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Chapter 1

Introduction

We are facing an unprecedented man-made climate crisis. Our greenhouse gas (GHG) emissions are

projected to heat up the planet by at least 1.5ºC compared to pre-industrial levels by 2040 (IPCC,

2022). The rise in temperature has already been documented and will further increase the frequency

and magnitude of extreme weather events, such as droughts, �oods, storms or wild�res. These in

turn are expected to cause a wide range of natural, social and economic problems, including

hunger, displacement, resource con�icts, biodiversity loss, and many more. To contain this crisis,

as countries have pledged through the Paris Agreement, we need to lower our emissions through

e�ective, e�cient, and equitable mitigation policies.

Numerous policies have been suggested to curb GHG emissions. One of them is an environmen-

tal tax reform (ETR), denoting a revenue-neutral shift of tax incidence from desirable economic

activity, such as labour, towards greenhouse gas (GHG) emissions. In other words, a shift from

distortionary to Pigouvian taxes. Such tax reform is interesting for a number of reasons. First,

economists widely agree on carbon pricing as the most e�cient climate change mitigation policy,

because it directs abatement of emissions to where it is least costly. Second, a carbon tax is rela-

tively easy to implement, compared to the other main pricing instrument, a carbon market. Third,

a carbon tax generates revenues, which can be used to achieve other policy goals or compensate

inequitable e�ects.

Carbon taxation and the use of accruing revenues have been discussed extensively among re-

searchers and policy makers alike. The idea that an ETR may lead to simultaneous environmental

and economic bene�ts, especially when an environmental tax replaces a distortionary tax, has been

termed the double dividend (DD).

A persistent terminological contribution of Goulder (1995) is the distinction between a weak

and a strong DD. Both versions take environmental improvement through a tax shift as given.

But while the weak DD assumes economic bene�ts of recycling the pollution tax revenues through

1



Chapter 1: Introduction

cuts in distortionary taxes, as compared to returning them to households in a lump-sum fash-

ion, the strong DD implies economic improvements compared to a situation with no tax reform.

In its strong form, a double dividend thus means that environmental taxation can be based on

pure e�ciency grounds, regardless of its environmental bene�ts. This frees the policy-maker from

estimating the exact magnitude of environmental damage, i.e. the social cost of carbon, which re-

mains a fundamental uncertainty in climate policy design. The economic dividend can take di�erent

forms, including economic growth, higher purchasing power or additional employment. This thesis

is focused mostly on the latter, for which the term employment double dividend (EDD) is common.

1.1 State of the art and research gap

The theoretical debate on environmental tax reforms and their double dividend potential has mainly

taken place in environmental and public economics. Early proponents brought up the idea more

than three decades ago (Pearce, 1991), and the many studies have given rise to several reviews and

meta-analyses of the topic (Goulder, 1995; Bovenberg, 1999; Bosello et al., 2001; Freire-González,

2018).

Yet, there are a number of missing elements in the literature. First, models have traditionally

used a representative, fully rational and atomistic agent, known also as homo oeconomicus. Some

studies have devoted attention to agent diversity, such as by introducing skill di�erences (see

e.g. Aubert and Chiroleu-Assouline, 2019; Metcalf, 1999; Fullerton and Monti, 2013). Di�erences

between urban and rural populations within the same income group have been studied as well

Douenne (2020). Nevertheless, multi-dimensional heterogeneity remains the exception rather than

the rule. Other types of di�erences, such as the sector of employment, or gender are not analysed

at all.

Besides a lack of heterogeneity among households, existing ETR models typically do not take in-

sights from behavioural economics into account. Although evolutionary and behavioural economists

as well as psychologists emphasise that most decision-making follows established rules or behaviours

and happens under imperfect information, the fully-rational agent with complete information and

perfect foresight is still the status quo in ETR analysis. I assume that economic agents are bound-

edly rational in the sense that they decide under imperfect information and rely on routines and

habits.

The typical agent in an ETR model is also atomistic in the sense that it acts in a social vacuum.

In reality, however, social context plays a important role in human decision making. Recently,

Konc et al. (2021) have shown that socially-embedded preferences can have a great impact on

2



Chapter 1: Introduction

the e�ectiveness of environmental policy, notably carbon taxation. As of yet, it remains unclear,

whether the policy implications of existing ETR models hold up in a context of heterogeneous,

social and boundedly rational human beings. These issues are particularly relevant today, because

current discussions of carbon taxation go beyond e�ciency and highlight certain social issues, such

as fairness and acceptability (Klenert et al., 2018; Konc et al., 2022).

Another drawback of existing theoretical models is that they are often static. When they are

dynamic, mostly taking the form of endogenous growth models, they typically are used to perform

marginal analysis, relying on equilibrium and ceteris paribus assumptions and often focus more on

growth than employment e�ects (see e.g. Bovenberg and De Mooij, 1997; Bovenberg and Smulders,

1995; Greiner, 2005; Nakada, 2010; Fernández et al., 2011). On the other hand, theoretical models

with focus on employment e�ects have studied market distortions, but neglected the potential for

evolutionary transformation processes that are likely to happen over the course of a successful

low-carbon transition. To address such transformation, models need to account for innovation and

structural change.

An additional shortcoming of existing theoretical models of the employment double dividend

is that they lack explicit modelling of emissions or energy use. While some dynamic growth

models take the externality explicitly into account, employment double dividend models simply

distinguish between a dirty and a clean good, whereas polluting factors are commonly excluded

from the production function. This leaves little room to study demand-driven innovation or even

emission abatement, despite cost-e�cient abatement of pollutants being one of the core ideas of

the literature on Pigouvian taxation. This is closely linked to the previous drawback: without

explicit modelling of fossil energy or emissions in a dynamic model, a transition away from these

pollutants may not be fully understood.

Finally, models that focus on employment e�ects in particular would do good to distinguish

between employment rates and work time. There are few studies that allow for discrete and

intensive labour supply, i.e. whether an individual is employed or not as well as how many hours

they work. If a policy maker aims for a reduction in unemployment, an increase in labour supply

through longer working hours per person, instead of the creation of more jobs is undesirable. Yet,

many models do not make this distinction.

In sum, there is a lack of systematic theoretical exploration of ETR in a dynamic environment

with heterogeneous social agents and endogenous pollution processes. The aim of my thesis is to

�ll this research gap by developing a model that can incorporate these elements.

3
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1.2 Research questions and methods

The overarching research question of this thesis is "What are the innovation, employment and

climate impacts of shifting taxes from labour to carbon under bounded rationality?".

To address this question, I develop an agent-based model (ABM) encompassing the above-

mentioned elements: boundedly rational and heterogeneous agents, who interact with each other,

a trade-o� between time for consumption and work, and energy use during production as well as

consumption. Chapter 2 de�nes basic elements of the ABM by asking: Which are relevant agent

characteristics, behaviours and interactions that may a�ect the policy outcome in terms of an EDD

and innovation? Recognising the importance of the trade-o� between work and consumption time

for an EDD, Chapter 3 investigates this relationship empirically: How does work time relate to

leisure activity structures and related energy consumption?

ABMs simulate complex system dynamics based on interaction of diverse agents. Farmer et al.

(2015) have described ABMs as a particularly suitable modelling tool for studying climate policy,

because of their ability to solve key issues in existing models, inter alia uncertainty, aggregation,

heterogeneity, distributional implications and technological change. This means they di�er consid-

erably from the general equilibrium models (GEMs) typically used for ETR analysis. In order to

make the results of this work more relatable to the existing literature, Chapter 4 builds a method-

ological link, moving from an existing GEM of ETR towards an ABM approach. Can we replicate

general equilibrium results using an agent-based model? How do we have to approach the modelling

process di�erently when using ABM? Finally, Chapter 5 extends the ABM of Chapter 4, including

the factors we identi�ed as most relevant in Chapter 2, to answer the main research question.

Regarding terminology, innovation refers to improvements in labour- or energy-e�ciency dur-

ing production and consumption. Employment e�ects are studied in a disaggregated manner for

di�erent household types and contain a distinction between employment rates and hours worked

per individual. Climate impacts will be simpli�ed to total energy use, assuming that all energy

consumption causes greenhouse gas emissions.

The thesis puts a strong emphasis on discussing the new model assumptions and how the model

relates to existing research. To arrive at the main model, I employ several other methods to

support and validate my assumptions. These include literature review, econometric analysis and

systematic comparison of models.

1.3 Thesis outline

The remainder of this thesis is structured as follows. Chapter 2 contains a synthetic literature

review that explores the main mechanisms typically considered for an ETR and common modelling

4
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assumptions. Combining insights from various disciplines, missing elements, such as time use and

bounded rationality, are derived.

Chapter 3 delves into the empirical side of one central element of the ABM: namely the nexus

between work time, leisure activities and energy use. This involves combining time diary data

and energy use data of various activities, followed by an econometric analysis of the relationship

between time spent working and the energy-intensity of leisure. Performing the analysis for two

di�erent countries, Finland and France, using two distinct energy metrics, total energy and use

energy, allows to observe cultural di�erences and the relevance of explicit energy modelling.

Chapter 4 examines whether an agent-based model can replicate the ETR results of a GEM.

This involves exploring potential barriers to this methodological comparison. For this purpose an

ABM is built based o� an existing GEM and all propositions made by the original study are tested.

These refer mostly to the possibility of a double dividend, combined with a (re)distributional goal.

For this purpose, changes in purchasing power, consumption of a polluting good, and employment

are assessed using a model with two household agent types and one representative �rm. This

model describes agents as atomistic, representative and rational, staying as close as possible to the

original study.

Chapter 5 extends the agent-based model of Chapter 4 to study the main research question.

It also builds on the two other preceding chapters, notable by including the new elements that

motivate the ABM (Chapter 2), and using the empirical basis of one central new element, time use

(Chapter 3). The model in Chapter 5 takes an activity-based lifestyle perspective, where households

face a trade-o� between consumption time, unpaid household/care work and paid labour.

Moreover, households are heterogeneous in terms of their (i) initial time endowment, (ii) levels

of subsistence polluting consumption, and (iii) employment situation. The latter includes whether

they are a member of the workforce or not, their sector of employment and their level of educa-

tion. Their decisions are further characterised by habitual behaviour and imitation dynamics. In

addition, I will test the consequences of variation in preferences, notably by examining strong pref-

erences for leisure and for "green consumption". On the production side the model di�erentiates

between three representative sectors, producing goods varying in labour- and energy-intensity dur-

ing production, and in time- and energy-requirements during consumption. Firms are satis�cers,

innovating when triggered by falling pro�ts or changes in demand.

Finally, Chapter 6 draws general conclusions about the studies reported in the various chapters.

In addition, it provides ideas for further research.
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Chapter 2

The employment double dividend of

environmental tax reforms: exploring

the role of agent behaviour and

social interaction
1

2.1 Introduction

With anthropogenic climate change likely exceeding the goals set by the international community

in Paris 2015, the need for comprehensive climate policies and their appropriate assessment is more

urgent than ever. A revenue-neutral tax shift away from labour and towards carbon dioxide CO2

emissions, i.e. an environmental tax reform (ETR), is widely considered as such a policy. So far the

analysis of ETRs has largely taken place within the domain of public �nance and environmental

economics relying much on computable general equilibrium (CGE) and macro-econometric models.

These tend to focus on representative or average and rational behaviours of consumers and �rms.

Here we discuss how considering di�erent types of behaviour, social interactions and heterogene-

ity of �rms and households results in a richer understanding of the mechanisms underlying, and

outcomes of, environmental tax reforms. Bounded rationality and non-market social interactions

explain how information and innovations di�use. This is relevant as an ETR is supposed to trigger

low-carbon innovations and transitions. Recent studies on ETRs are increasingly paying attention

to heterogeneity (e.g. Aubert and Chiroleu-Assouline, 2019; Fullerton and Monti, 2013; Jacobs and

1This chapter has been published as Klein, F., and van den Bergh, J. (2020). The employment double dividend of
environmental tax reforms: exploring the role of agent behaviour and social interaction. Journal of Environmental
Economics and Policy, 10(2), 189-213.
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De Mooij, 2015; Jacobs and van der Ploeg, 2019; Rausch and Schwarz, 2016). This allows, among

others, to more accurately account for distributional impacts of the policy. However, heterogeneity

is often limited to only one dimension, or where studies go into more detail, there is a disconnect

with the macro level.

This study o�ers a critical review of modelling practices to evaluate the impacts of environmental

tax reforms. We examine whether and how a heterogeneous population of boundedly-rational and

socially-interacting �rms and households can a�ect the mechanisms of environmental tax reforms,

and thus outcomes in terms of relevant economic and environmental indicators. To this end, we

synthesise the results from the traditional literature in public �nance with insights from behavioural

and evolutionary economics, adding observations from labour economics and studies on time use. In

the last decade, behavioural economics has come to be seen as particularly important in the context

of environmental and energy policies (Allcott and Mullainathan, 2010; Gsottbauer and Van den

Bergh, 2011; Shogren and Taylor, 2020). Evolutionary economics is relevant as it can o�er insights

about how the combination of multiple, heterogeneous agent populations a�ects climate policies.

We o�er an explorative study aimed at assessing important model elements or assumptions that

deserve investigation. The result can serve as an input to subsequent quantitative model and policy

studies focusing on a particular element or assumption in more detail.

In this study, we focus on the so called `employment double dividend' (EDD), denoting a reduc-

tion in both environmental pressure (notably CO2 emissions) and unemployment, given the limited

space we have available. The EDD is highly dependent on decision making and thus particularly

interesting from a behavioural perspective. It harmonises two goals that are often presented as be-

ing con�icting, namely emissions reduction (an environmental goal) and employment (an economic

goal). We will evaluate outcomes under distinct sets of behavioural assumptions with respect to

these two dividends. Our analysis follows a three-step procedure. First, we identify the main

mechanisms through which an ETR is commonly assumed to culminate in an EDD in existing

economic models. Second, we critically review central modelling assumptions. Third, we examine

double-dividend outcomes for a number of cases combining relevant behaviours, heterogeneity and

social interactions of agents, making use of the mechanisms identi�ed in step two to illustrate how

policy-makers can bene�t from increased realism of economic models.

Following this approach, we �nd that complementarity between household consumption of leisure

and commodities is not necessarily conducive to an employment dividend. The opposite may hold

true when one distinguishes between extensive and intensive labour supply, i.e. the number of

employed people and the hours worked per employee, respectively. The reason is that increased

labour supply through employed individuals can undermine the creation of new jobs. On the

�rm side, emissions reduction is achieved through costly abatement. If companies are not able to
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establish product or process innovation, they may face extinction. Notably, equity impacts are

in�uenced by heterogeneity of skills and consumption choices. In addition, time use is relevant,

especially for the labour-leisure trade-o�, but has been neglected in traditional studies of ETR.

The remainder of the paper is organised as follows. Section 2.2 o�ers an introduction to the

double dividend notion and a roadmap to this study. Section 2.3 sketches the mechanisms of

environmental tax reforms and how they relate to an EDD (Section 2.3.1). Section 2.3.2 o�ers

a critical discussion of several key assumptions in the light of di�erent streams of literature and

summarises the resulting additional mechanisms we think should receive attention in modelling and

policy analysis. Section 2.4 presents the results of a qualitative assessment of di�erent behavioural

cases. Section 3.5 discusses the main insights. Section 5.5 concludes.

2.2 Context and approach

2.2.1 The double-dividend notion

Research on environmental tax reforms centres on the double dividend (DD) hypothesis, the notion

that one might reap two types of bene�ts from the policy: one of environmental and the other

of economic nature. This combines the concept of Pigouvian taxation, aimed at internalising

(environmental) externalities, with the need for distortive taxation in second-best economies.2

While existing studies tend to represent the �rst dividend through greenhouse gas or CO2 emissions

reduction, the economic dividend has been approached in various forms. Most authors view it either

as enhanced e�ciency of the tax system (Bovenberg and De Mooij, 1994) or increased employment

(see e.g. Bovenberg and Van der Ploeg, 1998; Bovenberg and Van Der Ploeg, 1998; Koskela and

Schöb, 1999; Nielsen et al., 1995). We will concentrate our analysis on the latter, also known as

the EDD. While carbon taxes are �rst and foremost instruments of climate policy, the revenues

they are able to generate have triggered much debate about if their use can achieve a second, i.e.

economic or welfare, dividend.

A persistent terminological contribution of Goulder (1995) is the distinction between a weak and

strong DD. Both take environmental improvement through a tax shift as given. The strong DD

notion implies economic improvements compared to a situation with no tax reform. This means

an environmental tax could be based on pure e�ciency grounds, regardless of its environmental

bene�ts. The weak DD means that there are economic bene�ts of recycling the pollution tax

revenues through cuts in distortionary taxation as compared to returning them to households in

a lump-sum fashion, but that there are not necessarily economic improvements compared to the

absence of a pollution tax. This hypothesis is supported analytically by Bovenberg and De Mooij

2For a more general discussion of Pigouvian taxation in second-best economies see for instance Bovenberg and
Goulder (2002).
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(1994). Empirically, Bovenberg and Goulder (1996) con�rm this result using a numerical model

of the United States' economy. Based on a literature review, Ekins and Speck summarise that

empirical models typically �nd a weak double dividend (Ekins and Speck, 2011, p. 37).

Theory and empirics of the double dividend

Most studies show improvement in environmental quality due to pollution taxes. See Bosquet

(2000) for an overview of empirical modelling results, or Andersen and Ekins (2009) for an overview

of real world cases of ETR in Europe. A recent meta-analysis of ETR simulations using CGE mod-

els also concludes that there is consensus about ETRs leading to environmental improvement, while

the second dividend remains ambiguous (Freire-González, 2018). Some authors have suggested that

environmental bene�ts may be disappointing under certain conditions (Bosello et al., 2001, p.34

or Bay�nd�r-Upmann and Raith, 2003).

The bulk of the literature in public economics focuses on the existence of the more disputed

strong double dividend. It is di�cult to draw clear conclusions from analytical models, because

as soon as they are extended, for instance with out-of-equilibrium labour markets, there are no

longer generally accepted results for a potential strong double dividend. Recycling tax revenues

through tax cuts can result in an e�ciency dividend only if an initially sub-optimal tax system

moves closer to an optimum. Expectedly, many scholars have identi�ed pre-existing distortions,

particularly in the labour market, as a crucial condition for the existence of a strong DD (e.g.

Bovenberg and Goulder, 1996). The meta-analysis by Freire-González (2018) shows the ambiguity

of the results: out of 69 simulations from 40 di�erent studies using CGE models, 55% �nd evidence

for the existence of a strong double dividend and 45% do not. An older study by Patuelli et al.

(2005) performs a meta-analysis of 186 simulations (61 studies) including both CGE and macroe-

conometric models. Their statistical analysis reveals that the type of revenue-recycling and the

type of model used both signi�cantly in�uence the impact of an ETR on gross domestic product

and employment.

2.2.2 Conceptual approach

The outcomes of every model depend crucially on its underlying assumptions. The modeller's ideas

about the functioning of a policy shape the structure of the model (see Figure 3.1). We perform

a synthetic, critical literature review, followed by a qualitative analysis to develop hypotheses

about how di�erent behavioural assumptions may a�ect the outcome of environmental tax reforms.

As a �rst step, we undertake a literature review focused on analytical and numerical models of

environmental tax reforms. We highlight key mechanisms used in these models we encountered

when reviewing literature from public and environmental economics (`Literature review A'). Each
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of their assumptions implies certain mechanisms in the model (`Model structure') and a�ects the

model outcomes, as shown in our conceptual framework (Figure 3.1).

Public and environmental economics

• Behavioural economics
• Labour economics
• Evolutionary economics
• Transition studies
• …

Literature review A

Literature review B

Policy outcomes 
under different 

assumptions

Qualitative 
analysis

Model 
assumptions

Model 
structure

Predicted 
policy 

outcomes

Figure 2.1: Conceptual approach of the study

In a second step, we add insights from other �elds, such as behavioural or evolutionary economics

(`Literature review B'). We attempt to synthesise the results from our two literature reviews and

point out the relevance of interdisciplinary insights. Accounting for the results from Literature

review B can a�ect some of the widely used assumptions for modelling ETRs as well as the

mechanisms (Section 2.3.2).

Finally, we hypothesise about the potential impacts of altering these assumptions on the expected

outcome of the policy using sets of distinct behavioural cases (Section 2.4). As the literature review

follows an explorative approach, the topics are selected in a subjective manner and we do not claim

to be comprehensive.

2.3 Synthetic literature review

2.3.1 Basic mechanisms of environmental tax reforms

In most analytical ETR models, �rms are assumed to decide about the combination of input

factors to maximise their pro�t. The upper half of Figure 2.2 represents the labour demand side

with the e�ects of the policy on carbon emissions and labour demand. A carbon tax raises the

unit cost of carbon emissions (1)3, mainly through a higher price on production inputs with a high

carbon content, such as fossil fuels. The tax cuts enabled through revenue recycling ensure that

3The numbers in parentheses in this subsection all refer to arrows in Figure 2.2, e.g. (1) refers to arrow 1.
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the unit cost of labour falls (2). Indeed, labour costs may theoretically rise, for instance, due to

strong labour unions. For simplicity, we assume the case where tax recycling is strong enough to

overcome these opposing e�ects on labour costs so that the net labour cost falls. In order to lower

its costs and maximise pro�ts, the representative �rm will try to replace carbon emissions with

labour (3 and 4). This is the driving force for innovation that incentivises �rms to adjust their

production function.

Labour-leisure decision

Input-factor decision

Carbon 
emissions

Labour demand

PC /PD

Labour supply

Labour-intensive 
commodities, C

Production 
technology

1

2

3

4 5

6

7 8

Carbon- intensive 
commodities, D

Carbon tax

Income and 
payroll tax

Unit cost 
of carbon

Unit cost 
of labour

Nominal 
wage rate

Preferences/
habits

Figure 2.2: Overview of ETR mechanisms

If the bene�ts of reduced labour costs are split between employers and employees, for instance

by recycling revenues through both income and payroll tax cuts, not only will the cost of labour

then fall, but also households' after-tax nominal wage rate will increase (6). The latter is expected

to promote labour supply because higher nominal wages increase the opportunity cost of leisure

(7). The labour-leisure decision is complex, because the relative prices of clean commodities, dirty

commodities and leisure all change simultaneously. Carbon-intensive goods become more expensive

compared to labour-intensive goods. The exact impacts on the supply and demand of labour, and

consumption of clean, i.e. low-carbon, and dirty, i.e. high-carbon, goods cannot be determined ex

ante. These depend on the production technology and ability to innovate on the �rm side and on

preferences and habits on the household side (arrows 3, 4, 5, 7 and 8).

Table 2.1 summarises the main mechanisms found in the literature on ETRs in public economics.

Direct e�ects correspond to price changes triggered by the tax reform. Indirect e�ects include

impacts on household labour-leisure decisions and the �rm input-factor decisions. In Table 2.1, as
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for the remainder of the paper, we assume a general rise in the consumer price index as indicated

by empirical studies (Freire-González, 2018).4 This can be justi�ed based on the current reliance

on carbon emissions of virtually all consumption.

Table 2.1: Main mechanisms of ETR including e�ects on households and �rms

Direct e�ects Indirect e�ects

H
o
u
se
h
o
ld

Nominal wage rate increases (6) Labour supply increases (7)
Low-carbon goods relatively cheaper than high-
carbon goods (1)

Lower total commodity consumption (8)

Shift from high-carbon to low-carbon goods (8)
Increase labour supply (7)

F
ir
m

Unit cost of carbon increases (1) Reduce carbon emissions (3)
Unit cost of labour decreases (2) Labour demand increases (4)
Labour relatively cheaper than carbon (1,2) Substitute carbon with labour (3,4)

Note: The numbers in the table relate the e�ects to the arrows of the mechanisms in Figure 2.2. Column two shows
primary price e�ects and column three the associated changes in demand and supply. Commodities in our analysis
are assumed to be either labour- or carbon-intensive (we sometimes refer to the former as `low-carbon').

2.3.2 Critical assessment of model assumptions

Homothetic preferences

ETR analyses traditionally assume that household preferences are homothetic, implying that a

change in income does not a�ect the share of expenditure for di�erent types of goods (see e.g.

Bovenberg and De Mooij, 1997; Parry and Bento, 2000; Babiker et al., 2003). Under these prefer-

ence assumptions uniform commodity taxes are optimal and lump-sum recycling is most desirable

on e�ciency grounds (i.e. when ignoring the environmental externality). The model of Babiker

et al. (2003) shows that tax cuts can reduce welfare compared to lump-sum recycling of carbon

tax revenues. Parry and Bento (2000) employ a static model with homothetic preferences between

two pollutive consumption goods, one of which is deductible from the income tax. An income tax

reduction, in this case, leads to higher net wages and a shift from tax favoured to non-favoured

goods. We would expect an analogous e�ect if the labour tax cuts induced some kind of shift

between dirty and clean consumption goods. This welfare gain (termed `strong revenue-recycling

e�ect') changes, when the homothetic preference assumption is loosened (Parry and Bento, 2000,

p.22).

Homothetic utility functions are a convenient assumption for the tractability of models, but

questionable when confronted with empirical evidence. Indeed, the carbon intensity of consumption

tends to decrease with rising income. While rich households on average generate higher total

emissions per capita, low income households need to assign a larger share of their expenditure

to emission-intensive consumption such as energy use for heating or cooking (Büchs and Schnepf,

4It should be pointed out that the evidence is limited: only �ve simulations in Freire-González (2018) include a
consumer price index.

14



Chapter 2: The employment double dividend of environmental tax reforms

2013; Chitnis et al., 2014; Jones and Kammen, 2011; Weber and Matthews, 2008).

Data for the United States used by Sager (2019), for instance, shows that the expenditure

share for energy services5 is higher for low income households than for high income households.

According to an analysis of survey data from the United Kingdom (UK), CO2 emissions are

regressive in income for home energy and indirect emissions6, whereas transport emissions seem

to be more `homothetic' in the sense that they increase almost proportionally with income (Büchs

and Schnepf, 2013).

Some recent models of ETR policies incorporate a subsistence level of polluting consumption by

assuming Stone-Geary preferences. Aubert and Chiroleu-Assouline (2019) consider a model with

heterogeneous workers and imperfect labour markets. Only under speci�c assumptions, including

a low subsistence level of polluting consumption, the initially regressive reform can be rendered

Pareto-improving through a non-linear income tax. A study by Jacobs and van der Ploeg (2019)

shows that improvements in social welfare are possible without deteriorating inequalities, namely

if the government uses lump-sum transfers besides labour taxes. Finally, Klenert and Mattauch

(2016) investigate di�erent revenue recycling options, �nding that only lump-sum recycling of

tax revenues will lead to a progressive result, while all other recycling options render the reform

regressive.

Weak separability

Another common, yet di�cult assumption is weak separability between leisure and commodity

consumption (Babiker et al., 2003; Bovenberg, 1999; Parry and Bento, 2000). It means that

households allocate constant �xed expenditure shares to leisure and commodity consumption.

This implies that the labour supply decision and consumption choices are independent, i.e. the

amount of labour supply does not a�ect the types of goods and services consumed. A notable

exception is Parry (1995), who analyses the optimal pollution tax when leisure and consumption are

separable. He concludes that a DD may materialise only if leisure and the polluting consumption

good are su�ciently weak substitutes, while most other early models of environmental tax reform

�nd a double dividend under the assumptions of complementarity between leisure and polluting

consumption paired with weak separability. A study by West and Williams III (2007) estimates the

cross-price elasticity between gasoline and leisure using the United States household expenditure

data, �nding these goods to be complements. Using a demand system without homotheticity and

separability, they show that the optimal gasoline tax rate should be more than one-and-a-half times

the rate one would �nd using a separable utility function. Parry and Bento speculate that in their

5Energy services include air travel, electricity, gasoline, heating fuel and natural gas.
6Indirect emissions are those not directly emitted by the household, but embodied in consumption of food,

recreation or personal care, for instance.
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ETR model relaxing the assumption of weak separability would lead to additional welfare gains

through positive feedback on labour supply (Parry and Bento, 2000, p.23).

Such feedback e�ects are highly relevant. While increased income through higher labour supply

allows for more budget to be spent on consumption, it also reduces the time budget for leisure.

How people spend, and what they consume during their free time, in�uences the carbon intensity

of their consumption. Hence, it is important to account for how commodity consumption of a

household responds to changes in time use, for instance when they enter employment. Individ-

uals may substitute time-intensive with time-saving consumption when working hours increase.

Goods and services which require processing � be it physical or mental � are likely to be replaced

with alternatives that require less time, but are often more carbon-intensive. Examples are re-

placement of reading with recreational activities that require special equipment or travel such as

outdoor sports7, substitution of raw food ingredients with processed foods, or shifting to faster

transportation modes.

The most recent time use survey for Germany, for instance, con�rms that eating and drinking

outside the house as well as entertainment and culture activities are predominantly performed

by employed households, while unemployed individuals are likely to spend more time on food

preparation and other activities that take place in their own home, as well as on the job search.

Compared to an employed person, an unemployed person on average spends more than twice as

much time on preparing meals at home and on household work. Jobless households also undertake

more low-emission activities like walking and sleeping (Destatis, 2015). In addition, this data shows

that the unemployed invest more time in home-based cultural activities, such as reading, artistic

activities or games, whereas employed people have a higher time expenditure for cultural events

outside the home. This includes visits to the cinema, theatre or amusement parks (Destatis, 2016).

In a time use study for France, De Lauretis et al. (2017) show that high-income households attribute

less time to sleep, the least carbon-intensive category. The hypothesis that employed households

engage in more carbon-intensive activities is supported also by results of Gough et al. (2011), who

�nd that working households in the UK have higher emissions than unemployed households when

other factors, including income, are controlled for. Not only unemployment, but also part-time

work may be correlated with low- or high-carbon activity patterns.

It has been recognised that the degree of substitutability between leisure and commodity con-

sumption a�ects the likelihood of a double dividend to occur. Two examples illustrate this. First,

assume that for Household A free time and holiday consumption are complements (negative cross-

price elasticity). In this case, a rise in holiday prices reduces the demand for both leisure and

7Some studies of time use show that time spent on reading is declining, while household spend more time on
sports and outdoor activities (see e.g. Jalas and Juntunen, 2015). The material and emission intensity of these
activities is highlighted for instance by Aall et al. (2011) in a study for Norway
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holidays, so wage and price changes work in the same direction. The reason is that a price rise

for holidays makes leisure time more expensive relative to working time, which promotes labour

supply.

The overall e�ect on labour supply is less clear, if leisure and commodity consumption are

substitutes. To illustrate, assume Household B has to commute to work by car, so the cross-price

elasticity of leisure and the car is positive. A carbon tax, in this case, raises the price of car use

and hence the cost associated with working. While a higher wage promotes labour supply, the

increase in commuting costs works in the opposite direction.

The representative household

The typical analytical model for ETR analysis assumes a representative agent with upward sloping

labour supply (e.g. Bovenberg, 1999; Bovenberg and De Mooij, 1994). In reality, the goal of the

policy is to stimulate employment at the extensive margin, i.e. to create more jobs and reduce

unemployment rates, rather than to encourage employed people to work more hours and thus curb

intensive labour supply. This distinction is naturally neglected when a representative household

is used, although empirical studies show that the wage elasticity of labour supply varies widely

between groups of households. According to Fleetwood (2014), the shape and existence of labour

supply and demand curves are highly uncertain. The wage elasticity of labour supply for instance

is often found to be negative and labour supply curves can be backward-bending instead of upward-

sloping. Women typically have relatively higher wage elasticities than men and their intensive and

extensive labour supply reactions to wages di�er. This is highly relevant for an ETR, because

employees who respond to a policy by increasing their working hours may inhibit the creation of

new jobs and thus undermine a second dividend.

Recently, Jacobs and De Mooij (2015) suggested that the weak double dividend only holds for

models assuming a representative household. The reason is that in these models, no redistribution

is necessary or desirable and hence income taxes are distortionary. When households are heteroge-

neous in skills, however, the distorting e�ect of labour taxes is balanced out by distributional gains

under optimal taxation. In this case, the marginal cost of public funds equals one and cutting

distortionary taxes does not imply welfare gains. Deviations in the optimal environmental tax

level compared to the Pigouvian rate may still occur, but they will depend on the complementarity

between labour and consumption or environmental quality.

Skill heterogeneity is rather established in public economics, and is a key reason for the second-

best theory of optimal taxation.8 The abilities of low- and high-skilled households are commonly

approximated through income, warranting the labels low- and high-income households, respectively.

8See Lipsey and Lancaster (1956) for the basic idea of the theory of second-best and Diamond and Diamond and
Mirrlees (1971a,b) for a �rst comprehensive application of it to optimal income taxation.
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This distinction has been used sparsely in ETR studies in the past, but is gaining momentum lately.

The need for including skill heterogeneity is also important with respect to potential discrimination

on the labour market.

A second type of heterogeneity we want to consider is pro-environmental preferences. We assume

that they contribute to a lower carbon-intensity of consumption, ceteris paribus. As utility is not

only derived from leisure and commodity consumption, but also from preserving the natural envi-

ronment, households exhibiting pro-environmental preferences have a higher willingness to pay for

`green' goods. Hence, an ETR would likely result in di�erent price responses from households with

distinct environmental preferences. While we assume for the sake of our analysis that the carbon

tax increases awareness about pollution and hence may produce a stronger demand reaction among

agents with pro-environmental preferences (crowding-in), the monetary incentive itself might cause

a crowding-out e�ect, i.e. erode initial intrinsic motivation. Both forms of crowding e�ects have

been shown to be empirically relevant (Frey and Jegen, 2001), with the net e�ect being uncertain

in general. However, this does not a�ect our general point, which is that demand reactions vary

across individuals.

For practical purposes we limit ourselves to these two types of heterogeneity, while noting that

other interesting types of household variation exist and have already received some attention. The

meaning of spatial heterogeneity between urban and rural populations for tax incidence of the

French energy tax reform of 2018, for instance, is addressed using a formal model by Douenne

(2020). This study shows that the incidence of energy taxes can depend strongly on the ownership

and thus use of capital goods with particular energy-use features, such as cars or homes.

The atomistic household

Consumption choices are not made in a vacuum, but determined by socio-cultural context, that is,

in�uenced by others with possibly di�erent information, resources or preferences. An important

example of other-regarding preferences, i.e. preferences in�uenced by peer behaviour, is status

seeking. Discussed already in 1899 by Thorstein Veblen, it is now widely accepted as an important

driver of consumption. According to Frank (1985), under status-seeking, consumption and income

taxes alleviate existing distortions caused by the under-consumption of non-positional goods, i.e.

goods that depend relatively little on how they `compare with things owned by others' (ibid, p.101),

to the advantage of positional goods, for which comparison with others is important. In various

studies, Norman Ireland shows that a tax on positional � or conspicuous � consumption itself,

as well as income taxation can lead to Pareto improvements, which leads him to conclude that

over-consumption leads to over-supply of labour (Ireland, 1994, 1998, 2001).

If positional consumption is carbon-intensive compared to non-positional consumption, employ-
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ment and consumption should be too high and an EDD accordingly more di�cult to achieve. The

result will also depend on the source of the budget for positional goods: increased labour supply

a�ects both dividends, whereas shifting expenditure between goods will a�ect mostly the environ-

mental dividend. In a study on the interrelationship of mobility and status, Gössling and Nilsson

(2010) argue that institutions like `frequent �yer' programmes encourage this polluting activity

by interlinking �ying with social status. If status was instead conveyed through low-carbon com-

modities or behaviours, it would facilitate the consumption transition that ETR aims to initiate.

Examples include college education, reading particular types of literature or consuming ecologically

sustainable food (see e.g. Currid-Halkett (2017) for an overview of these new subtle status symbols

in the United States).

A number of additional behaviours have been studied in the context of social interaction, includ-

ing the adoption of energy-e�cient technologies based on peer-behaviour (Bollinger and Gillingham,

2012) or attitudes towards climate policies based on political a�liation (Dietz et al., 2007; Tobler

et al., 2012). Although we focus on status seeking, our point is to illustrate the general relevance

of social, non-market interaction for agent decisions and hence ETR outcomes.

The representative �rm

Just as households are heterogeneous, so are �rms. The e�ect of an environmental tax reform

will likely di�er across di�erent sectors and trigger di�erent strategic reactions. We thus want to

introduce two possibly relevant types of heterogeneity on the �rm side. As discussed in Section 2.2

an ETR changes the relative and absolute prices of carbon and labour. We account for di�erences

in the ratio of labour to carbon �rms use to produce one unit of output. This distinction is relevant

if the reactions are non-linear based on this key feature that determines the policy's impact on

a company. In an empirical study for Sweden, Brännlund et al. (2014) �nd that the impact of

a carbon tax on environmental performance is almost twice as large for �rms in energy-intensive

sectors compared to non-energy-intensive companies. Bumpus (2015) carries out interviews with

high-level strategic decision makers of energy-intensive �rms in British Columbia which reveal that

�rms with low carbon-intensity see the tax as a compliance cost burden rather than an innovation

opportunity.

In addition, a high share of �rms in energy-intensive and industrial sectors is extremely environ-

mentally pro-active in climate change mitigation compared to other �rms. This last point is the

conclusion of a study among 552 companies in Europe and North America (Backman et al., 2017).

Not surprisingly, the studies above indicate that emission-intensity seems to determine di�erent

reactions of �rms to an ETR, justifying this type of heterogeneity.

The second type of �rm heterogeneity that will be considered in our analysis is �rm size. Empir-
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ical evidence points to �rm size as a crucial determinant for strategic choices such as innovation,

both in response to climate policies, but also other changes in a �rm's environment. The results of

the aforementioned study also show that large �rms are more pro-active than small �rms, although

this di�erence is much more signi�cant for Europe than for North America (Backman et al., 2017).

Another study by Audia and Greve (2006) investigates the e�ects of low performance on strategies

and risk taking behaviour of small and large �rms in the Japanese shipbuilding industry. Their

conceptual framework is the shifting-focus model of risk taking which assumes that managers pay

attention to more than one reference point. Only small �rms switch to less risky strategies when

they perform below their aspiration levels in this study. Large �rms do not adjust the riskiness

in their decision making. The authors explain this by the higher proximity between small �rms'

survival points and their aspiration levels which makes them more vulnerable to extinction. To-

gether this evidence gives rise to the question whether the impacts on and responses of �rms of

di�erent size to an ETR will vary. Additionally, �rm size is likely correlated with some other key

characteristics for strategy choice, such as the age of the company, its market power and political

in�uence and its access to �nancial capital. The main di�erence we will assume in our analysis

is that small �rms may be forced to exit the market more easily than their larger competitors.

Another type of heterogeneity that could be relevant for future research is trade-intensity, as Ya-

mazaki (2017) shows in an ex-post empirical evaluation of the environmental tax reform in British

Columbia, Canada.

A neglected factor that connects �rms and households is skill requirements, because demand

for high and low-skilled labour can develop distinctly, depending on �rms' strategic reaction to a

tax reform. In a meta-analysis of labour demand, covering 151 studies containing 1334 estimates,

Lichter et al. (2015) �nd that the wage elasticity of labour demand is higher for low-skilled workers

than for the average worker. It is unclear whether an ETR will lead to a proportional increase in

labour demand for high- and low-skilled households. When di�erence in skills is addressed, it is

usually connected to revenue recycling. For instance, Bosello and Carraro (2001) simulate an ETR

using a labour market that is disaggregated in terms of skills. They �nd that recycling revenues to

all workers results in a higher employment boost than limiting the transfers to low-skilled workers.

The study by Aubert and Chiroleu-Assouline (2019) mentioned earlier introduces the possibility

of unemployment among low-skilled workers into a model of ETR through a search and matching

approach. Low-skilled labour supply is inelastic, while high-skilled labour is supplied endogenously.

Hence low-skilled workers can be employed or unemployed (extensive margin), while high-skilled

workers choose the amount of hours they supply (intensive margin). In this case, a progressive

labour tax can increase disincentives to work, but could simultaneously increase employment among

low-skilled workers. Accounting for these e�ects highlights trade-o�s between e�ciency and equity.

20



Chapter 2: The employment double dividend of environmental tax reforms

Assuming merely a general increase in labour demand discards the fact that low-and high-skilled

individuals tend to have di�erent options and that companies will discriminate between skills

depending on the strategy they apply.

One strategy of companies is to save energy by replacing machines or energy inputs directly with

human labour. In that case, they likely hire low-skilled labour. This may slow down or reverse

recent trends in automation in assembly of cars, machines or packaging processes, for instance, but

is unlikely to be adopted in all sectors. Another strategy of �rms is to hire high-skilled workers who

adopt or develop innovations which reduce carbon intensity. In addition, a producer can switch

to an entirely new product or service, which may or may not change the skill structure among its

employees. A car manufacturer, for example, might switch from automobiles with a combustion

engine to electric vehicles because of a tax-induced shift in demand. This restructuring is unlikely to

change the skill levels needed in the production process. Firms in di�erent sectors are likely to make

di�erent choices among these options under the in�uence of an ETR and thus the impacts on the

labour market are less clear than previously anticipated. One study showing the ambiguity of input

elasticities is Fiorito and van den Bergh (2016). Studying volumes and prices of production inputs

in the manufacturing sector of seven industrialised countries9, they �nd mostly negative cross-

price elasticities between labour and energy inputs, indicating complementarity. For Germany,

the United Kingdom and the United States however, the corresponding cross-price elasticities are

positive, indicating potential to substitute away from carbon emissions.

The atomistic �rm

Environmental tax reforms are usually analysed in a typical neoclassical setting with an isolated

representative and pro�t-maximising �rm. Cyert et al. (1963)'s book A Behavioral Theory of the

Firm lay the foundation for boundedly rational �rm behaviour for various disciplines. Evolutionary

economics focuses on the role of populations of agents interacting over social networks. This allows

for a more disaggregate approach and an emphasis on change processes, which provides important

advantages when studying the dynamic pattern of ETR impacts resulting in a major transition

away from a high-carbon economy.

Satis�cing

We abandon the doctrine of pro�t-maximisation and replace it with aspiration levels reached

through the application of routines. Routines are one of the core concepts of evolutionary eco-

nomics, de�ned as repeated sequences of (inter-)action, based on Nelson and Winter (1982). Form-

ing the social analogy to genes in biological evolution, routines carry information, can mutate or

9These countries are France, Germany, Italy, Japan, Spain the United Kingdom and the United States.
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be adjusted and hence are central to all processes of transition, selection and innovation of �rms.

Routines make �rms inert, but at the same time they create a stable environment for decision

making. We will assume that a �rm only tries to adjust its routines, if it performs below its aspira-

tion level. The formation of aspiration levels can be considered as a type of satis�cing behaviour.

Based on the theory of structural inertia we will assume that routine use makes large �rms more

inert than smaller �rms. Regarding the ETR we can assume that routines slow down the transition

process compared to pro�t-maximising �rms. The use of aspiration levels means that only �rms

which are negatively a�ected by the tax reform, i.e. perform below their aspiration levels, will

react to the policy with structural changes. For small �rms routines imply an extra pressure for

preventing extinction, because any delay in reaction to the policy can threaten their existence and

lead to market exit.

Innovation through social interaction

On the �rm side social interaction between di�erent companies is especially important with respect

to the search and innovation process. Basically, there are two types of interaction: imitation of

competitors and cooperation. According to Rycroft (2007), the dominant assertion is that network-

based partnerships are at the core of faster innovation. That is because these collaborations can

deal better with the variety and uncertainty of a globalised economy. While this hypothesis is not

uncontested, for our analysis we will assume that interaction between �rms increases the speed

of innovation di�usion and thus the potential of a double dividend to occur. Furthermore, social

interaction should particularly improve the survival rates of small �rms in a changing environment

as they can lower their search costs.

On the perception of taxes

The idea that tax-induced price changes generate distinct demand responses when compared with

equivalent market price �uctuations has been termed tax salience (Rivers and Schaufele, 2015,

p.24). While distinct reactions to taxes and other price changes are not necessarily relevant for

analytical models, di�erent demand elasticities are highly relevant for numerical analyses of en-

vironmental tax reforms. Rivers and Schaufele (2015) study the e�ects of the ETR in British

Columbia and �nd that under a tax rate of $25/tCO2e the demand reduction induced by the

local carbon tax is four times as strong as suggested by price elasticities. A study by Brännlund

et al. (2014) observes a similar `signalling' e�ect of carbon taxes in the context of the Swedish

ETR. Analysing micro-level �rm data, they discover that the tax reduces the carbon intensity of

production signi�cantly more than an equivalent change in fuel prices. The e�ects of carbon taxes

compared to other price changes are illustrated in Figure 2.3.
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Figure 2.3: Reactions to carbon dioxide taxes versus other price changes

Traditional models do not account for salience or signalling e�ects, but tax changes are expected

to have the same e�ect as equivalent price changes. Two early studies of tax salience performed

by Chetty et al. (2009) and Finkelstein (2009) focus on households in the United States. Whereas

Chetty et al. show that higher salience of taxes ampli�es the demand reaction, Finkelstein's results

indicate that lower tax salience reduces the demand elasticity.

In an empirical investigation of the demand reaction to gasoline taxes, Li et al. (2014) use

household- and state-level data from the United States. Compared to tax-inclusive gasoline prices

a gasoline tax induces a stronger demand reaction for fuel consumption as well as vehicle choice.

A recent study by Andersson (2019) estimates the e�ect of the Swedish carbon tax on emissions

using a quasi-experimental approach with a synthetic control of comparable OECD countries. It

�nds a carbon tax elasticity of fuel consumption three times larger than the price elasticity. While

the drivers of these results cannot easily be determined, all the previous studies indicate that some

form of tax salience or signalling e�ect seems to apply to both households and �rms.

The impacts of changing assumptions on model mechanisms

We have laid out the main mechanisms through which an EDD is expected to be realised in

Section 2.3.1 and discussed a number of key assumptions in Section 2.3.2. While potential impacts

of di�erent assumptions about agent behaviour on the double dividend will be analysed in Section

2.4, implications for the channels through which the policy works, i.e. for the model structure, are

summarised in Table 2.2. The left columns are identical with Table 2.1 whereas the column on the

far right adds more subtle insights about mechanisms we identi�ed in Section 2.3.2.

Questioning homothetic preferences implies that one needs to expect di�erent demand reactions

by high and low income households following an ETR (i). How households use their free time

when their employment situation changes is a crucial determinant of the carbon intensity of their
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Table 2.2: E�ects of key assumptions on mechanisms of an ETR

Traditional ETR mechanisms Additional ETR mechanisms

Direct e�ects Indirect e�ects New indirect e�ects
H
o
u
se
h
o
ld

Nominal wage rate in-
creases

Labour supply increases Extensive labour supply increases (iii)

Intensive labour supply may rise or fall
(iii)

Low-carbon goods rela-
tively cheaper than high-
carbon goods

Lower total commodity
consumption

Only possible for high income house-
holds (subsistence limit) (i)

Shift from high-carbon to
low-carbon goods

Will require more time: lower intensive
labour supply (ii) (iii)

Increase labour supply Increase in intensive labour supply (iii)

F
ir
m

Unit cost of carbon in-
creases

Reduce carbon emissions Increase carbon e�ciency at the margin
(e.g. optimisation of internal processes
or shift to renewable energy sources).

Unit cost of labour de-
creases

Labour demand increases Hire more workers proportionally

Labour relatively cheaper
than carbon

Substitute carbon with
labour

Direct emission replacement through
low-skilled labour (iv)
Indirect emission replacement by high-
skilled labour (iv)

Note: Extension of Table 2.1 by the right column based on our literature review. New mechanisms become relevant
when (i) moving away from homothetic preferences, (ii) dropping weak separability between leisure and consumption,
(iii) distinguishing extensive and intensive labour supply, and (iv) allowing for distinct demand for low- and high-
skilled labour.

consumption and hence the e�ectiveness of the tax reform (ii). The distinction between labour

supply at the intensive and extensive margin, respectively, introduces an additional threat to the

employment dividend (iii). Workers who increase their hours of labour may prohibit the creation

of new jobs. Last but not least, the strategic choice of �rms in reaction to an ETR will determine

whether demand for high- or low-skilled labour increases (iv). We will now turn to developing

concrete behavioural cases with distinct assumptions about households.

2.4 Analysis of distinct behavioural cases

In this section, we will apply the insights presented in Section 2.3.2 to the mechanisms of environ-

mental tax reforms in the form of eight di�erent behavioural cases. Outcomes will be evaluated

in terms of the likelihood of an EDD, i.e. CO2 emission reduction and an increased employment

rate. We will evaluate each agent along the mechanisms identi�ed in Tables 2.1 and 2.2. As the

price change for carbon- and labour-intensive goods is expected to work in opposite directions, it

is unclear what exactly will happen to the overall commodity price index (CPI). To simplify the

analysis, we will restrict it to the case where the price index rises because almost all commodities

will get more expensive, i.e. a rise in CPI. We perform a qualitative analysis of household reac-

tions to ETR �rst and after that analyse the di�erent �rm cases. Due to uncertainty about the

magnitude of the e�ects, we abstain from combining the two.
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2.4.1 The household decision

We consider four di�erent household cases:

1. HH-RR � one rational representative household (like traditional models: baseline)

2. HH-RH � rational, but heterogeneous households (di�ering in skills and pro-environmental

preferences)

3. HH-BRH � boundedly rational (prone to salience e�ects) and heterogeneous households

4. HH-SH � Socially interacting (through status-seeking) and heterogeneous households

Household heterogeneity here always refers to the variety in skills and pro-environmental prefer-

ences discussed before. Rationality is a disputed concept. Here we refer to a rational household as

an atomistic utility maximiser with complete information and perfect foresight. Table 2.3 presents

the potential for a double dividend to occur across the four cases. The detailed steps of the analysis

can be found in the appendix.

Table 2.3: Double dividend potential of an ETR for di�erent household cases

HH-RR HH-RH HH-BRH HH-SH
Fully rational Heterogeneity Tax salience Status-seeking

Representative HH +/++

Skills Pro-environ.
preferences

Low
No - - -/0 0/0 - - -/-
Yes - -/0 -/+ -/-

High
No 0/+++ +/++++ - -/-
Yes ++/+++ ++/++++ +++/++

Note: The four columns show the results of the four household cases. Values left of the `/' symbol refer to the
environmental dividend, those on the right to the employment dividend. `+' indicates better chances for a dividend
to occur, `-' lower chances, and `0' an unclear e�ect. The signs are the result of the various mechanisms from Tables
1 and 2, working in the same or opposing directions and thus more signs mean a higher likelihood of an e�ect.

To construct our baseline HH-RR case similar to traditional ETR analyses, we only use the

channels in Table 2.1. An increase in nominal wage rates is expected to lead to an increase in

labour supply and thus promote the second dividend. If commodity consumption and leisure are

complements, a rise in commodity prices will strengthen both dividends, because price and wage

rise promote labour supply and reduce commodity consumption. If leisure and commodities are

substitutable, on the other hand, higher commodity prices still imply lower consumption, but also

lower labour supply, thus strengthening the �rst dividend but weakening the second. The relative

potential for a double dividend is represented in the upper left cell of Table 2.3. The dividends

should not be interpreted as dividends received by a certain type of household, but rather display

how di�erent types of households contribute to an overall double dividend.

Column 2 displays the HH-RH case where households are rational, but heterogeneous in skills

and preferences. The potential for a DD varies widely between the high- and low-skilled groups.
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There are three main reasons for this pattern. First, the tax reform may stimulate intensive

labour supply and thus inhibit the creation of new jobs. Second and in connection to the criticism

brought forward by Bay�nd�r-Upmann and Raith (2003), higher employment almost certainly will

translate into higher consumption, especially for low-income groups. Third, the consumption of

low-income households has been shown to be more carbon-intensive as they spend a larger share

of their income on food, housing and energy (see Section 2.3.1). This is why we see negative

impacts for the environment in these cells of Table 2.3. For high-skilled households the chances

are better for both dividends because the substitutability between their commodity consumption

and leisure actually leads to a decrease in intensive labour supply, thus promoting the EDD, rather

than preventing it. Additionally, the higher distance to subsistence levels and decreasing marginal

returns to consumption open up space for consumption reduction.

For the behavioural case with tax salience (HH-BRH, column 3) we see a similar pattern as for

the second case, but overall the likelihood of a DD seems larger. This result roots in the ampli�ed

demand reduction in response to a tax, compared to a price change. One might argue that this is

only a short-term e�ect and in the long term the remaining income will be spent. What we have

assumed here is that real income falls and households rather reduce their demand for commodities

instead of increasing their labour supply to sustain their former consumption level. In this case,

there will not be any remaining income even in the long run.

The last household case HH-SH assumes socially interacting heterogeneous agents and is dis-

played in the last column of Table 2.3. Here we see strong deviations from the former results. A

crucial di�erence in the analysis is that we assume all households, including high-skilled individ-

uals with pro-environmental preferences, to increase their labour supply at both margins. This is

based on the analyses of Ireland (1994, 1998, 2001), and the assumption that status-seeking leads

to oversupply of labour. One could criticise that status-seeking does not increase labour supply,

but rather shifts resources from non-positional to positional goods (see e.g. Frank, 1985). From an

environmental perspective however, status-seeking is problematic because it creates externalities.

The essential question is how status is conveyed. We assume that the mainstream status symbols

are very carbon-intensive, which is responsible for the negative results with respect to environ-

mental bene�ts. The weak chances for an EDD stem from the strong increase in intensive labour

supply. Pro-environmental preferences can make a di�erence in this case as they may promote

the environmental dividend through low-carbon status symbols which are currently rather a niche

than the norm in Western societies.

In general, we see that the DD potential is higher for high-skilled groups, in particular those

with green preferences. More thought should be put into the distinction between commodities

as leisure complements versus substitutes. This di�erence mainly stems from the time required
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to consume certain goods and thus there is a strong link between the labour decision and the

consumption decision as mentioned earlier. Due to the distinction between intensive and extensive

labour supply, our analysis further suggests a reversed pattern of in�uence of leisure complements

on the EDD than is normally suggested. Since household heterogeneity and di�erent behaviours

can have a tremendous e�ect on the DD outcome, a more detailed analysis of ETR best devote

attention to these.

2.4.2 The �rm decision

Regarding the �rm side, we also distinguish between four cases:

1. F-RR � one rational, i.e. pro�t-maximising, representative �rm (baseline)

2. F-RH � pro�t-maximising heterogeneous (in size and labour-to-carbon ratio) �rms

3. F-BRH � heterogeneous �rms satis�cing with aspiration levels and routines

4. F-SH � socially interacting heterogeneous �rms

In the F-RR case, the ETR will lead to an increase in carbon e�ciency which is positive for

emission reduction, i.e. the environmental dividend. So is the second mechanism on the �rm side:

increased cost of carbon and lower labour cost lead to replacement of carbon with labour. This shift

is expected not only to improve the environment, but also to have a positive impact on employment

by raising labour demand (++/+). This baseline case is again based on the mechanisms from Table

2.1 and the result is shown in the upper left cell in Table 2.4.

Table 2.4: Double dividend potential of an ETR for di�erent �rm cases

F-RR F-RH F-BRH F-SH
Pro�t-maximiser Heterogeneity Satis�cing Social innovation

Representative �rm ++/+

Energy- Firm size
intensity

High
Small +++/0 ++++/- +++/+
Large +++/+ ++/+ +++/+

Low
Small ++/+ 0/(+) ++/+
Large ++/+ ++/+ ++/+

Note: The four columns show the results of the four �rm cases. Values left of the `/' symbol refer to the environmental
dividend,those on the right to the employment dividend. `+' indicates better chances for a dividend to occur, `-'
lower chances and `0' that the direction is unclear. Each mechanism (from Tables 1 or 2) is the source of a sign,
working in the same or opposite direction, so more signs indicate a higher likelihood of an e�ect.

Similar to the household analysis, cases 2�4 are evaluated using Table 2.2, i.e. we use one

additional mechanism10: market exit or extinction of �rms. Overall the results suggest that the

outlook is more positive for the environmental dividend than for employment. There is not much

10Table 2.2 also includes di�erent strategies for hiring low versus high-skilled labour. We only pay limited attention
to these demand variations here, because we have no reliable information of strategy structures with respect to this
point.
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variation across the di�erent cases within the types of �rms, and the environmental bene�ts from

energy-intensive industries are always at least as high as from the labour-intensive sectors. The

latter result is not surprising. As energy-intensive �rms bear the largest share of the costs of the

tax reform, they supposedly react strongest. In addition, they probably have the largest abatement

potential.

Behavioural Case 2, F-RH, considers heterogeneity of pro�t-maximising �rms in terms of size and

carbon-intensity.We disregard the possibility of renewable energy use here, because this strategy

will not have any impact on labour demand, and also refer to energy-intensity. The results show

similar emission reductions among all energy-intensive companies. For large �rms these reductions

are the result of e�cient abatement due to economies of scale and innovation, whereas small

energy-intensive �rms are exposed to frequent extinction resulting in emission reduction. This

comes at the cost of losing jobs among smaller companies and thus lowers the potential for the

second dividend.

Case 3 introduces decision making based on aspiration levels and routines (satis�cing). The

results are shown in the third column of Table 2.4. In this case, the transition process slows

down for all types of companies, because routine-based decision making introduces inertia. The

greatest di�erence compared to case 2 pertains to small labour-intensive �rms. The reason is that

they are likely to exceed their original aspiration levels after an ETR and thus will not introduce

any changes at all � based on the idea that �rms react mostly when they underperform. While

automation tends to cause job losses in small labour-intensive companies, such as in the service

industry, labour cost reductions due to an ETR could help to protect jobs in these sectors. That

is why we added the (+). The negative impact on employment for small energy-intensive �rms

stems from the increased extinction risk they are exposed to when they use routines compared to

a traditional pro�t-maximiser.

Social innovation which allows for cooperation among �rms and imitation of competitors coins

the fourth behavioural case, displayed in the last column. Our assumption is that these conditions

will facilitate a faster innovation process and hence a more rapid transition away from carbon

emissions. Extinction rates of small �rms in energy-intensive industries are lowered, because they

can copy successful competitors or economise on their resource use through cooperation. This has

a positive impact on the second dividend. Even small labour-intensive �rms may contribute to

environmental improvements in this case because they can imitate emission reducing techniques

from their larger competitors without investing a lot in R&D. A downside may be a lower demand

for high-skilled labour in the R&D process.

In sum, we take away three main insights from the �rm analysis. Although we expect similar

emission reductions within the distinct types of �rms across our cases, the mechanisms to arrive
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there di�er. For some of the companies, abatement comes about through market exit rather than

innovation. This holds particularly when comparing small carbon-intensive �rms with and without

social innovation. Second, the di�erent cases mainly a�ect the speed of transition, a factor that is

neglected in traditional analyses. Third, as our examples of replacement of human labour through

automation or lower research personnel demand in the case social innovation show, the di�erent

cases may a�ect di�erent types of jobs in a separate manner. It is thus likely that they will a�ect

the distributional outcome of an ETR. These factors should be included in the policy analysis in

order to get a comprehensive picture, including equity impacts.

2.5 Discussion

2.5.1 Results of behavioural cases

The qualitative analysis of four behavioural cases was performed for households and �rms, respec-

tively. Even if some of the results for the double dividend potential are similar to the baseline

rational representative agent case (RR), the underlying mechanisms of an ETR and its side e�ects

are much more di�erentiated than is usually considered. The distinction between extensive and

intensive labour supply reversed our understanding of the impact of the substitutability between

commodity consumption and leisure on employment. If leisure and consumption are complements,

an ETR may increase the supply of labour at the intensive margin, which will inhibit, rather

than support the creation of new jobs (employment dividend). Tax salience has a positive e�ect

on emission reduction and on employment creation among the high-skilled labour force, whereas

status-seeking may pose a serious threat to both dividends if positional consumption causes over-

supply of labour.

The analysis of �rms shows higher potential for the environmental dividend in all cases compared

to the baseline, and particularly in emission-intensive sectors. Adding the possibility of market

exit threatens the second dividend for small �rms. Emission reduction may be realised through

extinction at the cost of losing jobs, rather than through innovation. We expect routine-based

decision making and social innovation to a�ect the speed of the transition of the economy. Routines

are likely to slow down the transition to a low-carbon economy while non-market interactions can

accelerate it. Allowing �rms to cooperate and imitate successful competitors probably decreases

the risk of extinction for small �rms as well. Finally, the shift from labour to carbon can happen

through direct replacement of carbon through human energy or through innovation in carbon

productivity as a result of R&D. The latter channel is most likely the more important one and will

require high-skilled labour. Although an ETR may have the potential to temporarily slow down

current digitalisation and automation trends, the outcome in terms of labour demand is likely to
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be skewed between high and low-skilled households. These di�erent impacts for di�erent segments

of the population need to be considered in policy evaluations.

The assessment was based on a combination of a critical literature review and additional own

argumentations that integrated insights from di�erent �elds. It should be seen as a starting point

for behavioural modelling approaches to studying the environmental and socio-economic impacts

of ETRs. Given the broad scope, we had to be selective and focus on important cases, rather than

o�er an exhaustive treatment of potential behavioural assumptions and implications. Because

of the qualitative nature of our analysis, we further had to neglect the interaction of behavioural

cases, especially between �rms and households. To more systematically address this, speci�c formal

models are required, which can bene�t from our explorative insights. Agent-based modelling is

one technique to overcome restrictive assumptions of traditional models and to comprehensively

incorporate relevant boundedly-rational and socially-interactive behaviours as well as heterogeneity

in the context of ETR. These models have seen considerable application to climate policy (Castro

et al., 2020), but not been systematically used to answer questions about a DD of an ETR. In

future work, we intend to elaborate some of the ideas exposed here along these lines.

2.5.2 Limitations

Only the basic channels of one type of dividend � the EDD � were considered, while it should

be noted that other de�nitions of the economic dividend and other channels exist and have been

studied. Examples include additional production factors (e.g. Bovenberg and Van der Ploeg, 1998),

informal labour markets (e.g. Goulder, 2013; Bento et al., 2018 or health bene�ts (e.g. Williams III,

2002). Our analysis concentrates on the impacts on labour and commodity markets. Based on

empirical studies, we assumed a general rise in the consumer price index. We also assumed that

bene�ts of the tax reform are split between employers and employees and we considered only labour

and carbon as input factors to production. Altering these central assumption will likely a�ect our

results. Finally, as we do not employ a model we cannot draw any conclusion about optimal tax

policy. The point we want to make is that some of the typical assumptions should be re-evaluated

with respect to empirical evidence and future models should be built with the necessary �exibility

in mind.

2.6 Conclusions

The aim of this study was to examine whether and how particular deviations in behaviour from

rational representative agents a�ect the mechanisms set in motion by an environmental tax reform

(ETR). To that end, a literature review was performed to identify the e�ects of the policy on
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labour and commodity markets. Adding insights from literatures on time use, labour studies and

behavioural and evolutionary economics has provided insights about extending existing models of

ETR with other relevant mechanisms (Table 2.2).

One important result is that complementarity between leisure and commodity consumption does

not have to be favourable for an employment dividend. Considering the distinction between ex-

tensive and intensive labour supply, the opposite can be true if increased labour supply through

employed individuals undermines the creation of new jobs. Allowing for the possibility of �rm

bankruptcy can further threaten the employment dividend. Heterogeneity in skills and consump-

tion choices a�ects the equity impacts of an ETR through tax incidence and potential shifts in

labour demand. With respect to the labour-leisure trade-o�, more attention should be paid to the

use of time as a resource, in addition to income.

Although we did not focus on the magnitude of the various behaviours on the outcome of an ETR,

our analysis has revealed the importance of deviations from assumptions of traditional models. Not

only do they have the potential to a�ect the outcome in terms of the double dividend � as already

shown by recent ETR studies � but they actually require us to consider additional mechanisms

through which the tax reform unfolds and re-think the way we model the environmental and

socio-economic impacts of an ETR.
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Chapter 2: The employment double dividend of environmental tax reforms

Households

Behavioural case 1: HH-RRA � Representative and rational households

1. A higher wage increases labour supply [/+], which is good for the second dividend but potentially
threatens the �rst [(-)/].

2. Commodity demand goes down after prices rise. This promotes the �rst dividend [+/]. If leisure
and commodity consumption are complements it promotes the second dividend as well [/+].

3. If they are substitutes there is a trade-o� between leisure and consumption reduction. The e�ects
on the �rst and the second dividend are unclear [0/0].

Behavioural case 2: HH-RHA � Heterogeneity

Low-skilled households

4. A higher wage rate promotes extensive labour supply and thus the second dividend [/+]. We
assume that increased labour supply and lower complement consumption will lead to a shift towards
substitute commodities. Since commodities that are substitutable for leisure are assumed to be
time-saving, they likely have a higher carbon intensity [-/].

5. A higher wage also promotes intensive labour supply for low income households as they are close
to subsistence consumption. This is bad for the second dividend because it prevents the creation of
new jobs [/-]. For consumption and the �rst dividend the argument from above holds [-/].

6. The commodity price rise induces a demand reduction. We assume that low income households
with no environmental preferences replace these commodities with time-saving and high-carbon
alternatives, thus leading to an overall negative impact on the environment. The impact of increased
labour supply is unclear [-/0]. At the extensive margin it promotes the second dividend, at the
intensive margin it prevents it.

7. A higher wage rate promotes extensive labour supply and thus the second dividend [/+] (like in
4.). Although these households have pro-environmental preferences we assume them to attach more
weight to work-related high energy consumption due to their low income and absolute level of
consumption [-/].

8. Intensive labour supply rises too, following the higher wage rate [/-] (like in 5.) and we assume a
similar increase in substitute consumption [-/].

9. The consumption of complements falls after the price rise, but we assume that it is to some extent
replaced by low-carbon substitutes (such as services) rather than high-carbon substitutes, based on
HHs pro-environmental preferences. The impact is not expected to be strong though [0/]. Again,
the impact of increased labour supply is unclear [/0].

High-skilled households

10. A higher wage rate promotes extensive labour supply for high-skilled workers as well and with it
higher consumption of high carbon-leisure substitutes, such as private vehicles for commuting. This
means a negative impact on environmental quality and a positive employment impact [-/+].

11. Intensive labour demand is assumed to stay the same for high income HHs without environmental
preferences, because they are further away from subsistence consumption and experience decreasing
returns to additional income. This gives room for the second dividend as there is no competition
between employed and unemployed people to ful�l labour demand. We assume that consumption
patterns stay the same [0/+].

12. The price increase for commodities depresses demand. As high income households are assumed
to substitute commodities and leisure, the labour supply falls as well, again promoting the second
dividend rather than weakening it [+/+].

13. Extensive labour supply increases, but HHs with pro-environmental preferences are assumed to use
their income for less carbon intensive consumption [0/+].

14. Intensive labour supply falls following a wage increase. HHs with pro-environmental preferences
derive additional utility from preserving the natural environment and thus attach a lower weight to
utility from income. This reduction is an additional stimulation for the second dividend by creating
more labour demand, we assume they only reduce intensive labour supply so far as to sustain their
old consumption habits [0/+].

15. The increased commodity price lowers the demand for substitute commodities, which likely improves
the environment [+/]. This reduction will bring about an increased demand for leisure, e.g. to have
the time to consume rather time-intensive but low-carbon goods, and thus a reduction in labour
supply. As, however this reduction can be expected to come from already employed people, it would
free up jobs for the unemployed and thus be � again contrary to the traditional argument � promoting
the second dividend, rather than inhibiting it [/+].
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Behavioural case 3: HH-BRHA � Tax salience

Low-skilled households

16. No change compared to case 2. The reason is that low income households are already very attentive
to prices even without tax salience.

17. No change compared to case 2. See above.

18. The commodity price increase reduces commodity consumption, which is complementary to leisure
and hence promotes labour supply. This favours the second dividend if it is at the extensive margin
but threatens it when at the intensive margin. Thus the overall e�ect remains unclear [/0]. Due to
the over-reaction to the tax we assume an overall reduction in carbon-intensive consumption, leading
to a positive e�ect on the environment [+/].

19. No change compared to case 2.

20. No change compared to case 2.

21. Again, the price rise in leisure complements lowers intensive labour supply, thus promoting the second
dividend. Due to tax salience, we assume that commodities are not replaced by other consumption
[+/+].

High-skilled households

28.-29. No change compared to case 2.

30. The price rise induces a demand reduction of leisure substitutes, leading to lower (intensive) labour
supply. We assume the demand reduction to be stronger under tax salience [++/++].

31.-32. No change compared to case 2.

33. Again, based on the literature we assume that the demand reduction will be stronger than without
tax salience, improving the probability of both dividends compared to the second (and �rst) case
[++/++].

Behavioural case 4: HH-SHA � Status seeking

Low-skilled households

34. No change compared to case 2.

35. Intensive labour supply increases following a higher wage rate, preventing the second dividend. As
individuals are seeking status, they use their additional income to consume mainstream positional
goods, which are typically high-carbon goods substitutable to leisure, such as cars, bigger houses,
carbon-intensive holidays, etc. [-/-].

36. The price increase lowers consumption of complements, but they are likely to be replaced by time-
saving high carbon consumption, made necessary and �nanced through increased labour supply
[-/-].

37. No change compared to case 2.

38. Intensive labour supply increases after a rise of the wage rate, inhibiting the second dividend. Al-
though the pro-environmental preferences make households use additional income for supposedly
`green' status goods it still increases their overall material consumption [-/-]. That is because they
cannot a�ord the free time necessary to truly consume green, as that is time-intensive.

39. The price change leads to a lower consumption of leisure complements, supporting (intensive) labour
supply. In the status-seeking case, where low-skilled green households try to imitate high-skilled
green households, they will try hard to consume low carbon leisure substitutes to position themselves.
This yields environmental improvements but still inhibits the creation of new jobs through increased
intensive labour supply [+/-].

High-skilled households

40. No change compared to case 2.

41. When agents are status seeking even when their income is high the wage rate will lead to increased
labour supply at the intensive margin to sustain or expand consumption. This works against both
dividends [-/-].

42. The price rise induces a demand reduction for commodities. As they are mostly leisure substitutes,
this fosters an increase in labour supply. When positional consumption matters we assume that
consumption levels will at least stay the same and be �nanced through increased labour supply if
necessary [0/-].

43. No change compared to case 2.

44. Some status seeking agents may be expected to increase their intensive labour supply even when
they have a high income and environmental preferences. This can weaken the second dividend.
However, any additional income is expected to be used for lowering carbon consumption, which is
the status symbol of the `green elite', e.g. local and seasonal products, and thus be bene�cial for the
environment [+/-].
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45. The demand for time-saving leisure substitutes will go down following a price increase favouring
more time-intensive consumption and hence lower intensive labour supply. For rich households with
pro-environmental preferences this could be a return to truly green time-intensive status symbols
[++/++].

Firms

Behavioural case 1: F-RRA � Representative and rational

1. A higher marginal cost of carbon emissions incentivises �rms to improve their carbon e�ciency. This
improves the environment but has not necessarily an impact on labour [+/0].

2. The lower cost of labour together with the higher cost of carbon incentivises a shift from labour to
carbon which supports both dividends [+/+].

Behavioural case 2: F-RHA � Heterogeneity

All �rms

3�16. The policy induces the same changes across all �rms: the higher price of carbon leads to e�ciency
improvements, and together with the lower unit cost of labour induces a factor shift. This always leads to
positive e�ects for the environment and employment. A new channel exists that is particularly relevant for
small �rms: extinction (or market exit). The higher cost of carbon will put pressure especially on small
energy-intensive �rms who operate close to their survival point. This increased extinction risk threatens
the employment dividend. We assume that the environmental impact of large energy-intensive �rms is
stronger than that of small competitors or labour-intensive �rms.

Behavioural case 3: F-BRHA � Satis�cing

Energy-intensive �rms

17. No change compared to case 2.

18. Extinction rates of small �rms are higher under routine use and aspiration levels, because transitions
happen slower and managers choose from selection of all existing options only.

19. Higher cost of carbon induces factor shift, but slower.

20. Lower cost of labour induces factor shift, but slower.

21.-23. No change compared to case 2, but process expected to be slower.

Non-energy-intensive �rms

24. Small labour-intensive �rms who require little energy will potentially perform above their aspiration
levels and will thus not adjust (except maybe in the very long run). No e�ect on employment or
emissions [0/0].

25. The probability of extinction for small labour-intensive �rms does not change. Their costs probably
get lower, but so do those of their competitors. No impact on either of the dividends.

26. Substitution of carbon through use of labour is probably limited in these industries. However, current
trends in robotics may be slowed down, leading to a temporary protection of jobs. This favours the
second dividend. The impacts for the �rst dividend are probably negligible [0/(+)]. The robotic
argument steps a bit outside our analysis and is thus put in parentheses.

27. See 10.

28.-30. No change compared to case 2, but process expected to be slower.

Behavioural case 4: F-SHA � Social innovation

Energy-intensive �rms

31. Higher cost of carbon leads to e�ciency increases. Under social innovation the speed of transition
is higher than in case 2 [++/0].

32. The extinction rates of small �rms are probably not increasing signi�cantly if they can cooperate
and/or imitate successful competitors. Thus there will be no big extinction impact on either of the
dividends [0/0].

33. Substitution will also happen faster than in the atomistic case 2. The impact on labour may be
stronger because of the transition speed, or weaker because of less labour requirements due to
cooperation. Thus we are not changing it compared to case 2 [++/+].

34. See 3.
35. E�ciency improvements motivated by a higher unit cost of carbon are assumed to happen faster.

36. Substitution of carbon with labour is assumed to happen faster.

37. See 6.
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Non-energy-intensive �rms

38. If small labour-intensive �rms are able to observe and learn from their competitors, e�ciency im-
provements seem more likely in this sector. This promotes environmental bene�ts [+/0]. The result
is the same as in the case 2, where �rms maximise pro�t, but the reason is di�erent. Here the �rms
evolve through learning to arrive at a similar result.

39. The extinction rate for small labour-intensive companies should not become higher, as in case 2
because they can imitate the best practice of others, hence improving the chances for an EDD.

40. No change compared to case 2. But again, result driven by non-market cooperation instead of pro�t
maximisation.

41. See 10.
42. Result as in case 2. Firms come close to pro�t-maximisation over time through social learning and

copying their competitors' behaviours.

43. Substitution is also happening, because in large companies � even if they are labour-intensive �
monitoring of routines and practices will lead to a factor shift. However, total emission reduction
is probably small, but research in e�ciency improvements creates jobs, which promotes the second
dividend.

44. See 13.
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Chapter 3

How work patterns a�ect leisure

activities and energy consumption:

A time-use analysis for Finland and

France
1

3.1 Introduction

Existing policies in the context of the climate crisis often aim at reducing greenhouse gas (GHG)

emissions, while fostering or redistributing employment. Examples include work time reduction

(Schor, 2005; Jackson and Victor, 2011) or environmental tax reforms with revenue recycling

through labour taxes (Bovenberg, 1999). Researchers frequently refer to multiple dividends of

these policies, such as the `double dividend' of environmental and economic (e�ciency) goals of

tax reforms, or the `triple dividends' of work time reduction: �enhanced ecological sustainability,

social equity and life satisfaction� (Buhl and Acosta, 2016).

Such comprehensive policies a�ect multiple aspects of human life and behaviour, including work

and consumption decisions, work-life balance and societal arrangements, such as labour organisa-

tion. Yet quantitative approaches to assess policies for sustainability have often been limited to

monetary e�ects (Minx and Baiocchi, 2009). Lately, more attention has been paid to the impacts

of leisure time allocation and its environmental impact when work hours change (see e.g. Buhl and

Acosta, 2016; Nässén and Larsson, 2015). These studies include time budgets into their analysis,

1This chapter has been published as Klein, F., Drews, S., Savin, I., and van den Bergh, J. (2021). How work
patterns a�ect leisure activities and energy consumption: A time-use analysis for Finland and France. Energy
Research and Social Science, 76, 102054.
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but they tend to focus on average e�ect across populations. Doing so neglects potentially di�erent

impacts of work time on leisure activities and thus conceals which sub-groups should be targeted

by policy interventions to e�ectively reduce energy demand.

In this study we perform an activity-based time-use analysis of the impact of work time on

leisure activities and energy use for Finland and France. Our focus is on the heterogeneity of

activity patterns and their impact on energy use, especially with respect to individuals' general

availability of leisure time, which we measure through a respondent's employment status (part-time

or full-time). Four research questions (RQs) are guiding our analysis:

(i) Which activities are undertaken more or less when comparing di�erent levels of work time?

(ii) How do people change duration of their leisure activities in response to changing work time?

(iii) Does a person's employment status moderate the allocation of leisure time?

(iv) How does the energy use of leisure activities change in response to di�erent work hours?

To answer these questions, we estimate a number of econometric models relating work time,

leisure activities and energy use, using national-level data for Finland and France. The context of

the analysis is thus one of two wealthy European societies with relatively high rankings in energy

use per capita. Total primary energy use per person for instance was 6924.7 and 3692.0 kg of oil

equivalent in 2015 in Finland and France, respectively (Bank, 2015). There are however important

cultural, geographic and socio-economic di�erences between the two countries. The sub-arctic

Finnish climate explains higher energy consumption, typical for the Nordic countries, compared to

the French temperate climate.

There are also some important di�erences with respect to work patterns. According to its Fifth

European Working Conditions Survey (Eurofound, 2012), dual-earner households are very common

in both countries, but the share of households with a male `breadwinner' is more dominant in France

and the share of female `breadwinners' is higher in Finland. Part-time contracts are much more

usual among French women compared to men, whereas the gender shares are rather balanced in

Finland (Eurofound, 2012). From the fourth survey wave we also know that autonomy over working

time is higher in Finland than in France (Parent-Thirion et al., 2007). While our empirical analysis

does not include societal or labour market institutions, results should be interpreted against this

geographical, cultural and institutional backdrop.

The remainder of the paper is organised as follows. Section 3.2 o�ers an overview of the relevant

literature and places our study therein. Data and methodology are explained in Section 5.3. Section

3.4 presents the results of our econometric analysis, which are discussed in Section 3.5. Section 5.5

concludes.

44



Chapter 3: How work patterns a�ect leisure activities and energy consumption

3.2 Literature review

Time use has played an increasing role in recent undertakings to comprehend the environmental

impact of household behaviour. The fact that both human well-being and emissions are not the sole

and instantaneous result of the act of purchasing, but also arise from the use of goods and services

over time, has led to the evaluation of environmental impacts of di�erent activities per unit of time.

Such studies typically combine national time-use diaries with the respective household expenditure

surveys to calculate energy use or emissions per hour of an activity (Schipper et al., 1989; Jalas,

2002, 2005; Druckman et al., 2012; Jalas and Juntunen, 2015; Smetschka et al., 2019; Yu et al.,

2019). The recent studies in particular highlight the importance of di�erentiating between various

household types, because energy intensities of one activity can vary widely with context (think,

for instance, about di�erent modes of transportation).

The relationship between work patterns and environmental impacts has been addressed espe-

cially in the context of work time reduction scenarios (see Antal et al., 2020 for a systematic

literature review). A number of empirical studies have been carried out with a macroeconomic

focus, comparing average work time and environmental impact (Schor, 2005), energy use (Rosnick

and Weisbrot, 2007) or carbon footprints (Knight et al., 2013) across countries. These studies

typically �nd that an increase in average work time by 1% leads to an increase in energy use or

emissions by>1%. This e�ect is mostly attributed to income e�ects.

A scenario analysis of �ve potential work time reduction policies focusing on full-time employees

in the United Kingdom (UK) �nds a large variation in mitigation potential (King and van den

Bergh, 2017). Employee time use is one of many elements included in this analysis, alongside

income e�ects and changes in business activities. It is assumed that additional leisure time is

utilised consistent with current time-use patterns.

Recently, a strand of literature has emerged that uses a microeconomic framing to analyse

the marginal e�ects of a work time reduction on energy use and emissions (Nässén and Larsson,

2015) or on the triple dividend mentioned above (Buhl and Acosta, 2016). Nässén and Larsson

(ibid.) calculate the average income elasticity of energy use for the Swedish population. The study

connects expenditure and time-use data to distinguish between income and time e�ects. The results

indicate a positive relationship between energy use and income and a negative relationship between

energy use and work time. As the time e�ect (shift in activities) is weaker than the income e�ect,

a 1% reduction in work time leads to a drop in energy use by 0.7%. Households with one or more

unemployed or retired adult members are excluded from this sample. An open question remains

why the reduction in emissions the study �nds is lower than the estimates of most macroeconomic

studies.

Buhl and Acosta (2016) apply a similar framework of marginal e�ects to German data. They
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look at the causal e�ects of work time reduction on activities using two waves from the German

Socio-Economic Panel survey. Their mixed methods approach also includes interviews with people

who have reduced their work hours. Analysing the triple dividend of work time reduction, they

also disregard unemployed individuals when drawing conclusions about social equity impacts of

work time reduction. While the study indicates potential quadratic relationships between work

time and undertaking particular activities, these results are not pursued any further.

So far household heterogeneity in terms of employment patterns as well as energy intensity per

time unit of an activity remains neglected in these studies, especially given that other authors

have highlighted the need for assessing di�erences across household groups. The environmental

impact of particular activities can vary widely depending on factors such as income, age, household

size, urban form or employment status (Jalas and Juntunen, 2015; Gough et al., 2011; De Lauretis

et al., 2017; Wiedenhofer et al., 2018). Particularly interesting from our perspective is a study

by Gough et al. (2011), which investigates drivers of GHG emissions in the United Kingdom

based on the UK Expenditure and Food survey. While income is identi�ed as the main driver,

employment status alone explains 7% of variation in per capita emissions in their model. Although

their �ndings indicate no signi�cant di�erence between full-time employees and either part-time

employees or retirees, unemployed individuals or self-employed people have signi�cantly lower or

higher emissions than full-time workers, respectively. Moreover, the study investigates di�erences

in work time and occupation, without applying any time-use data which may help to explain how

di�erences in emissions come about.

Finally, the change in marginal duration of di�erent activities is interesting. By analogy with the

better known `marginal propensity to consume', Buhl and Acosta (2016) call this change `marginal

propensity to time use'. Intuitively, it makes sense that the reaction in time use given an additional

work hour is di�erent for someone with a 40-hour work week, compared to someone with a 20-hour

work week. The impacts of a change in working time at the margin are highly relevant to policy

design: a non-linear `marginal propensity to time use' would imply varying e�ectiveness for energy

use reduction depending on the target group of a policy.

Our study builds on microeconomic approaches to analysing energy use through activities as

in Buhl and Acosta (2016) and Nässén and Larsson (2015). Our contribution involves a focus on

heterogeneity of individuals in terms of (a) di�erentiating between e�ects on occupational groups

with varying degrees of available non-work time (i.e. part-time versus full-time employees), (b)

using di�erent energy intensities for di�erent household types, and (c) allowing for non-linear rela-

tionships between work and other activities. Finally, we extend the investigation of the relationship

between work hours and non-work activities from Sweden and Germany in previous studies to Fin-

land and France, motivated by data availability. Using harmonised activity data for two countries
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allows us to compare discrepancies in time allocation in di�erent contexts.

3.3 Data and method

3.3.1 Conceptual framework

In order to address the four research questions posed previously, three sets of regression models

are estimated (Figure 3.1). Model 1 (M1) involves regressing the duration of each non-work

activity on average daily work hours, which allows us to investigate how leisure time is allocated

by respondents with various levels of work. This can be thought of as a form of time budgeting:

an increase (decrease) in work time will necessarily lead to a decrease (increase) in other activities.

Model 2 (M2) investigates how the relative share of time in various activities changes with work

Working 
time

Absolute duration of 
different non-work 

activities

Energy use

Relative duration of 
different  non-work 

activities

Employment 
status

M1

M2

M3

Figure 3.1: Conceptual framework

Note: Dark grey left box indicates the main independent variable and the light grey boxes on the right dependent
variables of models M1-M3. The employment status is expected to moderate the relationship between work and
leisure.

time. These two steps address research questions (i) through (iii), which all concern the relationship

between duration of paid work and other activities2. The relevant independent variables are work

time (RQ i), squared work time (RQ ii), and an interaction term between work time and the

employment status of a person. The latter allows to assess di�erences in e�ects between full-time

and part-time employees (RQ iii). The categorisation is taken directly from the time use data base.

Students and people who are retired, seeking work, or looking after family, but who work at least

some hours, are also coded as working part-time.

Regression Model 3 (M3) estimates the relationship between energy use during leisure time and

working hours (RQ iv). Energy use is calculated based on the leisure activities performed by

2Note that there is not one model per research question, but rather certain model coe�cients relate to speci�c
questions.
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each household type. We use a consumption-based approach to calculate total energy use and

energy-intensity (per hour) during leisure time. The term `energy intensity' appears throughout

this paper to refer to energy use per unit of time, for one speci�c or all non-work activities. To

obtain energy use, we multiply energy intensity factors per hour of each activity with the time

spent on these activities. This means no energy use is allocated to time spent at work, which is in

line with previous studies (as mentioned in Section 3.2).

3.3.2 Data sources

Our main data source is the Multinational Time Use Survey (MTUS) (Gershuny, 2013). It collects

and harmonises time diary data from various countries. The analysis is performed using the most

recent available time-use data sets, which are from 2009 for both countries. This data is originally

collected in a diary format, where participants �ll in information on their activities in 10-minute-

intervals during up to two sample days, mostly one weekday and one weekend day. Reported

activities are then coded and provided in 24 di�erent categories. In each regression model we

use observation weights provided by the MTUS data base (`PROPWT'), in order to ensure a

representative sample in terms of days, gender and age (weekend days are over-represented, for

instance)3.

To link activity patterns to energy use, we are building on the energy intensities of di�erent

activities estimated by Jalas and Juntunen (2015) for Finland and De Lauretis et al. (2017) for

France. We assign 23 of the 24 activity categories (excluding paid work) from the MTUS data set

to the categories used in those studies. Appendix 3.A o�ers an overview of the activity categories

and the classi�cations used by Jalas and Juntunen (ibid.) and De Laretis et al. (ibid.) for

calculating hourly energy intensities. Both papers group households according to age, civil and

family status, i.e. whether someone lives with a partner and whether they have children4. This

household typology implicitly covers some other important factors, such as disposable income

(typically lower for older people) or scale e�ects (re�ected in household size).

While the time-use categories are identical for both countries, an important di�erence that pro-

hibits the two countries' energy use to be directly comparable, is that the Finnish data includes

embodied energy used during the production of goods), whereas the data for France is limited

to direct energy use (fuel, electricity, etc.). Both studies calculate energy use by combining ex-

penditure survey data with time-use data. De Lauretis et al. (ibid.) additionally use housing,

appliance and mobility surveys. For Finland, monetary values are converted into energy demand

using environmentally-extended input�output tables with a four-digit COICOP classi�cation of

3For details on the construction of the weights, we refer the interested reader to the description section of the
PROPWT variable on the MTUS website: https://www.mtusdata.org/.

4The categories for both countries are `Single < 65' , `Couple, reference person < 65' , `Single parent', `Couple
with children', `Couple, reference person > 65' , and for France in addition `Other'.
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goods. For France, energy expenses are converted using energy prices speci�c to energy form

and household type. Appendix 3.E indicates the average energy intensity for each activity group

from the two reference studies. We refer the interested reader to the two original studies (Jalas

and Juntunen, 2015; De Lauretis et al., 2017) for further details on energy intensity calculations.

Keeping these di�erences in mind, our results on energy use should be seen as outcomes pertaining

to di�erent contexts, rather than as a direct country comparison.

3.3.3 Data preparation

The time-use data is provided through two data bases which contain di�erent variables from the

same survey (MTUS and MTUS-X). Thus, we �rst have to merge these data sets based on observa-

tions' unique identi�ers. As we are mainly interested in the workforce, we then discard observations

of minors below the age of 16 years and unemployed people, as well as observations which were

neither categorised as full-time employed or part-time employed and who had not indicated any

work on the sample day or during the week preceding the sample day. Lastly, we delete observa-

tions which lack information on weekly work hours, control variables or activities throughout the

day or which cannot be assigned to any of the household types used in the underlying energy use

studies. The remaining sample size is 3,291 observations for Finland and 10,983 for France. The

observations represent person-days and the sample covers 1,756 individuals (1,223 households) for

Finland and 6,976 individuals (5,218 households) for France.

We test whether the data preparation leads to a biased sample by performing a Kolmogorov-

Smirnov test (with the null hypothesis that the two samples are drawn from the same distribution)

and a Wilcox rank sum test (equivalent to the Mann-Whitney test, with the null hypothesis that the

two distributions di�er in terms of a location shift, see Appendix 3.C). The results for Finland show

that household size, age, education level and employment status of missing observations di�er from

the overall sample, with di�erences in means between the �nal sample and eliminated values being

equal to 6.78% (household size), 3,76% (age), 1.4% (education) and 3.53% (employment status).

People in the remaining sample tend to live in slightly larger households, are less educated, older

and more often full-time employed. For the French sample, the observations we delete are also

slightly older and from larger households. The deleted observations include more educated, female,

full-time and higher-income respondents. These di�erences in means are all within 5%, except for

employment status (13.01%). Table 3.1 o�ers an overview of the main variables in the �nal data

set.
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Table 3.1: Summary of main variables by country and occupational status

Finland France

Full-time
(N=2957)

Part-time
(N=334)

Overall
(N=3291)

Full-time
(N=914)

Part-time
(N=1837)

Overall
(N=10983)

Average daily work time (WT)*
Mean (SD) 5.75 (1.02) 2.42 (1.02) 5.41 (1.43) 5.33 (1.32) 3.10 (1.20) 4.96 (1.55)
Median [Min,
Max]

5.43 [4.29,
13.9]

2.86 [0.143,
4.14]

5.43
[0.143,
13.9]

5.29 [0.429,
14.1]

3.29 [0.143,
5.29]

5.00
[0.143,
14.1]

Household size
Mean (SD) 2.95 (1.35) 2.80 (1.58) 2.93 (1.38) 2.75 (1.31) 2.96 (1.34) 2.78 (1.32)
Median [Min,
Max]

3.00 [1.00,
10.0]

2.00 [1.00,
9.00]

3.00 [1.00,
10.0]

3.00 [1.00,
11.0]

3.00 [1.00,
11.0]

3.00 [1.00,
11.0]

Age
Mean (SD) 43.3 (11.2) 42.6 (17.8) 43.3 (12.1) 42.2 (10.5) 42.9 (11.3) 42.3 (10.6)
Median [Min,
Max]

45.0 [16.0,
71.0]

46.0 [16.0,
78.0]

45.0 [16.0,
78.0]

42.0 [16.0,
69.0]

43.0 [18.0,
68.0]

42.0 [16.0,
69.0]

Gender
Mean (SD) 1.52

(0.500)
1.74 (0.441) 1.54

(0.498)
1.45
(0.498)

1.83 (0.378) 1.52
(0.500)

Median [Min,
Max]

2.00 [1.00,
2.00]

2.00 [1.00,
2.00]

2.00 [1.00,
2.00]

1.00 [1.00,
2.00]

2.00 [1.00,
2.00]

2.00 [1.00,
2.00]

Education
Below Sec-
ondary

1509
(51.0%)

180 (53.9%) 1689
(51.3%)

1378
(15.1%)

442 (24.1%) 1820
(16.6%)

Completed Sec-
ondary

1448
(49.0%)

154 (46.1%) 1602
(48.7%)

4928
(53.9%)

998 (54.3%) 5926
(54.0%)

Above Sec � � � 2840
(31.1%)

397 (21.6%) 3237
(29.5%)

Income
Lowest quartile 371

(12.5%)
93 (27.8%) 464

(14.1%)
1311
(14.3%)

465 (25.3%) 1776
(16.2%)

Medium quar-
tiles

1613
(54.5%)

157 (47.0%) 1770
(53.8%)

4092
(44.7%)

835 (45.5%) 4927
(44.9%)

Highest quartile 973
(32.9%)

84 (25.1%) 1057
(32.1%)

3743
(40.9%)

537 (29.2%) 4280
(39.0%)

Work day
Mean (SD) 0.474

(0.499)
0.389
(0.488)

0.466
(0.499)

0.558
(0.497)

0.484
(0.500)

0.546
(0.498)

Median [Min,
Max]

0 [0, 1.00] 0 [0, 1.00] 0 [0, 1.00] 1.00 [0,
1.00]

0 [0, 1.00] 1.00 [0,
1.00]

Note: * Main explanatory variable. Appendix 3.B contains histograms of work time by group.
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3.3.4 Econometric analysis

We estimate three regression equations with the following speci�cation:

Yi,j,d = β0 + β1WTj + β2WT 2
j + β3WTjPTj + β4PTj + βnCn,j,d + µd + ui,j (3.1)

In the �rst set of regressions (M1) Yi,j,d is the time person j spends on activity i (i = 1,. . . , 23)

on day d (measured in minutes). The second set of models (M2) is estimated using the share of

non-work time for each activity as an outcome (Yi,j,d) to investigate relative changes in pastimes. In

the third set (M3), energy use during leisure acts as the dependent variable, Yi,j,d, so we can get an

idea of potential environmental impacts. WTj , represents the work time, i.e. the hours individual

j spent in paid work on per day during the preceding week. PTj indicates person j's employment

status (1 for part-time employees). More time poverty implies less leisure time to reschedule certain

activities to a di�erent time slot. We further integrate interaction terms between WT and PT,

as we expect the e�ect of an additional hour of work to be di�erent depending on a respondent's

employment status (re�ecting the long-term level of work time). This reduces potential variation

in work time across weeks, as the variable for weekly work hours is based on information about one

week only. Additionally, being a part-time worker can capture other unobserved characteristics

regarding a respondent's life stage or non-work duties, for instance, related to parenthood or

education.

Cn, j, d is a vector of n person-speci�c control variables including age, gender, household size,

education level, income group and a work day dummy (1 if respondent worked at least 30 min

on the diary day). µd is a vector of time-speci�c �xed e�ects for month and day of the week,

accounting for the idea that many social practices di�er between days or month (Anderson, 2016;

Torriti, 2017). ui, j is the error term.5

As the correlation between employment status and work time (WTj) is potentially high, we need

to check for multicollinearity. The Pearson correlation coe�cient for the two variables is -0.537

in France and -0.701 in Finland (both p-values < 2.2e-16). As the generalised variance in�ation

factor (GVIF) for employment status and the interaction term are very high (41.24 and 18.15 for

Finland; 16.07 and 11.80 for France), we add the covariates one by one, as recommended by Murray

et al. (2012) for regression models with dummy variables. When we leave out the quadratic term

(WT2), the GVIFs remain below the popular benchmark of 10 for both countries, indicating that

there is no multicollinearity between the variables used.

5We also considered the sector of employment (public versus private), self-reported stress levels and work time of
other household members. The employment sector and stress levels show a signi�cant coe�cient for few activities,
but are only available for Finland. The work time of other household members proves to be signi�cant only for
certain activities among the French sample, while cutting the sample size approximately by half in both countries.
We thus discarded these potential control variables. The results are available from the authors upon request.
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3.4 Results

3.4.1 Time-use results

Absolute and relative time allocation

We �rst regress the absolute and relative duration of all 23 non-work activities on average daily

working time. To show absolute and relative changes combined, Figure 3.2 represents the marginal

e�ects of a change in WT for both countries in Cartesian coordinate system6. Each point represents

one activity, its x-coordinate being the marginal relative change in the activity's share of leisure

time associated with a one-hour increase of paid work per day, and its y-coordinate re�ecting

the marginal absolute change in minutes associated with an additional hour at work. Using this

visualisation, we can separate how di�erent types of activities relate to changes in times of paid

work, both in absolute and relative terms. For example, the time spent on sleeping is lower

among respondents with higher work hours (negative y-coordinate), while the share of leisure time

spent on sleeping increases (positive x-coordinate). Activities in the upper right quadrant play

a complementary role to work. For respondents with longer work hours, these activities increase

in absolute and relative terms. For Finland none of the activities in this quadrant is signi�cant.

For the French sample, commuting and personal care show positive signi�cant coe�cients in both

regression models, meaning that respondents with higher average work hours engage longer in these

activities.

The lower left quadrant of Figure 3.2 includes all activities whose duration decreases in absolute

and relative terms. There appears to be some sort of substitution between these activities and paid

work. Examples are sports, reading or media use. All these activities are performed signi�cantly

less among people with longer work hours. In Finland child care 1 playing, talking, etc.) is also

signi�cantly lower among people who work more. In France many household tasks and chores,

such as shopping, gardening, maintenance and food preparation also fall in this category.

The lower right quadrant shows what we call `weak substitutes for work'. While these activities

are reduced in absolute terms, they gain a larger share of leisure time when work hours increase.

These are mostly activities which can only be reduced to some extent because they are essential

for a healthy lifestyle, in particular sleep. Time is reallocated away from activities in the lower

left quadrant towards those in the lower right quadrant for respondents with longer work hours.

Expectedly no activities fall in the upper left quadrant (increase in absolute duration while falling

as a share of leisure).

It is apparent that only a modest number of activities are a�ected signi�cantly according to our

pre-de�ned con�dence levels. Religious activities, voluntary work and medical child care seem to be

6Note that we show the marginal e�ects for an average worker, i.e. calculating the e�ects using the mean of work
time (WT) for each sample.
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Figure 3.2: Relative and absolute changes in activity duration associated with a one-hour increase
of work

Note: Finland (upper plot) and France (lower plot). Coordinates re�ect the total marginal e�ect of a change in work
time (including interaction term and squared term). Transparency of the points indicates whether the respective
β1 coe�cients in the two models, M1 and M2, are at least statistically signi�cant at the 5% level.

53



Chapter 3: How work patterns a�ect leisure activities and energy consumption

linked least to paid work, compared to other activities (small and mostly insigni�cant estimates).

We �nd the largest relative e�ects for sleep in both countries. The French sample shows a higher

number of signi�cantly a�ected activities. This suggests a more diverse re-allocation of leisure

when people face di�erent work time. The detailed results in traditional table form can be found

in Appendix 3.D.

Non-linear e�ects

Our second research question was how activity allocation changes, particularly whether changes in

activity duration are linear, an implicit assumption in previous studies. Indeed, this does not seem

to be the case for all activities. Several regression models show signi�cant coe�cients for the square

of average daily work time (WT2), indicating relevant di�erences in the marginal e�ect of an hour

worked on activity allocation. Figure 3.3 displays the predicted duration of activities where the

change in time allotted is non-linearly related to work hours (with p < 0.05) for an average person.

For activities with signi�cant interaction between WT and the part-time dummy (PT), we plot

the marginal e�ects for the average full-time employee and part-time employee, respectively.

Average daily work hours (WT)
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France

Total sample
Full-time employees
Part-time employees

Figure 3.3: Signi�cant non-linear regression lines

Note: Finland (upper row) and France (lower three rows). Coloured activities have a signi�cantly di�erent relation-
ship for di�erent employment groups.
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In the Finnish sample three activities show signi�cant (p < 0.05) quadratic terms: sports, PC/In-

ternet use and child care 1. PC/Internet use and child care show signi�cant group di�erences.7 In

line with the β1 coe�cients (M1), these activities all decrease with work hours, mostly in a convex

manner, i.e. �attening with a rise in WT. An exception is child care among part-time employees,

which is positively related with work time.

In the French sample nine activities show signi�cant coe�cients for the quadratic term: sports,

commuting, food preparation, personal care, maintenance, sleep, reading, shopping and elderly

care. Many of them also show signi�cant group di�erences between the two employment types8.

Commuting time and personal care increase with decreasing marginal e�ects. All other activities

fall concavely when work time increases. Comparing the two employment groups, almost all

activities change stronger among full-time workers than part-time workers, potentially indicating

a more targeted adjustment by full-time workers, or put the other way around, more variation in

the activity patterns of part-time workers. An exception is child care in Finland, where we see

opposite e�ects between the two groups.

The insights are also interesting from an energy/environmental point of view. Energy-intensive

commuting time increases in France, while the Finnish coe�cient is negative (albeit not statistically

signi�cant). Furthermore, commuting in France increases more strongly with work time among

full-time than part-time employees, for example. The reduction of maintenance time with rising

work hours might point towards a `throw-away' behaviour, rather than prolonging the lifetime of

consumption goods.

3.4.2 Energy use results

In order to investigate the impact of di�erent work and activity patterns on energy use (RQ iv),

we calculated the total energy use per sample day according to the following formula:

EUtotal =

D∑
d=1

I∑
i=1

H∑
h=1

Ai,h,dEIi,h (3.2)

Ai,h,d is the duration of activity i (in hours) on day d of a household of type h. EIi,h is the

corresponding energy intensity of each activity for the particular household type as calculated

by Jalas and Juntunen (2015) and De Lauretis et al. (2017). They both provide average energy

intensities per activity for six di�erent household types distinct in terms of age, civil status and

the number of children. It is not possible to compare energy use directly between the two countries

for two reasons. First, they categorise activities di�erently. Secondly, they do not use the same

7The relationship between work hours and reading and education also di�ers signi�cantly between employment
groups. These are not displayed here because their squared term was non-signi�cant (see Appendix 3.D).

8For France, PC/Internet use and education are also a�ected di�erently (with signi�cant coe�cients) for full-time
and part-time workers (see Appendix 3.D).
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indicator, namely direct energy use in France versus total energy use in Finland.

Our last set of regressions (M3) then estimates the relationship between average daily work time

(WT) and individuals' energy use during leisure time. The time-use results from Section 3.4.1

serve as a guide for interpreting the changes in energy use we observe in this section. An overview

of the contribution of the di�erent activities to total energy use is provided in Appendix 3.F.

As energy use during leisure depends on the total leisure time available, we estimated both, total

energy use (in kWh) and the energy-intensity of leisure (in kWh/h) as outcome variables. Table

3.2 presents the results of these regressions. Total energy use during leisure is signi�cantly related

to the time spent in paid work only in France. However, for Finland the estimate similarly points

to an inverse relation, although it is not signi�cant at our pre-de�ned level. As higher work time

implies less leisure time by de�nition and thus less potential for energy use, the negative coe�cients

for total energy use are in line with what we expected. For France we �nd a signi�cantly di�erent

e�ect of work time on energy use (or the slope of the curve) between the two employment groups.

Table 3.2: E�ect of work time on total energy use and energy intensity of leisure

Finland France

Total energy use Energy intensity Total energy use Energy intensity

WT -8.255 -0.387 -1.701*** -0.021
(5.824) (0.277) (0.242) (0.011)

WT2 0.325 0.016 0.089*** 0.001
(0.376) (0.018) (0.02) (0.001)

Part-time -14.709 -1.189 -1.376 0.015
(21.359) (1.017) (0.827) (0.037)

WT*Part-time 4.308 0.28 0.588** 0.005
(5.292) (0.252) (0.210) (0.009)

Age -0.031 -0.007 0.103*** 0.006***
(0.086) (0.004) (0.008) (0.0003)

Gender 4.833* 0.254* 4.620*** 0.222***
(2.103) (0.100) (0.163) (0.007)

Completed 2ary -4.031 -0.250* -0.472* -0.007
Education (2.082) (0.099) (0.223) (0.01)
Above 2ary -1.037*** -0.036**
education (0.267) (0.012)
HH size -14.861*** -0.743*** 0.416*** 0.018***

(0.792) (0.038) (0.066) (0.003)
Medium Income 10.942*** 0.628*** -0.168 -0.01

(3.117) (0.148) (0.245) (0.011)
High Income 17.298*** 0.941*** -0.267 -0.007

(3.511) (0.167) (0.279) (0.013)
WD -35.185*** 0.034 -12.506*** -0.161***

(2.436) (0.116) (0.190) (0.009)
Intercept 174.407*** 7.995*** 26.703*** 0.877***

(22.657) (1.079) (1.044) (0.047)

Time FE Yes Yes Yes Yes
N 3,290 3,290 12,295 12,295
R2 0.221 0.142 0.441 0.186
Adjusted R2 0.214 0.135 0.439 0.184

Note: *p < 0.05; **p < 0.01; ***p < 0.001.

Regarding the energy intensity of non-work time, we cannot con�rm that this variable changes
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with hours in paid work for Finland. None of the coe�cients related to work time is signi�cant.

More important determinants for energy-intensity seem to be household size and gender. Age

plays a signi�cant role in France, whereas the coe�cients for income groups are only signi�cant

for Finland. Note, however, that the energy reduction associated with less leisure is irrespective

of the respondent's income group. Figure 3.4 illustrates the relationship between energy use and

time in paid work for both countries.
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Figure 3.4: Regression line for energy use for di�erent average daily work time

3.5 Discussion

We set out to investigate heterogeneity in work-leisure patterns and the resulting energy use. Our

�ndings suggest that (1) certain activities have a non-linear relationship with working time, (2)

marginal allocation of time di�ers between part-time and full-time workers, and (3) inter-country

di�erences exist in the allocation of leisure9. These non-linear and group-speci�c patterns also

translate into di�erentiated energy use in France, but not in Finland.

Our �rst research question aimed to identify the reallocation patterns of non-work time given

di�erent levels of paid work. We �nd that many, but not all activities are reduced when work hours

increase. Among activities with the strongest reductions are sports, reading and PC/Internet use.

Personal care and commuting seem to have a signi�cant complementary role to work in France.

Sleep falls in absolute duration, but increases in relation to other activities. As people work more,

9The inter-country di�erence in the e�ect of work time on activity duration (M1) is statistically signi�cant
(p<0.05) for commuting, food preparation, personal care, reading, cleaning, PC use, going out, maintenance, edu-
cation and child care. Results are available from the authors on request.
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time is shifted away from care, sports, reading and PC/Internet use towards sleep in both countries.

While we observe some similarities, there are also important di�erences in the reallocation of time

between Finland and France.

Most notably, the correlation between commuting and work time is positive in France, but

negative in Finland. There may be several explanations for this. For instance that telecommuting

may be more common in Finland � the country has a very high share of `e-nomads' (Eurofound,

2012), or that the distance to the workplace is shorter. Di�erences in transportation modes or

tra�c can play a role as well. The bottom line is that it is important to understand these context-

speci�c e�ects when one aims to implement policies related to work and energy use. The higher

number of signi�cantly a�ected activities in France indicates a more diverse re-allocation of time.

This may be due to a more heterogeneous structure of the population (for example due to migration

backgrounds), or due to distinct work culture and institutions. Household chores, such as shopping,

cleaning or food preparation showed positive coe�cients for Finland and negative ones for France.

This is in line with the common dual-earner classi�cation for Finland, versus a home-maker-

breadwinner distinction between household members in France. While we did not study such

cultural implications and explanations here, it is important to acknowledge that these di�erences

between countries exist.

Regarding research question (ii) our results suggest that not all activities are simply scaled

down linearly when work hours increase. Reductions in some activities are stronger for the �rst

hours of work and �attening for longer work hours and vice versa (see Figure 3.3). Due to these

distinct marginal reductions, the composition of leisure time in relative terms changes under distinct

amounts of work hours. Typically, time is deducted from certain leisure activities and household

chores, in favour of activities sustaining a person physically (e.g. sleep or personal care). The time

for voluntary work and religious activities is hardly a�ected in both countries. Among activities

with a signi�cant quadratic term, changes are typically stronger at �rst and �attening for longer

hours. This indicates that there is a strong e�ect of work time on particular activities, which

di�uses to a wider range of activity changes among respondents who work a lot.

Research question (iii) concerned the moderation of e�ects by a respondent's employment sta-

tus. We �nd that allocation of non-work time di�ers between part-time and full-time employees,

especially in France. This is a potential re�ection of stricter separation of tasks within households.

The direction of change for most activities is similar when considering the average person (see

Figure 3.2), and changes seem to be stronger for the full-time employees. One could interpret this

as a more consistent re-allocation of time within this group, whereas time is reallocated to more

activities among part-time employees. One very interesting result is the positive e�ect of work

time on child care for part-time employees in Finland. One possible explanation is related to life
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stages. In the group of part-time employees with shorter work hours (<15) the share of students is

more than twice as high as among part-time workers with 15 or more hours per week. The former

also have 13% less children on average. Generally, we see that the allocation of leisure time is more

diverse in France than in Finland. This is possibly due to cultural diversity compared to a more

homogeneous population in Finland.

Regarding our last research question, total energy use during leisure falls with rising hours at

work for France. This makes sense, because it re�ects an overall reduction in time during which

we account for energy use. Interestingly, we cannot con�rm this result for Finland. One reason

could be a shift towards more energy-intensive leisure activities among respondents who work

more. However, we do not see changes in the energy-intensity of leisure either. Hence, another

explanation is more likely. Embodied energy, which is measured for Finland, includes energy use

throughout the production process of goods and can be expected to vary less with time spent

using these goods, whereas direct energy use used for France is typically directly linked to the

use of goods or services (e.g. transport fuels for driving your car). Comparing this with the

signi�cant impact of income group a�liation in Finland, a tentative conclusion may be that while

work hours are a more relevant for direct energy use, income e�ects dominate overall energy use

(including embodied energy). The non-linear relationship with di�erent slopes for part-time and

full-time workers in the French sample re�ects the results of the time-reallocation (Figure 3.3). As

mentioned before, there is no signi�cant e�ect of work time on the energy intensity of leisure in

either of the countries. We can conclude that there is no time-e�ect on energy intensity.

Similar to the �ndings in Buhl and Acosta (2016), we see relatively large time-use e�ects for

certain hobbies, in particular sports and reading. On the other hand, we see less signi�cant changes

in household work and the largest e�ects for sleep. The latter �ndings are con�icting with previous

evidence (Buhl and Acosta, ibid.). One reason could be that � contrary to Buhl and Acosta (2016)

� we are not using sample day work as an independent variable, but weekly work hours. Thus,

the coe�cients from our study can be clearly interpreted as the extent to which time spent on

an activity di�ers for people who engage on average one more hour per day in paid work and do

not include intra-personal variation between sample days. Our energy use results are comparable

to results of Nässén and Larsson (2015). We �nd that for a typical full time employee, a work

time reduction by 1% corresponds to an increase in energy use by approximately 0.22% in Finland

and 0.25% in France (0.05% for part-time employees), compared to 0.23% in Nässén and Larsson

(ibid.)'s study for Sweden.10

Contrary to Gough et al. (2011), who �nd that the e�ect of hours worked on GHG emissions in

the UK is statistically insigni�cant when combined with employment status, we see that for France

10Note that our estimates are not a pure time e�ect, as we cannot perfectly control for all income e�ects.
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the WT coe�cient remains signi�cant. For the same country, the e�ect of an additional work hour

on total energy use di�ers signi�cantly between the two groups, with reductions in energy use

associated with an extra hour of work being signi�cantly weaker for part-time employees compared

to full-time employees (p < 0.01).

3.5.1 Limitations

This study faces several limitations that we would like to mention. First, we had to rely on cross-

sectional data from 2009 for our analysis. Due to the nature of the data we abstain from any

causal inference or policy scenarios. Scientists and policy makers could greatly bene�t from more

frequent data collection in a time series manner to understand dynamics of di�erent lifestyles and

how they drive energy use.

Second, we relied on other studies for the energy use estimates, which were not overlapping

entirely. This complicates the inter-country comparison regarding energy use, although it should

not a�ect our main results. As recently highlighted also by Antal et al. (2020) it is generally a

challenging task to match activity data with material footprints, as expenditure surveys and time

diaries are collected separately. Collecting these data together could improve estimations of energy

(or material) intensity of di�erent activities greatly. One problem is, for instance, that the energy

intensities for a given household type are �xed and cannot change over time.

Third, household income has been discussed widely as one of the main drivers for energy use

or GHG emissions more generally (Gough et al., 2011; Büchs and Schnepf, 2013; Druckman and

Jackson, 2016). While we control for income quantiles in all regression models and our household

typology re�ects income to a certain extent, a lack of detailed income data prevents us from clearly

separating time and income e�ects. We cannot control for any e�ects of income adjustments

following an actual work time reduction on energy use or di�erences within a household's income

group. Additionally, better income data would be desirable to discuss the role of income in time

budgeting, given di�erences in employment status.

3.6 Conclusions

Few studies have undertaken time-use analyses in the context of labour markets, leisure activities

and energy use. Here we performed a time-use analysis of the relationship between work time,

leisure and energy use of individuals in Finland and France. Using time-diary data on 23 activities,

we applied an econometric approach to study how time is allocated among individuals with distinct

levels of work time and di�erent employment status. Using energy intensity factors per time unit

of each activity for six di�erent household types, we calculated total energy use during leisure as
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well as energy intensity (per hour of leisure). From this we estimated the relationship between

work hours and energy use.

We �nd heterogeneity in this work-energy relationship, especially within the French sample,

where total energy use is a�ected di�erently between part-time and full-time workers. In France,

energy use reductions are stronger among full-time than part-time employees. We also �nd a

non-linear change in total energy use for respondents with distinct levels of work time. Energy

use reductions are stronger during the �rst hours of work, but �attening for longer hours. The

di�erences in patterns between the two countries may be due to the measure of energy use applied.

In particular, direct energy use, as measured for France, is likely to vary much more with activity

time than indirect energy use (occurring during production) as captured by the Finnish energy

data. To study this further, internationally comparable energy use estimates of activities are

needed. However, one should generally avoid simply transferring results for one country to another.

The changes in absolute duration of activities that go along with varying work hours, as well

as shifts in respective relative shares of leisure activities were only somewhat similar for both

countries. Higher working hours lead to time being shifted away from exercising, reading and PC

use to self-sustaining activities, such as personal care or sleeping, and in the case of France to

commuting. Variation in these activities across employment groups in France leads to the distinct

marginal e�ects on energy intensity between the two worker types.

More research is needed to clarify the variation between employment groups. This could help

overcome the gap in micro- and macro-estimates of the work-time-energy relationship other studies

have found. The variation in marginal e�ects of work hours on energy use also implies that changing

work hours among distinct employment groups can lead to di�erent environmental outcomes.

Hence, paying close attention to time-use patterns of di�erent segments of the labour force is crucial

for policy makers when combing the aims of `decent work' and climate action', as formulated in the

United Nations' Sustainable Development Goals (Desa et al., 2016). Relatedly, carbon taxation is

frequently linked to cuts in labour-related taxes, such as in Canada (Beck et al., 2015) or Finland

(Sumner et al., 2011), which may a�ect energy use and emissions through work time and activity

patterns. In view of this, taking time-use into account could help to formulate better targeted and

thus more e�ective climate policies.
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Appendix 3.A Activities & categorisations by other authors

TUS activities Description of activities according to
MTUS

Jalas & Juntunen
(2015)

De Lauretis et al.
(2017)

Sleep Sleep and naps - Sleep
Eating & Drink-
ing

Meals or snacks, also at work, school or else-
where

Eating Eating at home

Personal care Wash, dress, care for yourself Personal hygiene, dress-
ing

Personal time

Education Regular schooling, homework, other educa-
tion

Studies Work & study

Food prepara-
tion

Food preparation, cooking, setting table,
washing dishes

Eating Housework: meals

Cleaning, etc. Cleaning, laundry, ironing, repair clothing,
other domestic work

Housework Housework: home,

Housework: clothes
Maintenance Home/vehicle maintenance or improvement,

collecting fuel
Maintenance work Housework: home

Shopping & Ser-
vices

Purchasing goods, consuming personal care
services/other services

Shopping, personal ser-
vices, public administra-
tion and related trips

Shopping & administra-
tion

Gardening Gardening, foraging, hunting, �shing Maintenance work Housework: home
Pet care Walking dog, etc. - Care
Adult care Caring for adult person, e.g. elderly - Care
Medical child
care (Child care
2)

Physical or medical child care, supervision - Care

Child care
(Child care 1)

Teach skills, help with homework, read, talk
play with children

- Care

Religion Worship and religious activity - -
Voluntary work Voluntary work, civic or organisational activ-

ity
- -

Commuting Travel to/from work, education related travel Trips to work and study Commuting (ancillary)
Travelling Travel for voluntary/ civic/ religious activity,

care-related travel, travel for shopping, etc.
Free time trips Other travel time (ancil-

lary)
Sports exercise General sports or exercise, walking, cycling Sports and recreation Non energy-intensive

leisure
Sports & outings

TV & radio Listen to music, radio, watching TV/DVD or
streaming content

Television Energy-intensive leisure

Reading Reading Reading Non energy-intensive
leisure

PC/Internet use Play computer games, email, sur�ng the In-
ternet, programming, computing

Phone conversations Energy-intensive leisure

Going out Out-of-home leisure, attending sports or pub-
lic event, cinema, theatre, opera, concert,
restaurant, café, bar, pub, party, reception,
social event, gambling and other

Eating Eating out

Cultural events Sports & outings
Hobbies

Leisure Receive or visit friends, conversation, games,
general indoor leisure, artistic or musical ac-
tivity, written correspondence, knit, craft or
hobbies, relaxing, thinking

Phone conversations Non energy-intensive
leisure

Hobbies
Paid work All types of jobs, looking for work - Work & study
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Appendix 3.B Average work time distribution
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Figure 3.5: Histogram of the average work time per day (WT)

Note: Please note the axis breaks. Values plotted here are not weighted.
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Appendix 3.C Statistical tests

Table 3.3: Results of the Kolmogorov-Smirnov (K-S) and Wilcoxon rank sum tests

Variable N Mean of
missing

observations

Mean of
all data

p-value
(K-S test)

p-value
(Wilcoxon

test)

F
in
la
n
d

Household size 312 3.154 2.954 0.323 0.009
Age 312 45.051 43.419 0.109 0.042

Gender 312 1.513 1.541 0.977 0.339
Education 312 1.670 1.646 0.647 0.083

Income group 312 2.196 2.182 0.937 0.621
Employment status 312 1.144 1.105 0.774 0.033

F
ra
n
ce

Household size 1485 2.908 2.797 0.137 0.004
Age 1485 42.993 42.363 0.003 0.090

Gender 1485 1.576 1.524 0.001 0.000
Education 1485 41.642 40.004 0.000 0.000

Income group 1485 2.313 2.238 0.004 0.000
Employment status 1485 1.343 1.188 0.000 0.000

Note:A p-value > 0.1 for the K-S test means that one cannot reject the hypothesis that the two samples come from
the same distribution. For the Wilcox rank sum test (equivalent to Mann-Whitney test) a p-value < 0.1 means that
one cannot reject the hypothesis that one of the distributions generally has larger values. N: number of missing
observations tested.
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Appendix 3.D Detailed regression results
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Chapter 3: How work patterns a�ect leisure activities and energy consumption

Appendix 3.E Activities and their energy use

Table 3.4: Energy use intensities of di�erent activities for France and Finland

Activities Finland kWh/h Activities France kWh/h

Free time trips 35.69 Housework: meals 7.21
Trips to work and study 32.64 Sport and outings 5.73

Eating 15.04 Personal time 5.65
Shopping, Services, Public
administration and related

12.27 Shopping and administration 5.09

Phone conversations 10.26 Housework: clothes 3.28
Personal hygiene and dressing 7.66 Housework: home 1.51

Housework 5.61 Work and study 1.47
Maintenance, gardening, pets 5.23 Leisure (energy-int.) 1.39

Culture events 4.59 Eating at home 0.92
Reading 1.41 Leisure (non-energy-int.) 0.91
Hobbies 1.35 Eating out 0.80
Studying 1.02 Care (for others) 0.79
Television 0.94 Sleep 0.77

Sports and recreation 0.82

Note:Energy use for France corresponds to direct energy, numbers for Finland include direct and indirect (embodied)
energy use. Source: Jalas & Juntunen (2015) and de Lauretis et al. (2017).
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Chapter 3: How work patterns a�ect leisure activities and energy consumption

Appendix 3.F Sources of energy use by activity

Figure 3.10: Sources of energy use by activity

Note: Care work is not included for Finland, as no energy use values were available. Mobility is treated as an
ancillary activity in France and already allocated to all out of home activities.
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Chapter 4

Agentizing a general equilibrium

model of environmental tax reform

4.1 Introduction

A low-carbon transition in line with the targets of the Paris agreement requires deep transforma-

tions of our current modes of production and consumption. These will likely lead to considerable

dynamics and entail extensive distributional impacts. Climate policies are often modelled in gen-

eral equilibrium (GE) settings with representative agents and immediate market clearing, entailing

restrictive assumptions to assure analytical tractability. Here we explore the use of agent-based

models (ABMs) as they allow relieving some of these limiting assumptions. In particular, they are

well-equipped to study the role of agent heterogeneity, social networks and transition dynamics

that emerge from the resulting interactions (Farmer et al., 2015). Yet, while the literature on

ABMs for climate policy is growing, the method has received limited attention in assessing ETRs

(Castro et al., 2020).

Environmental tax reforms have been extensively discussed and modelled in public and envi-

ronmental economics (see e.g. Pearce, 1991 for the original idea, Goulder, 1995; Bovenberg, 1999;

Bosello et al., 2001 for earlier reviews or Freire-González, 2018 or Maxim and Zander, 2019 for

more recent meta analyses focused on modelling). While the literature on this topic is vast and a

number of di�erent models are applied to study potential impacts of ETRs, agent-based approaches

in this context are sparse. To the best of our knowledge, the only studies addressing revenue use

of carbon taxation through agent-based models are Gerst et al. (2013) and Rengs et al. (2020).

This study aims to build a bridge between general equilibrium and agent-based modelling in

order to explore di�erences and similarities using a concrete policy example. Speci�cally, we are

using an agent-based approach to replicate a recent static general equilibrium model by Aubert

74



Chapter 4: Agentizing a general equilibrium model of environmental tax reform

and Chiroleu-Assouline (2019) which studies e�ects of an environmental tax reform, a shift from

labour taxes to carbon taxes. For convenience we will refer to this paper as A&CA. Following the

semantics of Guerrero and Axtell (2011), we call the process of rendering a neoclassical model into

an agent-based model agentization.

In general, replication of a simple model is easier. However, as the long-term goal is to build a

more comprehensive ETR-ABM that can be related to the GEM literature, we still chose to repli-

cate the relatively complex model by A&CA. It features several characteristics that are particularly

relevant for studying ETR. This includes some level of heterogeneity between households in the

form of high and low income, a subsistence level of polluting consumption, which is relevant for dis-

tributional concerns, as well as an imperfect low-wage labour market with a search-and-matching

process. Beyond their relevance for policy design, household heterogeneity and probabilistic search

processes are two characteristics that can be modelled especially well with an agent-based ap-

proach. While the focus of their study is theoretical, A&CA also provide a numerical illustration

of their model. This is an additional advantage, because it allows us to reproduce their simulations

with our ABM using mostly identical parameter values.

Similarly to the original paper, our study explores the conditions for a `double dividend', a si-

multaneous increase in consumption welfare and environmental quality, when carbon tax revenues

are recycled through labour tax cuts. A&CA also address the redistributional potential of an ETR.

Frictions between e�ciency and equity goals are highly relevant in current discussions of carbon

taxation and its acceptability (Klenert et al., 2018). One main feature of A&CA's model is the

distinction between low- and high-wage labour, operating in di�erent labour markets, where the

low-wage labour market exhibits frictions through a search and matching process. Another impor-

tant characteristic is the positive subsistence level of polluting consumption, captured through a

Stone-Geary preference structure.

The contribution of our study is three-fold. First, we present a basic ABM for environmental

tax reforms that can be used to study various research questions in the future. Second, relating

this model to a general equilibrium framework allows for a direct methodological comparison

between the two modelling approaches, which we hope will facilitate the dialogue between di�erent

modelling communities. Third, our study can be seen as a robustness check of the policy insights

of A&CA.

The remainder of the article is organised as follows. Section 4.2.1 presents the main charac-

teristics and assumptions of the GE model and how our agent-based approach di�ers from these.

Section 4.2.2 provides an overview of the ABM sequence, its key equations and parameters. Re-

sults are presented in Section 4.3, structured according to six propositions in the original study by

Aubert and Chiroleu-Assouline. Section 4.4 discusses the methodological challenges and lessons
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learnt from the agentization exercise. Section 4.5 concludes.

4.2 The model structure

This section describes the agent-based model and its connection with the general equilibrium model

it aims to replicate. Section 2.1 discusses the key assumptions underlying the GE model as well

as whether and how they were translated into the ABM. Section 2.2 presents the di�erent steps of

the ABM sequence in more detail.

4.2.1 Key assumptions

This section introduces the central assumptions of both models. The GEM describes one represen-

tative �rm producing two consumption goods (C = clean and D = dirty), with two inputs (high-

and low-wage labour).1 A clean public good, G, is also provided. This public good is assumed to

be exogenously �xed, so that it a�ects the overall utility level, but not its variation due to the tax

reform (A&CA, p.71). In the ABM, tax revenue �uctuates because of variations in unemployment,

so G has to vary to keep the government budget balanced.

Households in the GEM choose between consumption and leisure. The labour-leisure choice

is particular in the underlying GEM in that it is modeled di�erently for low- and high-wage

households. Low-wage workers will not have any leisure if they are employed. Only unemployed

low-wage workers "enjoy" leisure. High-wage workers, on the other hand, can set their labour

supply at the intensive margin, so disutility of work enters their labour decision through an e�ort

cost function. Following A&CA, this e�ort cost is de�ned as:

ϕ(h) =
h
1+ 1

ηH

1 + 1
ηH

(4.1)

where e�ort cost, ϕ(h), is increasing labour supply h. ηH re�ects the Frisch elasticity of high-

wage labour supply.

Wage setting di�ers in the ABM, compared to the GEM. In the original model, the economy is

assumed to be in equilibrium, so wage rates are at their optimal level. The high-wage rate equals

the marginal product of high-wage labour. The low-wage rate follows the Nash-optimum resulting

from a bargaining process between workers and �rm splitting the rent from the job creation.

That means the wage rate lies below the marginal productivity of low-wage labour. In the ABM

�uctuations around a stable state are approached over the course of many model rounds through

incremental adjustment of low- and high-wage rates.

1Analogous to the terms high- and low-skilled labour in A&CA.
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Another di�erence between the approaches is linked to these �uctuations and adjustment pro-

cesses. It is a requirement of the ABM to be stock-�ow consistent. Stock-�ow consistency (SFC)

refers to a rigorous accounting framework of all stocks and �ows in the model economy. Accounting

for �ows is di�erent in a dynamic ABM, compared to a static GEM in equilibrium. One has to

make assumptions about what happens to all monetary �ows at all times. This includes potential

pro�ts during the initialization (burn-in) or during transition phases, the vacancy cost and govern-

ment spending. Our assumption is that vacancy costs and pro�ts are distributed equally among all

households through a per capita dividend, and government spending always equals net government

revenue. Figure 4.1 illustrates the monetary �ows between agents. In addition to specifying wage

and tax payments, private consumption and bene�ts, the ABM has to clarify what happens to

pro�ts, vacancy costs and government spending2. We thus interpret the "clean public good" as

additional demand for the clean good, C. Public services, even those with least environmental

impact, usually rely on intermediate goods produced by private �rms. These additional �ows are

marked as black arrows, whereas the grey arrows represent �ows that have already been highlighted

by A&CA.

pollution tax

wage payments

vacancy cost dividend

income taxes

profit dividend

vacancy cost dividend

profit dividend

pollution tax

unemployment 
benefits

consumption of D

consumption of C

Government

Low-wage 
households

Firm

High-wage 
households

Public consumption, G

Figure 4.1: Stock-�ow consistent monetary �ows between agents in the ABM

Note: Grey arrows indicate monetary �ows already highlighted in the GEM, while black arrows point to additional
monetary �ows identi�ed as relevant for an ABM. Size of the arrows indicates relative size of the �ow.

As there are more agents in the ABM than in the GEM, the matching function, i.e. the probabil-

ity for low-wage workers to match with job o�ers, needs to be adjusted. The GEM assumes a rep-

resentable mass of low-wage workers equal to one with a certain probability of being (un)employed

2Note that in the GEM the marginal cost of a vacancy should equal the job rent exactly in equilibrium, such
that pro�ts are zero (A&CA, p.65). In this case assumptions about pro�t �ows are redundant.
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while the ABM is populated by 1000 (NL) low-wage workers. As the matching probability in the

new function can increase above 1, we have to impose an additional condition. If the optimal

number of vacancies a �rm chooses to set means that the matching probability will be outside its

de�ned range between zero and one, the �rm compares the expected pro�ts from all possible va-

cancy postings, and chooses the number of vacancies that is expected to yield the highest pro�ts.3

A brief summary of similarities and di�erences between the two approaches is o�ered in Table 4.1.

Table 4.1: Comparison of model assumptions between GEM and ABM

General equilibrium model Agent-based model

Id
en
ti
ca
l

Number of �rms 1
Goods Clean (C), dirty (D), public (G)
Production technology F (L,H) = LαH1−α

Labour-leisure choice
Leisure for unemployed low-wage HHs
E�ort cost function for high-wage HHs

Low-wage labour market Search and matching
High-wage labour market Perfect competition
Price of consumption pc = pd = py
Household preferences Qi,t = C1−σ

it (Dit − D̄)σ

D
is
ti
n
ct

Number of households 2 1,460

Matching function ωv1−ξ1ξ ωv1−ξNξ
L

Clean public good, G Fixed amount Changing, modelled
as demand for good C

Stock & �ow accounting Unclear Stock-�ow consistent

Wage-setting Derive optimum
Approaching optimum
gradually over time

Tax rate change In�nitesimally small 0.01%

4.2.2 The agent-based model

After the agent-based model is initialized, a sequence of actions, referred to as a model round,

follows. Figure 4.2 displays the sequence of decisions and transactions in the model, which we will

now describe in more detail.4

1. Taxation

The government determines and announces income and pollution tax rates for the current

period τD,t, τH,t and τL,t. Total government expenditure is de�ned as5:

G+ (NL − Lt)Bt = LtwL,tτL,t +HtwH,tτH,t + τD,tpyDtot,t (4.2)

where G is public spending on a clean good, (NL−Lt)Bt is the total amount of unemployment

3The lower bound of the probability function is given through ω
1
ξ NL and the maximum

(
N

1−ξ
L
ω

) 1
1−ξ

.

4Notation. t always refers to the current model round, t0 refers to the no-policy scenario. i denotes an individual
household and j the type of good (C or D). τ is reserved for tax rates.

5Equal to the government budget constraint in A&CA (their Eq.(11)), except for the number of agents and the
dynamic element t.
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2. Production planning
Firm maximises profit to derive its optimal low- and high-wage labour inputs and sets 

high-wage rate and vacancy accordingly.

Initialisation

1. Taxation
Government sets and communicates income and pollution tax rates.

3. Labour supply
High-wage HHs determine their optimal labour supply based on wage rate and overall 

price levels.

4. High-wage labour market
Firm hires high-wage labour. If supply exceeds 
demand, labour hours are distributed equally. 

5. Low-wage labour market
Low-wage workers get matched with 

vacancies. The low-wage rate is negotiated.

6. Consumption planning
Given their income, all HHs derive their optimal consumption levels of C and D.

7. Production process
Firm produces what it can with given labour inputs. Productive capacities are assigned 

to C or D based on observed demand shares.

8. Market exchange of goods
HHs and government buy goods from the firm. 

Figure 4.2: Structure and sequence of the model

Note: Dark boxes indicate a market interaction between �rm and households, light boxes indicate agent-internal
decision processes.

bene�ts to be paid. The right hand side re�ects government revenues. Lt and Ht are the

amount of low- and high-wage labour input, wL,t and wH,t are the low- and high-wage rates,

τL,t, τH,t and τD,t are the tax rates on low- and high-wage income as well as polluting

consumption, and Dtot,t is the total consumption of the polluting good, D.

When a revenue-neutral pollution tax is implemented, the government calculates expected

tax revenues and adjusts the income tax rates downwards to balance out the e�ect. The

income tax revenue without a pollution tax is de�ned as:

TRinc,0 = τH,t0wH,t0Ht0 + τL,t0wL,t0Lt0 (4.3)

The expected tax revenues from the pollution tax based on sales of good D in the previous

period are de�ned as:

TRpoll,t = τD,tpyDtot,t−1 (4.4)
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Expected wage incomes of high- and low-wage households based on previously realized labour

are de�ned as:

WIexpH,t = wH,t−1Ht−1 (4.5)

WIexpL,t = wL,t−1Lt−1 (4.6)

The government sets τH,t and τL,t according to the following rules6:

τH,t =
TRinc,0 − TRpoll,t

WIexpH,t + (1− γ)
τL,t0

τH,t0
WIexpL,t

(4.7)

τL,t = (1− γ)τH,t
τL,t0

τH,t0

(4.8)

Like in the GEM γ, ϵ[0, 1), is a redistribution parameter. When set to zero, the tax revenues

are recycled proportionately to high- and low-wage workers, while a higher γ raises the

progressivity of the tax reform by increasing the tax cuts for low-wage, relative to high-wage

labour. Since the calculations are based on the values of the previous period, this results in

a transition path towards a balanced government budget.

2. Production planning

The �rm updates its high-wage rate (wH,t), taking into account the marginal productivity

of high-wage labour in the previous round (MPH,t−1):

MPH,t−1 =


(1− α)

[
Lt−1

Ht−1

]α
if Ht−1 > 0

0 otherwise.

(4.9)

If no high-wage labour is used in production (Ht−1 = 0), we de�ne the marginal product to

be zero for practical reasons. In this case, the high-wage rate is not adjusted (case 1 below).

If demand for high-wage labour exceeds supply (Hopt
t−1 > HS

t−1), the wage rate is increased by

X% (case 2 below) and, vice versa. However, the wage is never increased to more than the

observed marginal product of high-wage labour (case 3). Thus, the new wage rate is de�ned

as:

wH,t =



wH,t−1 if MPH,t−1 = 0,

(1 +X)wH,t−1 if MPH,t−1 > (1 +X)wH,t−1 and Hopt
t−1 > HS

t−1,

MPH,t−1 if 0 < MPH,t−1 ⩽ (1 +X)wH,t−1 and Hopt
t−1 > HS

t−1,

(1−X)wH,t−1 otherwise.

(4.10)

6See Appendix 4.A for labour tax variation in A&CA.
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Based on the new high-wage rate (wH,t) the �rm maximises its expected pro�t Πt with respect

to high-wage labour and low-wage vacancies. The expected pro�t function is identical to the

GEM, except that the value of the low-wage rate is based on the previous round (wL,t−1):

Πt = pyyt − wL,t−1Lt − wH,tHt − cvt (4.11)

where py is the price of the two goods, yt is the output, wL,t−1Lt and wH,t−1Ht are the wage

costs for low and high-wage labour, and cvt is a cost of vacancy posting. Output is produced

with the following production technology F (L,H):

yt = F (L,H) = Lα
t H

1−α
t (4.12)

The realised amount of low-wage labour depends on the number of vacancies and the matching

probability. All workers are assumed to be unemployed at the beginning of each model round.

Low-wage labour in period, Lt, is then de�ned as:

Lt = q(θ)tvt (4.13)

where vt is the number of vacancies posted and q(θ)t is the probability of a vacancy to be

�lled. Lt is currently modelled deterministic, in order to remain as closely as possible to the

original model. Low-wage labour thus equals the number of expected matches. When the

�rm maximises its pro�t, it is aware of the impact its vacancy postings have on the low-wage

labour market and the matching probability, which is de�ned as:

q(θ)t = Ω

(
NL

vt

)ξ

(4.14)

with Ω and ξ ϵ(0, 1). NL is the number of low-wage workers and vt is the number of vacancy

postings. From the �rst order conditions of the pro�t maximisation, the �rm derives the

optimal number of low-wage vacancies to post (vopt) and the optimal demand for high-wage

labour (Hopt
t )7:

voptt =

[(
(pyΩ

αNξα
L )(1/α)α(1− ξ)

(
1− α

wH,t

)( 1−α
α )

− wL,t−1ΩN
ξ
L(1− ξ)

)
1

c

] 1
ξ

(4.15)

Hopt
t =

(
py(1− α)ΩαNξα

L

wH,t

) 1
α

v
opt(1−ξ)
t (4.16)

7See also Appendix 4.B.
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3. Labour supply

High-wage households determine their optimal labour supply given the consumption price

level, tax rates and the wage rate o�ered by the �rm. The consumption price level is de�ned

as:

pg,t =
pySC,t−1 + (1 + τD,t)pySD,t−1

SC,t−1 + SD,t−1
(4.17)

where SC,t−1 and SD,t−1 denote the amount of goods C and D sold in the previous period.

The labour supply curve is the result of the maximisation of high-wage households' utility,

which is de�ned as:

Qi,t = (Ci,t)
1−σ(Di,t − D̄)σ (4.18)

This is the same equation as in A&CA (Eq.(1)). In addition, households take into account

their income constraint and the e�ort cost function from Eq.(4.1). Individual labour supply

is thus de�ned as:

hS =

[
(1− τH,t)wH,t

pg,t

]ηH

(4.19)

where pg,t is the consumption price level, wH,t is the high-wage rate and τH,t is the income tax

rate for high-wage labour. Total high-wage labour supply is HS =
∑NH

1 hS . As mentioned

earlier, ηH can be interpreted as the Frisch elasticity of labour supply to the wage. This

functional form implies that high-wage households will react to a price increase by lowering

their labour supply.

4. High-wage labour market

If high-wage labour supply exceeds demand, work is distributed equally among all high-wage

applicants. If labour demand exceeds supply, the �rm hires as much high-wage labour as

possible, in which case the households meet their optimal labour supply target.

5. Low-wage labour market

Independently of the outcome in the high-wage labour market, the �rst vtq(θ)t low-wage

workers are matched with the open vacancies. The new low-wage rate is the outcome of

a negotiation between the �rm and its workers, who split the job rent according to the

bargaining power of workers (β). The reservation wage of the low-wage workers is de�ned as:

wR,t =
Bt + pg,tZ

1− τL,t
(4.20)

It depends on unemployment bene�ts, Bt, the utiliy from leisure, valued at the overall price

level of consumption (pg,tZ), and the low-wage income tax rate τL,t. At a low-wage rate

wR,t, a worker is indi�erent between being employed or unemployed. The optimal low-wage
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rate is:

w∗
L,t = wR,t + β

(
∂y

∂Lt
− wR,t

)
(4.21)

In this case low-wage workers and �rm meet between the reservation wage wR,t and the

marginal product of a unit of low-wage labour ∂y
∂Lt

, i.e. the di�erence in pro�t for the �rm

when the job is created versus keeping it un�lled. In the ABM, the actual wage rate is always

moving from the wage in the previous round wL,t−1 towards its optimum w∗
L,t by X%. The

low-wage rate is thus de�ned as:

wL,t =


(1 +X)w∗

L,t−1 if w∗
L,t > wL,t−1

(1−X)w∗
L,t−1 if w∗

L,t < wL,t−1.

(4.22)

6. Consumption planning

All households are now aware of their income in period t and make an optimal consumption

plan. The determination of optimal consumption of goods C and D is the same for low-

and high-wage households. Consumption utility depends on a necessary level of polluting

subsistence consumption (D̄) and follows from the maximisation of Equation (4.18) subject

to an income constraint Ii,t +Divcvt +Divπt = pyCt +(1+ τD,t)pyDt. Ii,t is the income from

labour or bene�ts. Divπt and Divcvt are dividends from pro�t and vacancy costs paid to each

household equally.

Ii,t =


(1− τH,t)wH,t−1hi,t for high-wage HHs,

(1− τL,t)wL,t−1 for employed low-wage HHs,

Bt for unemployed low-wage HHs.

(4.23)

Maximising the utility function with respect to these constraints yields the following optimal

demand for C and D8:

C∗
t =

1− σ

py
∗
(
It −

(1 + τD,t)py
py

D̄

)
(4.24)

D∗
t =

σ

(1 + τD,t)py
∗ It + (1− σ)D̄ (4.25)

7. Production process

The �rm is facing (private) demand from the households. Additionally, we follow the GEM

in that a positive government balance is spent on a clean public good (G). This positive bal-

ance occurs when income and pollution tax revenues exceed unemployment bene�ts. Hence,

revenues in each period (divided by the price for C) are added to the demand for the �rm's

8See Appendix 4.C for optimal demand in the GEM.
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clean good. Total demand for C is then:

CD
t =


∑

NL+NH
C∗

i,t +
[
GRt

py

]
if GR ⩾ 0,∑

NL+NH
C∗

i,t otherwise.

(4.26)

where C∗
i,t is household i's optimal demand for good C from equation (19) and GRt is the

approximated government revenue in the current period.

Private demand for the polluting good (D) is:

DD
t =

∑
NL+NH

D∗
t (4.27)

CD
t and DD

t denote overall demand and NL and NH is the number of low- and high-wage

workers. The �rm produces as much as it can with the given labour inputs. Production is

assigned to C and D according to the share of total demand for these goods observed among

the households and the public sector. Supply of C and D are thus de�ned as:

CS
t = (1−Rt)yt (4.28)

DS
t = Rtyt (4.29)

where CS
t and DS

t is the total supply of goods C and D and Rt is the share of D in total

demand, calculated as follows.

Rt =
DD

t

DD
t + CD

t

(4.30)

8. Market exchange of goods

Goods are sold to households. In case of excess supply, each household can buy their optimal

amount. If demand exceeds supply, goods are rationed proportionately. In this case public

consumption of C is secured �rst, before the remaining supply of C can be consumed privately

by households. Sales of good j (j = C,D) are limited by demand (jDt ) or supply (jSt ),

depending on which one is lower:

Sj
t =


jDt if jSt >= jDt

jSt otherwise.

(4.31)

We calibrate the baseline scenario of the model to an unemployment rate of around 10%, as

in the original article's simulations, using Ω and c. All experiments comprise 1000 model rounds.

In the cases where a pollution tax is introduced, the implementation happens in period 500. As
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the empirically grounded ratio of high-wage to low-wage workers used for simulations in the GE

study is 46:100, we mimic this proportion when populating the ABM with 460 high-wage and 1000

low-wage workers. We follow the parameter values used by A&CA in their simulations whenever

possible. These were chosen to represent the French context. All main parameters are summarized

in Table 4.2.

Table 4.2: Model parameters

Symbol Description Value
As in
A&CA

F
ix
ed

ξ Elasticity of matching function 0.5 yes
py Price of both goods 1 yes
X Wage adjustment rate 0.01 no
ρ Replacement rate 0.35 yes

NH Number of high-income workers 460 no
NL Number of low-income workers 1000 no
σ Share of polluting good in consumption 0.35 yes
c Vacancy cost 0.0396 no
ω Matching parameter 0.9 no
α Production coe�cient of low-wage labour 0.41 yes

S
ce
n
a
ri
o
-

d
ep
en
d
en
t γ Redistribution parameter 0 yes

β Bargaining power of low-income workers 0.5 yes
Z Value of leisure 0 yes
ηH Elasticity of high-income labour supply 0.5 yes

Note: Scenario-dependent parameters vary with policy scenarios. Displayed here are baseline values.

We run simulations based on six di�erent propositions. For each proposition we compare the

policy scenario with a no-policy scenario, i.e. a perfect counterfactual scenario to the tax reform.

As in A&CA the �rst three propositions refer to an uncompensated pollution tax scenario. In this

case pollution tax revenues are treated as savings, which are added to overall government revenue,

rather than resulting in any additional public spending. As the original model is static, no further

assumptions are made about potential accumulation. In this case the government budget does

not have to be balanced, so this is in fact a partial equilibrium situation. Under a compensated

tax reform the government budget constraint has to hold, and so the model is closed. This is the

case for Propositions 4 to 6. Under a compensated tax reform pollution tax revenues are used to

reduce income taxes. Table 4.3 provides an overview of the di�erent scenarios and the respective

key parameters.

In contrast to the GEM, the ABM does not focus on marginal changes, but it simulates the

economy with di�erent parameter values. Proposition 1 looks at the e�ects of an uncompensated

tax reform at di�erent levels of leisure (Z). Propositions 2, 3, 4 and 5 investigate situations with

varying reactions of low- and high-wage labour to the tax (ηH), variation in low-wage workers

bargaining power (β) and subsistence consumption (D̄). Proposition 6 focuses on the possibility

to combine a double dividend (increase in welfare and environmental quality) with a redistributive
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goal.

Table 4.3: Simulated scenarios

Policy type Proposition Scenario controls

Uncompensated tax reform
1 vary Z
2 β = ξ, ηH = 0.63, D̄ = 0
3 β, ηH and D̄ varied

Compensated tax reform,
revenues used to cut income
taxes

4 β = ξ, D̄ = 0, ηH varies with τD

5
Under double dividend condition,
vary β, ηH and D̄

6 vary ηH and γ

The model is coded in Python, using the AgentPy framework (Version 0.1.5) by Foramitti (2021).

The data analysis for the proposition tables is performed using R (Version 4.1.0). A repository

with the complete source code can be accessed here.9

4.3 Results

This section presents the results of the ABM simulations structured according to the propositions of

Aubert and Chiroleu-Assouline (2019). Section 4.3.1 addresses the �rst three propositions under

an uncompensated tax reform. Section 4.3.2 treats Propositions 4-6 under a compensated tax

reform.

4.3.1 Uncompensated raise in green taxes (Propositions 1-3)

This section presents simulation results related to the �rst three propositions of the original study.

As described above, it is initially a partial equilibrium situation in the sense that pollution tax

revenues are not used. A&CA set the pollution tax rate to 1% of the price in their simulations.

However, some of their propositions refer to marginal changes in tax rates, in which cases we con-

sider a lower tax rate of 0.01%. While this is obviously still not in�nitesimally small, it is closer to

the original assumptions. Each model run simulates 1000 periods, where the tax is implemented at

the start of period 500. We then run the same scenario without any tax introduction and compare

the means of the relevant outcome variables betwen the policy and the no-policy scenario. Each

proposition is brie�y recapped along with the simulation results.

Proposition 1

The partial equilibrium results comprise a price e�ect and a substitution e�ect on labour. The

pollution tax is driving up wages through a higher price of consumption (price e�ect). The sub-

stitution e�ect refers to the replacement of one labour type with the other, if their reaction to

9https://github.com/franzi-1/Agentization_Klein_et_al
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the tax increase is di�erent. The price e�ect only exists when leisure adds to utility, because the

price enters the household decision through valuation of leisure. Proposition 1 postulates that if

utility does not depend on leisure, employment and productivities remain unchanged. If utility

depends on leisure, however, a higher environmental tax will lower labour supply among all workers

and thus decrease production. The e�ects on productivity and labour type ratio in this case are

ambiguous, because they depend on the reactions of labour supply from both groups to the tax

change.

Table 4.4: Results of an uncompensated pollution tax for distinct leisure values

Leisure
value
(Z)

Low-wage
unemployment

rate

High-wage
labour

Output Ratio of low- to
high-wage labour

Marginal
productL

Marginal
productH

0 -4.00 0.14 0.51 0.90 -0.53 0.37
0.01 2.22 -0.16 -0.28 0.14 0.17 -0.12
0.1 -0.35 -0.14 -0.14 -0.31 0.20 0.00

Note: 500 period average, di�erence in no-tax versus tax scenario. All changes given in percentage. τD = 0.01%,
D̄ = 0 and ηH = 0.5. For further variables see Appendix 4.D.

Table 4.4 shows the results of our simulations for the relevant parameters given three di�erent

values of leisure (Z), and e�ort cost10. That way we can test the proposition for di�erent levels of

leisure valuation. Note that a higher Z directly increases the leisure value for low-wage households

relative to high-wage households. The values displayed in Table 4.4 are percentage di�erences in

means with and without the policy.

We �nd that Proposition 1 holds for a moderate value of leisure (Z = 0.01), but not for a higher

one (Z = 0.1). In the �rst case labour inputs of both household types and output fall as stated by

Proposition 1. However, the results under a higher value of Z clearly contradict the "unambiguous

negative e�ect" that A&CA �nd. However, the e�ects under a high leisure value are very small.

Figure 4.3 also highlights this: there is barely any visible change in the tax (grey) versus the no-tax

(black) scenario after the policy introduction under a low leisure value.

Proposition 1 also states, that when utilities do not depend on leisure (Z = 0), a higher uncom-

pensated pollution tax does not a�ect employment and productivities. The reason is that in this

case, the price of consumption does not a�ect labour supply and there is no price e�ect. Contrary

to that, we observe a relatively strong change in low-wage employment in this case.

As visible from Figure 4.3, the ABM does not reach a static equilibrium state. Rather than

converging to an equilibrium, the ABM suggests relatively stable �uctuations of variables around

certain values. These �uctuations still cause changes in wage rates and hence some labour substi-

tution. While A&CA �nd that the price e�ect always exceeds the substitution e�ect, when utility

depends on leisure, this is only the case for a relatively high leisure preference among low-wage

10Without any preference for leisure, i.e. when Z = 0, there is also no e�ort cost for high-wage households.
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Figure 4.3: Dynamics of main variables without policy and with a 0.01% uncompensated pollution
tax, (Z = 0.01)

workers in the ABM.

Proposition 2

Proposition 2 concerns the welfare distribution. It states that without any subsistence polluting

consumption (D̄ = 0), but with a balanced low-wage labour market11 (β = ξ) and perfect labour

substitution12, the initial distribution will be una�ected by a pollution tax increase. Given the

assumption that each household is a�ected equally by environmental deterioration, the change in

11A "balanced labour market" here means that the Hosios condition for constrained e�cient markets, in this case
a labour market with a search and matching friction, holds. This condition implies that the low-wage worker's share
in joint surplus (β) equals the elasticity of the matching function with respect to low-wage workers (ξ) (Hosios,
1990).

12"Perfect labour substitution" in the original paper refers to the case when high-wage labour supply elasticity is
exactly equal to the reaction of low-wage labour to the outside option. Here we interpret this as a proportionate
change in actual labour of both types.
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welfare is measured as the di�erence in average purchasing power (PP) of low- and high-wage

households ∆PPi under a tax reform, compared to no policy:

∆PPi = Ii,1 − Ii,0 − τDpyDi,0 (4.32)

where i indicates the household type, Ii,1 is the average per capita income of that household type

under the tax policy, Ii,0 is their income without any pollution tax. τDpyDi,0 can be interpreted

as the change in the cost of keeping up no-policy consumption of D (compensating variation). If

the loss (gain) in purchasing power is higher (lower) for low-wage households relative to high-wage

households, the policy is called regressive. Otherwise it is considered progressive.

We set ηH to approach the "perfect substitution" condition. This is a di�cult task, as the e�ect

of ηH on labour substitution appears highly non-linear13. Under an uncompensated pollution tax

of 1%, ηH = 0.63 is the closest we �nd to a proportionate labour reduction. This third condition

("perfect labour substitution") should be noted as a general problem for both types of models.

From an ABM perspective, it is di�cult to de�ne conditions as exact as a GEM. For GEM results, it

should be kept in mind that their results often concern highly special cases, which may be unlikely

to occur in reality. Table 4.5 shows the distributional e�ects of the policy with di�erent levels of

low-wage workers' bargaining power (β) and the high-wage labour supply elasticity (ηH)
14.

Table 4.5: Distributional impacts of an uncompensated pollution tax for varying labour supply
elasticity (ηH) and bargaining power (β), given matching elasticity (ξ)

High-wage labour
β < ξ β = ξ β > ξ

elasticity (ηH)

0.3
Progressive Progressive Progressive

0.07 0.14 -4.44

0.5
Progressive Regressive Regressive

0.11 0.12 0.17

0.63
Regressive Progressive Progressive

0.14 0.08 -1.03

0.8
Regressive Progressive Progressive

0.16 -0.19 -1.02

Note: 1000 periods, tax implemented in t=500. τD = 1%. Numbers indicate change in mean labour input ratio
(L/H) under a tax policy compared to no policy in percent. Detailed e�ects on purchasing power in Appendix 4.E.

We predominantly observe progressive policy outcomes. Regressivity appears mainly when

labour is shifted towards low-wage households (∆ L
H > 0) and high-wage labour supply elastic-

ity is above a certain level. When the conditions of Proposition 2 are ful�lled (ηH = 0.63 and

β = 0.5) the policy is progressive. In fact, it is even more progressive than in some of the other

cases displayed in Table 4.5 (compare Appendix 4.E). Hence we cannot con�rm the proposition,

although the changes in purchasing power are very small.

13See Appendix 4.F for further information on our approach.
14Detailed results in terms of purchasing power in Appendix 4.E.
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Proposition 3

Proposition 3 follows from the �rst two propositions. It claims that the regressivity of an un-

compensated tax is stronger when (i) unemployment is above its optimum, (ii) the di�erence in

elasticity of high- and low-wage labour with respect to the green tax or the outside option is larger,

or (iii) the level of subsistence consumption is higher. To test this proposition, we run the baseline

simulation increasing subsequently the value of β (i.e. underemployment), the value of ηH (i.e.

stronger high-wage labour elasticity), and D̄ (subsistence consumption of D).

Table 4.6 shows the di�erences in average purchasing power between a tax and a no-tax scenario

for a baseline with ηH = 0.63 and β = ξ (�rst row) and the three cases suggested above. The

results are in line only with the last suggestion of Proposition 3. A positive subsistence level of

polluting consumption increases the regressivity of the tax reform. An increase in β, relative to

ξ and a higher elasticity of high-wage labour supply (ηH), on the other hand render the initially

progressive policy even more progressive.

Table 4.6: Change in purchasing power under an uncompensated tax reform by household type

Scenario Controls
Change in high-wage
purchasing power

Change in low-wage
purchasing power

β = ξ = 0.5
Baseline ηH = 0.63 -0.92 -0.81

D̄ = 0

Underemployment β = 0.75 -2.02 -0.39
High elasticity of H ηH = 0.8 -1.53 -1.03
High subsistence level D̄ = 0.1 -1.69 -4.34

Note: Z = 0 in all cases here, τD = 1%. 500 period average of no-tax versus tax scenario. All changes given in
percentage.

4.3.2 A revenue-neutral tax reform (Propositions 4-6)

This subsection investigates a revenue-neutral tax reform, i.e. a situation when carbon tax rev-

enues are recycled through cuts in labour taxes, and looks at the conditions for obtaining a double

dividend (DD). Propositions 4 and 5 concern a situation where tax cuts are proportionate between

the two labour types, whereas Proposition 6 addresses a combination of equity and e�ciency con-

cerns by redistributing tax revenues towards low-wage workers. We are focusing mostly on a tax

rate of 1%, similar to the simulation part of the original model.15

Proposition 4

Given the tax system is La�er-e�cient, under the conditions of Proposition 2 (Hosios condition

15As mentioned above, contrary to the GEM, in which government expenditure (G) is �xed, we allow for variation
in G to keep the model stock-�ow consistent. However, the variation does not come from changes in tax revenue,
which we keep constant, but from variations in unemployment and hence bene�t payments.
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holds, homothetic preferences, perfect labour substitution) any revenue-neutral tax reform with

proportionate labour cuts is regressive. The intuition is that uniform cuts in labour tax rates are

naturally regressive, because they do not compensate unemployed workers. Under the conditions

above, the potentially progressive revenue (or income) e�ect through changes in productivities and

wage rates is always exceeded by the initial regressive nature of uniform tax cuts.
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Figure 4.4: Tax revenues and expenditure

The condition of "perfect labour substitution", i.e. no substitution between both labour types, is

reached at di�erent levels of ηH when the tax increase is compensated or uncompensated, because

the change in net wages is di�erent. So while we previously simulated experiments with ηH = 0.63

to meet this condition, we are now setting it to 0.61 under a compensated tax reform. To test this

proposition, we further need to check if the tax system is La�er-e�cient, i.e. if an incremental

tax rate increase leads to an increase in tax revenues. For our model setup, when pollution tax

revenues are recycled to households through income tax cuts, revenues always increase with the

pollution tax rate for any reasonable value of τD. Figure 4.4 shows tax revenues, broken down by

income source for pollution tax rates between 0.01% and 100%.

Table 4.7 shows the changes in purchasing power for high- and low-wage households for a range

of pollution tax rates. In order to meet the condition that no labour substitution should be taking

place, ηH needs to be varied.16 We observe a regressive policy outcome in every case, typically with

an increase in purchasing power for high-wage households and a decrease for low-wage households,

with the exception of a very low tax rate of 0.01%. The regressivity further increases with a higher

pollution tax rate. Based on these results, Proposition 4 can be con�rmed, because the small

changes in purchasing power under the lowest tax rate (0.03%) are within the margin of error. As

16Appendix 4.F displays the relationship between ηHand the ratio between the two labour inputs for di�erent
pollution tax levels.
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Table 4.7: Change in purchasing power under a compensated tax reform for di�erent pollution tax
rates

Scenario Controls
Change in high-wage
purchasing power

Change in low-wage
purchasing power

Baseline
β = ξ = 0.5, Z = 0,
ηH = 0.61, D̄ = 0, τD = 1% 0.61 -0.15

Proposition 4

τD = 0.01%, ηH = 0.44 -0.03 0.03
τD = 5%, ηH = 0.51 2.62 -0.56
τD = 10%, ηH = 0.39 4.35 -1.66
τD = 50%, ηH = 0.33 10.33 -12.96
τD = 100%, ηH = 0.33 6.91 -31.37

Note: 500 period average of no-tax versus various tax scenarios. All di�erences given in percentage. ηH needs to
be varied to meet the perfect substitution condition (see Appendix 4.F).

suggested, the revenue-neutral tax reform turns out to be clearly regressive for most of the tax

rate levels considered here.

The double dividend conditions

Goulder's strong double dividend claims that an ETR can have welfare increases beyond environ-

mental improvement (Goulder, 1995). When the tax reform is revenue-neutral, i.e. the government

budget is balanced through income tax reductions, the environmental dividend requires that the

total consumption of D decreases. The welfare dividend requires an increase in purchasing power,

i.e. that the increase in wages and employment17 (i.e. incomes) exceeds the welfare reduction

through lower consumption of D.

If the tax adjustment is proportionate, dτH = dτL = dτ , the double dividend can be achieved if

and only if the variation in total polluting consumption plus any disutility from work is lower than

the variation of total household income, which in turn is lower than the variation of real income

from the pollution tax. In other words, the income gains from the reform have to be high enough

to compensate for utility losses, but not too high, in order to allow for decreasing consumption ofD.

Proposition 5

If a tax reform ful�lls the conditions for a double dividend, it tends to be more progressive if

unemployment is above the "optimal" level (i.e. β > ξ), there is a stronger substitution e�ect

between labour types, and if subsistence levels of consumption are lower.

Under a 1% pollution tax rate, the double dividend conditions are ful�lled: Consumption of D

drops and purchasing power increases for both household types. Figure 4.5 shows that sales of the

polluting good D drop (environmental dividend) under the tax reform (solid line) compared to

a no-tax scenario (dashed line). At the same time, the policy increases overall purchasing power

(economic dividend). It should be noted that the e�ects are relatively small compared to the

17And in this case the changes in dividends
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�uctuations of the model.
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Figure 4.5: Double dividend of a compensated tax reform (τD = 1%)

Note: The solid line represents average value under the tax reform, the dashed line the no-tax scenario.

The results in Table 4.8 partly con�rm the proposition. A larger di�erence in the reaction of

high-wage labour supply and low-wage employment (ηH = 0.8) and a lower subsistence level of pol-

luting consumption reduce the regressivity of the tax reform. Higher low-wage bargaining power,

however, leads to a more regressive outcome here.

Proposition 6

Proposition 6 states that under (above) a certain threshold of the Frisch elasticity of high-wage

labour supply (ηH), it is always (never) e�cient to redistribute revenues from a tax reform pro-

gressively. The basic idea here is to combine the double dividend with equity considerations (a

"third" dividend).

Table 4.9 presents three levels of a Frisch high-wage labour elasticity each combined with three

levels of the progressivity index γ. The two lower values for γ lie within the range suggested in

the original paper. Additionally, we include an extreme redistribution value of γ = 0.99, where

pollution tax revenues are almost entirely recycled through tax cuts for low-wage workers (99%).

As we can see from the change rates of purchasing power by household type, all scenarios are

progressive and thus meeting our equity criterion. The environmental dividend is also reached
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Table 4.8: Change in purchasing power under a compensated tax reform

Scenario Controls
Change in high-wage
purchasing power

Change in low-wage
purchasing power

Ratio of low- to
high-wage labour

Baseline

β = ξ = 0.5

0.39 -0.19 0.06
Z = 0,
ηH = 0.5
D̄ = 0

Proposition 5
β = 0.75 2.21 -0.12 1.87
ηH = 0.8 -1.67 -1.11 -0.21
D̄ = 0.1 1.95 -0.46 0.07

Note: 500 period average of no-tax versus various tax scenarios. τD = 1%. All changes given in percentage.

across all cases and the reduction in polluting consumption appears to be increasing with ηH .

Total purchasing power, on the other hand, is increasing only under a lower high-wage labour

elasticity. The welfare dividend is thus prevented under a high ηH . Our results thus support the

proposition. However, in those cases where the welfare gain is larger, the reduction in polluting

consumption is smaller. Thus, in the ABM, there seems to be not so much a trade-o� between

equity and e�ciency, but rather between the two dividends. Combining equity with e�ciency

would be easier when ηH is neither too high, nor too low. It should be noted again that the ABM

generates overall more progressive results, because pro�ts and vacancy costs are recycled to all

households. Both wage incomes and dividends are higher when ηH is lower, although wages make

up the bulk of household income (see Figure 4.6

Table 4.9: Change in purchasing power and polluting consumption under a compensated tax reform
with redistribution

High-wage
labour supply
elasticity, ηH

Redistribution
parameter, γ

High-wage
purchasing
power

Low-wage
purchasing
power

Overall
purchasing
power

Polluting
consumption

0.1
0.45 -6.71 8.79 3.91 -0.72
0.55 -8.05 11.23 5.16 -0.55
0.99 -16.52 22.32 10.08 -0.73

0.5
0.45 -9.28 6.66 1.64 -2.18
0.55 -12.04 8.20 1.82 -2.76
0.99 -25.66 15.58 2.58 -5.68

0.8
0.45 -15.18 3.42 -2.44 -5.19
0.55 -18.46 4.62 -2.65 -6.04
0.99 -41.01 6.96 -8.15 -13.61

Note: 500 period di�erence in average no-tax versus compensated tax scenarios in percentage.

Table 4.10 brie�y summarises the key insights regarding each of the six propositions and if they

con�rm the original statements. The replication success is somewhat mixed. We �nd partial evi-

dence for Proposition 1: Employment for both labour types and overall production levels decline,

but only when the leisure value is neither too high, nor too low. Contrary to the proposition we

observe changes in labour inputs triggered by a pollution tax, even when leisure is not valued.

Similarly, the ABM results oppose Proposition 2, which states that under optimal low-wage em-

ployment, when there is neither labour substitution, nor subsistence consumption, a pollution tax
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Figure 4.6: Income at di�erent levels of ηH and γ by source and household type

does not have any redistributive e�ect. In our model the uncompensated tax is progressive in this

case. However, the e�ects on purchasing power are very small and fall in the margin of error.

Proposition 3 can be con�rmed with respect to subsistence consumption. Similarly, Proposition

5 holds only concerning subsistence consumption and the e�ect of labour supply elasticity. The

e�ect of a higher bargaining power works in the opposite direction than suggested by Propositions

3 and 5. Proposition 4 holds for all tax rates except the smallest, and can be considered con�rmed.

Proposition 6 is also supported by our results.

4.3.3 Sensitivity analysis

To test the robustness of the results, we perform sensitivity analyses with respect to changes

in the pollution tax rate τD, the value of leisure Z, the high-wage labour supply elasticity ηH ,

low-wage workers' bargaining power β, the subsistence level of polluting consumption D̄, and

the redistribution parameter γ. As many variables show considerable �uctuations, rather than

convergence to one value, we test the impact of an earlier (or later) policy implementation as well.

Our agent-based approach is ideally suited for the analysis of probabilistic dynamics, so we also

tested whether a probabilistic search-and-matching process changes the results, compared to a

deterministic setting. In addition, we performed simulations with di�erent initial values for key

variables, such as the wage rates, levels of output, demand and income. However, we �nd that

these changes only a�ect the duration of the burn-in period, but not the quality of the results.

We also ran the experiments with a lower consumption price level, including the adjustment of
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Table 4.10: Key results of the ABM by proposition

Tax Prop Key result
Con�rms
A&CA

U
n
co
m
p
en
sa
te
d

1 The proposition holds for a moderate leisure value. Otherwise em-
ployment increases for low-wage workers.

Partly

2 Under the given conditions, the policy tends to be slightly progressive,
rather than neutral.

Unclear

3 The policy is more regressive only when the level of subsistence con-
sumption is higher. Contrary to the proposition, when unemployment
is above its optimum, or the di�erence in the reaction of high- and
low-wage labour to the tax is stronger, the policy is more progressive.

Partly

C
o
m
p
en
sa
te
d

4 A revenue-neutral tax reform with uniform revenue recycling is re-
gressive for all tax levels except the lowest one (0.001%). Yes

5 The policy becomes less regressive only when the level of subsistence
consumption is lowered. Contrary to the proposition, when unem-
ployment is above its optimum, or the di�erence in the reaction of
high- and low-wage labour to the tax increases, it becomes more re-
gressive.

Partly

6 Under (above) a certain threshold f ηH it is always (never) e�cient
to redistribute tax revenues progressively.

Yes

the vacancy cost, c and ηH to meet the "perfect substitution" condition. In this case Proposition 1

holds only under the higher level of Z (0.1). The lower price level also seems more conducive to the

propositions related to the Hosios condition. According to this condition, a market is constraint

e�cient if the workers' surplus share (β) equals the sum of the matching elasticity (ξ) and the

surplus elasticity. The latter is the e�ect of job creation on pro�ts, or the job rent. We suspect

that under our price level of 1, the surplus elasticity e�ect is larger, so the Hosios condition is met

at a higher level of β. While the GEM assumes a zero-pro�t equilibrium situation, the impact

of job creation on pro�ts can be neglected. In the ABM, however, the job rent is a�ected by the

price level and the Hosios condition is unlikely to hold at the original condition in A&CA: β = ξ.

This may explain why parts of Proposition 3 and 5 do not hold. Both, the Hosios and the "perfect

substitution" condition describe very speci�c cases, which turn out di�cult to replicate with an

ABM.

For the variables mentioned above, we are performing a Sobol sensitivity analysis using two

Saltelli samples of di�erent parameter combinations, one for an uncompensated and one for a com-

pensated tax reform (see Saltelli, 2002 and Sobol, 2001 for further background on this method).

The former includes changes in high-wage workers' e�ort cost, the latter variation in the progres-

sivity index. The sample size amounts to 9216 model runs in each case. The e�ects on the main

variables of interest in this paper, sales of the polluting good and total real household income after

subsistence consumption (PP) are presented in Figures 4.7 to 4.9.

Figure 4.7 plots the distribution of several model outcomes for the samples of the two reform

types. The distribution of purchasing power and sales of the polluting good are similar under both

policies. They are all slightly right-skewed, indicating few scenarios with high purchasing power
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or polluting consumption.
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Figure 4.7: Histograms of outcome variables (each N=9216)

Figure 4.8 shows the �rst (S1) and total order (ST) Sobol sensitivity indices, as well as their

con�dence ranges. S1 measures the contribution of a parameter to the respective model outcome

alone. ST includes second-order e�ects through interactions in the model. The level of low-wage

purchasing power is particularly dependent on the parameters tested here. This holds for both

policy types and is in line with the strong �uctuations our model shows for the low-wage labour

market. Secondary e�ects arise in particular through the pollution tax and e�ort cost of high-wage

households when revenues are not recycled. Under a compensated tax reform, bargaining power

of low-wage workers becomes more important relative to the other parameters tested.

High-wage purchasing power proves to be more robust to the parameters tested when tax rev-

enues are recycled. In that case leisure preference and bargaining power of low-wage workers are

the most important determinants, whereas the level of the pollution tax and their own reaction

to the policy play a considerably more important role in an uncompensated tax reform. Overall,

higher-order e�ects play a relatively more important role for high-wage PP than for low-wage PP.

The latter is e�ected directly by basically all parameters. Perhaps not surprisingly, the strongest

e�ects for polluting consumption can be seen for the tax stringency and the subsistence level, both

of which show considerable total order e�ects as well.

Finally, to understand the direction of the impacts, we plot our outcome variables for each

parameter's value range in Figure 4.9. Here it should be noted that the emerging patterns are quite

similar for most relationships independent of the policy type. Higher low-wage leisure value and

bargaining power both lower high-wage PP and consumption of D and are related to low-wage PP

in a U-shaped manner. A higher elasticity of high-wage labour supply (ηH) goes with a reduction

in all three outcome variables. So does a higher subsistence level of D, with the exception of high-

wage PP in a compensated tax reform. This actually increases in D̄. The implementation period

does not seem to have a notable impact on either purchasing power, or pollution consumption.

Opposite to what we would expect, high-wage PP (low-wage PP) seems to be increasing (de-

creasing) in the redistribution parameter γ. Tis is due to the range of pollution tax rates we test.

When pollution tax revenues are high, balancing the government budget requires to go beyond

lowering the income tax rates and actually leads to labour subsidies, or negative income tax rates.
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Figure 4.8: Sobol sensitivity indices

The way that γ is set up, it lowers the ratio of low- to high-wage income tax rates. Under a positive

tax rate this leads to redistribution towards low-wage workers. Under negative tax rates, however,

tax incidence shifts towards low-wage workers, redistributing towards high-wage earners. Thus,

the proposed redistribution parameter only works as intended in the case of a positive income tax,

i.e. under relatively low pollution tax revenues. To avoid increasing inequalities, one would have

to adjust the current rule for income tax setting, or otherwise either abandon the assumption of

subsistence consumption or limit the analysis to low pollution tax rates.

4.4 Agentization Challenges

This section outlines some of the challenges that we encountered during the agentization process.

Equilibrium

We faced several methodological challenges when translating the general equilibrium model into an

agent-based model. The �rst issue concerns one of the core assumptions of GEMs: the existence

of an equilibrium. The original article investigated marginal e�ects of a tax reform starting from a

hypothetical equilibrium without knowing or determining its levels. Simulating an ABM involves
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Figure 4.9: Sensitivity of purchasing power and polluting consumption (y-axes) to a number of
parameter value ranges (x-axes)

determining an equilibrium levels. Hence the �rst challenge was to �nd an approximation of an

equilibrium. Testing many di�erent parameter combinations, we could not establish a convergence

to any stable equilibrium. The variables in the ABM move towards a pseudo-equilibrium around

which they �uctuate. These �uctuations arise because of the dynamic elements of the ABM, where

actions happen in sequence, and certain variables (e.g. the wage rates) adjust gradually over time.

If lagged variables create a cycle of opposite movements, the model cannot converge to a stable

equilibrium. To test the propositions we worked around this issue by comparing average values

of the variables of interest with and without a policy. However, this is generally a�ecting our

outcomes, especially regarding Propositions 3 and 5. It should be noted also that some of the

observed policy e�ects are negligible in size compared to the model �uctuations (see e.g. Figure

4.5).
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Sequence and order of actions

A key di�erence between ABMs and especially static equilibrium models is the relevance of transi-

tions. While equations are solved simultaneously in GEMs, the ABM needs to assume an order, a

sequence of events and decisions, which is not always clear from mainstream economic theory. We

have explained our approach in detail in Section 4.2.2. One example is that households reconsider

their optimal consumption after knowing their income in a respective period. At other times,

we tried to overcome problems with sequenced actions. For instance, the �rm is hyper-rational

with respect to the impact of its vacancy posting on the low-wage labour market. On the other

hand, the �rm uses lagged variables of low-wage rates when forming its pro�t expectations. There

is a constant con�ict between applying lagged knowledge or perfect foresight when dealing with

sequential behaviours.

Theoretical consistency

General equilibrium models have been developed alongside neoclassical economic theory and thus

provide a good representation thereof. The fundamentally di�erent nature of ABMs, for instance in

terms of sequence or disequilibrium states, also highlights the di�erent fundamental understanding

of economic systems as complex and evolving over time. For us, this became especially clear in

the decision between above-mentioned lagged (and thus imperfect information) and hyper-rational

perfect expectations, which �nally depends on underlying theoretical understandings. The take-

away message is that agentizing a GE model naturally leads to a confrontation with the theoretical

framework. The di�culty lies in solving practical coding problems while keeping theoretical con-

sistency. Therefore, we recommend careful consideration of the underlying assumptions linked to

pragmatic coding decisions.

Stock-�ow consistency

Another issue linked to consistency concerns the accounting of stocks and �ows in the model. The

transition towards an equilibrium requires assumptions about monetary �ows, which are irrelevant

in the equilibrium state itself. Any pro�ts, for example, have to be attributed to some purpose or

agent. The resulting income distribution will be distinct, depending on whether we pay pro�ts as

a dividend to everyone or to, say, just a small number of capital owners.

A less trivial example of a SFC problem is the cost of posting vacancies. It is unclear how to

interpret this �ow. In the GEM this cost is balanced through the job rent leading to a zero pro�t

expectation. In the ABM, this search friction in the low-wage labour market leads to a constant

generation of positive pro�ts for the �rm. Evidently, this money cannot simply vanish. It may be
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interpreted as a fee being paid to some job placement database or agency that connects workers

with the �rm. Our interpretation here is that the money cannot leave the economy and hence we

channel it back as a per capita dividend to all households which translates into higher demand.

Another example where additional assumptions were needed for SFC is the provision of the

clean public good (G). While G is assumed to be exogenously �xed, as in the GEM, government

revenue changes from one time step to the next, so that the desired level of public goods may not

be a�ordable any longer in the ABM. In that case it needs to be decided how to treat changes

in revenues. It also has to be clear whether the clean public good stems from the production of

the representative �rm. We assumed that it does and hence has added it to overall demand for

C. These are important issues. In our particular example, the dividends from pro�ts and vacancy

costs give our economy a more Egalitarian character and can render policy outcomes slightly more

progressive.

Upscaling

Scaling up a model from single representative to multiple agents is an essential characteristic of

agentization. In this study, the number of agents was an almost purely technical exercise because

we kept each group of agents very homogeneous. Thus they compare well to the GEM's represen-

tative agents. However, under di�erent circumstances, for instance non-constant returns to scale of

the production function, the number of agents greatly a�ects the model outcome and may require

an adjustment of other parameters. In our model scaling up the number of agents mostly a�ects

the treatment of probabilistic actions. Equations related to the search and matching process, in

this study in particular the matching function, have to be adjusted to the number of household

agents in the model. We tested the model through replacing the deterministic by a stochastic

matching process in the low-skilled labour market, i.e. a random matching process where against

the odds the �rm could end up with too few or too many workers, and also with a deterministic

process, i.e. the expected number of matches was calculated based on vacancies posted and match-

ing probability and then this exact number of matches was enforced. In our case this choice did

not have a relevant impact on the results, because there is no notable heterogeneity within our two

groups of agents.

4.5 Conclusions

E�ective climate policies are likely to induce fundamental changes in our economies and thereby

lead to considerable out-of-equilibrium dynamics. To promote a broader methodological approach

to studying such policies, and environmental tax reforms in particular, this study replicated a
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general equilibrium model of a tax reform using an agent-based approach. We therefore built a

basic ABM, remaining as closely as possible to the original GE model's features and assumptions.

This contributes to the literature by (i) providing a starting point for linking more elaborate

agent-based analyses of environmental tax reforms to the GEM literature, (ii) facilitating a direct

methodological comparison between a GEM and an ABM approach, and (iii) allowing to test the

replicability of the original model's results.

The ABM supports most of the propositions made based on the GE model at least in part.

Similarly to Aubert and Chiroleu-Assouline (2019), we �nd that the pollution tax is basically

always regressive, if its revenues are given back to workers proportionately. In a situation with

homothetic preferences and no labour substitution an uncompensated tax is close to neutral when

the Hosios condition of a constrained e�cient labour market holds, i.e. the workers' surplus share

equals the matching elasticity. However, the ABM shows a slightly progressive tendency here. One

reason may be the di�culty of replicating the exact conditions.

In the ABM as in the GEM, the existence of subsistence polluting consumption, implying non-

homothetic preferences, increases the regressivity of a tax reform, independent of whether its

revenues are recycled or not. Our results also support the idea that below (above) a certain level

of high-wage labour supply elasticity, it is always (never) e�cient to redistribute tax revenues

progressively, meaning that it is possible to combine a double dividend with an equity goal. It

proved more di�cult to replicate propositions involving very speci�c market conditions, such as

the Hosios condition. Altogether, we thus �nd that some results of the original model are more

robust to the new modelling framework than others.

Changing the methodological lens leads to confrontation with additional theoretical questions,

for instance, regarding monetary �ows. These originate from the challenge of establishing a stable

equilibrium. Fluctuations around a pseudo-equilibrium make it more di�cult for the ABM to

formulate speci�c propositions. While this might be seen as a weakness of agent-based approaches,

it is questionable whether real economies are ever in equilibrium, thus highlighting the potentially

low external validity of GEM results for a low-carbon transition.

Certain modelling choices, especially regarding stock-�ow consistency, can a�ect the results

tremendously. For instance, the decision to channel pro�ts and vacancy costs back to households

as a dividend increases the overall progressivity of a tax reform, because household income depends

relatively less on wages. Another area where the ABM requires additional assumptions beyond the

GEM concerns the sequence of actions and behaviours. Thus, the agentization process confronts

modellers with questions about the interpretation of economic theory, which do not come up when

solving a system of equations simultaneously or working from an assumed equilibrium. An ABM

can thus help to go beyond marginal analysis by analysing the complex economic dynamics resulting
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from the stringent climate policies that are required for a deep decarbonisation of our economies.
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Appendix 4.A Adjustment of income tax rates

A&CA allow the changes in income tax rates after a compensated tax reform to di�er according

to the following rules:

dτL = − (1 + γ) da (4.33)

and

dτH = − (1− γ) da (4.34)

where −da indicates the average labour tax rate variation. It is de�ned as:

da =

(
G∗

τD

(1− γ)G∗
τH + (1 + γ)G∗

τL

)
dτD (4.35)

Appendix 4.B Pro�t maximisation

The �rst order conditions, i.e. the �rst derivatives of the pro�t function for vt and Ht yield (This

is not derived in A&CA):

(1− ξ)αpyH
1−α

(
ωNξ

Lv
−ξ
)α

vα−1 = (1− ξ)wL,t−1ωN
ξ
Lv

−ξ + c (4.36)
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from δΠ
δv = 0, and

H =

[
(1− α) py

wH,t

] 1
α

ωNξ
Lv

1−ξ (4.37)

from δΠ
δH = 0. By inserting (27) into (26) we obtain voptt .

Appendix 4.C Optimal demand

Uncompensated optimal demand for C and D in the GEM are de�ned as:

C∗ = (1− σ)
[
Ii − (1 + τD)D̄

]
(4.38)

and

D∗ =
σ

(1 + τD)

[
Ii − (1 + τD)D̄

]
+ D̄ (4.39)

Appendix 4.D Proposition 1

Results of an uncompensated pollution tax of 1%, as used by the authors of the original paper in

their simulations:

Table 4.11: Results of an uncompensated pollution tax (τD = 0.01%)

Z ∆u ∆H ∆CD/∆CS ∆DD/∆DS ∆Y S
total ∆ L

H
∆MPL ∆MPH ∆IL ∆IH

0 -4.00 0.14 0.50/0.55 0.34/0.39 0.51 0.90 -0.53 0.37 0.12 0.53
0.01 2.22 -0.16 -0.30/-0.31 -0.19/-0.20 -0.28 -0.28 0.17 -0.12 0.01 -0.34
0.1 -0.35 -0.14 0.03/-0.15 0.06/-0.12 -0.14 0.19 0.20 0.00 0.34 -0.27

Note: 500 period average, di�erence in no-tax versus tax scenario. All changes given in percentage. τD = 0.01%,
D̄ = 0 and ηH = 0.5.

Appendix 4.E Proposition 2

Table 4.12 shows the e�ects of an uncompensated tax reform under the conditions of Proposition

2 on purchasing power of high- and low-wage households.

Appendix 4.F Perfect substitution condition

The perfect substitution condition used in Propositions 2 and 4 refers to a situation without labour

substitution. In the GEM this point is de�ned where the high-wage labour supply elasticity (ηH)

equals the reaction of low-wage labour. As the latter hinges on indirect e�ects in the ABM, it

cannot be determined easily. We thus check how the ratio of low- to high-wage labour changes
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Table 4.12: E�ects of an uncompensated pollution tax on purchasing power

ηH β < ξ β = ξ β > ξ
high/low high/low high/low

0.3 -0.56/-0.49 -0.83/-0.78 -3.57/-2.25
0.5 -0.56/-0.48 -0.83/-0.84 -0.29/-1.36
0.63 -0.73/-0.76 -0.92/-0.81 -2.02/-0.39
0.8 -0.76/-0.80 -1.53/-1.03 -2.39/-0.29

Note: First value refers to high-, second value to low-wage households. 1000 periods, 500 period average of no-tax
versus tax scenario. τD = 1%.

after each type of tax reform, depending on various levels of high-wage labour supply elasticity

(ηH). Figure 4.10 shows the results for an uncompensated and a compensated tax reform when

the pollution tax rate is set at 0.01 or 1%.
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Figure 4.10: Change in ratio of low- to high-wage labour inputs at di�erent levels of high-wage
labour elasticity
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As both �gures show, the relationship between ηH and the change in labour ratio is highly non-

linear. To meet the perfect substitution condition, the change in the labour ratio should be equal

to zero. Under an uncompensated tax reform, this is approximately given for ηH = 0.63. Under

a compensated tax reform with a 1% tax rate, ηH = 0.61 prevents shifts between the two labour

types.

For Proposition 4, the perfect substitution condition must old for various levels of tax rates.

Figure 4.11 shows the relationship between ηH and the labour ratio under a compensated tax

reform for di�erent levels of pollution taxes. The red dots indicate the level of ηH chosen for our

respective simulations.
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Figure 4.11: Change in ratio of low- to high-wage labour inputs under a compensated tax reform
for di�erent levels of high-wage labour elasticity and tax rates
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Chapter 5

A behavioural-evolutionary

agent-based model of environmental

tax reform with green and leisure

preferences

5.1 Introduction

We develop an agent-based model of environmental tax reform (ETR), investigating the e�ects of

such a policy under a behavioural-evolutionary scenario. To re�ect this behavioural-evolutionary

perspective, the model includes four key novelties that go beyond existing models of ETR, which

mostly focus on fully rational, representative agents. These are (i) bounded rationality, (ii) agent

heterogeneity, (iii) social in�uence on consumption preferences, and (iv) an activity-based lifestyle

approach.

An environmental tax reform, de�ned as a revenue-neutral tax shift towards carbon dioxide

emissions, o�ers many design options. This holds particularly for the use of its revenues. We

analyze three popular recycling channels for carbon tax revenues: (1) a reduction in income tax

rates, (2) an equal per capita climate dividend, and (3) earmarking for green innovation. Policy

evaluation is focused on four main outcomes: (i) environmental impact, (ii) overall economic

welfare, (iii) employment, and (iv) innovation.

A long-standing motivation for ETR is a potential strong double dividend of simultaneous en-

vironmental and economic improvement (Goulder, 1995). In its strong form, the double dividend

implies environmental improvement combined with economic bene�ts compared to a situation with
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no tax reform. In this case the policy can be motivated purely based on e�ciency grounds, re-

gardless of any environmental bene�ts. We assess the potential for an environmental dividend by

measuring the change in fossil energy use during production and consumption. We consider two

indicators for a potential economic dividend. First, overall social welfare measured through aver-

age purchasing power, and second, employment e�ects. We also consider distributional impacts on

purchasing power and employment through an assessment by household types.

Since households in our model di�er along various characteristics, we represent a population of

heterogeneous agents. We assume that they can interact with each other and allow for imitation

of peers in certain experiments. This setup is in line with evolutionary economic approaches,

describing the dynamics of agent populations using system dynamics or agent-based modelling. The

model relies on insights from behavioural economics and psychology, including habitual decision-

making on the household and on the �rm side. Agents make conscious and rational choices only

when they are triggered and without full information or perfect foresight. Otherwise, they follow

established routines. Speci�cally, individuals are triggered by a change in employment or by

insu�cient income to a�ord their habitual consumption (e.g. because of price increases). In

this case they will revise their consumption and labour decision. Firms are modelled as satis�cing

organizations whose innovation and pro�t maximization is triggered by stagnating or falling pro�ts.

Following this behavioural-evolutionary approach, we are able to incorporate some behaviours

which are relevant, but rarely modelled by studies of ETR (Klein and van den Bergh, 2021).

The model takes a lifestyle or activity-based approach, meaning that households make allocation

decisions starting from a �xed time budget. As motivated in Chapter 2, including a time dimension

is highly relevant when we talk about trade-o�s between labour and consumption time. In addition

to work time, individuals need time for consumption, and also for unpaid work. These time

requirements can di�er depending, for example, on social norms or cultural context.

In the underlying model, lifestyle di�erences are re�ected through consumption of three types of

goods, which are produced in three sectors with di�erent production technologies. In particular,

the sectors vary in labour- and energy-intensity during production. Furthermore, the goods di�er

in terms of time and energy requirements during consumption. The goods include a conventional

"polluting" good (D), a similarly produced, but more energy-e�cient version of this good (C -

clean), and a su�ciency good (S), which is characterized by more consumption time and labour-

intensity, compared to energy use.

These categories can be interpreted broadly as manufactured goods for C and D, whereas S

represents mostly the service sector (repair or reuse of existing goods, or experience-oriented ac-

tivities). One motivation for this theoretical approach is the relevance of the intensive margin of

labour supply. Given that consumption and care work take time, it is not only important whether
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or not an individual works, but also how much of their time they allocate to work. Consumption

time becomes even more relevant, if time-saving behaviours are characterised by higher energy use.

Households are heterogeneous in the model with respect to workforce participation and sector of

employment, education level, gender, and geographical location (urban vs. rural). One part of the

population engages in paid labour, whereas another does not (students, retirees, housekeepers).

Education is used as a proxy for high- and low-wage individuals, who possess di�erent skill sets.

Labour markets are separated by skill and sector. The producer of the su�ciency good acts in a

distinct labour market from the producers of C and D. The former broadly represents the service

sector, while the latter depicts manufacturing and industry. We allow for unemployment in each

of the four separate labour sub-markets.

The gender distinction re�ects di�erences in time availability and sector of employment. As

women and men on average spend di�erent amounts of time on unpaid work, they have distinct time

budget constraints for remaining activities. Regarding employment sectors, the share of women

working in the service sector is higher than for men. The model further distinguishes between

rural and urban households, who are assumed to have di�erent levels of subsistence polluting

consumption. This re�ects variation in energy use requirements of urban and rural households for

heating or commuting, for example.

These dimensions of heterogeneity re�ect important division lines in the current discussion on

fairness of climate policy and horizontal (i.e. non-income-related) inequalities. The constraints of

unpaid work are closely linked to gender inequality, a topic that has been largely unexplored in the

discussion of climate mitigation policies. Acknowledging typical employment sectors for distinct

household types also allows us to combine economic e�ects of an ETR on the supply and demand

side. The policy does not only a�ect consumption choices, but can also shift the likelihood of

unemployment between groups who work in di�erent sectors.

Finally, the model takes up ideas from evolutionary economics by allowing for social interaction

between households. In particular, we focus on imitation. In this social setting, we assume that

household preferences are a�ected by the consumption of a reference group. Following Konc et al.

(2021) we implement this interaction through a social multiplier in the utility function. Aspiration

towards lifestyles of the wealthy is a widely observed social phenomenon. However, we assume that

households do not only aspire the lifestyle of those with higher incomes, but of those who they can

identify with on other levels. The reference group for each household are thus individuals with a

higher income than themselves, but who are similar in terms of gender, geographical context and

work sector.

The agent-based approach allows for theoretical investigations beyond a fully rational, atomistic

homo oeconomicus. This level of complexity aids in understanding how a comprehensive policy
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unfolds in a complex socio-economic system. The model is developed for theoretical exploration

and policy analysis, rather than for prediction. Nevertheless, key variables and assumptions are

validated using empirical data from Germany. Hence the results should be understood in this

context.

The remainder of the paper is structured as follows. Section 5.2 describes the sequence and main

equations of the model. Section 5.3 explains the use of empirical data for validation. Section 5.4

presents the results of the policy experiments. Section 5.5 concludes.

5.2 The model

5.2.1 Model sequence

The ABM generally has a similar sequence as our previous model in Chapter 4. However, it comes

with a few additions we will describe below. As there is more heterogeneity on the household and

�rm sides, there are now four instead of two labour markets. We model frictions through search-

and-matching processes in each of them. Figure 5.1 shows the features of these four markets.
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Figure 5.1: The model's four labour markets

There are also some additional steps in the model sequence (see Figure 5.2). The most important

addition is innovation (step 2). If a �rm is triggered by falling pro�ts, it will attempt to innovate

at the beginning of the next period. Innovation will be successful with a certain probability (ι)

and can be stirred towards either one of the input factors (process innovation): low-wage labour,

high-wage labour or energy, or towards energy-e�ciency of the �nal product (product innovation).

If �rms are losing market share, they will aim for product innovation. Otherwise, they target

the input factor with the highest cost share. If successful, the innovation process for the three
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production factors is de�ned as:

Am,t = Am,t−1

[
1 +

(
1

Am,t−1

)IR&D,j,t
]

(5.1)

Aj,t is the new factor productivity, Aj,t−1 is the factor productivity prior to the innovation process,

and IR&D,j,t is the amount of investment in innovation. Thus, innovation becomes more di�cult

with increasing factor productivity, but it is also increasing in the amount of R&D investments.

Firms re-invest any pro�ts, if they make any. For energy consumption during use of a good, the

goal is to reduce the respective energy-intensity, ej,t. The innovation process is thus modelled as

follows:

ej,t = ej,t−1

(
1− e

IR&D,j,t

j,t−1

)
(5.2)

ej,t−1 is the energy-intensity of good J prior to innovation and IR&D,j,t is again the amount of

investment in innovation.

After a �rm innovates, it moves on to updating its wage rates and maximizing pro�ts. It does

so by deciding on the optimal amount of energy and the number of vacancies to post in both

labour markets (low- and high-wage) based on previously observed matching rates. Innovation

thus automatically leads to pro�t maximization. However, there is another trigger for a �rm to

optimize: if it has no applicants. In this case the �rm also revises its o�ered wage rates and

determines optimal factor inputs. If a �rm's pro�ts are growing and it has applicants, it will

merely try to replace potentially lost labour force from the previous period.

There are a number of potential triggers for households to update their decisions as well. During

initialization all households and �rms perform an optimization to make sure that each agent has a

general idea about their optimal lifestyle/production. In general, households are habitual, meaning

that they will try to consume the same amounts as in the preceding period. However, if a worker

loses their job, be it through random or conscious termination, they are triggered to reassess

their labour and consumption decision in line with their preferences. If previous consumption

patterns are no longer attainable to an individual even though they are employed, they have to

scale down the amount of goods they purchase. As a result they become discontent in our model.

Three periods of discontent will lead to the decision of an individual to terminate their job, if

unemployment bene�ts or wages in their labour market are su�ciently high.

Firms and households meet at one of the four labour markets: low-wage or high-wage su�ciency

sector and low-wage or high-wage C/D. Job seekers and vacancies are matched within their respec-

tive market with a certain probability. The probability of a vacancy to be �lled can be expressed
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Are you 
employed?

1. Taxation
Government sets and communicates income and pollution tax 

rates.
Did profits grow in 
previous period?

Replace lost 
labour.

2. Innovation
Did demand (share) fall in previous period?

Process 
innovation

Product 
innovation

3. Optimisation

4. Search and matching
Job seekers & vacancies randomly get matched in their labour 
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Are current consumption 
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5. Negotiation
Matched households and firms negotiate working hours.
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Firms produce what they can with their given inputs.

7. Market exchange
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Did anyone 
apply for your 

vacancies?

Yes
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Figure 5.2: Model sequence

Note: Grey boxes indicate agent decisions, actions and interactions, which can be triggered by factors in the white
boxes.

through the matching function, de�ned as:

M = min

(
Ω

[
U

v

]ξ
, 1

)
(5.3)

where U is the number of job seekers and v is the number of vacancies posted. Ω and ξ take

values in (0, 1]. The matching probability M is increasing in U and decreasing in v. Hence, it

may be interpreted from the point of view of the �rm as more job seekers per vacancy increase the

likelihood of a �rm to �ll its vacancies. For job seekers more competition has the opposite e�ect,

of course.

Contrary to the model in Chapter 4, �rms and workers do not negotiate wages. The �rm sets a
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wage rate when posting the job, but workers can negotiate their working time. The �rms optimal

work time per employee is de�ned as:

wtj,opt = min

(
Jopt − JS

JM
,WTmax

)
(5.4)

where Jopt is the �rm's optimal overall (low- or high-wage) labour input, and JS and JM are their

existing stock of labour and new workers matched of the respective type. WTmax is the legal work

time maximum a �rm can ask from its employees which is currently set at 8 hours. Resulting

working time after a successful match is de�ned as:

wti = wti,opt + βj(wtj,opt − wti,opt) (5.5)

where wti,opt is the worker's desired work time, wtj,opt is the �rm's desired work time and βj

re�ects the �rm's bargaining power.1

After the negotiation �rms know their available production inputs and households know their

income. Energy supply is exogenous to the model and available at a �xed price, pE . The �rms

produce as much as they can. Households will adjust demand downwards, if their real income falls.

Similarly, they will decrease (increase) consumption time proportionately, if they end up working

more (less) than previously anticipated. Households and �rms exchange goods. As the �rms have

other production costs beyond labour, we need to specify these monetary �ows as well. The cost of

vacancy posting goes is relatively small and goes back to all households directly, as in the model of

Chapter 4. The expenditure on energy turns into additional demand for the three goods. It can be

interpreted as exports, if one assumes that energy is bought from another economy, for example.

Another viewpoint would be that a capitalist consumes the energy rents.

Finally, there is another major step added on top of the model sequence in Chapter 4: Unem-

ployment. A share of work contracts is randomly dissolved at the end of each period. In addition,

discontent workers may quit.

5.2.2 The household problem

Each household is equipped with certain sector-speci�c skills (low- or high-wage, S or C/D) and

time availability. While each individual has the same amount of time, some are faced with more

binding unpaid work and hence less available time to decide upon than others. Individuals then

need to decide about their labour supply, consumption time and consumption expenditure. We

assume that every household initially has an idea of their desired lifestyle (initial optimisation).

1Note that the �rm cannot ask an employee to work more than 8 hours, but an employee willing to supply more
labour than that is able to.
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They re-evaluate their lifestyle under the above-mentioned conditions. Household preferences are

represented through the following nested CES utility function:

Ui,t =

[
αi (ts,i,tusSi,t)

σ
+ (1− αi)

(
ϵi ((tc,i,tuc + oc)Ci,t)

δ
+ (1− ϵi)

(
(td,i,tud + od) (Di,t − D̄i)

)δ)σ/δ]1/σ
(5.6)

In this case, utility of individual i in period t (Ui,t) is achieved through both ownership (oj)

and use (tj) of goods C (�clean� - or more energy-e�cient) and D (�dirty� - or conventional), and

through use of S (�su�ciency�). Note that ownership of S without spending time on using it does

not increase well-being. A subsistence level of dirty consumption (D̄) exists, representing goods

needed for ful�lment of basic needs, such as shelter, heating/cooling or food intake. We assume

that this subsistence consumption is purely material and requires no considerable consumption

time. It is assumed to be higher in rural areas than in urban areas.

Each of the goods has a use characteristic (uj) that de�nes the amount of time needed to reach

a comparable level of utility. It is for this consumption-time characteristic, and the fact that good

S is "less material", that it is helpful to think about these goods more as lifestyles than items. For

certain categories, such as travel, the trade-o� between time required for a trip and energy use is

rather obvious. For other consumption categories this is less clear. We do not claim that all goods

circulating in the economy can be classi�ed sharply into these three categories. We are rather

assuming, that D represents the main input into an energy-intensive, but time-saving lifestyle,

C a somewhat "greener" version of this lifestyle, whereas S represents fundamentally di�erent

consumption behaviours to ful�l the same needs.

Since this is a key aspect of our model, let us provide some examples. Regarding food, D

could represent a meat-based consumption, C a vegetarian diet, and S a vegan diet. Living a

vegan lifestyle can be seen as more time-intensive in terms of food and information sourcing in a

society where a meat-based diet is the norm. Another example could concern the use of household

appliances, for example to dry laundry. Good D could represent an energy-intensive tumble drier,

C would then be a more energy-e�cient model, and S would be hanging laundry by hand to air

dry.

The D-C-S distinction is probably clearest for the case of mobility. Commuting to work with

a conventional diesel or petrol SUV represents the extreme of a fast and energy-intensive lifestyle

(D). Electric vehicles, smaller cars or even motorcycles could fall into category C - they require

approximately the same amount of time to get from A to B, but with less energy consumption.

Good S could be interpreted as biking, walking, or taking using public transportation, for example.

While C is a somewhat greener version of a polluting lifestyle (D), S represents a su�ciency-oriented

consumption type that often requires a di�erent organisation of consumers' lives.

As apparent from the preference structure, consumption is weighted according to two value scales.
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Individuals have di�erent levels of materialism (1 − αi) and environmentalism (ϵi). Materialism

refers to a preference for material consumption goods (high energy content) over engagement in

activities (su�ciency or low-energy consumption). ϵi represents an individual i's environmentalism.

The more pro-environmental their values, the more they prefer C over D. Both of these preference

parameters can be written including a social multiplier e�ect, following Konc et al. (2021). α would

then be de�ned as (same equation holds for ϵi):

αi = (1− ζ) vi + ζSIi (5.7)

where SIi is the behaviour individual i observes in its peers. vi represents the true materialistic

values of individual i and ζ is the strength of social in�uence2. Social in�uence for αi is de�ned as:

SIi =
1

Ni

Ni∑
n=1

tS,nSn

tS,nSn + tC,nCn + tD,n(Dn − D̄)
(5.8)

where Ni is the number of households with similar characteristics, but higher income than

individual i (the reference group). It is the average share of su�ciency consumption of the reference

group. For ϵi, SIi is the share of clean consumption (C) out of total consumption (C +D − D̄).

The purchasing price as well as energy costs for use of the purchased goods enter the budget

constraint of the household, which we de�ne as:

(1− τi,t)wi,twti,t = pDD̄i +
∑

Jϵ(D−D̄,C,S)

(pj,t + (1 + τE,t) pE,ttj,i,tej) Ji,t (5.9)

The left hand side represents net wage income of individual i in period t. The right hand side

is the expenditure for subsistence consumption (pDD̄i) plus the costs of buying and consuming

goods (Ji,t) beyond that. pj,t is the purchase price of good J , (1 + τE,t)pE,t is the energy price

per unit including a potential carbon tax, ej is the energy use per unit of consumption time of

good J (i.e. its energy e�ciency). Finally tj,i,t is the amount of time individual i decides to

use good J . It is important to note that use costs from using the �dirty� good D only accrue

above the subsistence level D̄, because they are linked to time spent on consumption. We further

assume that energy use per time unit is increasing in expenditure on the respective goods used.

This can be interpreted either as simultaneous use of multiple goods, or as an often higher energy

demand of more expensive versions of a certain good, for example linked to higher weight or better

performance.

Finally, the household time constraint is de�ned as:

T = Ui + wti,t + tS,i,t + tC,i,t + tD,i,t (5.10)

2In the scenario without social in�uence, α = 0.5 and ϵ = 0.5
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While overall time endowment, T , is the same for every individual, the choice between labour

(wti,t) and consumption time (tj,i,t) is restricted by heterogeneous levels of unpaid work Ui. See

Appendix 5.A for more details.

5.2.3 The �rm problem

Each of the three sectors is represented by one �rm, j (producing good j). These �rms all produce

with a CES production function and three inputs: low-wage labour, high-wage labour and (fossil)

energy.

y = f(L,H,E) = Pj [sH,t(AH,tH)ρ + sL,t(AL,tL)
ρ + sE,t(AE,tE)ρ]

1
ρ (5.11)

sL,t + sH,t + sE,t = 1 (5.12)

where Am,t represents the technological state of the art of production factorm ϵ (L,H,E) in period

t and sm,t the factors' cost shares in production. Pj is an overall productivity factor which we use

to calibrate the model.

As mentioned earlier, the �rms are satis�cers. If their pro�ts are not falling and they have

applicants for their vacancies, they do not change their production inputs or innovate. The pro�t

function of �rm j is de�ned as follows:

Πj,t = pj,tyj,t − (wL,tL+ wH,tH + (1 + τE,t)pEE + cHvH,j,t + cLvL,j,t + IR&D,j,t) (5.13)

where pj,tyj,t are the revenues if all production is sold, wH,t, wL,t and pE are the input factor

prices, and τE,t is the carbon tax level in period t, levied as an upstream tax on fossil energy.

cHvH,j,t and cLvL,j,t are the costs of posting high- and low-wage vacancies (low compared to wage

costs) and IR&D,j,t are potentially accruing investments in product or process innovation in period

t.

The overall amount of low- and high-wage labour hours depends on the �rm's existing stock of

labour, their new successfully matched vacancies and the average work time of an employee. If a

�rm is triggered by falling pro�ts or zero labuor supply, it updates its wage rates and maximises

pro�t. See Appendix 5.B for more details and �rst-order conditions for a pro�t maximum.

5.3 Data

To have an empirical basis for our household typology, we build on data from a survey conducted

in Germany in early 2020 (pre-pandemic) by the ReZeitKon project, which combines information

on work time and individual demographics with detailed data on consumption habits, including
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su�ciency behaviours (Geiger et al., 2022). This survey provides the basis for our representative

household groups. Table 5.1 provides a summary of the relevant variables. We group the sample

Table 5.1: Household typology

Sec-
tor

Nb Freq. Share
in %

Care
work
(h/d)

Paid
work
(h/d)

Leisure
preference

(%)

Share
of D

Share
of C

Share
of S

H
ig
h
-w
a
g
e

F
em

a
le Urban

C/D 1 2 0.13 1.00 5.64 0.00 66.67 14.81 18.52
S 2 16 1.02 2.11 5.07 68.75 35.89 25.36 38.76

Rural
C/D 3 10 0.63 4.75 5.40 40.00 58.55 17.76 23.68
S 4 51 3.24 3.68 4.64 47.06 43.88 22.34 33.78

M
a
le Urban

C/D 5 11 0.70 1.86 5.43 36.36 45.40 20.25 34.36
S 6 18 1.14 1.76 5.29 44.44 50.42 23.31 26.27

Rural
C/D 7 21 1.33 2.49 5.48 28.57 45.67 21.00 33.33
S 8 42 2.67 2.25 5.58 45.24 41.00 23.00 36.00

L
ow

-w
a
g
e

F
em

a
le Urban

C/D 9 9 0.57 1.98 5.02 11.11 42.86 27.55 29.95
S 10 45 2.86 2.86 4.70 37.78 45.23 20.89 33.88

Rural
C/D 11 87 5.52 3.83 4.68 26.44 50.99 17.98 31.03
S 12 264 16.76 4.92 4.35 26.89 49.86 18.28 31.85

M
a
le Urban

C/D 13 28 1.78 1.32 5.53 32.14 49.06 19.50 31.45
S 14 46 2.92 2.01 5.38 50.00 45.74 21.31 32.95

Rural
C/D 15 193 12.25 2.43 5.44 27.46 52.77 18.13 29.10
S 16 187 11.87 2.23 5.15 26.74 50.68 17.98 31.34

N
o
n
-W

F

F
em

Urban - 17 45 2.86 4.61 - - 40.97 18.92 40.10
Rural - 18 268 17.02 4.58 - - 41.64 19.18 39.18

M
a
le Urban - 19 42 2.67 1.81 - - 46.99 18.42 34.59

Rural - 20 190 12.06 2.11 - - 47.43 16.16 36.40
1,575 100%

Note: High-wage = tertiary education; non-workforce includes students, retirees and housekeepers; urban = more
than 500k inhabitants; C/D = works in industry/manufacturing, construction or logistics; Nb = number of the HH
type; Freq = frequency of observations; leisure preference = stated to prefer more free time over a salary raise,
C,D,S = share of consumption behaviours falling in our goods categories C,D or S. Non-WF=non-workforce.

based on whether an individual is in the work-force or not, their level of education as a proxy

for the hourly wage category, their gender, and the degree of urban environment as a proxy for

the level of subsistence polluting consumption. We then calculate the average levels of unpaid

and paid work for each of these groups. Unpaid work includes care and house work. As Table 5.1

shows, women engage considerably more in unpaid work than their male counterparts for almost all

groups, whereas the di�erences in paid work are smaller, especially among highly-educated groups.

In the ReZeitKon questionnaire, respondents are asked how often they perform a number of

consumption behaviours. We classi�ed those behaviours according to our goods distinction as

either dirty, clean or su�ciency consumption and constructed an index for each group. To do

so, we sum up the number of consumption behaviours performed by each individual per category

and then compared the mean of each category relative to the other two consumption categories

by household type3. The columns titled C, D and S in Table 5.1 show the resulting share of

consumption behaviours . Finally, the survey asks whether participants would prefer additional

time o�-work over a salary raise. The "leisure preference" column in Table 5.1 displays the share

of individuals who answered yes to that in each group.

On the production side, we consulted the literature on labour- and energy-intensity of di�erent

3see Appendix 5.C for the allocation of di�erent consumption behaviours into dirty, clean and su�cient.
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sectors in Germany in order to de�ne the production parameters. We are using a non-nested

production function, following Van der Werf (2008). They estimate elasticities for di�erently nested

CES production functions typically used in climate policy modelling and �nd that for Germany a

nested production function does not �t any better than a non-nested one.

Welsch and Ochsen (2005) study input elasticities to production that include energy, low- and

high-wage labour in the West-German industry. Their results show that low-wage labour is a

Morishima complement to energy, i.e. the ratio of energy to low-wage labour increases when the

energy price increases. The same ratio remains constant for high-wage labour, making low-wage

labour a stronger complement to energy than is high-skilled. At the same time, energy acts as

a substitute for both labour factors. The elasticity of substitution between low- and high-wage

labour has widely been estimated to be around 1.5, but may in fact be nearer to 0.6-0.94. We use

a non-nested CES production function with a substitution elasticity of approximately 0.7 in our

model.

Table 5.2: Energy-, labour- and time-intensity of the goods/lifestyles

Dirty Clean Su�cient

Materialistic Non-materialistic

P
ro
d
u
c
ti
o
n

High energy-intensity Low energy-intensity
sE = 0.15 sE = 0.05

Low labour-intensity High labour-intensity
sL = 0.55 sH = 0.30 sL = 0.60 sH = 0.35

C
o
n
su
m
p
ti
o
n

High energy-intensity Medium energy-intensity Low energy-intensity
ed = 0.8 ec = 0.5 es = 0.1

Low time-intensity Low time-intensity High time-intensity
ud = 1 uc = 1 us = 2

E
x
a
m
p
le
s Commuting: Combustion-

engine car
Electric car Public transport

Food: Meat-based Vegetarian Vegan
Appliances: Tumble-drier Energy-e�cient tumble-drier Air drying laundry
Vacation: Air travel Long-distance train ride Regional cycling tour

Note: Production factor cost shares (sm) based on Koschel (2000) and Welsch and Ochsen (2005). See Appendix
5.D for more detailed information on the calculation. The consumption parameters are not empirically based.

Table 5.2 shows the current parameter values for cost shares in production by sector5, as well

as the relationships between energy and time use that we are assuming. In particular, good D has

the highest energy intensity per time unit (eD) in our model, followed by C (eC) and then S (eS).

However, the marginal utility per time unit spent on an activity with consumption goods C or D

(uC , uD) is lower than for S (uS).

Appendix 5.F gives an overview of all other parameter values used. The model is coded in

Python, using the AgentPy framework (Version 0.1.5) by Foramitti (2021). Some analysis of the

4Some authors suggest considerable publication bias and problems in estimation techniques. Havranek et al.
(2020) perform a meta-analysis where they correct for such biases, and �nd that the elasticity is around 0.6-0.9.

5More details on that also in Appendix 5.D.
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output data is performed using R (Version 4.1.0). The code is available from the authors upon

request.

5.4 Policy experiments

We perform and compare four main policy experiments. Each scenario includes the introduction

of a carbon tax on energy use in period 500 out of 1000 model rounds in total. The tax rate is

always set at 10%. However, the policies di�er in terms of revenue use.

In the �rst case, carbon tax revenues are recycled back to workers through proportionate reduc-

tions in personal income tax rates, as suggested by many economists on e�ciency grounds at least

since the early 1990s (e.g.Pearce, 1991, Repetto and Dower, 1992, Aubert and Chiroleu-Assouline,

2019 to name only a few). Two problems with this recycling mechanism is that it tends to be

regressive and that it shifts tax incidence to individuals outside of the labour force.

We address the regressivity problem by testing progressive income tax cuts, where tax rates are

reduced more strongly for low-wage workers. An even more equitable policy scenario would include

the needs of the non-working population. Therefor, we also examine a third option of using carbon

tax revenues to pay an equal per capita climate dividend to each individual. This option has in fact

been proposed to relieve lower-income households in practice, such as in the context of the German

carbon tax (Edenhofer et al., 2019). As many researchers and practitioners have pointed out, the

political acceptance of carbon taxation often hinges on its direct link to environmental purposes

(e.g. Carattini et al., 2018, Douenne and Fabre, 2020 , Maestre-Andrés et al., 2021). Thus our last

policy scenario considers earmarking the carbon tax revenues for energy-saving innovation. Figure

5.3 gives an overview of these four policy scenarios.

Carbon tax on 
energy use

Proportionate 
income tax cuts

Progressive 
income tax cuts

Equal climate 
dividend

Innovation 
subsidy

Figure 5.3: Revenue recycling scenarios

For each scenario we compare the baseline behaviour of the model without any policy interven-

tion with the results under the implementation of the di�erent policies. We then monitor four
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main outcomes. The �rst is total energy consumption, i.e. energy use during production and con-

sumption of goods. The second measure is overall purchasing power, measured as compensatory

variation, i.e. the additional income needed for all households to be able to a�ord their pre-policy

consumption levels. A decrease in energy use paired with an increase in purchasing power are the

condition for a double dividend. The third outcome is unemployment. A simultaneous reduction in

unemployment and energy consumption would imply an employment double dividend. Fourth, we

monitor if there is technological progress on energy- and labour-e�ciency. We will compare these

outcomes for cases with and without socially-embedded preferences. In addition, we will dedicate

a subsection each to heterogeneity in green (non-materialistic and pro-environmental) preferences,

and heterogeneity in preferences for leisure/consumption time. To make them more comparable,

we display the main results for each setting together in Figure 5.8 at the end of this section and

in detail in Appendix 5.7.

5.4.1 Results for independent agents

We begin with a model setting of isolated agents, who make their decisions independently. Table 5.3

shows our main results: the percentage change in overall purchasing power, unemployment rate and

energy use after each policy, compared to the baseline scenario. The �rst two indicators represent a

potential economic dividend, whereas the latter shows the potential for an environmental dividend.

Table 5.3: Policy outcomes

Revenue use Purchasing power Unemployment Total energy
consumption

Proportionate income tax
cuts

0.28 -63.47 -25.68

Progressive income tax cuts 1.75 -40.75 -34.81

Climate dividend 20.07 107.87 267.12

Innovation subsidy 10.17 -75.59 -31.45

Note: Changes under various revenue-recycling options compared to the baseline (no policy) in percentage points.
Tax rate, τE = 10%.

Average purchasing power (PP) increases in each policy scenario. The rise is particularly strong

when revenues are used for a climate dividend to all households. However, this does not bene�t all

household types equally. High-wage earners in the energy-intensive sectors C and D su�er losses

in PP across all policy scenarios. Households outside of the labour force face reductions in PP in

all scenarios, except for the climate dividend. The negative impact on these bene�t recipients is

higher in both income tax cut scenarios than in the innovation scenario.

The largest gains in PP can be observed among high-wage employees in the low-energy sector (S).

While these gains are similar in magnitude for men and women in urban areas, in rural areas they

are around three times as high for men as for women. This is caused by a stronger increase in work
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time among men than women under the climate dividend. The reason is that more of these women's

time is locked up in care work, so they have fewer possibilities to increase their participation in the

labour market. In the innovation subsidy scenario, these men shift their consumption relatively

more towards the less energy- but more time-intensive good S. The relatively high time constraint

of unpaid work for women prohibits equivalent gains to their male counterparts in both scenarios.

In this particular group, women spend about 64% more time on unpaid care work than men.

For the urban counterpart this number is 20% (see Table 5.1), leading to a more equal e�ect on

purchasing power.

The unemployment rate falls in three out of four scenarios. It more than doubles when revenues

are used to pay out a climate dividend. However, unemployment is generally very low in our

model, with the majority of rounds showing full employment. This can also be seen from Figure

5.4, which shows a more disaggregated picture of the labour market. The upper panel represents

the unemployment rate (left) and average working time (right) by household type under four policy

scenarios and the baseline. The lower panel displays incomes by household type for all individuals

in the labour force6.
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Figure 5.4: Unemployment, work time and income by household type and policy scenario

Note: Each box plot summarises unemployment, work time or income for one household type over all model rounds
after the tax introduction.

6The income e�ects for individuals outside of the non-labour force are shown in Appendix 5.E.
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High-wage earners (1-8) display very high employment rates with occasional upwards outliers,

whereas low-wage workers (9-16), especially in the labour-intensive sector, S (even numbers) are

facing somewhat more unemployment. In this group, unemployment is slightly higher under a

proportionate tax cut. The longer whiskers show more volatility in employment in the energy-

intensive sectors C and D (odd numbers), compared to sector S.

Proportionate income tax cuts seem particularly conducive to employment across most worker

types, combining higher employment rates with work time reduction per person for many groups.

The progressive income tax reduction also reduces unemployment for most groups.

Total energy consumption, i.e. from production and �nal use of the goods, falls in three out of

four policy scenarios. Both income tax cuts and the innovation scenario achieve such an environ-

mental dividend. When a climate dividend is paid, however, total energy use almost triples. This

increase in energy use is driven by more energy use during consumption time for all goods, but

good S in particular. Energy use during production falls across all policy scenarios, but it is not

su�cient to counter the increase in energy consumption driven by income e�ects.

There is potential for a double dividend in all policy scenarios, except for the climate dividend.

When tax revenues are used to reduce distortionary income taxes or when they are invested in

energy-saving innovation, gains in employment and purchasing power can be observed. When

a more equitable climate dividend is paid to each household an environmental dividend is not

reached. Economic bene�ts, both in terms of PP and employment, are strongest in the innovation

scenario. It is here, however, that we �nd some gender di�erences in the labour-intensive sector S,

bene�ting rural men in terms of purchasing power, and urban men in terms of employment.

Progressive income tax cuts produce the best results in terms of environmental improvement.

They combine the strongest energy reductions in the production process with a shift in energy use

during consumption time from good C to (mostly) good S. Both types of income tax reduction

show trade-o�s between PP and employment. Proportionate tax cuts are better at reducing un-

employment, especially among high-wage earners. On the other hand, PP increases more under a

progressive tax reduction. These gains bene�t low-wage employees in particular, but come at the

cost of high-wage workers in energy-intensive sectors, as well as the non-labour force.

Innovation

Innovation is not technically part of the double dividend, but can be important for the working

of a carbon tax. Figure 5.5 shows the innovation strategies chosen by the three �rms. Each �rm

can invest in product innovation, i.e. increasing the energy-e�ciency of the good it produces (Use

energy), or in process innovation, i.e. increasing the productivity of one of their factor inputs

(Production energy, Low-wage labour, or High-wage labour). If a �rm's pro�ts are growing, it

will not innovate at all, except when it receives subsidies to do so (innovation subsidy). The bar
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plots show the frequency with which each �rm chooses a certain innovation strategy before the tax

implementation (left of y-axis), and afterwards (to the right of the y-axis).
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Figure 5.5: Innovation strategies

Note: Frequency of directing innovation towards energy or labour inputs, or towards use energy e�ciency by �rm.
Y-axis marks policy introduction. Left of axis: before tax implementation; right of axis: after tax implementation

Before the tax reform, Firm S is overall less prone to innovate than Firms C and D. The latter two

show few periods without any innovation e�ort. They both mostly try to improve energy e�ciency

of their production (Production energy) or of their �nal goods (Use energy). Their innovation

strategies remain targeted towards energy in all scenarios after the tax implementation. Firm S

on the other hand performs innovation less frequently, both before and after the tax. This makes

sense, as the policy favours the less-energy intensive sector by nature. Whenever Firm S invests in

innovation, it most frequently targets use energy, which is a mostly demand-driven innovation in

our model.

The results of the �rms' innovation e�orts are displayed in Figure 5.6. The rows show the

development of low-wage labour, high-wage labour, and energy technology in production, as well

as energy-e�ciency during consumption. There is no notable innovation in energy-e�ciency during

use for goods S and D, nor on low-wage labour productivity for �rms C and D.

Under the proportionate income tax reduction, the production of S becomes more energy-e�cient

and high-wage labour productivity increases for Firm C. Progressive income tax cuts result in a

particularly strong rise in high-wage labour productivity in sector S. The climate dividend does

not seem to favour any particular type of technological progress. Innovation subsidies result in the

clearest improvements for low-wage labour productivity in sector S, use energy of good C, as well

as energy-e�ciency in production across all three sectors.

5.4.2 Social interaction

The results presented above all take place in a setting with no social interaction. Next, we test the

policy e�ects in an environment with socially-embedded preferences. In particular, each individual
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dividend; IS: Innovation subsidy.
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observes peers who are equal in terms of gender, geographical location, and sector of employment,

but who are high-wage earners and who have a higher income than themselves, should they be

members of the high-wage group as well. Each household aspires to the average consumption habits

of this peer group. Note that in this case, the wealthier a household is, the more in�uential their

consumption patterns will be on their surroundings. This aspirational time use and consumption

expenditure enters the household decision through the social multiplier (Konc et al., 2021) as

described in Section 5.2. The expenditure share for good D tends to be higher among low-wage

earners, while the reverse holds true for high-wage employees.

We can observe some relatively stable time use patterns across all policy scenarios when adding

the social component to the model. Workers in the less energy-intensive sector S start at relatively

low levels of work time in the social setting compared to the non-social model version, but over time

evolve towards longer work longer hours than in the non-social setting. In the social setting, high-

wage workers in particular show lower levels of consumption time for good S, and more consumption

time for good D. Low-wage workers in sector S shift from relatively high consumption time for good

C towards more working time. The reason is that their expenditure is dominated by subsistence

consumption of D, i.e. ful�lling basic needs they cannot reduce. Thus, the only way for this group

to imitate the higher consumption share of good C they observe in their wealthier peers, is to

increase their labour supply.

It should be noted that we work with endogenous preferences in the social setting, because

changes in peer behaviour actually alter households' preference parameters (see Section 5.2). Com-

pensatory variation, however, only acts as a meaningful welfare measurement under the assumption

of stable preferences. Since there is no simple alternative we report the changes in actual utility

experienced by households for the social settings of our model and will focus mostly on employment

e�ects for these cases.

Unemployment falls only in the climate dividend scenario and energy consumption decreases

only when revenues are used to support investment in innovation. Innovation is more successful

in improving energy-e�ciency in the production of D in this model setting. Overall, we observe

that the potential for an employment double dividend is much lower when households imitate each

other compared to the non-social setting: We do not observe it in any of the four policy scenarios.

Again, we get a better picture of the distributional e�ects by looking at developments for di�erent

household types. Employment e�ects are broadly speaking more positive for low-wage types than

for high-wage types. High-wage workers in sector S are especially vulnerable under income tax

cuts. This is because the two high-wage labour markets (S vs. C/D) have a very di�erent wage

structure. The labour market with only one buyer (S) pays much lower wages than C and D, who

compete for workers. The income tax cuts lead to a strong reduction in labour supply among the
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high-wage workers in sector S. The resulting shortage in labour supply drives up the high-wage

rate in sector S and leads to substitution towards energy, a production factor which has become

slightly more expensive through the tax, but also more e�cient through innovation.

When income tax cuts are proportionate, the higher unemployment rates come with a strong

rise in work hours per person. Labour demand of �rm S is distributed across fewer workers. This

further erodes the possibility of creating new jobs among high-wage workers. We do not observe

the same patterns for low-wage workers, whose wage rates are more similar between the three

�rms.

The social setting seems to produce a sort of "work-and-spend" pattern in certain groups, where

households work more in order to imitate their peers' consumption patterns. In high-wage sector

S, the labour distribution becomes more polarised, with one share of households increasing their

working hours and others becoming unemployed. This dynamic is detrimental to employment

creation for the broader population. An unexpected but important result is that changes in wage

dynamics can lead to shifts towards energy as a production factor in market S. The di�erence in

S and C/D shows that this seems to depend on the initial labour market conditions.

Environment e�ects are especially negative under the income tax cuts, where most household

types shift consumption away from good C, towards either S or D. The innovation subsidy is the

only policy that considerably reduces energy use on both, production and consumption side. In

all other scenarios energy use in production increases when households are imitating each other.

This is in line with the observations of the previous paragraphs.

Figure 5.7 shows the average shares of consumption expenditure by good and household type for

each policy scenario (Pol), compared to the baseline (BL). It shows that the consumption share of

D is higher for most low-wage workers, compared to otherwise similar high-wage workers. Of the

two less impactful consumption goods, su�ciency behaviours are more common among low-wage

groups, whereas high-wage households spend a higher share of their income on the energy-e�cient

good C.

5.4.3 Green preferences and interacting agents

Section 5.4.2 showed that social interaction through imitation can erode the double dividend po-

tential of a carbon tax, especially the environmental dividend. In Chapter 2, we suggested that

status consumption might be linked to "green" behaviours as well, especially in segments of the

population that have a higher preference for environmentally-friendly goods. We test this by in-

troducing stronger preferences for non-materialistic (S) and energy-e�cient consumption (C) to a

share of the household population. Households are still social, but now they imitate only those

peers who, in addition to a higher income, have the same preference structure (normal vs. green).
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Figure 5.7: Expenditure share for each good by household type

Note: Darker colour represents the high-wage type, transparent colour the respective low-wage type.

We assign such intrinsic "green" preferences (a higher vi) randomly. However, the likelihood

of exhibiting green preferences is higher for household types, who reported a larger share of con-

sumption of C and S in the ReZeitKon survey for Germany. The probability of a household to

be green is de�ned as the common share of C and S behaviours in overall consumption7. Prefer-

ences are drawn at the beginning of the �rst model round and remain constant for each individual

afterwards.

The probability for being green, according to the survey results, is highest for female urban

workers in sector S (64.12%). Other households in the labour force who are likely to exhibit green

preferences are male rural high-wage workers in sector S and female urban low-wage workers in the

C/D sector. Interestingly, the high-wage type corresponding to the latter group (female, urban,

high-wage, C/D) has the lowest probability of being green (33%). This means, one might expect

positive environmental e�ects of imitation for some groups, but negative ones for other groups. In

the non-labour force population we see a clear gender divide in participation in green behaviours,

with women being more likely to behave pro-environmentally. We cannot distinguish, however, if

this may be linked to di�erences in income.

Again, we focus on the employment double dividend, because agents' preferences are endoge-

nous. The overall unemployment rate rises across all scenarios, so that this social setting with

two di�erent strengths of intrinsic green preferences does not show any double dividend potential

under the current settings. It should be noted though, that this model setting shows the strongest

environmental dividend potential (again with the exception of the climate dividend). Higher pref-

erences for more time-intensive green consumption reduces labour supply and amounts produced.

As some households still remain with the "normal" preferences, work time is not equally reduced

7See Table 5.1 for reported shares.
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to distribute remaining work.

Under both income tax cuts unemployment rises stronger for high-wage households. It increases

together with hours worked per person for almost all household types. Employment creation is

undermined, as the tax cuts stimulate labour supply at the intensive margin. When the tax cut is

progressive, we observe a relative shift in unemployment from low- to high-wage workers. Low-wage

employment in sector S even rises. Under this policy, work time per person falls across almost all

groups.

The innovation subsidy is shifting unemployment towards low-wage households, and low-wage

employees in S in particular. These groups face higher unemployment combined with lower work

hours per capita. At the same time, a per capita work time reduction combines with higher

employment rates among high-wage employees in S. Firm S is successfully innovating on labour-

e�ciency in this model setting. Firm C also improves its high-wage labour e�ciency more than in

previous settings.

The climate dividend bene�ts the non-labour force above all. At the same time unemployment

falls among low-wage workers in C/D and almost all low-wage types have reduced work hours.

5.4.4 Leisure preferences and independent agents

In the ReZeitKon survey, di�erent household types state distinct wishes for additional leisure over

a potential pay raise (see Table 5.1). The share of workers stating a preference for leisure is

particularly high among high-wage urban female workers in S, followed by low-wage male service

workers living in rural areas. More employees in the su�ciency (service) sector prefer a work time

reduction compared to employees in the clean/dirty (industry) sector.

We run the model again with independent (non-social) households, but this time varying the

preference parameters for consumption time. Household types who report a leisure preference more

frequently in the German survey (Table 5.1), have a higher probability to receive a strong leisure

preference in the model. A strong leisure preference means that these households obtain twice the

utility from consumption time (uc, ud, us), relative to utility from ownership (oc, ud), than the

rest of the population. Testing leisure preferences in the non-social setting allows us to compare

the pure e�ect of this time preference, without any imitation e�ects.

When a share of the population has higher preferences for leisure/consumption time, the e�ects

of an environmental tax reform on unemployment are qualitatively similar to the results we get

when all households have equal lower leisure preferences (Section 5.4.1). With the exception of

the climate dividend, all revenue recycling options lower the unemployment rate. However, the

change rates are less pronounced under stronger leisure preferences. Contrary to the model setting

without speci�c leisure preferences, the increase in employment goes along with a reduction in PP.
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For progressive tax cuts and innovation subsidies this can be explained by a simultaneous work

time reduction. Here we see an opposite e�ect to that in the previous subsections. A stronger

preference for leisure distributes labour across a larger number of people.

The drop in PP also lowers energy use. Overall, energy use reductions are driven almost solely by

reductions in energy during production in this model setting. We see barely any energy reduction

on the consumption side. The reason is that consumption time is now more valuable relative to

the amount of goods owned. This leads to a shift from production- to consumption-based energy

use.

Figure 5.8 gives an overview of the main outcomes by model setting and policy scenario (see

Appendix 5.7 for exact values). For an economic dividend, the direction of change should be

positive for welfare (point above horizontal line in sub-�gure A) or negative for unemployment

(point below horizontal line in sub-�gure B). An environmental dividend is reached when energy

use falls (point below horizontal line in sub-�gure C).

5.5 Conclusions

We built an agent-based model for environmental tax reforms inspired by the beha-vioural-evolutionary

concepts of routines, and social interaction, adopting an activity-based perspective. This means

our three goods: dirty, clean and su�ciency represent lifestyles, or activities, rather than merely

objects. Households are heterogeneous with respect to education, employment sector and labour

participation, gender and geographical area. All agents are satis�cers, optimizing under imperfect

information and only when triggered by their environment to do so. A trade-o� between paid

labour and consumption time under the constraint of unpaid labour time is introduced. Polluting

energy is needed for production and consumption of goods.

We apply this ABM to study the e�ects of a revenue-neutral environmental tax reform for four

di�erent revenue-use scenarios: (1) proportionate income tax cuts, (2) progressive income tax

cuts, (3) a per capita climate dividend, and (4) earmarking for energy-saving innovation. The

outcomes we focus on are purchasing power, employment, energy consumption and to some extent

innovation. Since in the social settings of our model household preferences are endogenous, we

neglect purchasing power in this case and focus on the employment double dividend.

The model version in which households make choices independent of each other (non-social or

independent above) appears most conducive to a double dividend, as well as to an employment

double dividend. An exception is the case where revenues are used to pay out a per capita climate

dividend. We �nd that all policy scenarios yielding a double dividend take away purchasing power

from people outside the workforce. Overall, we see a distribution away from high-wage workers
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in the C/D sector, in favour of their counterparts in sector S. Gains in purchasing power can be

highly gendered for high-wage rural workers in sector S, because of gender gaps in binding care

work. Energy use in production falls across all scenarios.

In a social setting, where households aspire consumption patterns of more a�uent peers, we

observe an increase in work time and shift towards time-saving, but energy-intensive consumption

for certain groups. Very broadly speaking, in this scenario we see the policies drive up unemploy-

ment. Higher average work time erodes potential employment creation and the wage dynamics

in the high-wage labour market for �rm S lead to a shift towards energy use in production. In

fact, energy use rises in almost all scenarios. Thus, chances for a double dividend are much lower

with social agents and the environmental dividend depends on innovation subsidies. We observe

no employment double dividend.

When a share of these interacting households exhibits stronger green preferences, the chances for

a strong environmental dividend increase. At the same time, however, the outlook is bleak for an

employment dividend. Indeed, we see no EDD under any policy scenario here, either. All scenarios

show increased unemployment, combined with longer work hours. Workers who get matched for a

job work longer, ful�lling labour demand with fewer heads.

Adding di�erent leisure preferences to the independent (non-interacting) model setting through

increasing the relative value of consumption time shows similar potential for an employment double

dividend as the case with equal leisure preferences. While there are little to no reductions in

energy use during consumption, reductions in energy use for production ensure an environmental

dividend. The reason is that utility depends more on consumption time than on the amount of

goods consumed in this setting. This, in turn, means households lower their work time in favour

of consumption time, leading to a broader distribution of work among the whole population.

The model settings without interaction (imitation) yield better outcomes in terms of the double

dividend. In the basic non-social setting the economic dividend tends to materialise through higher

purchasing power and increased employment. The non-social setting with stronger leisure prefer-

ences, on the other hand, mostly fosters an employment double dividend. Imitation of wealthier

households inhibits the environmental dividend in particular, but it can also harm employment

creation when work time per capita increases. When social interaction is combined with green pref-

erences, we observe some of the strongest environmental dividend. However, never in combination

with an economic dividend.

Apart from assessing the DD potential of di�erent policy designs, our study has revealed highly

heterogeneous impacts across the agent population. Policy makers therefore not only face trade-o�s

between the economy and the environment but also between di�erent segments of the population.

It is of course a political question, which trade-o�s ought to be made. However, education, sector
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of employment, gender and geographical location have all proven relevant characteristics in terms

of policy impact and we strongly advocate for integrating such characteristics more systematically

in economic studies of environmental tax reforms.

We want to mention a few important limitations of our approach. Conceptually, one could

disagree on the de�nition of our three representative goods. However, these already go beyond

the simple and arguably less realistic distinction between clean and dirty goods as adopted in

most theoretical models of ETR. Another challenge that is common to simulation models concerns

parametrisation. Behavioural parameters in particular are di�cult to estimate. We endeavoured

to base our choices on empirical observations. The ReZeitKon survey (Geiger et al., 2022), unique

in its combination of variables about time use and consumption behaviours, was indispensable in

this regard.

We have demonstrated a number of policy experiments. However, these have by no means

exhausted the capabilities of our agent-based model. Its �exibility provides a comprehensive basis

for further research into policy designs or behavioural assumptions. We hope that this study can

inspire a broader modelling approach to environmental taxation. Grounding di�erent research

questions and policy options in one �exible model framework has forced us in any case to consider

a broad set of climate policy impacts. This has highlighted many potential policy costs and bene�ts

and their multi-dimensional distribution. We hope this ultimately will contribute to better climate

policy design.
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Appendix 5.A The household problem

When households optimise their consumption, they do so on six variables: the amounts of three

types of consumption goods bought beyond subsistence consumption, as well as the time spent

using them, respectively. Maximising the household utility function with respect to the time

constraint and the budget constraint thus yields the following six �rst order conditions:

1

σ
(...)

1
σ−1

α(tSuS)
σSσ−1 = λ [pS + (1 + τE,t)pEtSeS ] (5.14)

(...)
1
σ−1 1− α

δ
[...]

σ
δ −1

ϵδ(tCuC + oC)
δCδ−1 = λ [pC + (1 + τE,t)pEtCeC ] (5.15)

(...)
1
σ−1 1−α

δ [...]
σ
δ −1

(1− ϵ)δ(tDuD + oD)δ(D − D̄)δ−1 = λ [pD + (1 + τE,t)pEtDeD] (5.16)

1

σ
(...)

1
σ−1

α(uSS)
σtσ−1

S = λ [(1− τi,t)wi,t + (1 + τE,t)pEeSS] (5.17)

(...)
1
σ−1 1− α

δ
[...]

σ
δ −1

ϵδ(tCuC + oC)
δ−1Cδ = λ [(1− τi,t)wi,t + (1 + τE,t)pEeCC] (5.18)

(...)
1
σ−1 1−α

δ [...]
σ
δ −1

(1− ϵ)δ(tDuD + oD)δ−1(D − D̄)δ = λ
[
(1− τi,t)wi,t + (1 + τE,t)pEeD(D − D̄)

]
(5.19)

where

(...) = α(tSuSS)
σ + (1− α)

[
ϵ((tCuC + oC)C)δ + (1− ϵ)((tDuD + oD)(D − D̄))δ

]
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and

[...] = ϵ((tCuC + oC)C)δ + (1− ϵ)((tDuD + oD)(D − D̄))δ.

Appendix 5.B The �rm problem

The �rms are maximizing their respective pro�t functions with respect to the numbers of vacancies

posted, vL,j,t and vH,j,t, and the energy input. They maximise expected pro�ts, de�ned as:

Πexp
j,t = pjyj,t − CHS − CLS − wL,n,j,tLj,t − wH,n,j,tHj,t − cLvL,j,t − cHvH,j,t − (1 + τE,t)pEEj,t (5.20)

The total amount of labour hours depends on the existing labour stock, working time of each

employee and successful new matches. The �rms thus approximate their expected realised labour

inputs as the sum of their existing stock of labour and newly formed jobs. The total realised labour

inputs are then de�ned as:

Lj,t = Ls,j,t + Ln,j,t = Ls,j,t + t̄w,LqL,j,tvL,j,t (5.21)

Hj,t = Hs,j,t +Hn,j,t = Hs,j,t + t̄w,HqH,j,tvH,j,t (5.22)

where the new labour Ln,j,t and Hn,j,t are the product of average work time among the existing

workforce (t̄w,L and t̄w,H), the number of vacancies posted (vL,j,t and vH,j,t) and the probability

of a vacancy to turn into a job (qL,j,t and qH,j,t).

The matching probabilities re�ect the number of new jobs created per vacancy posted in the

previous period:

qi,j,t =
ji,j,t−1

vi,n,j,t−1
(5.23)

When we substitute these equations into the production function, the output in period t, yj,t, is

de�ned as8:

y = [sL(AL(Ls + t̄LqLvL))
ρ + sH(AH(Hs + t̄HqHvH))ρ + sE(AEE)ρ]

1
ρ (5.24)

The three �rst-order conditions for a pro�t maximum become:

pj [...]
1
ρ−1

sLA
ρ
L(Ls + t̄L,jqLvL)

ρ−1t̄L,jqL = cL + wL,tt̄L,jqL (5.25)

pj [...]
1
ρ−1

sHAρ
H(Hs + t̄H,jqHvH)ρ−1t̄H,jqH = cH + wH,tt̄H,jqH (5.26)

8For more readability, the indices t, i and j are dropped in this equation.
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pj [...]
1
ρ−1

sEA
ρ
EE

ρ−1 = (1 + τE,t)pE (5.27)

where

[...] = sL(AL(Ls + t̄L,jqLvL)
ρ + sH(AH(Hs + t̄H,jqHvH))ρ + sE(AEE)ρ

The marginal products of labour are equal to the marginal price of the respective labour type,

which includes wage costs and hiring costs. The marginal price of energy is re�ected by the energy

price and a potential pollution tax.
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Appendix 5.C Consumption behaviours

We categorise the consumption behaviours according to the major categories mobility, food, hous-

ing and other. For each we assign certain responses about frequencies of behaviours, or whether

they are performed at all to our three consumption good categories.

Table 5.4: Classi�cation of consumption behaviours

Mobility Food Housing Other

D
ir
ty

Use of diesel/petrol
car and plane; yearly
vacation by plane

(4-5)

Main meals: meat
(4-5); food waste

(2-5)

High p.c. surface;
heating (3-5)

Buy what I need, eco labels,
energy-e�cient appliances and
repair (1-3), second hand and
borrow/lend(1-2), clothes and

electronics: high

C
le
a
n

Use of electric/gas
car and motorcycle;
yearly vacation by

plane (3)

Main meals: meat
(2-3); food waste
(2-5); organic food

(4-5)

Ökostrom; heating
(3-5)

Buy what I need and repair (1-3),
eco labels and energy-e�cient

appliances (4-5), second hand and
borrow/lend(3), clothes and

electronics: high

S
u
�
ci
en
t

Walking, biking,
public transport;
yearly vacation by

plane (1-2)

Main meals: meat
(1); food waste (1)

low p.c. surface; �at
share, heating (1-2)

Buy what I need, repair, second
hand and borrow/lend (4-5),
clothes and electronics: low

Note: Numbers represent responses on a 5-point rating scale about how frequent a behaviour is performed, where
1=never, 2=seldom, 3=occasionally, 4=often, 5=always.
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Appendix 5.D Cost shares

Another study that provides an overview of cost shares by industry for Germany is Koschel (2000).

We present here a table with their values matching our categorisation of the household survey

data. Some categories show wide variation in cost shares. For these we add in parentheses the

averages provided in the same paper.

Table 5.5: Energy and labour cost shares by sector

Sector Fossil energy Electricity All energy Labour

C
&

D

Industry/manufacturing
0.2-48.0 0.6-6.8 0.8-54.8 3.4-43.4

(11.85**) (88.16**)

Construction
1.1 0.1 1.2 36.6

(3.17) (96.83)

Transport/logistics
1.7-8.7 0.2-4.8 1.9-13.5 18.7-35.6

(22.45*) (77.55*)

S
u
�
ci
en
cy

Trade
1.7-1.8 2.9-4.8 4.6-6.6 4.7-11.7

(28.41*) (71.59*)

Hotels/catering
0.9 2.5 3.4 23.9

(12.45) (87.54)
Financial
services/insurance

0.2-0.3 0.6-0.7 0.8-1.0 29.2-48.5
(2.34*) (97.66*)

Research/education
0.6 0.8 1.4 30.3

(4.42) (95.58)

Health/social sector
0.5 0.3 0.8 29.0

(2.68) (97.32)

ICT
0.5 0.7 1.2 36.9

(3.15) (96.85)

Note: Relative cost share only regarding energy and labour in parentheses (in percent). (*) For �nancial ser-
vices/insurance, trade and transport we calculated the category average. (**)Industry and production value is
mean of energy and non-energy intensive manufacturing category taken from the source article (Koschel, 2000).

Most of what we classi�ed as "su�ciency" sectors has a relatively low cost share of energy, with

the exception of trade and hotels/catering. However, these are both driven by electricity use, which

can be more easily decarbonised9. So the reliance on fossil energy is relatively low. As expected,

transport/logistics, industry and production show higher energy cost shares. Construction, which

we also classi�ed as high-energy low-labour, however, has a very low energy cost share. We argue

here that it has little primary energy use, but high fossil energy use embedded in its supply chain,

thus in fact signi�cantly relying on fossil fuels.

If we take into account only industry/manufacturing and transport/logistics for C/D, we get an

energy share of 17.15% for this category (labour share 82.85%). This is leaning towards a slightly

higher energy use, compared to Welsch and Ochsen (2005), who only included production, but it

is the same order of magnitude. See Table 5.2 for the rounded �nal values. For S, adjusting trade

and hotels/catering to fossil energy use, we get an average energy cost share of 4.22% (labour share

95.78%). We are rounding these values to the next 5 and divide the labour inputs to low- and high-

wage labour with factors 2/3 and 1/3, respectively (based on the shares observed in production by

9Without electricity, the energy cost share for trade drops to 8.95%, for hotels/catering it falls to 3.77%.
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(Welsch and Ochsen, 2005): If we also assume here that production is based only on energy and

labour inputs, the shares of low- and high-wage labour are 57.79% and 28.57%). The data from

Welsch and Ochsen (2005) are rather old, but the factor shares seem relatively constant over the

18 year period they look at.

Appendix 5.E Income of non-labour force by household type

and policy scenario
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17 18 19 20
Non−labour household types
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m
e
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Tax cut,
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Tax cut,
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Innovation subsidy

Figure 5.9: Income of population outside the labour force
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Appendix 5.F Parameter values

Table 5.6: Model parameters

Symbol Description Value

F
ix
ed

ξ Elasticity of matching function 0.5
ω Matching parameter 0.9
β Workers' bargaining power 0.5
σ Preference parameter (no-social) 0.5
δ Preference parameter (no-social) 0.5
pS Price of good S 1
pC Price of good C 1
pD Price of good D 1
pE Price of energy 1.5
X Wage adjustment rate 0.01
R Replacement rate 0.3
F Firing rate 0.02

NHH Number of households 1575
NJ Number of �rms 3
uS Utility from time spent on S 2

uC , uD Utility from time spent on C or D 1
oC , oD Utility from ownership of C or D 0.1
Pj Productivity factors of �rm j 20

AH , AL, AE Technology factors of high-wage, low-wage labour and
energy

1.1

ι Likelihood of success for innovation 0.8
ρ Production coe�cient -0.43
c Vacancy cost 0.02

S
ce
n
a
ri
o
-

d
ep
en
d
en
t

γ Redistribution parameter 0 or 0.5
τE Carbon tax rate 10%

1− α Material preference (no-social) 0.5
ϵ Environmental preference (no-social) 0.5
ζ Strength of social in�uence 0.25
vα Personal preference for C/D over S 1/3 - 1/2
vϵ Personal preference for C over D 1/3 - 1/2

Note: Scenario-dependent parameters may vary with policy scenarios. Please note that several production parameter
values are already de�ned in Table 5.5.
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Appendix 5.G Main policy outcomes in table form

Table 5.7: Main policy outcomes by model setting and scenario

Model
setting

Policy Compensa-
ting

variation/
Utility

Unemploy-
ment rate

Total energy
consumption

DD

Independent

Proportionate ITC 0.28 -63.47 -25.68 yes
Progressive ITC 1.75 -40.75 -34.81 yes
Climate dividend 20.07 107.87 267.12 no
Innovation subsidy 10.17 -75.59 -31.45 yes

Social
interaction

Proportionate ITC 76.77 1466.62 14.76 no
Progressive ITC -2.62 725.25 2.92 no
Climate dividend -19.92 -4.68 0.69 no
Innovation subsidy -28.17 21.21 -5.67 no

Social
interaction
with green
preferences

Proportionate ITC -591,69 56.40 -274.43 no
Progressive ITC -1896.21 172.19 -259.08 no
Climate dividend 10142507.29 66.92 11784.17 no
Innovation subsidy -1501.84 31.65 -268.57 no

Independent,
stronger
leisure
preferences

Proportionate ITC -5.04 -34.17 -0.29 yes
Progressive ITC -7.25 -24.27 -4.56 yes
Climate dividend -16.29 64.68 -5.92 no
Innovation subsidy -1.41 -42.97 -3.11 yes

Note: ITC = income tax cut; DD = double dividend. Changes under various revenue-recycling options compared to
the baseline (no policy) in percentage points. Welfare measured in compensating variation for independent agents
and in utility changes for socially-interacting agents. Tax rate, τE = 10%. Note that some of the positive e�ects
are particularly high, when starting from very low initial values.
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Conclusions

This thesis has explored the potential for an employment double dividend using a behavioural-

evolutionary modelling approach as an alternative to the traditional rational-agent equilibrium

approach. Relevant behaviours and dimensions of heterogeneity were identi�ed through a broad

literature review (Chapter 2). A novel assumption of time use was investigated empirically (Chap-

ter 3), and an explicit connection to and comparison of agent-based modelling with existing equi-

librium analysis was established (Chapter 4). Finally, a comprehensive behavioural, agent-based

model was developed to investigate ETR in a population of heterogeneous, socially-interacting

agents (Chapter 5). Here we summarise the main insights obtained and suggest some ideas for

further research.

Summary

Chapter 2 examined which particular deviations in behaviour from rational representative agents

may a�ect the mechanisms and outcomes of an environmental tax reform. It reports a synthetic

literature review, combining insights from various �elds into working hypotheses for an agent-based

model. While the results highlight many potentially relevant factors, I focus hereafter mostly on

the most signi�cant ones. Existing models lack attention for heterogeneity on the household side.

This concerns especially labour supply decisions and the trade-o� between work time and necessary

consumption time. On the �rm side, I considered the role of energy use in production, including

variation between sectors, to the study of an employment DD. This allows to investigate innovation

dynamics and structural transition potential. Our review further highlights the empirical relevance

of habitual behaviour and social interaction. In particular, imitation of wealthier households is

expected to in�uence an employment double dividend through labour and goods markets.

Chapter 3 presented an empirical investigation of the relationship between work time, leisure

activities and resulting energy use for di�erent types of employees, with applications to two coun-
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tries, namely France and Finland. It di�erentiated between part-time and full-time employees and

used distinct energy intensities for di�erent activities by household type. In addition, we tested the

nature and non-linearity of relationships between work time and the allocation of other activities.

We found that the combination of work and leisure activities di�ers between the two countries,

with variations between part-time and full-time workers being more pronounced in France than in

Finland. This highlights the relevance of cultural and institutional context. Both countries exhibit

signi�cant non-linear links betweens work and certain activities. The application of two energy

use metrics (total energy versus direct energy) revealed the importance of integrating energy use

in both, production and consumption, into our �nal model.

Chapter 4 addressed challenge of developing a behavioural, agent-based model that closely re-

sembles and can replicate the results of, a rational-agent general equilibrium model. To this end I

studied the methodological translation from a GEM to an ABM, known as agentization. Taking

a study by Aubert and Chiroleu-Assouline (2019) as a starting point, we �nd that most of their

propositions are robust in that they hold up under our agent-based version. However, results

relying on precise equilibrium conditions are hard to reproduce with an ABM. The agentization

process stimulated a discussion of the role of monetary �ows, such as potential pro�ts, which are

left out of consideration when developing an equilibrium model. We derive additional lessons from

this study about agentization of GE models in general.

Next, Chapter 5 extended the model of Chapter 4 to arrive at a comprehensive ABM, adequate

to study distinct aspects of environmental tax reform. Households are heterogeneous in terms of

education (skills), gender, location, and status and sector of employment. They consume goods

which exhibit distinct energy-e�ciency and consumption time requirements, and which are pro-

duced with varying energy- and labour-intensity. Households and �rms act habitually. Without

social interaction and uniformly distributed preferences, the results of our model are in line with

expectations from the previous literature. We �nd that progressive income tax reductions favour

low-wage households more than proportionate income tax reductions. In addition, a per capita

climate dividend paid to all households turns out particularly bene�cial for purchasing power of

individuals who are outside of the workforce, but it does not enable reductions in energy consump-

tion. Innovation subsidies perform well in economic and environmental terms. A novel insight that

the model reveals is that a tax reform may bene�t men's employment in the high-wage rural ser-

vice sector and men's purchasing power in the high-wage urban service sector disproportionately,

compared to women in the same category.

We further �nd that stronger leisure preferences in a non-social setting yield qualitatively similar

results for an employment double dividend as lower leisure preferences. An exception is the climate

dividend, where environmental improvement can be seen only when leisure preferences are strong.
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However, while the setting with low leisure preferences shows improvement in employment and

purchasing power, the reduction in unemployment under stronger leisure preferences comes with

lower purchasing power.

Another �nding is that the imitation of wealthier peers reduces the potential for an employment

double dividend, because it leads to an increase in average work time rather than job creation.

Conforming with higher-status peers often leads to increased labour supply and consumption. A

subsistence level of polluting consumption prohibits a �exible shift between goods and promotes

additional labour supply and consumption. Furthermore, we �nd that in a social setting, wage

dynamics can in fact lead to less labour and more energy use in production. This is the case for

high-wage workers in the non-competitive service sector. Higher prevalence of green preferences

in a social setting raises the chances for an environmental dividend but not for an employment

dividend.

Our �ndings con�rm many results of equilibrium model studies of the DD, indicating they are

robust to di�erent settings. Yet, taking a time-based perspective with multi-dimensional hetero-

geneity delivers a number of novel insights. Especially gendered patterns of consumption and

labour supply have not received much attention in the study of the DD. Policy impacts do not

clearly adhere to one dimension of heterogeneity, but we �nd that often the interaction of certain

household characteristics is relevant, e.g. being a woman who lives in a rural area and works in a

particular sector, rather than just gender as such. We also note complex interactions between wage

dynamics and innovation that can hamper original intentions of the policy. Ignoring such interac-

tions in economic models leads to ill-informed policy decisions. More attention for heterogeneity

beyond income, such as in decision-making processes regarding labour supply and consumption,

could greatly advance policy advise about environmental tax reforms.

Further research

Going beyond standard assumptions about economic agents, especially on the household side, has

delivered many useful insights. But there are other interesting factors worth studying, especially

regarding �rm behaviour. This includes the role of �rm size, �rm extinction or social innovation in

the reaction to an environmental tax reform. We discussed this brie�y in Chapter 2. Integrating

time requirements beyond labour supply, speci�cally consumption time and unpaid work, could

be a great starting point for studying rebound e�ects in more detail. However, time use data is

still relatively sparse and connecting it to energy consumption is di�cult. Hence, more empirical

research on activities and their energy intensity in a time series manner would be desirable.

We hope that this thesis can inspire further research into more complex approaches to environ-

mental taxation. The results are interesting, at times surprising, and force us to challenge our way
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of thinking about environmental tax reforms.
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