (2015), a paper I use as a point of reference.

3.2.4 Inequality

We assume inequality to be a function I : z → R > 0, where z is the set of all incomes;

z = {zn}, where zn ≡ wn(1 − t) + g and n ∈ N . We assume our inequality measure to be

1G is an exogenous revenue requirement included in spite of it not showing up in the later presented

optimal tax equations, see also Jacobs and De Mooij (2015).
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symmetric to permutations of agents in N in the sense that I(a, b) = I(b, a), to be scale

independent in the sense that I(α ∗ {zn}) = I({zn}), to be population-size independent in

the sense that I({zn} ∪ {z∗n}) = I({zn}), to satisfy the Pigou-Dalton principle that if some

income is transferred from a rich person to a poor person, while still preserving the order of

income ranks, then the measured inequality should not increase.

3.3 Optimal Income Taxation, no Environment

Here an extension of the Mirrlees optimal income tax is discussed. The marginal rate of

substition between the consumption good and leisure equals their relative prices. It can be

used to formulate Roy’s Lemma. The equations in Roy’s Lemma will be used to solve the

model later on. Further, we define v(t, g, I) as the indirect utility at an optimal choice of

ln, yn and xn, l∗n, y
∗
n and x∗n: vn = v(t, g, I) ≡ u(l∗n, y

∗
n, x

∗
n, I). This gives the expressions for

Roy’s Lemma:

∂vn
∂t

=
dun
dt (dg=dI=dτ=0)

= −nlnλn,

∂vn
∂g

=
dun
dg (dt=dI=dτ=0)

= λn,

∂vn
∂I

=
dun
dI (dt=dg=dτ=0)

= uI ,

∂vn
∂τ

=
dun
dτ (dt=dg=dI=0)

= xnλn.

λ is the Lagrange multiplier on the individual’s budget constraint. The government has

instrument choice g and t, and optimizes welfare subject to its budget constraint. We start

out in the case where no consideration is given to the environment, i.e. when utility u is

independent of the environmental quality E. This is mathematically equivalent to the full

model including environmental considerations with the simplification τ = ζ = 0. Together



3. Individual Inequality Aversion 80

with the definition of income inequality, this gives the Lagrangian 2

maxt,g,I L =

∫
N

[Ψ(vn) + η(tnln − g −
G

N
)]dF (n)

+µ(I − I(z))

Here η is the multiplier on the government budget constraint that can be thought of as

the social value of one additional dollar to the government. Here µ is the loss of social welfare

as a consequence of increased income inequality. This can be thought of as the social value

of additional inequality. The first-order condition on I, works out to:

µ = −
∫
N

[Ψ′(vn)un,I + ηtn
∂ln
∂I

]dF (n). (3.5)

The contributions of individual households is split into two terms: Ψ′(vn)un,I is the

decreased welfare due to a smaller individual utility for person n due to increased income

inequality. This term is always negative, because un,I < 0. The second term, ηtn∂ln
∂I

, is the

change in welfare due to the effects of this household on the labour market. Here ∂ln
∂I

is the

amount that person n will work more, or work less. Through the factor ηtn this is converted

into units of welfare. This term is not ex ante positive or negative. Note µ is positive only if

the utility effect dominates the labour effect. The intuition is that social welfare decreases

when inequality increases, unless inequality gives rise to substantial effects on the labour

market. Next, the first-order condition of the government optimization problem reads:∫
N

[
Ψ′(vn)λn

η
+ tn

∂ln
∂g

]dF (n)− µ

η
Ig(z) = 1, (3.6)

2Note that in the optimization problem I is treated as an instrument, where it actually is a consequence of

the distribution. This is equivalent to the situation where the identity for inequality is added as a constraint:

I = I(z). To see this, note that the optimization problem can be written in as maxxW (x, I(x)); such that

g(x) = 0, where x is the vector of all policy variables. Alternatively, we can write maxx,IW (x, I); such that

g(x) = 0,I = I(x). Both approaches are equivalent.
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or, ∫
N
α∗ndF (n) = 1, (3.7)

where α∗n ≡
Ψ′(vn)λn

η
+ tn∂ln

∂g
− µ

η
Ig is the added welfare generated through person n by

increasing the transfer g. This includes any possible shifts in her tax payments through a

change in her labour supply, and her different valuation of inequality. The left-hand side of

equation (3.6) contains the term µ
η
Ig(z). Here, Ig is the change in inequality due to a change

in the lump-sum transfer g, µ converts it to utility units and division by η converts it further

to monetary units. The left hand side is a measure of the marginal benefits to household

n of raising the transfer g. Equation (3.7) thus equates the marginal benefits to household

n of raising the transfer g, to its average costs per household: one euro. This leads to the

revised optimal Mirrleesian income tax rate:

Proposition 1. In the optimum, the income tax is given by

t

1− t
εlt = ξ∗ − µ

η
(

It(z)∫
N wndF (n)

+ Ig), (3.8)

where εclt ≡
∫
N wnεcltdF (n)∫
N wndF (n)

is the income-weighted compensated labour elasticity, and the re-

distributive characteristic is given by ξ∗ =
∫
N wn(1−α∗n)dF (n)∫

N α∗ndF (n)
∫
N wndF (n)

, which denotes the normalized

covariance between welfare weights αn and income wn. The compensated elasticity of labour

supply is defined by εclt ≡
∂lcn
∂t

1−t
ln

.

Proof. Rewrite the first-order condition with respect to the tax rate t. Using the Slutsky-

equation ∂ln
∂t

= ∂lcn
∂t
−nln ∂ln∂g , this gives

∫
N [nln(1− [Ψ′(vn)λn

η
+tn∂ln

∂g
])+nln

t
(1−t)

∂lcn
∂t

(1−t)
ln

]dF (n) =

µ
η
It(z). Implementing all definitions and dividing by

∫
N wndF (n) leads to the result.

The normalized covariance was first proposed by (Feldstein, 1972). The left hand term

and the first term on the right hand of the equation form the classical form of the optimal

income tax rate. Note that µ
η
It(z) is the monetary loss of social value of the change in income

inequality due to a changing income tax rate, and µ
η
Ig(z) is its counterpart for the lump-sum

transfer.
∫
N wndF (n) is the total income of households, and so

µ
η
It(z)∫

N wndF (n)
is the monetary

value of a change in income inequality due to a change in the income tax rate as a fraction

of total income. The effect of the income tax rate is normalized by the total household
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income, as an infinitesimal change in the income tax rate costs every agent a fraction of its

income, whereas the costs related to an infinitesimal change in the lump-sum transfer are

independent of income. The cost of an infinitesimal change in the lump-sum transfer is thus

normalized by
∫
N dF (n) = 1.

We see that the optimal income tax expression and its derivation are strongly similar to

that of the derivation of the Mirrlees optimal linear income tax (Mirrlees, 1971): taxes are

lower for a high elasticity εclt and rise for a larger redistributive characteristic. Efficiency is

higher when εclt is lower, indicating that for a higher tax people will not change their labour

supply as much. On the other hand, redistribution will be stronger for higher ξ∗, indicating

a higher welfare can be achieved by donating to the low incomes with a high marginal utility

of consumption: There is thus the familiar balance between efficiency and redistribution.

The rest of this section is dedicated to get closer to determine under what conditions an

additional aversion to inequality like in this chapter implies a higher income tax rate. The

effect of income inequality on the optimal income tax rate is a rising income tax as there is

a rising income inequality, unless the labour effect of a larger income inequality given by the

second term in equation (3.5) dominates the utility effect given in the first term of the same

equation. It depends on the sign of µ
η

It(z)∫
N wndF (n)

. In this the sign of µ is crucial. We assume

the social value of a euro to the government is non-negative, η ≥ 0, and that the inequality

measure is such that both It < 0 and Ig < 0, this leads to the following theorem:

Proposition 2. The income tax rate in the optimum is higher than in the benchmark case

without inequality aversion if and only if µ > 0, or equivalently, utility effects dominate

labour effects in the valuation of inequality:

−Ψ′(vn)un,I > ηtn
∂ln
∂I

. (3.9)

Proof. First I prove the second part. Assume µ > 0. Then, according to equation 3.5,

−
∫
N [Ψ′(vn)un,I+ηtn

∂ln
∂I

]dF (n) > 0, and so−Ψ′(vn)un,I > ηtn∂ln
∂I

. Assume now−Ψ′(vn)un,I >

ηtn∂ln
∂I

. Then, −
∫
N [Ψ′(vn)un,I + ηtn∂ln

∂I
]dF (n) > 0, and thus µ > 0.

Next, assume again µ > 0. Now, as µ > 0 and η ≥ 0, It < 0 and Ig < 0. Therefore
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−µ
η
( It(z)∫
N wndF (n)

+ Ig) > 0. The first-order effect of inequality aversion on the welfare weights

α∗ is also positive when µ > 0, η > 0.

The increase (decrease) of the income tax rate follows from the optimal income tax

formula 3.8. The effect inequality aversion compared to the classical optimal income tax

rate is 0 if µ = 0. If µ > 0, then µ
η
( It(z)∫
N wndF (n)

+ Ig) > 0 because It > 0, Ig > 0, and η > 0 by

assumption.

Therefore, the effect of the optimal linear income tax is ambiguous: There is the utility

effect, but if the effects of inequality on the labour supply are strong enough, taxes should

be set lower in order to redistribute less.

Those who argue that inequality has a positive welfare effect, might base their argument

on this: higher inequality would lead to more earnings competition, and thus to more labour

supply if people cannot adjust their ability levels. One special case that is easy to analyse

is that of separable utility:

Proposition 3. When utility is separable in the sense that u(c, l, I) = ũ(c, l)φ(I) for some

ũ and φ, income tax rates are higher than when inequality aversion is taken into account.

Proof. Note that if utility is separable, we see from equation (3.3) that the ratio between con-

sumption and labour will be independent of income inequality. Therefore ∂ln
∂I

= 0, and thus µ

is negative as follows from equation (3.5). From the optimal income tax rate equation (3.8),

we find that the optimal income tax rate will be set higher when un,I < 0.

The above proposition describes that a separable utility function results in the simplest

intuitive case, where an aversion to income inequality leads to higher taxation. Although

inequality might be perceived as creating unhappiness, it also incentivizes higher labour

efforts. It remains hidden in the structure of the utility function under which conditions a

higher labour effort has enough positive effect to raise the optimal level of the income tax.

Proposition 4. If un,cI = 0, a necessary condition for income taxes to be set higher than in
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the Mirrleesian benchmark is that:

un,lI > 0 (3.10)

Moreover, if un,lI ≥ 0 and un,cI > 0, ∂ln
∂I

> 0.

Proof. If un,lI < 0, note that the marginal utility of leisure increases with rising income

inequality, and people still have equal marginal utility of consumption. Thus ∂ln
∂I

< 0, µ > 0

per proposition 3.9, and the income tax rate increases. If un,lI = 0, we are back in the

case of separable utility as per proposition 3. If un,lI > 0, and thus ∂ln
∂I

> 0, there may be

negative µ and thus lower tax rates. For the last part note that if the marginal utility of

both consumption increases and the marginal utility of leisure decreases, so labour efforts

increase with inequality ∂ln
∂I

> 0.

3.4 Optimal Taxation: the Environment

Next, we consider the case where there is a role for the environment. The Lagrangian and

the first-order consition on I are now given by:

L =

∫
N

[Ψ(vn) + η(tnln + τxn − g −
G

N
)]dF (n)

+µ(I − I(z)) + ρ(
E − E0

N
− ζ

∫
N
xndF (n)).

The first-order condition on inequality now looks like

µ = −
∫
N

[Ψ′(vn)un,I + ηtn
∂ln
∂I

+ (ητ − ζρ)
∂xn
∂I

]dF (n), (3.11)

where the last two terms, (ητ − ζρ)∂xn
∂I

, are the effect on social welfare through a change

in venue and the change in green welfare due to a change in consumption of the dirty con-

sumption good. Similarly the first-order condition of the government optimization problem

gives: ∫
N
α∗ndF (n) = 1, (3.12)
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α∗n ≡
Ψ′(vn)λn

η
+ tn∂ln

∂g
− µ

η
Ig + (τ − ζρ

η
)∂xn
∂g
− µ

η
IE is again the added welfare generated through

person n by increasing the transfer g. The expression (τ − ζρ
η

)∂xn
∂g

is the extra welfare due

to a change in environmental quality and the change in tax revenues generated by a tax on

the dirty consumption good. This leads to the revised optimal Mirrleesian income tax rate:

Proposition 5. The optimal income tax is given by

t

1− t
εclt +

τ − ζρ
η

τ + 1
γεcxt +

µ

η
(

It(z)∫
N wndF (n)

+ Ig + IE) = ξ∗, (3.13)

where εclt ≡
∫
N wnεcltdF (n)∫
N wndF (n)

is the income-weighted compensated labour elasticity, and the redis-

tributive characteristic is given by ξ∗ =
∫
N wn(1−α∗n)dF (n)∫

N α∗ndF (n)
∫
N wndF (n)

, which denotes the normalized

covariance between welfare weights αn and income wn. γ ≡ 1+τ
1−t

xn
nln

is the net expenditure

share of dirty commodities in net labour income.

Proof. Similar to before.

Here the expression for the redistributive characteristic is based on that of Feldstein

(1972). The externalities inequality and the environment appear additive in the equation for

the optimal income tax. As expected, when the environmental tax is set at the Pigouvian

level, the income tax level is not changed for a government that fully intends to internal-

ize the environmental externality: The marginal cost of public funds is one (Jacobs and

De Mooij, 2015). Note also that we find the original Mirrlees’ taxation back when there is

no environmental tax and inequality is not taken into consideration at all (τ = ζ = µ = 0).

We find the result from Jacobs and De Mooij (2015) when just µ = 0: If income taxes

decrease demand for the dirty consumption good, their positive effect on green welfare out-

weighs the negative effect on after-tax distortions in the consumption bracket as long as τ is

below the Pigouvian level. Hence, the optimal income tax is set above its benchmark when

τ is set below the Pigouvian level. If income taxes increase demand for the dirty good, the

logic works the other way around.

When µ 6= 0, the price of one unit of environmental quality, ρ
η
, changes to include

inequality effects (see first-order condition on E below), and thus the level of environmental
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taxation also changes.∫
N

[
un,E
un,c

Ψ′(vn)λn
η

+ tn
∂ln
∂E

+ (τ − ζ ρ
η

)
∂xn
∂E

]dF (n)− µ

η
IE(z) =

ρ

η
(3.14)

This does not, however, change the intuition: In order to compute the optimal income tax,

a balance is struck between the redistributive characteristic, efficiency in the labour market

and the consumption market, and a term resulting from inequality aversion. Another special

case is the second best of a government that imposes an environmental tax τ due to some

exogenous political reasons, but does not care about the environment at all. This government

looks at un = u(yn, xn, ln, I), and thus ignores green welfare effects:

Proposition 6. The optimal income tax for a government that implements an environmental

tax, but takes each agent’s utility to be independent of environmental quality, is:

t

1− t
εclt +

τ

τ + 1
γεcxt +

µ

η
(

It(z)∫
N wndF (n)

+ Ig + IE) = ξ∗, (3.15)

where γ ≡ 1+τ
1−t

xn
nln

is the net expenditure share of dirty commodities in net labour income.

Proof. Similar to before.

The interpretation is clear: an increase in the income tax rate still increases after-tax

distortions in the consumption bracket as long as it decreases demand for dirty consumption.

Now, however, the exacerbating effect of the environmental tax on consumption distortions

is no longer balanced by an increase in green welfare, as the price of a unit of environmental

quality is set to zero.

3.4.1 Corrective Taxes

Next, I set out to find the optimal corrective tax. To start, the first-order condition on τ

reads

Lτ =

∫
N

[−nlnΨ
′
λn + ηxn + ηtn

∂ln
∂τ

+ (ητ − ζρ)
∂xn
∂τ

]dF (n)− µIτ = 0.
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Substitute the Slutsky equations ln
τ

= ∂lcn
∂τ
− xn ∂ln∂g and ∂xn

∂τ
= ∂xcn

∂τ
− xn ∂xn∂g and divide by η to

arrive at

∫
N

[−xnΨ
′
λn

η
+ xn + tn(

∂lcn
∂τ
− xn

∂ln
∂g

) + (τ − ζρ

η
)(
∂xcn
∂τ
− xn

∂xn
∂g

)]dF (n)− µ

η
Iτ = 0.

Next, substitute the definitions α∗n ≡ Ψ
′
λn
η

+ tn∂ln
∂g

(τ − ζρ
η

)∂xn
∂g
− µ

η
(Ig + IE) and γ ≡ 1+τ

1−t
xn
nln

,

εclτ ≡ 1+τ
ln

∂lcn
∂τ

, εcxτ ≡ 1+τ
xn

xcn
∂τ

to get:

∫
N

[−α∗nxn + xn +
t

1− t
xn
εclτ
γ

+
τ − ζρ

η

1 + τ
xnε

c
xτ +

µ

η
(Ig + IE)]dF (n)− µ

η
Iτ = 0,

Now divide the above by
∫
N x(n)dF (n) and use

∫
N α

∗
ndF (n) = 1. Then we find

∫
N −α

∗
nxndF (n) +

∫
N xndF (n)

∫
N α

∗
ndF (n)∫

N xndF (n)
∫
N α

∗
ndF (n)

=

t

1− t
−εclτ
γ

+
τ − ζρ

η

1 + τ
(−γε

c
xτ

γ
) +

µ

η
(Ig + IE +

Iτ∫
N nlndF (n)

).

Here, barred variables Q are income weighed: Q ≡
∫
N nlnQndF (n). Next, define the redis-

tributive characteristic xix as:

ξx ≡ −
∫
N α

∗
nxndF (n)−

∫
N α

∗
ndF (n)

∫
N xndF (n)∫

N α
∗
ndF (n)

∫
N xndF (n)

.

Substitution of the above definition leads to the result:

ξx =
t

1− t
−εclτ
γ

+
τ − ζρ

η

1 + τ
(−γε

c
xτ

γ
) +

µ

η
(Ig + IE +

Iτ∫
N nlndF (n)

).

In the introduction of this thesis I have shown the result by Grainger and Kolstad (2010)

that low-income households spend a relatively large part of their income on carbon-intensive
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goods. This result is corroborated by Flues and Thomas (2015), who show that the incidence

of taxes on transport fuels varies with income when taking the average of 21 OECD countries.

Advani et al. (2013) show that in the United Kingdom, energy expenditure is up to 20%

of total budget for the poorest 10% of households, whereas it is only up to roughly 4% for

the richest 10%. Regressivity of the consumption side of the economy as a result of United

States’ climate policy has been documented in many papers, see for instance Burtraw et al.

(2009), Rausch et al. (2011), Hassett et al. (2007), Fullerton (2011), or Pashardes et al.

(2014). For the Netherlands, Kerkhof et al. (2008) also finds a regressive carbon tax. Albeit

more narrow, distributional effects of a gasoline tax are studied in Poterba (1991), West

(2004) and Bento et al. (2009).

As in chapter 2, of particular interest also here is a study by Reaños and Wölfing (2017).

Importantly, they find that Engel curves are nonlinear and in some cases downward sloping

due to the implementation of a better demand system than is studied in this paper. Due

to the utility function used in simulation that is of Gorman polar-form, we only have linear

Engel curves.

It is also important to ask whether the government can optimize income redistribution

via income taxes optimally when corrective taxes are also set at an optimum. Jacobs and

De Mooij (2015), find that the optimal corrective tax is set at the Pigouvian level if the

optimal income tax is also set at the optimal level under general conditions of quasi-concave

utility that is identical for all individuals, decreasing marginal utility of consumption and

a single-crossing condition. Jacobs and van der Ploeg (2017) show under general utility

functions, the Pigouvian pollution tax is higher if pollution damages disproportionally hurt

the poor due to equity weighting of pollution damages. Moreover, optimal pollution taxes

should be set below the Pigouvian tax if the poor spend a disproportionate fraction of their

income on polluting goods. However, if preferences for commodities are of the Gorman polar

form, optimal pollution taxes should follow the first-best rule for the Pigouvian corrective tax

even if the government wants to redistribute income and the poor spend a disproportional

part of their income on polluting goods.
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3.4.2 Numerical example

For my numerical example, we use a utilitarian welfare function:

W = (1− I)δ
∫
N
undF (n)−D

∫
N
x2
ndF (n). (3.16)

For I, we use here the Gini coefficient of income, measuring the share of total income

required to make the income distribution completely equal. The Gini coefficient (Sen, 1973)

reads:

I =
1

A

∫ ∞
0

F (n)(1− F (n))dn. (3.17)

Here, A is the mean of the income distribution. Further we use a constant elasticity

of substitution utility function for consumption with a separable isoelastic component for

labour:

un = (αcνn + (1− α)xνn)(1/ν) − l1+1/η
n /(1 + 1/η), (3.18)

where η is the Frisch elasticity of labour supply and ν = (σ−1)
σ

a function of the elasticity

of substitution σ between clean and dirty consumption. As in Jacobs and van der Ploeg

(2017), we rewrite the utility function to

un = u(hn(cn, xn), 1− ln), (3.19)

where sub-utility hn() has Gorman (1961) polar-form. This mean that h can be written as

hn(cn, xn) = mn−q
p

, where mn is the income of household n, and both p and q are independent

of n. For the CES-type sub-utility function chosen here, this can be done by writing

cn = mn(1 + (1 + τ)(
(1− α)

α

1

1 + τ
)

1
ν−1 )−1,

xn = mn((
1− α
α

1

1 + τ
)

1
1−ν + (1 + τ))−1.
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Substitution into the subutility h further leads to a description of the utility function

as Gorman polar-form. By using the household FOC on ln, labour supply can then be

determined by the formula

ln = (
n(1− t)

p
)η. (3.20)

Here λn = 1
p
. To see this, we refer the reader again to (Jacobs and van der Ploeg, 2017).

Using these expressions, we proceed to numerically simulate the economy to find the optimal

tax levels. p is a function of tax τ and the parameters ν and α in the utility function. Here

I show how p depends on the parameters ν and α in the utility function, for τ = 0.2.

Figure 3.1: price index p as a function of the parameters in the utility function

Notes: p (vertical axis, 0 to 20) is dependent on ν (horizontal, from -1 to 1) and α (horizontal, from 0 to 1), for τ = 0.2

The skill distribution is a lognormal distribution with a Pareto tail, which is similar to

the income distribution in the Netherlands (Zoutman et al., 2013). For an approximation

of the parameters of the Pareto tail, we used the World Top Income Database (Alvaredo

et al., 2016), and calibrated it to the Netherlands. For the Pareto tail function (xm
x

)ζ with

cutoff point xm, we use ζ = 3.23 and xm = 336, 365. The lognormal part of the income

distribution is characterized by its mean, µ = 43, 600 euro, and its mode, 33, 000 euro. The

skill distribution is sliced into a hundred equidistant quantiles of 8, 000 Euros each. This

means we effectively only study households with an income between zero and eight hundred

thousand per year, and each person’s yearly income is rounded up to the nearest eight

thousand Euros. This is done to save on computation time.
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Table I: The input parameters for the simulation

population size 7,470,000

α 0.985

elasticity σ 1

τ 0.2

δ 1

η 0.5

D 0

We calibrate α to correspond to the expenditure shares in Jacobs and De Mooij (2015).

This is in accordance with the parameters in Jacobs and van der Ploeg (2017). The Frisch

elasticity is for now chosen at 0.5, which is based on a review of studies in Reichling and

Whalen (2012). As they mention sometimes lower elasticities are found towards 0.1-0.2, we

check our results for sensitivity in this direction. We assume the elasticity between clean

and dirty consumption goods is unity, based on estimates of for instance Papageorgiou et al.

(2017). Varying with respect to the elasticity σ, I find optimal tax rates. I find some

sensitivity of the results with respect to the elasticity σ:

Table II: The input parameters for the simulation

Elasticity σ: 0.5 1 2

optimal t 0.345 0.48 0.43

optimal g 4 4 3.5

optimal W 1.278 ∗ 1011 1.237 ∗ 1011 1.09 ∗ 1011

Demand elasticities as a determinant of the efficiency of a green tax reform was brought

forward by Parry (1995) who pointed out that the assumption of substitutability between

leisure and dirty consumption goods is crucial. Varying the optimal tax result with respect

to the Frisch elasticity η, we find in Figure 3.2a that the optimal income tax decreases for

higher Frisch elasticity of labour supply. At the same time, the rebate g decreases as well.

This is in accordance with the Ramsey rule that the optimal tax increases inversely to the

supply elasticity.
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Figure 3.2: Decomposition of the result in Scenario 1.

(a) tax t (b) transfer g (c)Welfare W

Notes: Left: Optimal welfare levels for different levels of the elasticity of labour supplyδ. Middle: Optimal level of the lump-sum

transfer g as a function of the elasticity of labour supply. Right: Optimal income tax levels as function of the level of labour

supply.

Further, I check the variability of the optimal environmental tax τ as a function of the

elasticity of substitution σ between clean and dirty consumption. Next, we take into account

environmental damage The environmental damage parameter D is calibrated to 3∗10−9. The

results are presented in Figure 3.3. When the elasticity of substitution between clean and

dirty inputs is lower, the marginal disutility of using less of this particular consumption good

is correspondingly higher, the resulting inefficiency is lower, and the optimal environmental

tax is lower as a result.

In Figure 3.4a the optimal income tax is shown as a function of the inequality aversion

parameter δ. As shown in the theory section, the tax increases with increasing inequality

aversion. Intuitively, the income tax rate is used as an instrument to decrease income in-

equality and therefore rises as inequality aversion increases. Then, in Figure 3.4b the optimal

rebate g is shown as a function of the income aversion parameter δ. While g rises sharply

for modest amount of intrinsic inequality aversion, the marginal increase of g decreases for

higher levels of inequality aversion. Intuitively, as g increases, inequality decreases. For

higher values of δ, however, tax distortions also increase and the marginal increase of an

increase in the income tax on the government budget decreases subsequently. In Figure 3.4c
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Figure 3.3: Optimal tax τ for several values of the elasticity of substitution between clean

and dirty consumption goods

welfare is decreasing as a function of the inequality parameter δ as the more intrinsic aver-

sion there is from inequality in individual utility, the more decrease in welfare there is as a

consequence (see also equation 3.16).

Last, optimal tax reform policy. Whatever the optimal price of carbon, it is often per-

ceived to be much higher than the current price of carbon. Also, what is indeed the optimal

price of carbon is unknown. Therefore, we can conclude the optimal tax in any country

system may well differ from the optimal tax system. We thus consider what to do when the

pre-existing taxation is suboptimal. For political reasons, raising taxes or cutting subsidies

might be unwelcome. For these reasons, the following question is addressed: What is the

optimal mix of the two policy instruments, raising the lump-sum transfer g and lowering

income tax t, for a country that decides to implement a carbon tax at given exogenous level?

To answer this question, the level of the pollution tax is taken to be given and set

exogenously at τ = 0.2. A distinction is made between different types of governments, taking

different amounts of inequality aversion and green welfare into account. A government is

considered, that levies an environmental tax for political or other exogenous reasons and

then chooses to change the tax rate by either decreasing the income tax t → t∗ − dt or

increasing the lump-sum rebate g → g∗ + dg. The optimal decision for the level of changes
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Figure 3.4: Decomposition of the result in Scenario 1.

(a) tax t (b) transfer g (c) Welfare W

Notes: Left: Optimal welfare levels for different levels of inequality aversion δ. Middle: Optimal level of the lump-sum transfer

g as a function of inequality aversion. Right: Optimal income tax levels as function of inequality aversion.

dt and dg is shown here below in Figure 3.5.

Since Bovenberg and De Mooij (1994), there has been a series of papers that assess

the double dividend using general equilibrium analysis. They show possible efficiency gains

through tax revenue recycling as balanced against an additional distortion of an environ-

mental tax. These two effects determine the difference between first-best and second-best

level of the Pigouvian tax.

In the model of Jacobs and De Mooij (2015), the government can choose between lump

sum or distortionary taxes and weighs out this tax mix in order to reach an optimal tax sys-

tem that maximizes the aggregate welfare of its population. Based on their model they find

that the MCF equals one even with distortionary taxes. A finding that is inconsistent with

nearly all previously mentioned literature. Because Jacobs and De Mooij (2013) model a gov-

ernment that maximizes welfare of a population with unequal productivity, the deadweight

loss, caused by the labour tax on employment, is offset by the welfare gain from income

redistribution. As a consequence, the optimal environmental tax is equal to the marginal

environmental damage. This is because an environmental tax cannot further distort taxes,

as the current tax scheme examines marginal costs of public funds equal to one and hence for
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Figure 3.5: Decomposition of the result in Scenario 1.

(a)tax t (b) lump− sum transfer g

Notes: Left: Optimal tax reform, change in income tax dt for different levels of pre-existing income tax level t. Right: Optimal

tax reform, change in income tax dg for different levels of pre-existing income tax level t.

a Pigouvian tax. With regard to the possibility of an emerging double dividend, the analysis

gets rather simple in the optimum, because in a world without pre-existing distortions there

is no room for a second dividend associated with an environmental tax. Outside of the opti-

mum a double dividend can still occur. This is represented in the tax reform figures here, as

no other reason could exist for changing the income tax as a result from an environmental

tax revenue than a suboptimal tax system.

If the pre-existing income tax is above the optimum, then the reduction of the pre-existing

income tax is to its optimal level. In that case, redistribution is of greater importance in

order to gain welfare than reduction of labour market distortions. If the pre-existing income

tax is below the optimum, then the reduction of the pre-existing income tax is zero. When

inequality aversion is higher, the reduction of the income tax only occurs for higher levels

of pre-existing income tax as more importance is given to redistribution through the income

tax.

The regime is over the top of the Laffer curve (Wanniski, 1978) when lowering the income

tax only gives more money to the government and does not redistribute. Then, it is possible
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to increase g as well. When the government does value inequality (long dashes, δ = 1), only

for higher pre-existing tax schemes the proceeds of a carbon tax are used partly to decrease

the income tax, and even then it happens only later. If inequality is valued even stronger

(dots, δ = 1.5), we see that for higher pre-existing income taxes, the lump-sum rebate g

hardly decreases at all.

3.5 Conclusion

The purpose of this chapter is to analyze and formalize another argument for raising the

optimal income tax for top incomes. We do this by including income inequality aversion

directly in the utility function. As in the double dividend literature, the distortions of such

a tax on the labour market are studied. However, here we study it in a public-finance

framework, and ask what this implies as to how to best recycle the revenue of a carbon

tax. A lower income tax will both lead to less labour market distortions and more income

inequality.

The chapter can be expanded by doing more robustness excercises. Most importantly,

the level of income inequality aversion in today’s societies should be measured in order to

calibrate my model and find the optimal level of income inequality aversion. The simulation

assumes a homothetic sub-utility function. As a consequence of this assumed homotheticity,

there are identical elasticities between leisure on one side and dirty and clean goods on

the other side. Among others, Kaplow (2012) notes that studies that estimate optimal

environmental tax levels below Pigouvian levels might suffer from this incorrect assumption,

if leisure and (certain) dirty goods are complements, like gasoline (West and Williams, 2007).

An obvious important extension of this research is the optimal nonlinear income tax.

There might be many reasons to like or dislike income inequality, so we reject the common

practice in the public finance literature where income inequality aversion is solely addressed

by taking into account marginal utility of consumption for agents with different productivity

levels. In order to consider different distributional preferences, we take varying levels of
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inequality aversion, where we find a new way to the familiar trade-off between work incentives

and equity: The balance between labour incentives and income inequality. As a result,

we find that there are preferences that lead to income taxation on the right side of the

Laffer curve, thus solving the paradox posed by Thatcher at the beginning of this chapter.

Though Thatcher increased social mobility by cutting taxes, today it seems reducing income

inequality is not what jams the economy or social mobility. Also in the case of environmental

taxation, one needs to pay special attention to distributional issues when implementing tax

reform.
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3.6 Appendix

3.6.1 Keeping up With the Joneses

In order to account for “Keeping up with the Joneses” and “Rat race”-effects, we can alter

the utility function as such:

un = un(cn − αc̄, ln − βl̄)− f(I)

here c̄ and l̄ are the average amount of consumption used and work supplied in the economy.

The distribution of income, consumption, and labour is denoted by z1, z2 and z3, respectively.

The problem is still very similar to what it was before:

maxt,g,c̄,l̄,IL =

∫
N

[Ψ(vn)+η(tnln−g−
G

N
)]dF (n)+µ1(I−I(z1))+µ2(c̄− c̄(z2))+µ3(l̄− l̄(z3)).

This results in the first-order conditions:

µ1 = −
∫
N

[Ψ′(vn)un,I + ηtn
∂ln
∂I

]dF (n) + µ2
∂c̄(z2)

∂I
+ µ3

∂l̄(z3)

∂I
, (3.21)

µ2 =

∫
N

[Ψ′(vn)λn − ηtn
∂ln
∂c̄

]dF (n) + µ3
∂l̄(z3)

∂c̄
+ µ1

∂I(z1)

∂c̄
, (3.22)

µ3 =

∫
N

[Ψ′(vn)un,ln−l̄ − ηtn
∂ln
∂l̄

]dF (n) + µ2
∂c̄(z2)

∂l̄
+ µ1

∂I(z1)

∂l̄
, (3.23)

This is similar to what we found for µ in the main text with just an aversion to inequality,

for each externality we can give an interpretation of the social value of a change in the

externality associated with µi: As before there are the direct utility effects, labour effects,

but now also the mixed effects that each externality has on the other. This leads to the

following modification of the optimal linear Mirrlees income tax

ξ =
t

1− t
εlt +

µ1( It∫
N wndF (n)

+ Ig) + µ2( c̄t∫
N wndF (n)

+ c̄g) + µ3( l̄t∫
N wndF (n)

+ l̄g)

η
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We see that for each externality included in the model, an extra term pops up in the

formula for the income tax.

3.6.2 Simulation

Here we explain the methodology behind my simulation.

Consider first the case where there is no environmental taxation yet, i.e. τ = 0. For a

given tax system (t, g), it is straightforward to calculate the household choices ln,new(t, g),

xn,new(t, g), and yn,new(t, g) given a specific functional form of the utility function un(xn, yn, ln, I).

We do a grid search on the corresponding welfare
∫
N Ψ(un)dF (n), while assuming the gov-

ernment to have a balanced budget, so G =
∫
N nlntdF (n)−Ng.

Now, introduce a tax τ on the dirty consumption good. This changes the household

consumption choices ln,new(t, g), xn,new(t, g), and yn,new(t, g) that now need to be recalculated.

The mathematical problem we face is to find the minimal t or maximal g such that∫
N
τxn,new + nln,newtdF (n) ≥ Ng +G,

and the corresponding welfare. This problem can be solved numerically by a grid or binary

search algorithm. To find the optimal mix of taxes given a new carbon tax, the procedure is

slightly different. Similar to before, we first find G =
∫
N nlntdF (n)−Ng. Then, ∀g′ ∈ [g, ḡ],

we find the maximal variation in t by the procedure decribed above. Out of these, we

choose the one that has maximal welfare and satisfies the budget constraint
∫
N τxn,new +

nln,newtdF (n) ≥ Ng +G.

3.6.3 Case Study: CD-utility, Optimal Linear Taxation

In the special case where un = (cn − αc̄)γ(1 − ln)ν(1 − I)µ, and there is linear and optimal

taxation, we can derive an explicit formula for the average amount of consumption:

c̄ =
γ(1− t)

∫
N ndF (n) + γg

γ − αν + ν
.
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Some interesting interpretations can be found by discussing the limits of the above equation.

For γ → 0, the marginal utility of consumption approaches zero, and thus c̄ → 0. As the

keeping up with the Joneses effect increases, α increases, then the average consumption c̄

increases. In the extreme case where α → 1, the keeping up with the Joneses effect is so

strong that everyone below average consumption levels will have negative utility. Since the

welfarist government optimally sets taxes such that cn − c̄ ≥ 0, it must be that cn = c̄ ∀n

and ln → 1 ∀n. Therefore, the marginal utility of leisure becomes irrelevant and both ν and

γ drop out of the equation for average consumption. Average consumption is the same for

all agents, and equal to total income divided over the population: c̄ = (1− t)
∫
N ndF (n) + g.

Lastly, as ν → 0, the marginal utility of leisure becomes infinitesimal, and again ln → 1,

such that the same formula can be derived independent of γ and ν. In the next section it

will be shown the effect of keeping up with the Joneses effects is similar to that of a direct

aversion to income inequality.

3.6.4 Numerical example

Numerical example description

In order to find out whether Keeping up with the Joneses give a similar effect as a direct

aversion to income inequality, we do a simulation. The calibration is again very basic. We

take a linear tax and a Cobb-Douglas utility form, un = (cn − αc̄)γ(1 − ln)ν(1 − I)µ. Here,

γ = 0.3, ν = 0.4, and α and µ vary. The income distribution is the same as before. The

mean income of the roughly 7,470,000 households is set at 43,600, and the mode at 33,000.

The Pareto parameter is 3.23, and the cutoff of the lognormal distribution is at a yearly

income of 336,367. For technical convenience, government expenditure is set at zero, and

the distribution is cut up in 50 equidistant parts from zero to one million. This means that

we effectively only study a country where everyone has an income rounded up to the nearest

twenty thousand and no one earns more than a million. All numbers are in euros. For a
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detailed overview of how the simulation works, see the Appendix.

3.6.5 Results

Figure 3.6: policy depending on preexisting tax rate t and inequality valuation δ

(a)∆g(t) (b)∆g(I)

(c)∆t(t) (d)∆t(I)

Notes: Left (top): tax rate t as a function of inequality aversion parameter µ. Right (top): lump-sum transfer

g as a function of inequality aversion parameter µ. Left (bottom): tax rate t as a function of Joneses parameter

ν. Right (bottom): lump-sum transfer g as a function of Joneses parameter ν.

The optimal tax is calculated for different parameter values. In Figure 3.6, all pictures

represent the level of the optimal linear tax t or the optimal lump-sum transfer g. In order

to study the effects of inequality aversion in more detail, the level of the tax is studied for

different values of the parameters α and µ. Aside from a simplistic calibration, it is important
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to note that the utility function here is separable, and thus positive effects of inequality on

labour participation like in theorem 3.9 are not present.

In Figure 3.6a the optimal tax rate is displayed for different values of inequality aversion

µ. This is done for different levels of the Joneses parameter α. The long dotted bottom

line represents the case where the Joneses parameter is zero, and inequality aversion varies

between zero and 2. We see that the income tax rate increases. As inequality aversion goes

up, the government has more incentives to redistribute. As there are no positive labour

effects calibrated to counter this effect, the optimal income tax rate also increases. As

high tax rates also imply a large distortion on the labour market, and thus lower utility,

increasing aversion to inequality needs to be balanced by the larger loss, traced back to the

concavity in the utility function. This causes the increase in the tax rate to be decreasing

for larger inequality aversion. The two other lines are for larger keeping up with the Joneses

effects: the dotted line (α = 0.1), and the solid line (α = 0.2). Because there is now an

externality in the consumption aggregate, the government will set taxes so that cn − c̄ ≥ 0

for all agents n, as the marginal utility of consumption increases infinitely sharp for the

first bit of consumption. To realize this, higher taxes are required as the Joneses effect is

stronger and α is higher. The same intuition holds for Figure 3.6b, but here the optimal

lump-sum subsidy is the instrument. Since a higher lump-sum transfer decreases inequality,

it increases for a higher income inequality aversion. In Figure 3.6c and d the strength of the

Joneses effect is varied and the optimal income tax rate and lump-sum transfer is displayed

for various levels of inequality aversion. The bottom dashed line (µ = 0), the middle dotted

line (µ = 2/3) and the solid top line (µ = 4/3) show that the tax levels increase in a similar

fashion in an increasing aversion to inequality and an increasing keeping up with the Joneses

parameter α. This shows that a pure aversion to income inequality and a high keeping up

with the Joneses parameter both have the same policy implication. It also shows that if

the government holds households to have a keeping up with the Joneses utility function, it

will act like a government that has a pure aversion of income inequality. A pure aversion to

income inequality can be explained by keeping up with the Joneses effects.



4. Subsidizing Renewables in the

Presence of a Dirty Backstop

4.1 Introduction

Climate change is regarded as one of the most challenging issues our world has to face. In

order to avoid some of the negative consequences of climate change (IPCC, 2007; Stern, 2006)

substantial climate policy is needed to curb emissions of CO2 from not just scarce fossil fuels

like oil and gas,1 but also from environmentally worse and abundant coal (Edenhofer et al.,

2009). Currently, oil is still a competitive alternative to coal. However, looking at the world’s

rising energy diet (The World Bank, 2014), it is inevitable that rising extraction costs will

make oil uncompetitive relative to coal. Unless suitable environmental policies are put in

place to curb the use of fossil fuels and replace them with renewables, this will be disastrous

for the earth’s climate (Sinn, 2008). A substantial carbon tax or permit system is needed to

save the climate (Van der Ploeg and Withagen, 2014), but may be politically infeasible. It

is therefore important to examine the impact of various other climate policies. This chapter

This chapter is based on a paper together with Mark Kagan. In that paper there were equal contributions

from both authors. I thank comments from two anonymous referees.

1From here on, we shall refer to oil and gas as “oil”.
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contributes to that goal by finding the optimal subsidy in the absence of an optimal carbon

tax, and in the presence of a dirty backstop and comparing it to the market outcome and

the first-best carbon tax. We also examine in detail the effects of different climate damage

and renewable energy cost specifications, as well as announcement effects. Our conclusion

is that even the optimal subsidy hardly increases welfare and that for a substantial welfare

improvement governments need to turn to carbon taxes or tradeable permits.

We study a theoretical framework where utility is derived from energy, and we assume

that the three energy inputs (oil, coal and renewables) are perfect substitutes.2 We assume oil

is exhaustible with stock-dependent extraction costs, while coal and renewables are abundant.

The initial extraction cost of oil is assumed to be lower than that of coal, but this changes

over time as the stock of oil becomes smaller. Social welfare is found by subtracting climate

damages from utility, discounting and integrating over time. Climate damages are cumulative

in the emissions of both coal and oil, where any natural degradation is abstracted from for

technical ease. In the long run, coal emits more CO2 than oil, but is relatively cheap;

renewables are expensive and carbon-free. In practice, there are many more severe negative

externalities from burning coal than just the exacerbation of global warming, like air pollution

and a public health burden, but we do not consider those here (Epstein et al., 2011). It should

further be noted that we do not include any technological change. This can have two effects:

development of extraction technologies might lead to faster depletion and more emissions,

whilst on the other hand, improvements in renewable energy efficiency might lead to lower

prices of renewables and thus speed up the introduction of renewables (Acemoglu et al.,

2012; Fischer and Newell, 2008).

Our work follows a long line of literature on optimal resource extraction rates with a

climate change externality. Optimal resource extraction policy has been studied for a long

time (Hotelling, 1931; Dasgupta and Heal, 1974). More recently, many studies have con-

sidered optimal resource extraction and carbon taxation in the presence of climate change

2This assumption is made for technical convenience. For a related study where this is not the case,

see Smulders and Van der Werf (2008).
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and a renewable backstop (Hoel, 2011; Van der Ploeg and Withagen, 2014). The models

in these studies allow for capital accumulation, but do not include the presence of a cheap

dirty backstop. Others do include a dirty backstop, like Smulders and Van der Werf (2008),

who show how restricting CO2 emissions affects resource prices and extraction over time in

a partial equilibrium model with imperfect substitution of energy inputs. Although oil is

predominantly used for transportation and has electrification as a substitute, electric energy

is generated - for example by coal-fired power plants or renewable energy sources. Chakra-

vorty et al. (2008; 1997) also consider both a dirty and a clean backstop. They extend the

Hotelling theory to resources differentiated by their pollution characteristics to examine the

optimal sequence of extraction in the presence of a carbon emission ceiling, where they find

that cleaner fuels are used up earlier. A study that comes close to ours is the one by Van der

Ploeg and Withagen (2012b). They also study optimal climate policy in a setting with

a cheap and a dirty backstop. Although they analytically derive closed-form solutions for

the extraction paths where we only find ours numerically, they do not consider the optimal

renewables subsidy 3. Moreover, we improve on their model by calibrating our parameters

to real-world values, and find different regimes than Van der Ploeg and Withagen (2012b)

found for their calibration of the model.

Our main contribution is finding the optimal level and timing of a subsidy on renewables

when a carbon tax is politically or otherwise infeasible. A carbon tax will tax more polluting

goods more heavily, but a subsidy will not differentiate between these goods. We show that,

given our calibration of the model, it is optimal to subsidize renewables to just below the

price of coal, well after the market has phased out oil, but much earlier than renewables

would be introduced in the first-best outcome. We also demonstrate that, given a high cost

of renewables, this optimal subsidy is only marginally welfare improving, in sharp contrast

to the significant welfare benefit of a carbon tax. Furthermore, we examine the case when

the social planner has to announce the date of implementation of the subsidy at the very

3The second-best in this paper is defined as the optimal renewables subsidy in the absence of a carbon

tax or optimal emission trading scheme. This is a different approach than in for instance Jacobs and Rusu

(2017)
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beginning, in advance of its implementation. Previous studies have raised concerns that

such an announcement effect may lead to a Green Paradox (Sinn, 2008; Van der Ploeg and

Withagen, 2012a; Grafton et al., 2010): a subsidy on carbon-free renewables exacerbating

global warming damages by incentivizing faster depletion of fossil fuels. We show that,

contrary to the aforementioned studies, there is no Green Paradox when renewables are

subsidized after the market phases in coal. Hence, we find that as long as the pre-announced

subsidy comes after the market phases in coal, the early announcement has no effect on the

fossil fuel extraction.

We find the optimal timing for a subsidy, given that the social planner will announce the

subsidy at the time of its implementation and sticks to it. In other words, we assume that the

social planner commits to a subsidy from the moment it is announced and does not renege on

its promise. The subsidy implementation is assumed to come as a surprise to the market. To

see what happens if the social planner is able to renege we refer the reader towards Rezai and

der Ploeg (2016), who look at commitment in a similar setting. They show in simulation of

a general equilibrium model that in the case of commitment an optimal renewables subsidy

is higher than without commitment, and they find in the second-best case a warming close

to first-best levels. They find for their case that the no-commitment government reduces the

effective welfare in the second-best subsidy case by 95% compared to first-best, whereas in

the commitment outcome the second best welfare is only reduced by 7%. Their paper does

not include a brown backstop like coal and includes learning by doing. Kalkuhl et al. (2013)

study second-best policies in a general equilibrium framework. They find that a renewables

subsidy is much worse than a carbon tax. As a carbon tax could be infeasible for political

or other reasons, they also show that combining a renewables subsidy with even a small

carbon tax can lead to great welfare improvements compared to only a renewables subsidy.

We find similar results for a partial analysis where a brown backstop is added to the fossil

fuel consumption.

Lastly, we examine the sensitivity of our results to our calibration. We study how the

optimal timing and level of subsidy changes with varying sensitivity of environmental dam-

ages to carbon emissions (a key parameter about which there is much controversy). We
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find that our results are fairly robust to these variations. The damage parameter has to be

unrealistically high for it to be optimal to introduce a subsidy on renewables as soon as the

market phases in coal. Only for damages twice the number that is suggested by Nordhaus

(2008), it is optimal to subsidize renewables below the price of coal, to induce an earlier

phasing out of oil. However, higher damages are also found, for instance in the IPCC report

(IPCC, 2014).

The rest of the chapter is organized as follows. In Section 4.2 we describe the model. In

Section 4.3 we derive the characteristics of the social optimum and show the calibration and

the optimal extraction paths of our model, whereas in Section 4.4 we study the optimal level

and introduction time of the subsidy. Section 4.5 concludes. Proofs and numerical methods

are found in the Appendix.

4.2 Model

We adopt the framework presented in Van der Ploeg and Withagen (2012b). We study

both optimal resource extraction and optimal renewables subsidy in a setting where coal

and renewables are phased in instead of oil or alongside oil. Fuel types are treated as perfect

substitutes and the supply of both coal and renewables is infinitely elastic. Emissions from

burning oil and coal increase the CO2 concentration in the atmosphere. As natural decay is

extremely slow (Archer et al., 2009) and makes the problem much harder mathematically, it

is abstracted from. The CO2 stock evolves according to:

Ė = q(t) + ψx(t), E(0) = E0, ψ > 1, (4.1)

where E, q and x denote atmospheric CO2 concentration, oil use and coal use, respec-

tively, and ψ is the carbon emission intensity factor of coal relative to that of oil. The

emission factor of oil is normalized to one, and the emission factor of the dirtier coal is thus

bigger than one. D(E), bx(t), cz(t) and G(S(t))q(t) are all expressed in monetary units. Util-
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ity is expressed in monetary units too, and is gained solely through the usage of energy, and

the utility function U is assumed to be concave and increasing in energy use. Further, global

warming damages, represented by the function D(E), are the only externality considered

and they are dependent on accumulated emissions of CO2 only. The cost of energy usage

is subtracted from utility. We assume that both c, the production cost of the renewable

backstop z, and b the extraction cost of the abundant coal, are constant. On the other hand

the oil extraction cost G(S) is decreasing in the stock of oil (i.e., the less oil is available in

situ the higher the extraction cost). This way, the social planner’s problem reads:

max
x(t),q(t),z(t)

∫ ∞
0

e−ρt[U(q(t) + x(t) + z(t))−G(S(t))q(t)− bx(t)− cz(t)−D(E(t))]dt, (4.2)

subject to equation (4.1), x(t) ≥ 0, z(t) ≥ 0, and the oil depletion equation:

Ṡ = −q(t), S(0) = S0, q(t) ≥ 0, S(t) ≥ 0, (4.3)

where ρ is the rate of time preference. Note that equation (4.3) implies that
∫∞

0
q(t)dt ≤

S0. In the market equilibrium producers and consumers maximize their surplus (utility

minus energy cost), but does not take into account climate change as it is an externality.

Hence, the problem of the market is defined similar to that of the social planner’s problem,

but under the assumption that the environmental quality E is given to the decision takers.

The policy maker achieves the optimal (first-best) allocation by levying a tax τ on carbon.

If a carbon tax is not available, the policy maker uses a policy of subsidizing renewables.

The policy maker then levies a subsidy of η(t) replacing c by c− η(t) in the market welfare

expression. We are currently discussing the open-loop equilibrium with commitment. The

policy maker then optimizes with respect to η(t), to find the level that maximizes social

welfare.

The reason for the fact that the no-damage case is equivalent to the laissez-faire case,

is because of the relative simplicity of the model. The argument here is: Because there is
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only one externality that makes the objective of the government different from the objective

of the representative firm, the market problem is comparable to the case in which there

are no environmental damages taken into account by the optimizer. We can then optimize

this very market problem for different levels of the subsidy. The government is free to do

such a comparison between subsidy levels, and do an optimization. This is all it does. Any

differences between solving the problem with a primal instead of a dual approach appear

only at further distortions of the tax system.4

4.3 Social Optimum

4.3.1 Solving the Social Optimum Problem

In this section we look for an optimal allocation of energy consumption over time, a solution

to the problem described in the previous subsection. We also examine the solution to the

laissez-faire problem, and calculate the level of the carbon tax needed for the market to

arrive at the optimal allocation. A special case of our social optimum with renewables is the

case without renewables by letting c→∞.

Below are listed the first-order conditions for the social planner’s problem (4.2), where λ

and µ are the costate variables, corresponding with the price of the oil stock (or the scarcity

rent) and the shadow price of the carbon stock (or the social cost of carbon), respectively:5

U ′(q + x+ z)−G(S) ≤ λ+ µ, q ≥ 0, c.s., U ′(q + x+ z)− b ≤ φµ, x ≥ 0, c.s., (4.4)

U ′(q + x+ z)− c ≤ 0, z ≥ 0, c.s., limt→∞[λ(t)S(t)− µ(t)E(t)] = 0. (4.5)

λ̇ = ρλ+G′(S)q, µ̇ = ρµ−D′(E), (4.6)

The interpretation of the first inequality in (4.4) is that if the marginal value of using oil is

4 In the primal approach, the government can be thought as directly using the consumption quantities

as controls. In the dual approach, the government uses the tax rates or prices as controls.

5c.s. stands for complementary slackness condition
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less than the social value of keeping oil in the ground, including the welfare gain resulting

from a reduction global warming damages, no oil is used. If oil is used, the first expression

in (4.4) holds with equality. The second expression in (4.4) states that coal is not used if the

marginal value of coal is less than its marginal global warming cost due to increased emissions.

If coal is used, its marginal utility must equal its marginal cost, which is composed of its per

unit extraction cost and the associated marginal increase in climate damages. The rest of

the first-order conditions give the dynamics of the shadow value of oil and the social cost of

CO2, the market-clearing condition for renewables, as well as the transversality condition.

Note that not all first-order conditions have to hold with equality at every point in time,

but instead the optimal allocation can be separated into a sequence of regimes. Each regime

is defined by which resources are being utilized in the economy (oil-only, coal-only, both oil

and coal or renewables-only) and are characterized by which of the first-order conditions

is binding. The optimal sequence of the regimes depends on the assumptions we make

about the functional forms, such as the extraction cost of oil, as well as the calibration of

our functions. In this chapter we make the following assumptions to ensure a realistic and

sufficiently interesting regime sequence. They are the same as those made in Van der Ploeg

and Withagen (2012b):

Assumption 1.

1. c, the cost of renewables, is such that renewables are only introduced after coal is phased

in (see Van der Ploeg and Withagen, 2012b). Explicitly, we assume that c > b. The

reason for doing this is to ensure the possible switch to renewables still has to come.

2. b + ψD′(E0)/ρ > G(S0) + D′(E0)/ρ. This means that in the first period the marginal

cost of coal, existing of both its price and its initial environmental damages, is greater

than the marginal social cost of oil, existing of its price and its initial environmental

damages. This ensures that there is no simultaneous use of oil and coal in the beginning,

3. ∃0 < S1 < S0 such that b+ψD′(E0 +S0−S1)/ρ = G(S1) +D′(E0 +S0−S1)/ρ. In the

social optimum, as the oil stock gets further depleted, at some point the social cost of

oil and coal are equal. It will thus become optimal to use oil and coal simultaneously,
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4. U ′(0) > b+ ψD′(E0 + S0 + Ŷ )/ρ, where Ŷ is defined by

G(0) = b+(ψ−1)D
′(E0+S0+Ŷ )

ρ
. The marginal utility of energy is high enough to warrant

production of oil or coal.

The regime sequence these assumptions lead to is outlined in the proposition below. The

main conclusion is that there only exists a coal-only phase when some oil is left in situ in

the long term.

Proposition 1. Under assumption 1.1, in the social optimum, there is a sequence of three

or four regimes: first only oil is used, then oil and coal are used simultaneously, followed by

renewables (with an optional coal-only regime between the phasing out of oil and the phasing

in of renewables). The case where there are only three regimes occurs when

U ′(x(t =∞)) = G(S̄) + µ(t =∞) = G(S̄) + (U ′(x(t =∞))− b)/ψ (4.7)

has a positive solution for S̄, the final level of the oil stock.

Proof. Similar to Van der Ploeg and Withagen (2012b).

The first part of equation (4.7) ensures that some oil is left in situ in order to avoid

further damage to the environment, while the intuition behind the second part is that the

environmental cost of phasing in coal is larger than the benefit of consuming it. The two

conditions combined give an incentive to avoid the coal-only stage and switch to renewables

after the oil-coal regime. Note that equation (4.7) has a positive solution for S̄ when G(S)

is proportional to the inverse of S. In that case, the last drop of oil comes at infinite cost.

If the oil extraction function is taken to be linear, there is no guarantee for such a solution.

The regime sequence thus differs with the shape of G(S).

We define T1 as the time where simultaneous use begins. It follows directly from the

optimality equations that:

b+ ψ
D′(E(T1))

ρ
= G(S(T1)) +

D′(E(T1))

ρ
. (4.8)
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The interpretation of this equation is that the sum of the discounted marginal extraction-

or production cost and the discounted marginal damages should be equal for coal and oil,

respectively. In the social optimum, oil will be used at the start as follows directly from

our assumptions. Then, when (4.8) holds for the first time, a switch will occur from using

oil-only to using both oil and coal.

Let T2 be the time when the simultaneous use regime ends. As outlined in Proposition

1 there are two possibilities after T2. In the first case all oil is exhausted (S(T2) = 0) and

the coal-only phase begins. The optimal consumption of coal is then defined by the second

expression in first-order condition (4.4). In the second case some oil is still left in situ and

the economy switches to renewables. Which case occurs depends on whether S(T2) satisfies

condition (4.7). We assume that the condition holds, so that some oil is left in situ to avoid

extra climate damages, after the end of simultaneous use. We will demonstrate that in our

calibration this expression indeed holds. Therefore the switch time T2 at the end of the oil-

coal phase is also the time when renewables are introduced. Renewables take over when the

cost of coal plus the shadow price of carbon is equal to the cost of renewables (or equivalently

in the simultaneous use regime: the cost of oil plus the the carbon tax):

b+ ψτ(T2) = c, where τ(t) = D′(E(t))/ρ.

After the introduction of carbon-free renewables, the economy continues without adding

damages to the environment. The following proposition characterizes the renewables regime:

Proposition 2. Suppose T2 is the switch time from an oil-coal phase to the renewables-only

regime. Then D(E(t)) = ρ(c−b)
ψ
∀t > T2. Furthermore, energy consumption after the switch

to renewables is given by z(t) = (U ′)−1(c).

Proof. This follows directly from the first-order conditions. Addressing the second statement

first, z(t) = (U ′)−1(c) follows from U ′(z) − c = 0. The other statement follows from the

continuity of energy use: U ′(x(T−2 ) + q(T−2 )) = b + ψD′(E)/ρ = U ′(z(T+
2 )) = c. where T−2

is the point in time right before the switch to renewables, while T+
2 is the point in time
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immediately after that regime switch.

With this last proposition we have concluded the overview of the regimes in the social

optimum. These will be used to simulate the outcomes given our calibration of this model.

4.3.2 Solving the Laissez-Faire Equilibrium

Compared to the optimal allocation the problem of the free market is slightly simpler. As

opposed to four possible regimes in the first-best allocation there are only two regimes in the

free-market scenario.

Proposition 3. Assume the conditions for proposition 1 hold. In the laissez-faire economy

where it is as if D ≡ 0, there is no simultaneous use. The only possible regimes are oil-only

and then coal.

Proof. See Appendix 4.6.3 for the demonstration that there is no simultaneous use. Fur-

thermore, when D(E) = 0 Assumption 1.2 tells us that at the start there will be an oil-

only economy until oil is more expensive than coal, i.e. until (4.8) holds, now reduced to

G(S(T )) = b. As there is no simultaneous use regime and renewables at cost c > b are

expensive, there will only be a switch to a coal-only regime, which continues indefinitely.

As in our calibration c > b, renewables will not be phased in in the market economy

unless a subsidy is set at at least c− b (cf. Section 4.4). Because of the continuity of energy

use we have that x(T ) = q(T ), and therefore also U ′(x(T )) = U ′(q(T )). Further, from the

first-order conditions it follows that in the coal-only regime U ′(x(T )) = b and thus the final

use of oil depends on the price of coal. These conditions are sufficient to characterize the

laissez-faire regime.
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4.3.3 Calibration

We use numerical methods to solve for the socially optimal and free-market allocations.

Hence, before presenting our results we must specify the functional forms and parameter

values used. To calibrate our model, we use the following functional forms:

Assumption 2. G(S) = γ1(S0

S
)γ2, D(E) = κE2, and U(y) = αy − 1

2
βy2.

We calibrate our functional forms so that the values of variables correspond roughly to

real-world values.

Damages

According to Nordhaus (2008) climate change damages at the current point are equal to 0.2%

of GDP. According to The World Bank (2014), current global GDP is $ 70 trillion, so current

damages from climate are $ 140 billion (D(E0) = 0.14). The initial level of CO2 concentration

is 338 ppmv so that E0 = 388 (NOAA, 2010). Calibrating D(E0) = κ
2
E2

0 = 0.14 leads to

κ = 0.00000186

Energy: Cost and Emissions

We follow Rezai et al. (2012) on calibrating the oil extraction cost G(S), which is expressed

as a percentage of initial GDP. Initial costs are calibrated at $ 5 per barrel of oil. A barrel

of oil is equivalent to 1/10 ton of carbon, and 2.13 GtC is equal to 1 part per million volume

(ppmv). We express all prices in $ trillion per ppmv, thus γ1 = 0.1. According to IEA (2010),

the extraction cost of oil will quadruple after 500 ppmv more will be extracted. We assume

S0 = 2000 ppmv so γ2 = 4.81. From the IEA (2011) statistics report on CO2 emission from

fuel combustions (see Table 1), we get that the relative emission factor for coal lies between

1.37 and 1.55. We set the relative emission factor in between those two values, ψ = 1.4.

Furthermore, we find from the IEA website (IEA, 2011) that the real fossil fuel production
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prices are 1.62 dollars per 106Btu. This translates to 0.00153 dollars per MegaJoule, or 0.0055

dollars per kWh. We express prices in $ per ppmv. However from an energy standpoint, coal

is a perfect substitute for oil. Thus when calculating the price of coal we assume it has the

same amount of grams CO2 per kWh as oil does (670). Assuming 2.13 Gigatonnes of carbon

is equivalent to one part per million by volume in the atmosphere (Rezai et al., 2012), we

get b = 0.17 trillion dollars per ppmv.

The true renewable energy production price is difficult to estimate (as it will likely de-

crease over time). We take the initial price of renewables to be around thrice the extraction

cost of coal (c = 0.51), which agrees with the findings of the Renewables Global Status

Report 2012 and the Nuclear Energy Institute (REN 21, 2012; Nuclear Energy Institute,

2011).

Utility

The calibration of the utility function is arbitrary, especially in a partial equilibrium model

where utility is derived directly from fossil-fuel consumption. To calibrate the utility func-

tion we assume that current fossil fuel consumption corresponds to the market outcome.

Therefore for the market solution initial emissions due to fossil fuels q0 must be equal to 4.03

ppmv. Normalizing α = 1 we get β = 0.21.

4.3.4 Policy Simulations

Given the assumptions on functional forms and the calibration we solve for the socially

optimal and market outcomes using numerical methods. The resulting simulations are dis-

played in Figure 4.1. A detailed description of how we arrive at our results is found in

Appendix 4.6.2. The timing of the regimes in our results is as follows. The oil-only phase

ends at T1 = 106.59 in the social optimum compared to T1 = 52.47 in the market econ-

omy. Renewables take over at T2 = 262.37 in the social optimum. We see that in the social

optimum oil use decreases over time in the first phase, where coal is not used yet. This
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decline in oil use is caused by increasing marginal damages of oil due to the increasing CO2

concentration, and increasing cost of oil extraction. Once the marginal social cost of oil is

equal to that of coal, simultaneous use begins. In this regime, the relative cheapness of coal

outweighs its bad environmental properties, as coal is the predominant source of energy.

Still the increasing environmental damages lead to a slow decline in both coal and oil usage

during this stage. As environmental damages increase, the marginal social cost of coal and

oil eventually becomes equal to the price of renewables, and they are phased in. As the

energy demand remains the same, the amount of renewables used in the last regime is equal

to the sum of oil and coal used in the earlier regime. The CO2 stock grows at an increasing

rate until the introduction of renewables.

Note that after renewables are introduced, there is still some oil left in situ with the final

oil stock equal to S = 1629.5. This is one of the key differences between our result and

that of Van der Ploeg and Withagen (2012b), who do not calibrate. In their paper, van der

Ploeg and Withagen observe that in the social optimum all oil is exhausted, and there is a

brief coal-only regime before renewables are phased in. The difference between our results

is driven by a steeper rise in oil extraction cost in our calibration. As oil becomes more

and more expensive it is slowly substituted by coal but is never completely exhausted. We

improve on their results by using real-world values to calibrate the oil extraction function.

In contrast to the social-optimum, in the market outcome the economy relies solely on

oil or coal depending on which is cheaper, and more fossil fuel is burned than in the social

optimum at any given time. This result is explained by the fact that the market ignores the

climate change externality. Thus the higher fossil fuel consumption leads to higher emissions,

especially if the market switches to coal, where in the social optimum the social planner

phases in renewable energy instead. Note further that in the social optimum more oil is used

in the long term than in the market outcome. This increase in depletion occurs because oil is

cleaner than coal. Thus even when the oil unit extraction cost rises above the coal extraction

cost, the social planner keeps using oil to mitigate climate change, while the market does

not. Welfare comparisons can be made, and in the market economy social welfare is 73.47

compared to 96.70 in the social optimum. Therefore, we can conclude that the utility from
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higher fossil fuel consumption is significantly outweighed by higher environmental damages,

resulting in a 25% welfare loss.

4.4 The optimal subsidy

4.4.1 Optimal Subsidy Level and Timing

The first-best situation may be unattainable because a carbon tax is often politically or

otherwise unfeasible. We therefore turn to finding a policy where a social planner can

give a subsidy on carbon-free renewables. We assume the social planner’s instrument is

announced at any time and the social planner implements it as a “suprise” immediately

upon announcement. We emphasize that we do not look at the case where there is no

commitment for the social planner at all. For a short discussion of these issues, we refer to

section 4.6.4. Mathematically, the outcome for the case of an optimal subsidy is comparable

to that of the market outcome, except that the normally constant cost of renewables c is

now replaced by the time-varying cost c − η(t), where η(t) is the level of subsidy given on

carbon-free renewable energy resources chosen such as to maximize social welfare. Because

we treat energy inputs as perfect substitutes, the market will choose the cheapest form of

energy consumption. Therefore, a subsidy will only change the energy usage when the unit

subsidy amount is above max(c − b, c − G(S)), (i.e., when the subsidy makes renewables

competitive with whichever fossil fuel is cheaper at the moment). In case the subsidy is such

that the price of oil is assumed to be exactly equal to the price of renewables, we assume

the market will not change its consumption choice. As there is no externality on carbon-free

renewable energy usage, there is no reason to use any level of subsidy higher than this level.

This leads to the conclusion that if a subsidy is implemented as a “surprise” the best level of

subsidy is constant, and given by b− c+ ε, ε→ 0, if b < G(S(T ∗)) or G(S(T ∗))− c+ ε, ε→ 0,

where T ∗ is the time of subsidy introduction.

The optimal subsidy is then solely determined by the timing of the subsidy T ∗. Note
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that when renewables are introduced before the market would independently transition to

oil, announcement effects could start to play a role. 6

We now proceed to find the welfare maximizing timing of the subsidy. Recall that we

assume that before T ∗, the market behaves as if there is no subsidy, and after T ∗, the market

will phase in renewables. We also assume that the social planner finances the subsidy by

passing the cost to the society via a lump sum tax. Let qM(t), xM(t), SM(t), EM(t) be the oil

use, coal use, oil stock and carbon stock that the market chooses, respectively. Furthermore

define ẑ(η) as the market demand for renewables as a function of the renewable subsidy,

satisfying U ′(ẑ) = c− η. Then to determine the optimal subsidy the social planner solves:

max
T ∗

∫ T ∗
0

e−ρt[U(qM(t) + xM(t))−G(SM(t))qM(t)− bxM(t)−D(EM(t))]dt (4.9)

+
∫∞
T ∗
e−ρt[U(ẑ(η(T ∗)))−D(EM(T ∗))− cẑ(η(T ∗))]dt,

where η(T ∗) = max(c− b, c−G(SM(T ∗))). Note that the market sets the renewable energy

consumption level, assuming the subsidized cost, while actually paying the full cost (this is

due to the lump-sum tax the social planner uses to finance the subsidy). Using equation

(4.9) the effect of introducing the subsidy at T ∗ on welfare can be broken down into two

parts. On the one hand the subsidy is beneficial as it caps the CO2 concentration at EM(T ∗),

reducing all future increases in environmental damages after T ∗. On the other hand, the

subsidy itself costs the society, decreasing welfare by η(T ∗)ẑ(η(T ∗)) for every period after

T ∗. The question is which of the two effects is dominant, and at what time the difference

between the positive and the negative welfare effect of the subsidy is the largest. We cannot

derive analytical expressions for the optimal market choice variable levels and hence cannot

provide an analytical solution for the optimal subsidy. However, using the market solution

we can compute the social welfare from equation (4.9) for every possible subsidy timing T ∗

and find the optimal subsidy introduction timing.

6Especially when the subsidy when introduced is above the price of oil, further extraction will take place

and could incentivize the government to further reduce the price of renewables by increasing a subsidy. This

could lead to a dynamic inconsistency.
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4.4.2 Potential Announcement Effects

In the laissez-faire economy there is no simultaneous use, and at some time coal takes over

from oil. If a subsidy is introduced at the difference between the price of renewables and

the price of coal, as in our calibration of the problem, the situation is as described in this

section. If a subsidy is set a higher level than the difference between the price of renewables

and coal, and is announced at the starting time of the model, one could have Green Paradox

effects. There is a third situation, in which the level of the subsidy is set a higher level than

the difference between the price of renewables and coal, and is introduced as a surprise at

some time earlier than the switch from oil to coal. In this case the subsidy level has to be

constant as well and set at the difference between the price of renewables and oil, as a higher

price level is pointless and for a lower price level more oil will be removed from the ground.

We do not study extensively what happens in the second or third case. In those cases

the government still may want to implement a subsidy. The government has to implement

the subsidy level as a function of both the stock of oil left, and the stock of carbon in the

air. When the complete subsidy path is announced at the starting time of the model, this

leaves the opportunity for companies to strategically respond to the announced path of the

subsidy. A formal model needs to be written down and solved to know what happens in

this case, but I speculate that less oil will be left in the ground. If the subsidy is introduced

as surprise before the switch to coal, then there the optimal subsidy can be found by the

following procedure. For each moment before the market switch to coal, the social planner

can calculate the welfare gains from introducing a subsidy below the price of oil. It can then

choose the optimal moment. In general the government may well wish to develop a rule

describing the optimal subsidy level solely based on two inputs: the amount of oil in ground,

and the amount of carbon in the air. Finding such a rule in the most general of situations

goes beyond the scope of this thesis.



4. Subsidizing Renewables in the Presence of a Dirty Backstop 120

4.4.3 Policy Simulations

In Figure 4.3 we present a plot of total discounted welfare as a function of the timing of

the subsidy, computed using the expression (4.9). The following is the intuition behind the

effect of the subsidy’s timing on welfare. During the oil-only stage the low price of oil makes

the subsidy expensive while the environmental damages are too small. Thus delaying the

subsidy until after the market phases in coal, increases welfare. Even after coal is introduced,

environmental damages are still too low to justify the subsidy. Thus the welfare-maximizing

subsidy timing is at T ∗ = 164.02 - significantly after the market introduction of coal (52.47).

Furthermore, this switch time to renewables is much earlier than the corresponding switch

time in the first-best social optimum (T = 262.37). Recall that here we assume that the

subsidy is a surprise, announced only at the time when it is implemented. Hence the policy

maker does not affect the behaviour of the market before the subsidy is introduced. The

result, as can be seen in Figure 4.2, is that before the subsidy is introduced the level of oil,

and more importantly coal consumption is equal to the market outcome – significantly higher

than the first-best level. To compensate for that excess environmental damage the policy

maker uses the subsidy to phase in the renewables at a significantly earlier time than in the

first-best allocation. As a subsidy that is announced instantly cannot make oil extraction

more attractive than the usage of coal the way a carbon tax can, there is a larger amount of

oil left in situ (S = 1791).

Due to the high cost of the subsidy(the subsidy is needed forever) and hence its relatively

late introduction the welfare gained from the subsidy is fairly small: 76.56 compared to 73.33

in the laissez-faire case, and to 96.70 in the social optimum. We thus conclude that given

our calibration, the subsidy is a fairly inefficient policy option. The high price of renewables

is what drives this result. In our calibration, the cost of renewables is triple that of coal,

making the subsidy very expensive. As a result the subsidy is only welfare improving for

high levels of CO2 concentration. Before that level of a CO2 concentration is reached a large

amount of damage occurs, significantly reducing welfare.
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Figures 4.1 and 4.2 are very similar. This is a consequence of the simplistic nature of

the model. We found that the optimal subsidy level leads to a price of renewables ε below

the price of coal, as both prices are constant and substitutes. Except for their respective

emission levels, these two inputs are similar in the model, and it does not come as a surprise

that the graphs they produce are also very similar.

4.4.4 Announcement Effects

The “Green Paradox” announcement effect will not occur if the subsidy is introduced after

the laissez-faire introduction timing for coal. This is formally summarized in the following

proposition:

Proposition 4. There is a Green Paradox if and only if the switch to renewables happens

before coal is introduced.

Proof. See Appendix 4.6.5.

As we have seen in the previous section, given our calibration it is only optimal to

introduce the subsidy after the market phases in coal. Thus in our model, neither the

positive effect of commitment nor the “Green Paradox” announcement effect is relevant.

These results are of course conditional on our calibration. With significantly higher

climate damages or lower cost of renewables, it may be optimal to introduce the subsidy

before the market phases in coal in order to abandon oil. In that case, commitment and

announcement effects start to play a role. However, as we will demonstrate in Section 4.4.5,

the parameter values must change significantly in order for that to happen, making the above

result robust to a large range of calibrations.
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4.4.5 Varying Damage Intensity and Cost of Renewables

Amongst politicians and in the scientific community there is much disagreement about the

size of damages caused by global warming. We have used the damage calibration of Nordhaus

(2008) but there are other studies (Tol, 2002a,b) that report much higher values of climate

damages. It is therefore important to check how sensitive our results are to a given calibration

of climate damages. We thus set out to investigate the effect on our results of changing

the climate damage intensity. In our damage specification D(E) = κE2 the parameter κ

represents the intensity of climate damages. We look what the effect is of changing κ in a

setting with only a subsidy. We plot how the optimal switch to renewables changes with the

value of κ in Figure 4.4. Here we once again only focus on the “surprise” subsidy. However,

as we will demonstrate the values of κ for which it is optimal to introduce the subsidy before

coal is phased in, and where commitment and announcement effects start to matter, are

fairly unrealistic.

For relatively small values of κ a subsidy is put in place only after coal is introduced: the

marginal cost of emitting coal is initially still outweighed by the utility gain from using the

cheaper coal instead of the expensive renewables. In the limit for κ → 0 the optimal time

of introducing the subsidy approaches infinity, which is intuitive as we expect no subsidy

is necessary when there is no environmental externality. For relatively large values of κ we

see that a subsidy is introduced at time zero: the damages are so large that even for the

initial stock of carbon in the atmosphere, it is suboptimal to use coal. Note that for this to

happen the damage specification must be seven times as large as in Nordhaus (2008). For

values of κ in between these extremes, we see that renewables can already be introduced

before the transition to only using coal. As κ gets larger the switch happens sooner. For

smaller values of κ, renewables are introduced after the oil-only regime but before a switch is

made to a coal-only economy. For some values of κ the optimal switch time now remains the

same. This regime exists because the marginal damages from burning coal are more severe

than those of burning oil, and it thus requires precautionary measures to avoid the severe

damages from switching to a coal-only economy. As can be seen in Figure 4.4 in order to

justify subsidizing renewables before the switch to coal κ must be at least 7× 10−6 meaning
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that damages must be three times larger than what (Nordhaus, 2008) estimates them to be.

Even with much uncertainty about climate damages such large values are unlikely, and we

can thus tentatively conclude that it would never be optimal to subsidize renewables before

the economy switches to coal. To do some pure welfare analysis, consider Figure 4.6, where

welfare is plotted for the market outcome both with and without the subsidy for various

levels of κ. We see that the welfare gains from a subsidy are larger if the damages of global

warming are larger, and the rate at which the effect increases is also larger as damages grow.

Another parameter we examine, as it is difficult to calibrate it precisely, is the cost of

renewables. We plot in Figure 4.5 the optimal time to introduce a subsidy and hence switch

to renewables for a range of values for renewable cost c. We see that if renewables are really

cheap it is optimal to start subsidizing them right away, and as they become more expensive

this switch time increases. This makes sense as for a higher cost of renewables a higher

subsidy is needed to make them competitive. There is a region where the optimal switch

time does not change with the cost of renewables. For that range of renewables cost, it

is optimal to begin subsidizing at the precise time when the market switches from oil to

coal. This is due to the fact that it is welfare-maximizing to never enter the coal-only phase.

In order to avoid the negative externality of relying on coal completely, a switch will be

introduced even with a high cost of renewables. The subsidy then has the same effect as

a prohibitive tax on coal. As can be seen in Figure 4.5 only for c below 0.26 is it welfare-

maximizing to subsidize renewables at the price of oil, which means that renewables must be

only 1.5 times the price of coal to change our conclusions. This is toward the very bottom

of the range of renewable energy costs (according to IEA (2010)). Hence, it is highly likely

that renewables are still too expensive for a subsidy to be an effective environmental policy.

Welfare gains from a subsidy are shown in Figure 4.7 by plotting both the market welfare

and the optimal subsidy policy welfare at the optimal switch time for different values of the

cost of renewables c. We see that the welfare gains asymptotically approach zero as the

cost of renewables c goes up, and welfare gains from a subsidy are increasing with cheaper

renewables. The benefit of the subsidy increases more rapidly as the price of renewables c

goes down. We estimate that currently we are at c = 0.51, which, looking at the graph,

implies a lot of welfare gain can be achieved by making renewables cheaper.
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Lastly, we examine which values of c and κ violate Assumption 1 which ensures a certain

regime sequence in the social-optimal scenario. The first of these assumptions ensures that

renewables are introduced only after coal in the social optimum. That requires that the

optimal starting point for simultaneous use is earlier than the optimal starting point for

renewables use. In other words T1 < T2 (or E(T1) < E(T2) since there is no natural CO2

decay) where E(T1) is defined by

b+ ψD(E(T1))/ρ = G(S0 − (E(T1)− E0)) +D(E(T1))/ρ,

and E(T2) is defined by

c = G(S0 − (E(T2)− E0)) +D(E(T2))/ρ.

For a range of values of κ and c we calculate the levels of E(T1) and E(T2). Holding

renewables cost at our initial value c = 0.51 we find that for κ > 3.2× 10−6, E(T2) < E(T1)

and coal is never introduced. Similarly holding κ = 2 × 10−6 we find that coal is never

introduced for c < 0.42. Note that these damage parameter values are significantly lower

(and renewables cost significantly higher) than those for which the Green Paradox occurs.

Hence, we can confidently say that as long as the damage function and cost of renewables do

not violate our s for the optimal regimes, no Green Paradox occurs for the optimal subsidy

case.

4.5 Conclusion

In this chapter, we have studied the optimal environmental policy with a clean and dirty

backstop in a model of resource extraction including environmental damages from CO2 emis-

sions. The importance of including a dirty backstop lies in the real-world abundance of coal,

and the impact its presence has on oil extraction and climate change. In addition to finding

the first-best policy we focus our attention on a case when a carbon tax is not politically

feasible and the social planner can levy a renewable energy subsidy instead.

Assuming oil is cheap at the start and renewables are expensive, we find that depending

on the calibration of the model there are two possible sequences of energy inputs. The first
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is oil-only followed by oil-coal followed by renewables. The second is oil-only followed by

oil-coal, followed by coal-only, followed by renewables. After calibrating our model to real-

world values we find that when optimal environmental policy is pursued the economy never

switches to only coal. Instead oil and coal are burned simultaneously until renewables are

phased in. This means the ordering does not depend on just the costs of the fuels, but on

their emission coefficients as well (which determine the relative social cost of fossil fuels).

Compared to the laissez-faire outcome, renewables are introduced in the social optimum once

the environmental damages outweigh the benefits of the lower price of renewables.

We find that in the optimal subsidy case the sequence of resource regimes is oil-only

then coal-only then renewables, and that no Green Paradox occurs as a consequence of

introducing the subsidy, when a dirty backstop is present. The optimal renewable subsidy

results in renewables being phased in after oil is phased out but significantly earlier than in

the first-best case. When renewables are introduced before the market would independently

transition to oil, announcement effects could start to play a role. Especially when the

subsidy when introduced is above the price of oil, further extraction will take place and

could incentivize the government to further reduce the price of renewables by increasing a

subsidy. This could lead to a dynamic inconsistency. A subsidy results in a green welfare

improvement over the market outcome, but between the optimal subsidy and the first-best

policy there is a substantial welfare gap due to excessive coal consumption before renewables

are phased in. We thus conclude that a subsidy on renewable energy is hardly welfare

improving compared to the sizable benefit of a carbon tax.

The main policy-relevant result of this chapter is that optimal subsidy policies such as

subsidies are inferior to the first-best carbon tax when a dirty backstop is available. The high

cost of renewables makes subsidies expensive, while cheap and dirty coal leads to excessive

pollution when unchecked by a carbon tax. This chapter is thus a warning for an important

mechanism: when renewables are subsidized, the market for fossil fuels is distorted, so that

the positive welfare effect will be small. Thus we conclude that a policymaker should push

for a carbon tax by any means possible and ignore the politically convenient but ineffective

renewables subsidy.
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As there is no clear agreement on the value of some parameters in our model, we examined

whether our model is robust to variations in these parameters. Specifically, the damage

intensity level and the cost of renewables were discussed. We find that our conclusions

are somewhat sensitive to these parameter values: for relatively cheap renewables and high

climate damages it becomes optimal to subsidize renewables at ε below the price of oil to

avoid any coal use in the economy. Hence, a subsidy becomes a more attractive policy option

if renewables decrease in cost. However, the range of these cost values is far below even the

most optimistic current projections.

Our model is stylized, abstracting from many real-world processes such as capital accu-

mulation, technological change, learning by doing, or natural decay of CO2. One possible

extension would be to see how these features could affect our results. Specifically, it is un-

clear whether the absence of a Green Paradox would still hold if the price of renewables

could be changed through innovation and learning by doing. Another assumption of our

model lies in using a global representative agent framework. In the real world policies such

as renewable subsidies or carbon taxation are pursued by individual national governments

that trade with each other. This may lead to collaboration, carbon leakage or a tragedy of

the commons. A model that explores this problem in the context of strategic interaction is

thus worth studying. We leave these questions for future research.
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4.6 Appendix

4.6.1 Description of Different Regimes

In this section of the Appendix we derive the differential equations governing each of the

regimes described above.

In the case when only oil is used, the F.O.C.s that have to hold are:

U ′(q)−G(S) = λ+ µ,

λ̇ = ρλ+G′(S)q, µ̇ = ρµ−D′(E).

From this it follows that the regime can be represented by three differential equations and

two boundary conditions:

q̇ = ρ(U ′(q)−G(S))−D′(E)
U ′′(q)

,

Ṡ = −q, S(0) = S0,

Ė = q, E(0) = E0,

together with the condition from the simultaneous-use regime b+ψD′(E(T1))/ρ = G(S(T1))+

D′(E(T1))/ρ.

In the case of simultaneous use of oil and coal, all F.O.C.s must hold with equality:

U ′(q + x)−G(S) = λ+ µ, U ′(q + x)− b = ψµ,

λ̇ = ρλ+G′(S)q, µ̇ = ρµ−D′(E).

Together these lead to:

q̇ + ẋ =
ρ(U ′(q + x)−G(S))−D′(E)

U ′′(q + x)
=
ρ(U ′(q + x)− b)− ψD′(E)

U ′′(q + x)
,

and combining these gives:

b+
ψD′(E)

ρ
= G(S) +

D′(E)

ρ
.
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We can use this equation to find q(t) as a function of x(t) by taking the derivative with

respect to time. This leads to:

q(t) =
ψ(ψ − 1)D′′(E)

ρ(−G′(S)− ψ−1
ρ
D′′(E))

x(t), (4.10)

together with the usual Ṡ = −q and Ė = q + ψx, and the continuity of energy use at T1:

q(T+
1 ) + x(T+

1 ) = q(T−1 ).

Lastly, we examine the coal-only regime, The first-order conditions that have to hold

reduce to:

ẋ =
ρ(U ′(x)− b)− ψD′(E)

U ′′(x)
,

together with Ṡ = −q and Ė = q+ψx. If at T2 (the point in time when simultaneous use of oil

and coal ends) coal-only is used, the energy continuity equation reads q(T−2 )+x(T−2 ) = x(T+
2 ).

For our calibration this only happens in the social optimum outcome.

4.6.2 Numerical Methods

4.6.2.1 Shooting

We use Runge-Kutta methodology to simulate the oil-only regime. As we do not have an

initial value of q(0) it is impossible to give starting values for a simulation. Instead, we

‘shoot’, using a guess for q(0) given some value for T1. We then check the size of:

d = (q(T+
1 ) + x(T+

1 )− q(T−1 ))2, (4.11)

to check how well the equation at T1 holds in order to see how good the guess at t = 0

was. By adjusting our guess for q(0), we can find the unique minimum where d = 0 through

a minimization routine. This then gives us the correct solution for q(0) and therefore the

optimal paths of q,S and E for all t < T1, for given T1.
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4.6.2.2 Algorithm for Finding the First-Best Outcome

The following algorithm was used to simultaneously solve for the switch times between the

three regimes in the first-best solution:

1. Guess the switch times T1 and T2 > T1.

2. As described above, use the Runge-Kutta method to find q(t), S(t) and E(t) for all

t < T1. Given T1 we can use the shooting algorithm to compute the entire paths q(t),

S(t) and E(t) for 0 ≤ t < T1.

3. At the break between the oil-only regime and the oil-coal regime, calculate q(T+
1 ), x(T+

1 )

by using q(T−1 ) = q(T+
1 ) + x(T+

1 ) and equation (4.10).

4. In the oil-coal regime, use the Runge-Kutta method to find x(t), q(t), S(t), E(t) for all

T1 < t < T2. A more detailed account of how this is done can be found in Appendix

4.6.2.3.

5. For the renewables-only regime, z(t) = (U ′)−1(c), and E(T2) = E(t) = ρ(c−b)
ψκ

for all

t > T2.

6. Extract x(T−2 ), q(T−2 ), S(T−2 ), Y (T−2 ) from the previous step, and see if x(T−2 )+q(T−2 ) =

z(T+
2 ) = (U ′)−1(c) and E(T2) = ρ(c−b)

ψκ
hold. If not, go back to step 1 and adjust the

guesses for T1 and T2 until they hold, using the Nelder Mead minimization algorithm

(Nelder and Mead, 1965).

4.6.2.3. Runge-Kutta Algorithm for the Oil-Coal Phase

The goal is to find x(t), q(t), S(t), E(t) for all t, T1 < t < T2. For instance, the Runge-Kutta

method uses:

q̇ + ẋ =
ρ(U ′(q + x)−G(S))−D′(E)

U ′′(q + x)
,

q(t) =
ψ(ψ − 1)D′′(E)

ρ(−G′(S)− ψ−1
ρ
D′′(E))

x(t) ≡ Θ(S)x(t),
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Ṡ = −q,

Ė = q + ψx,

q(T+
2 ) =

q(T−1 )

1 + Θ(S(T1))
,

x(T+
2 ) =

q(T−1 )

1 + 1
Θ(S(T1))

,

and E(T2), S(T2) given from the oil-only regime.

We can approximate the solution of these equations through:

x(t+ h) + q(t+ h) ≈ x(t) + q(t) + h(ẋ(t) + q̇(t)),

E(t+ h) ≈ E(t) + hĖ(t),

S(t+ h) ≈ S(t) + hṠ(t),

q(t+ h) =
x(t+ h) + q(t+ h)

1 + Θ(S(t))
,

x(t+ h) =
x(t+ h) + q(t+ h)

1 + 1
Θ(S(t))

,

and repeating N = (T2 − T1)/h times, where at each repeat t+ h is set as the new t.

4.6.2.4. Algorithm for Solving for the Market Economy

The algorithm for the market economy is a bit simpler than the one for the social optimum.

In the market outcome (see also Proposition 3) we have only two regimes: oil is used for as

long as it is the cheapest fuel type, and then a switch is made to coal. This means simulation

is simpler, as after the switch to coal energy use is given by x(t) = U ′−1(b). Furthermore,

we know at the switch time T , x(T ) = q(T ) = U ′−1(b). The first-order conditions in the

oil-only regime are given by:

U ′(q)−G(S) = λ,

λ̇ = ρλ+G′(S)q,

as damages are not considered in the market. Together with S(0) = S0, the system is

uniquely determined and we can solve it using Runge-Kutta methods.
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4.6.2.5. Algorithm for Calculating the Optimal Subsidy Simulations

For the oil-only regime finding the optimal energy consumption is more complicated. We

assumed in Assumption 1 that initially oil is cheaper than coal and renewables G(S0) < b

and G(S0) < c. It can be shown that oil and coal are not used together (see Section 4.6.3).

Likewise, there is no simultaneous use of coal and renewables. Therefore, there are two

possible scenarios:

1. First oil is used, then coal, and then renewables.

2. First oil is used, and then renewables.7

Oil is used until G(S(t)) = b or G(S(t)) = c − η(t). Let T1 be the regime switch time

(when oil is phased out). If coal is phased in after oil

q(T−1 ) = x(T+
1 ) = U ′−1(b), S(T1) = G−1(b).

Otherwise, if renewables are phased in after oil, then

q(T−1 ) = z(T+
1 ) = U ′−1(c− η(T1)), S(T1) = G−1(c− η(T1)).

In the first case, we know that the market will switch to renewables-only if the price,

c − η is lower than the market price for coal, b. Therefore, the social planner has only one

policy choice: either set the subsidy constant at level c− b, or don’t set a subsidy at all. In

the second case, the market will switch to renewables when U ′(q) = U ′(z) or c = G(S) + λ,

where λ = 0 (see Van der Ploeg and Withagen (2012b)), so b = G(S). The social planner

has again only one choice, set no subsidy at all, or set it at constant level c−G(S).

Thus we have two final conditions for the oil-only regime, conditional on which regime

comes after oil-only. Then we can use the Runge-Kutta method to find the optimal level

7A special case of the second scenario is that renewables are phased in right away and oil is never used.
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q(0) and simulate it forward. Given the regime sequence we can find the optimal level of

energy consumption. The regime sequence is what the policy-maker can influence with the

subsidy η(t). Let T1 be the optimal switch time between the oil regime and the coal regime

if η(t) = 0. Then, if the policy maker wants to influence the behaviour of the market, he

can either:

• At some T ∗ > T1 set η(t) = c − b + ε, ε → 0 ∀t > T̄ replacing the coal-only with the

renewables-only regime ∀t > T ∗.

• At some point T ∗ < T1 set η(t) = c − G(S(T ∗) + ε, ε → 0 replacing the oil-only with

the renewables-only regime ∀t > T ∗, and avoiding coal-use entirely.

We can then use the expression for market welfare conditional on the subsidy (4.9) to find

the optimal T ∗. We calculate welfare level using the expression in (4.9) for a range of levels

of T ∗ and find the T ∗ for which that welfare is maximal.

4.6.3 Proof of no Simultaneous Use in the Market and Second

Best

Proof. If oil and coal are used together, we have:

U ′(x+ q)−G(S) = λ (4.12)

λ̇ = ρλ−G′(S)q (4.13)

U ′(x+ q) = b. (4.14)

From this it directly follows that G(S) = b, which can never be the case for more than

an instant of time as cost of oil increases with stock depletion, and b is constant. Likewise,

the conditions for the possibility of a coal-renewables regime reduce to b = c− η, which will

only occur if the social planner sets the subsidy exactly equal to η = c− b, which will never

happen as the social planner can gain a finite amount of welfare for only infinitesimal cost

of increasing the subsidy by a marginal amount,
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4.6.4 Commitment Effects

We found the optimal timing for a subsidy, given that the social planner will announce the

subsidy at the time of its implementation and sticks to it. In other words, we assumed that

the social planner commits to a subsidy from the moment it is announced and does not

renege on its promise. In this section, we allow the social-planner to announce a subsidy

schedule at time 0 and then renege on its promise. We start with the following optimization

problem for the market (for the oil-only phase), when there is no subsidy:

max
x(t),q(t),z(t)

∫ ∞
0

e−ρt[p(t)q −G(S(t))q(t)]dt,

s.t. Ṡ(t) = −q(t), q(t) > 0,

H = p(t)q(t)−G(S(t))q(t)− λ(t)q(t).

Here, p(t) denotes the price of oil. From this it follows that the first-order conditions are:

p(t) = G(S) + λ, ṗ(t) = G′(S)Ṡ(t) + λ̇(t),

λ̇(t) = ρλ(t) +G′(S(t)q(t),

so:

ṗ = ρλ(t),

ṗ(t)

p(t)
=

ρλ(t)

λ(t) +G(S(t))
=
U ′′(q(t)q(t)

U ′(q(t))

q̇(t)

q(t)
.

From this it follows that the Hotelling rule is still satisfied, and that the extraction and

consumption paths will be the same. However, this may not be the case when we introduce

a time-varying subsidy η(t) that cannot fully internalize an externality instead of a carbon

tax. Therefore, we consider the market problem with a time-varying subsidy:

H = U(q(t) + x(t) + z(t))−G(S(t))q(t)− bx(t)− c(z(t)−D(E)− λ(t)q(t)
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+µ(t)[q(t) + ψx(t)] + φ[
ρλ(t)

λ(t) +G(S(t))
p(t)]− ν1[U ′(q(t) + x(t) + z(t))− p(t)]

−ν2[U ′(q(t) + x(t) + z(t))− b]− ν3[U ′(q(t) + x(t) + z(t))− c+ η(t)],

η∗ ∈ arg max
η
H.

Here, φ is the costate on ν1, ν2, and ν3 are the Kuhn-Tucker costate variables. Now, we

find first-order conditions on the shadow prices:

λ(t) = ρλ(t)− [−G′(S(t))q(t)− φ(t)
ρλ(t)

(λ(t) +G(S(t)))2
G′(S(t))p(t)],

µ̇ = −ρµ+D′(E),

φ̇ = φρ− [
ρλ(t)φ(t)

λ(t) +G(S(t))
+ ν1] =

ρφ(t)G(S(t))

λ(t) +G(S(t))
− ν1.

The shadow price of oil should be zero in order for commitment effects not to matter.

As we know that φ(0) = 0, we find that φ̇(0) = −ν1. Because ν1(0) 6= 0, we know that in

general φ(t) 6= 0. Because the shadow price does not equal zero, the market response to a

time-varying subsidy will not be the same as that when the social planner has the ability to

commit to a given policy. We are aware of these issues, and for closer study of commitment

effects we refer the reader towards Rezai and der Ploeg (2016).

4.6.5 Proof of no Green Paradox if Renewables are After Coal

Proof. Suppose the switch to renewables occurs only after the switch to coal from oil. Then

at the switch time from oil to coal, T ,

G(S(T )) = b.

This is due to the fact that in our optimization problem the representative agent makes the

optimal choice between the welfare from oil consumption (e−ρt[U(q) − G(S)q]) and that of

coal consumption (e−ρt[U(x) − bx]). Because q and x are perfect substitutes, we know that
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the above condition holds at the switch time. Furthermore, we know that S(0) = S0, and in

between we have the differential equations governing the oil-only regime:

Ṡ = −q,

q̇ =
ρ(U ′(q)−G(S))

U ′′(q)
.

In conclusion, the system is defined by two coupled first order differential equations and two

boundary conditions on the time interval [0, T ]. Thus, it is not dependent on the time of

switching to renewables after introducing coal.

It remains to be proved that there is a Green Paradox if renewables are introduced

before coal is introduced. For this, we refer the reader to Proposition 4 in Van der Ploeg

and Withagen (2012a).

Figure 4.1: Comparison between the first-best and market outcomes for fossil fuel use, and

carbon and oil stocks, expressed in ppmv equivalents.
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Figure 4.2: Comparison between the optimal subsidy case and market outcomes for fossil

fuel use, and carbon and oil stocks, expressed in ppmv equivalents.

Figure 4.3: Welfare as a function of the timing of subsidy introduction.
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Figure 4.4: How the optimal switch time to renewables depends on carbon damage intensity

κ.

Figure 4.5: How the optimal switch time to renewables depends on renewable cost c.
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Figure 4.6: How the welfare gain from the renewables subsidy depends on carbon damage

intensity κ. A comparison of optimal subsidy case and market outcomes for varying levels

of damage intensity.
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Figure 4.7: How the welfare gain from the renewables subsidy depends on renewable cost c.

A comparison of optimal subsidy case and market outcomes for varying renewable cost.
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5. Conclusion

The distributional impact of a carbon tax is of direct relevance for its political feasibility. In

chapter 2, I study together with Devi Brands the incidence of a carbon tax in the Nether-

lands considering the distributional effects both through changes in commodity prices and

changes in factor prices. In contrast to most findings I encountered in the literature, I find

the carbon tax to be progressive. I have developed and applied a static, two-sector general

equilibrium model, which novelty lies in accounting for different levels of skill and corre-

sponding differences in wages. I included both the production and the consumption side of

the economy to study the impact of a carbon tax on relative commodity prices and factor

prices.

The reduction of capital income through a lowering of the rate of return on capital

causes inequality to be lower as a result of a carbon tax. This happens because in our

calibration we find that energy-intensive industries are also capital-intensive, and hence a

carbon tax is an indirect tax on capital. Another effect that influences the progressivity of a

carbon tax is the concentration of high- and low-skilled workers within the energy-intensive

industries. Changes in commodity prices, due to a carbon tax, increase income inequality

because low-skilled and therefore low-income households spend a larger share of their income

on carbon-intensive goods. Changes in factor prices, however, decrease inequality as high-

skilled individuals own more capital, and energy-intensive industries are capital-intensive.

Although this chapter may not provide the definitive answer to whether a carbon tax

is progressive for the Netherlands (and to what extent), it does confirm the importance of

considering the factor channel and provides reason to differentiate with respect to types of

141
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labour in analyses of the incidence of carbon taxes. I show that the relative distribution of

skilled workers over sectors influences the progressivity of the tax through changes in relative

wages.

Chapter 3 adds a new channel of income redistribution to already existing channels in

the Mirrleesian framework. Aversion to income inequality is added directly as an argument

into the utility function of households. I study optimal taxation, with and without the

presence of an added Pigouvian externality tax. For each externality, income inequality or

the environment, an extra term appears in the optimal income tax formula. Our framework

can be used to explain political motives for taxes over the top of the Laffer curve. It is shown

that in the optimum the marginal cost of public funds is still equal to unity. In suboptimal

preexisting tax systems there is opportunity for a double dividend, and the optimal tax

reform is found when implementing an environmental tax.

There might be many reasons to like or dislike income inequality, so I add an alternative

view to the common practice in the public finance literature where income inequality aversion

is solely addressed by taking into account different levels of marginal utility of consumption

for agents with different productivity levels. In order to consider different distributional

preferences, we take varying levels of inequality aversion, where we find a new way to the

familiar trade-off between work incentives and equity: the balance between labour incentives

and income inequality. As a result, we find that there are preferences that lead to income

taxation on the right side of the Laffer curve.

In chapter 4 I study together with Mark Kagan optimal climate policy in a calibrated

model that includes not only an exhaustible resource with a stock-dependent extraction

cost, but also an infinitely elastic supply of both an expensive clean and a cheap dirty

backstop. I focus on the case where a first-best tax is unavailable, and the planner has to

rely on an optimal renewables subsidy. Assuming oil is cheap at the start and renewables

are expensive, I find that depending on the calibration of the model there are two possible

sequences of energy inputs. First, oil-only followed by oil-coal followed by a renewables-only

regime. Second, oil-only followed by oil-coal, followed by coal-only, followed by a renewables-

only regime. After calibrating the model to real-world values I find that when optimal
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environmental policy is pursued the economy never switches to only coal. Instead oil and

coal are burned simultaneously until renewables are phased in. This means the ordering does

not depend on just the costs of the fuels, but on their emission coefficients as well (which

determine the relative social cost of the different fossil fuels). Compared to the laissez-faire

outcome, renewables are introduced in the social optimum once the environmental damages

outweigh the benefits of the lower price of renewables.

I find that in the optimal subsidy case the sequence of resource regimes is oil-only then

coal-only then renewables, and that no Green Paradox occurs as a consequence of introducing

the subsidy, when a dirty backstop is present. After calibrating to real-world values, I find

it is optimal to subsidize renewables after coal is introduced. As a result, even the optimal

subsidy performs comparatively poor at combatting climate change compared to a first-best

tax, allowing excessive carbon emissions from dirty coal and leading to significant damages

due to climate change. It is therefore important to be wary of using subsidy tool as a policy

instrument.

The optimal renewable subsidy results in renewables being phased in after oil is phased

out but significantly earlier than in the first-best case. A subsidy results in a green welfare

improvement over the market outcome, but between the optimal subsidy and the first-best

policy there is a substantial welfare gap. This gap is due to excessive coal consumption

before renewables are phased in. To explain this, the high cost of renewables makes subsidies

expensive, while cheap and dirty coal leads to excessive pollution when unchecked by a carbon

tax. While the expensive nature of renewables subsidies can makes it optimal (in the absence

of a tax on carbon) to introduce them later, this can cause substantial loss of green welfare.

I thus conclude that a subsidy on renewable energy is hardly welfare improving compared

to the sizable benefit of a carbon tax.

The main policy-relevant result of this chapter is that when a dirty backstop is available,

renewable energy subsidies are inferior to the first-best carbon tax to address negative exter-

nalities of carbon emissions. This chapter can thus be read as a warning about an important

mechanism: when renewables are subsidized, the market for fossil fuels is distorted, so that

the positive welfare effect will be small. Thus I conclude that a policymaker should push
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for a carbon tax by any means possible and ignore the politically convenient but ineffective

renewables subsidy to prevent or limit the negative external effects of carbon emissions un-

less there are substantial positive side-effects to this subsidy such as learning-by-doing or

technological change.
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7. Nederlandse samenvatting

De verdelingseffecten door een koolstofbelasting zijn van belang voor de politieke wil om

een koolstofbelasting te implementeren. In hoofdstuk 2, gebaseerd op een studie uitgevoerd

samen met Devi Brands, bestudeer ik de effecten van een koolstofbelasting op verschillende

inkomensgroepen. We bestuderen zowel de herverdelingseffecten die door veranderingen in

prijzen van goederen tot stand komen, als de effecten door veranderende lonen en rente. In

tegenstelling tot doorgaans gevonden resultaten, komen we tot de conclusie dat een kool-

stofbelasting progressief is. Om tot dit resultaat te komen, ontwikkelen en kalibreren wij

een algemeen evenwichtsmodel van een kleine open economie met twee sectoren, met hoog-,

en laagopgeleide arbeid, kapitaal en energie als productiefactoren in beide sectoren. Ve-

randeringen in goederenprijzen ten gevolge van een koolstofbelasting zullen inkomensongeli-

jkheid vergroten omdat arme mensen een relatief groot deel van hun inkomen aan koolstof-

intensieve goederen uitgeven. Veranderingen in lonen en rente zullen daarentegen ongeli-

jkheid verkleinen omdat het hoogopgeleide deel van de bevolking meer kapitaal bezit, en

de energie-intensieve industrie kapitaal-intensief is. We laten zien dat de relatieve verdel-

ing van hoogopgeleide werknemers over sectoren de progressiviteit van de koolstofbelasting

bëınvloedt door veranderingen in de relatieve lonen van hoog- en laagopgeleide werknemers.

In hoofdstuk 3 voeg ik een nieuw kanaal toe aan bestaande modellering om inkomens te

herverdelen. Specifiek gaat het om een toevoeging aan het bestaande Mirrlees-raamwerk.

Een maat voor inkomensongelijkheid wordt direct in de nutsfunctie van individuele huishoudens

opgenomen. De optimale inkomstenbelasting wordt berekend met en zonder de aanwezigheid

van een Pigouviaanse belasting op een externaliteit, zoals de negatieve externe effecten
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van koolstofemissies. Voor elke externaliteit ontstaat er een extra term in de optimale

inkomstenbelasting-formule. Deze kan gebruikt worden om politieke motieven analytisch

te verklaren van hen die inkomstenbelastingen dusdanig hoog willen instellen dat ze aan de

andere kant van de Laffer curve terecht komen. In het optimum zijn de marginale kosten van

publieke fondsen gelijk aan één; in systemen met suboptimale reeds bestaande belastingsys-

temen bestaat de mogelijkheid voor een double dividend. Ik bespreek hoe belastingher-

vormingen het best vorm gegeven kunnen worden wanneer er een milieubelasting wordt

gëımplementeerd.

Indien de vraag naar fossiele brandstoffen elk jaar nog altijd toeneemt, is het belangrijk

om de balans tussen de consumptie van fossiele brandstoffen en gemaakte schade aan het

milieu te begrijpen. Ik bestudeer samen met Mark Kagan in hoofdstuk 4 optimaal klimaat-

beleid in een gekalibreerd model dat niet alleen een uitputbare hulpbron (olie) meeneemt

in de analyse, maar ook een schone onuitputbare hulpbron (zon, wind) en een vieze onuit-

putbare hulpbron (kolen). We concentreren ons op het geval waar een optimale belasting

politiek onhaalbaar is, en we ons moeten richten op een subsidie als beleidsinstrument. Na

kalibratie blijkt zelfs de optimale subsidie op groene energie erg slecht te werken, vanuit een

welvaartsperspectief, als instrument om klimaatverandering tegen te gaan. Het is daarom be-

langrijk om subsidies niet als enige beleidsinstrument tegen klimaatverandering in te zetten.
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Rözer, J. and G. Kraaykamp (2013). Income inequality and subjective well-being: A cross-

national study on the conditional effects of individual and national characteristics. Social

indicators research 113 (3), 1009–1023.

Schwarze, J. and M. Härpfer (2007). Are people inequality averse, and do they prefer

redistribution by the state?: evidence from german longitudinal data on life satisfaction.

The Journal of Socio-Economics 36 (2), 233–249.

Sen, A. (1973). On economic inequality. Oxford University Press. Oxford, UK.

Sen, A., B. Williams, and B. A. O. Williams (1982). Utilitarianism and beyond. Cambridge

University Press. Cambridge, UK.

Sinn, H.-W. (2008, August). Public policies against global warming: A supply side approach.

International Tax and Public Finance 15 (4), 360–394.

Smulders, S. and E. Van der Werf (2008). Climate policy and the optimal extraction

of high-and low-carbon fossil fuels. Canadian Journal of Economics/Revue canadienne
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