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PREFACE

This dissertation is the physical manifestation of my four years of PhD studies at
the Department of Economics and Business Economics at Aarhus University from
September 2018 to September 2022. I came here with only one year of economics
training (the three-year math-econ bachelor’s degree hardly counts as economics -
more likely a very valuable signal of abilities. When you have completed measure the-
ory course number x >> 0, it gives " respect in infinitesimal circles). I still remember
the first time I was asked to interpret a first-order condition here at the economics
department. I had never been asked that question before and had absolutely no idea
how to do this. Couldn’t I just sign the second order condition instead? Nevertheless,
the learning curve was steep, and I am so happy that there are strong peer effects in
the PhD programme.

I am so very grateful to Simon, my co-author and co-modeller, my PhD studies
had not been the same without you. You are definitely my best critic and one of the
most inspiring macro economists I know. And to Mikkel, my partner in crime for
saving the children. You are a truly agreeable person. And Frederik, my co-author and
office mate of three years, you have both been an academic inspiration and the best
office mate. It has been so enjoyable to discuss Danish politics and our numerous
shared pet-peeves. When Frederik and Simon graduated, luckily Anne Katrine was
there to help uphold the macro PhD section. It has been a pleasure - and I hope we
will work together in the future.

One of the most recognised theories of motivation is the self-determination
theory of Ryan and Deci who distinguish between three basic psychological needs:
autonomy, competence, and relatedness. Remembering this, it was suddenly clear
to me why completing a PhD has felt so rewarding to me. Thanks to my supervisors,
Allan and Torben, I have felt all the autonomy in the world. You have been nothing
but supportive of any crazy idea that I wanted to pursue. You have never questioned
how I spent my time, and you have both been very helpful and encouraging during
the previous four years. I have had the opportunity to get a lot more competent as
a macro economist and gain knowledge exactly in the fields that I find interesting.
So autonomy and competence are obviously covered. Relatedness means being part
of a group or community, and this basic need explains why you should ’find your
people and life will provide’. I have definitely found my peers. To the entire LPP and
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Economics gang. Thanks for making this such an enjoyable time.
I am also very grateful to my un-official external supervisor Peter Birch Sørensen

from Copenhagen University. I feel very privileged to have had guidance from one of
Denmark’s leading climate economists from the very first month of the PhD. And in
the spring of 2022, I was so fortunate to be able to visit Professor Per Krusell at IIES in
Stockholm which was a very inspiring experience.

I also want to thank my friends and family for their love and support. Especially
thanks to Carrie and Heidi, the founders of Aarhus’ best daycare. Without you, I would
not have been able to do anything. You have been the perfect mix of friends, family,
and professionals. You deserve endless appreciation and double pay.

And thanks to Jonas for always telling me that I’m brilliant at my job. You have
credibility with your beautiful Bezzerwizzer stats. You have been a great support and
an inspiration in my quest for also becoming a doctor.

And finally, there is a reason my working title has been ’A better world for the
children and better children for the world’. So thanks to Agnes for teaching me the
most valuable lessons of them all. You have lowered my neuroticism and increased
my idealism. I want the world to be better for you.

Cecilie Marie Løchte Jørgensen

Aarhus, August 2022
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The pre-defence was held on October 24, 2022 in Aarhus. I am very grateful to the
members of the assessment committee, Professor John Hassler (Stockholms Univer-
sity), Professor Joydeep Bhattacharya (Iowa State University), and Professor Michael
Svarer (Aarhus University) for their careful readings of the thesis and many insightful
comments and suggestions. In the present version of the thesis, I have incorporated
a large number of the revisions which have substantially improved the papers.

Cecilie Marie Løchte Jørgensen
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SUMMARY

In this dissertation, I use macroeconomic methods to study questions related to
climate policy and the green transition. As former Nobel laureate William Nordhaus
(2019) notes, climate change is the ultimate challenge for today’s economists. How do
we design optimal climate policy, and what are the consequences of a planet in radical
change? The subject has previously been a niche area, but now both economists and
political leaders worldwide take the question seriously. Because the topic is relatively
new in the economic literature, a large number of economic and methodological
question remain unanswered. Some people might think that the solution to the
climate change problem is obvious, but in reality there are many difficult interactions
and trade-offs.

Figure 1: The main connections in the macroeconomics of climate policy

In this thesis, I investigate two of the inter-dependencies between the economy,

economic policies, and the climate, cf. Figure 1. In the first chapter, I investigate how
climate policy will affect the underlying interest rate in society over the coming gen-
erations - i.e. I look into the effects of climate policy on the economy and the climate.
In the next two chapters, we look into the situation from the opposite perspective,
i.e. how economic conditions and the climate affect optimal policy. In reality, all
components of the economy-climate nexus interact and inform each other and thus,

vii



viii SUMMARY

it is important to understand the links and nuances in depth to get the full picture.
It is not possible to include everything in one model as a model per definition is a
simplification of the real world. There are multiple distinctions to be made within
the three broad categories mentioned in Figure 1 (climate policy, the economy, and
the climate). The economy, for instance, is not necessarily a whole, but could be
considered as multiple units whose motives are not aligned - for instance countries
or regions. The last two chapters study this issue of non-cooperation. Specifically, the
next two chapters concerns second best policies (Lipsey and Lancaster, 1956) - i.e.
policies when the world is limited from reaching the optimal solution to a problem.
In the two last chapters, second best arises because the world does not cooperate.
In the second chapter, we show that all goods should not be taxed equally in a non-
cooperative world. And in chapter three, we show that it may not be so dangerous
for a country to increase its climate tax rate, even if one could be afraid of leakage.
There are actually good reasons for other countries to follow suit - without any kind
of coercion. In chapters two and three, we thus analyse how the climate and the
economy influences optimal policy. A short summary of each chapter follows below.

Brief abstracts

Chapter 1 takes its point of departure in the upcoming green transition that the world
will face during the next century. Here, I examine how a major restructuring of the
world’s capital stock (from black to green) will affect the underlying real interest rate
in society. In the absence of climate policy, the interest rate will gradually decline due
to demographic changes (ageing and declining fertility). But when we include the
green transition, the situation changes - the interest rate will increase, especially in
the beginning, because suddenly the situation calls for large investments in green
capital. In addition, climate improvements will lead to increased investments because
capital is more productive when temperatures are relatively lower. All in all, the green
transition puts considerable upward pressure on interest rates, which compares in
size to other important structural factors which affect the real interest rate.

Chapter 2 is the first chapter dealing with second best climate policy. Here, we
consider a world with two large regions where only one introduces climate policy.
We know that if the whole world collaborated, the most efficient policy would be
a uniform carbon tax. But when there is a so-called ’cooperation failure’, we show
that the most efficient policy is to introduce differentiated taxes in accordance with
elasticity of the polluting production inputs. The more elastic the input, the higher
the relative tax. The intuition is that the most elastic inputs will experience the lowest
price drop when demand decreases due to taxation. The magnitude of the price
drops is important because the other region does not introduce taxes. If the price
decreases are too large, the other region has incentives to consume more of the taxed
good - a form of leakage - and therefore the optimal solution is to tax the goods which
experience the smallest price changes when demand declines.
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Chapter 3 also looks into non-cooperative climate policy; but from a more game
theoretical perspective. Here, we show that the fear that "if we implement policy, the
others will just free-ride" might not be true. In fact, if one country increases their
climate taxes, other countries could be incentivised to raise their taxes as well. In
a globalised world with risks of leakage, one country’s tax increases will give other
countries better room to raise their taxes without fear of leakage. This implies that
increased taxes might quite rationally be met by similar policies from other countries
- and not the opposite, as is often heard in the political debate.

References

Lipsey, R. G., Lancaster, K., 1956. The general theory of second best. The Review of
Economic Studies 24 (1), 11–32.

Nordhaus, W., 2019. Climate change: The ultimate challenge for economics. American
Economic Review 109 (6), 1991–2014.





DANISH SUMMARY

Kapitel 1 tager udgangspunkt i den kommende grønne omstilling, som verden står
over for i løbet af det næste århundrede. Her undersøger jeg, hvordan en større
omstrukturering af verdens kapitalbeholdning (fra sort til grøn) vil påvirke den under-
liggende realrente i samfundet. Hvis man ser bort fra klimapolitik vil renten gradvist
falde på grund af demografiske forandring (aldring og faldende fertilitet). Men når
vi inkluderer den grønne omstilling, ændrer situationen sig – renten vil stige, især i
starten, for pludselig er der behov for store investeringer i grøn kapital. Derudover
vil et forbedret klima føre til øgede investeringer, fordi kapital er mere produktiv, når
temperaturerne ikke er for høje. Alt i alt lægger den grønne omstilling et betydeligt
opadgående pres på renten, som størrelsesmæssigt kan sammenlignes med andre
vigtige strukturelle faktorer, som påvirker realrenten.

Kapitel 2 er det første kapitel, der omhandler ’second best’ klimapolitik. Her ser vi
på en verden med to store regioner, hvor kun den ene indfører klimapolitik. Vi ved,
at hvis hele verden samarbejdede, ville den mest effektive politik være en ensartet
kulstofafgift. Men når der er såkaldte ’samarbejds-fejl’, viser vi, at den mest effektive
politik er at indføre differentierede afgifter i overensstemmelse med hvor elastiske
de forurenende produktionsinput er. Jo mere elastisk et input er, jo højere en relativ
skat. Intuitionen er, at de mest elastiske input vil opleve det laveste prisfald, når
efterspørgslen falder på grund af beskatning. Størrelsen af prisfaldene er vigtig, fordi
der er en andet region, som ikke indfører skatter. Hvis prisfaldene er for store, har
den anden region incitamenter til at forbruge mere af det beskattede gode - en form
for lækage - og derfor er det mest optimalt at beskatte de goder, der falder mindst i
pris, når efterspørgslen falder.

Kapitel 3 ser også på non-kooperativ klimapolitik; men fra et mere spilteoretisk
perspektiv. Her viser vi, at frygten for, at "hvis vi gør noget, så vil de andre bare free-
ride"måske ikke er helt rationel. Der er nemlig incitamenter for andre lande til at
hæve deres klimaskatter, hvis det første land gør det. I I en globaliseret verden med
risiko for lækage vil ét lands skattestigninger give andre lande bedre plads til at hæve
deres skatter uden frygt for lækage. Dette indebærer, at øgede skatter ganske rationelt
kan blive mødt af lignende politikker fra andre lande - og ikke det modsatte, som det
ofte høres i den politiske debat.
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C H A P T E R 1
THE EFFECTS OF CLIMATE POLICY ON THE REAL

INTEREST RATE

Cecilie Marie Løchte Jørgensen
Aarhus University

Abstract

A number of studies point out how changing structures in society (ageing, lower
population growth, etc.) affect the real interest rate, but no study has yet taken
climate policy into account even though solving the climate problem is a given in
the coming years. In a 60-cohort overlapping generations model of a closed large
economy with two types of capital, I investigate how climate policy affects the real
interest rate. I find that while production adjusts to a new greener capital stock, the
real interest rate increases because of large demands for new capital. Feedback from
the climate amplifies this effect by increasing productivity, increasing factor demand
further. At the peak of the transition following a carbon tax of $50 per tonne of CO2,
the real interest rate is 57 basis points higher than in the baseline, whereas a carbon
tax of $75 implies a 117 basis points increase.
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2 CHAPTER 1. THE EFFECTS OF CLIMATE POLICY ON THE REAL INTEREST RATE

1.1 Introduction

A substantial literature explains why the historically low real interest rate is the new
normal because of changing structures in society - ageing, lower population growth,
lower productivity growth, etc. (Bernanke, 2005; Carvalho, Ferrero, and Nechio, 2016).

A low real interest rate limits central banks’ abilities to conduct effective monetary
policy and may increase financial vulnerabilities by incentivising debt-taking among
consumers and more risk-taking in asset markets in a search for yield (Bean, Broda,
Itō, and Kroszner, 2015). The real interest rate is also important for pension funds
who want information on long term returns, as well as governments who oppositely
are interested in future interest payments on their debt. Furthermore, it changes
optimal tax policy as presented in Auerbach and Gale (2021).

Going forward, climate change mitigation is an important structural factor which
will affect the real interest rate via carbon taxes, green investments, changes in pro-
duction technologies, etc.

The question is thus: What are the effects of climate policy and the green transition
on the real interest rate? In this paper, I define the real interest rate as the natural
rate of return on capital.1 I model the green transition as the change resulting from
carbon taxes implemented by policy-makers. The results are not specific for this type
of intervention, but could also arise from e.g. changes to the production function.

I combine two standard frameworks into one model. I take the mainstream
approach from the literature on the natural interest rate and demographics; the
overlapping generations [OLG] model as introduced by Auerbach, Kotlikoff, et al.
(1987). I combine this with the literature standard on climate change; the Dynamic
Integrated Model of Climate and the Economy [DICE] framework introduced by
Nordhaus (1991) which provides information on the development of the climate and
the feedback to the economy. I use the format described by Golosov, Hassler, Krusell,
and Tsyvinski (2014); Hassler, Krusell, and Olovsson (2018).

In this paper, I build an overlapping generations model with 60 cohorts and two
types of capital, green (non-emitting) and black (emitting). Individuals work for 40
years and are retired for 20 years where the working population pay their pensions.
Capital stocks are subject to rigid adjustment via convex adjustment costs.

The main result of the paper is that a carbon tax (the first best climate policy)
increases the real interest rate during the transition - running over several decades -
to a greener world. Initially, the interest rate jumps up, and then it gradually converges
back towards a level slightly larger (2-5 basis points) than the pre-trend. When the
production side of the economy needs large amounts of capital to adjust to green poli-
cies, the real interest rate increases because of the surge in demand for capital. The
effects are heterogeneous such that demand for black capital falls which decreases

1In accordance with standards in the literature (see Papetti (2021)), the natural real interest rate is the
rate that equalises households’ savings and firms’ capital demand in the absence of frictions, shocks, and
implied business cycles.



1.1. INTRODUCTION 3

the return to black capital. At the same time, increasing investments in green capital
makes the return to green capital increase. The net effect on the weighted average
interest rate is positive during the entire transition.

The magnitude of the increase in the real interest rate (relative to the baseline
scenario with only demographic changes) is between 7 and 57 basis points the first 20
years after a carbon tax which reduces the black capital stock with 21% (correspond-
ing to a CO2 tax of $50 per tonne). For a tax of $75 per tonne (a 30% reduction of black
capital), the peak is a 117 bps increase. The effect is largest in the first years after the
shock and then gradually declines. After one generation, the new interest rate is only
slightly higher than initially, and thus the effect is temporary during the transition to
a cleaner world. The magnitude of the interest rate increase is comparable to that of
demographic change albeit somewhat smaller. The literature finds declines in the real
interest rate of 80-150 basis points caused by demographics (Papetti, 2021; Krueger
and Ludwig, 2007). These effects are, however, persistent.

Because of the climate feedback, a carbon tax increases the total factor productiv-
ity which further incentivises new investments. The climate feedback thus amplifies
the interest rate increases through its positive effects on the state of the climate. The
model does not feature inertia, meaning that positive climate effects affect production
immediately.

Mirroring the effect on the real interest rate, wages initially decline with 3.5% after
the introduction of the carbon tax but gradually returns to a level only slightly below
the baseline.

The literature on the causal link between climate policy and the real interest rate is
almost non-existent. There has been an extensive debate about the importance of the
interest rate and discounting for optimal policy (Goulder, Hafstead, Kim, and Long,
2019). But the question here is the opposite: If we implement optimal policy, what is
then the effects on the returns to capital - the real interest rate. I have only managed
to find a limited number of macro-economic papers concerned with climate change
which briefly mention effects on real interest rate. One is Van der Meijden, Van der
Ploeg, and Withagen (2015) who argue that front-loading of fossil fuel supply implies
higher current than future output, which in turn increases savings and drives interest
rates down. This is a result of expectations of future climate policy which make
producers over-exploit current black capital. Another paper which addresses the real
interest rate in a climate change context is Bylund and Jonsson (2020), who discuss
the effects of climate change (not climate policy) on the real interest rate. They argue
that climate change implies a more risky world and hence higher precautionary
savings which depress the real interest rate.

In contrast, the literature has proposed several structural reasons for the empiri-
cally declining and persistently low interest rates. First, famously is the Global Savings
Glut hypothesis proposed by Bernanke (2005) who states that ageing implies higher
capital to labour ratio which drives the real interest rate down. Secondly, the literature



4 CHAPTER 1. THE EFFECTS OF CLIMATE POLICY ON THE REAL INTEREST RATE

has also presented arguments concerned with slower growth rates leading to lower
demand for new capital, lower expectations of future growth, which lower incentives
to borrow (Elmendorf and Sheiner, 2017), income in-equality redistributing wealth
from spenders (low-income) to savers (high-income), and new production types
which are less capital intensive than old technologies which also lead to low demand
for capital. These arguments are all different channels affecting the balance between
savings demand and investment demand, which can thus be seen as the general
mechanism driving these types of interest rate changes. My findings in this paper
also fit within this savings-investment umbrella because green policies at the core
simply shift investment incentives.

Another branch of literature has focused on uncertainty as a reason for the declin-
ing interest rate. Precautionary savings have increased because of the financial crisis,
climate change, the corona crisis, etc., which all increase the perceived probability
of future economic disaster in line with arguments presented by Barro (2006). I do
not include these uncertainty channels in the current paper, but it is worth noting
that effective climate policy will alleviate some of the climate risk and thus lower
the incentive for precautionary savings pushing the interest rate up. The uncertainty
channel thus amplifies the mechanisms proposed in this paper.

The literature is thus well-founded on several other determinants of the real
interest rate. Nevertheless, climate policy is an important factor in the coming century
which will affect economies all over the world. The rest of the paper is structured as
follows. In Section 1.2, I present the overlapping generations model which I calibrate
in Section 1.3. In section 1.4, I present the simulation of a uniform carbon tax on CO2

emissions and discuss the robustness of the results including comparisons to other
scenarios causing a green transition. Section 1.5 concludes.

1.2 The overlapping generations model

This section presents an overlapping generations model (OLG) for a closed economy
with 60 cohorts in the style of e.g. Papetti (2021); Domeij and Floden (2006); Krueger
and Ludwig (2007), but with two capital stocks - green and black - and feedback from
the climate. I consider a closed economy to model the global effects of climate policy
in the world (or for instance, OECD countries).2 Agents live for a maximum of 60
periods where they work for the first 40 periods (their labour supply is exogenous),
and are retired for the last 20 periods. Each period their chance to survive to the
next period gradually decreases. I include pensions and survival rates to be able to
evaluate climate policy in a setup with other important factors affecting the real
interest rate - changes to fertility and mortality rates and the implied varying cohort

2In general, papers find the same interest rate effects no matter if they investigate dis-aggregated
regional models or closed economy world models. See Papetti (2021) for a discussion of this. It would,
however, be relevant in future work to investigate second best scenarios where only parts of the economy
introduce climate policy.
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sizes. Households invest their savings in insurance companies who buy capital which
they rent out to firms. On the production side, the model features adjustment costs
of capital. I build in important climate properties in the spirit of the dynamic inte-
grated assessment models (Nordhaus, 1991; Hassler et al., 2018) where the economy
generates greenhouse gases which in turn affect the productivity of the economy.

1.2.1 Households

The model consists of J (= 60 in the baseline specification) cohorts containing Nt , j

individuals aged j at time t . The cohorts develop according to

Nt+ j , j = Nt+ j°1, j°1st+ j , j , j 2 [2, J ]

where st+ j , j is the conditional survival probability of surviving from period t + j °1
to period t + j of an individual aged j °1. The total number of people in the economy
at time t is thus Nt =

PJ

j=1 Nt , j . Each household maximises lifetime utility choosing
consumption and savings. They divide their savings between a green and a black
insurance fund which will invest the money in either green (non-polluting) or black
(polluting) capital.

U =
JX

j=1
Ø jºt+ j , j

0
@ (ct+ j , j )1°æc

1°æc

°!b

(a
b

t+ j , j
)1°æk

1°æk

1
A , æc > 0. (1.1)

Here ºt+ j , j =¶ j

k=0st+k,k is the unconditional probability of reaching age j , Ø is the
discount factor, ct+ j , j is the consumption at time t + j for an individual at age j , and
a

b

t+ j , j
are the black savings held by an individual aged j at time t + j from which the

individual derives dis-utility. The parameter !b measures how much dis-utility the
agents derive from holding black savings.

The parameter æk < 0 ensures that households have convex preferences for hold-
ing black savings such that the marginal dis-utility is increasing.

Households maximise their utility subject to a standard budget condition where
they spend their income on either consumption or investments in either green or
black savings. Each year a fraction of a cohort dies, and the ownership of their savings
is transferred to the rest of the cohort which implies an additional return to savings,
corresponding to a standard annuity structure of the savings market.3 The budget

3In addition to the return of 1+d
i

t+ j , j
, each surviving individual also gets an equal share of the savings

of the dead individuals from their own age group, corresponding to an extra return of 1+
(1°st , j )Nt°1, j°1

st , j Nt°1, j°1
=

1
st , j

on the savings from the previous period, i.e. a standard annuity solution. It would also be possible

to consider other uses of the inheritance - e.g. a confiscatory tax by the government who then spends
the revenue on general government consumption (otherwise neutral in the model). This would have
implications for the baseline projections of the real interest rate, since it would imply new incentives for
agents. First, assuming an annuity structure, accidental bequests decrease as longevity increases making
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constraint for an individual aged j at time t + j looks the following (see Appendix A.1
for the derivation of the associated aggregate resource constraint)

yt+ j , j +
1+d

b

t+ j , j

st+ j , j

a
b

t+ j°1, j°1 +
1+d

g

t+ j , j

st+ j , j

a
g

t+ j°1, j°1 = a
b

t+ j , j
+a

g

t+ j , j
+ ct+ j , j . (1.2)

Here yt+ j , j is the income of an individual aged j at time t + j , d
i

t+ j , j
is the return to

savings a
i

t+ j , j
of type i 2 {b, g }, and ct+ j , j is consumption.

The income of an individual aged j at time t + j is

yt+ j , j = (1°øt+ j )wt+ j ht+ j , j I j<R +√ ·wt+R°1I j∏R .

Where I is an indicator function indicating whether the individual is working or
retired. Thus, the agents get paid the after tax wage (1°øt+ j )wt+ j for the number
of hours that they work ht+ j , j if they are below the retirement age R, and they get a
pension which is equal to a fraction, √, of the wage when they retire. The number
of working hours is exogenous (and normalised to 1) and thus, the model does not
feature any labour supply responses.

The pension is financed with a tax on the working population. See Section 1.2.6. I
include a pension in the model even though it does not directly relate to climate policy
because I want to include the main features of the models from the demographics
literature. In this way, I can make a plausible baseline scenario of the real interest rate
in the absence of climate policy.

The representative individual in each cohort maximises his utility subject to
the budget choosing consumption (ct+ j , j ), green savings (a

g

t+ j , j
), and black savings

(a
b

t+ j , j
). The Lagrangian of the maximisation problem reads

L=
JX

j=0
Ø jºt+ j , j

0
@ (ct+ j , j )1°æc

1°æc

°!b

(a
b

t+ j , j
)1°æk

1°æk

1
A

+
JX

j=0
∏t+ j , j

2
64yt+ j , j ° ct+ j , j +

X

i2{b,g }

0
@

1+d
i

t+ j , j

st+ j , j

a
i

t+ j°1, j°1 °a
i

t+ j , j

1
A

3
75 .

savings less attractive. This effect vanishes if the government confiscates bequests, implying a steeper
interest rate decrease than the annuity solution. In my calibration, government confiscations leads to an
extra 20 bps decrease of the interest rate over 80 years. Secondly, confiscatory policies might affect savings
motives in other ways - e.g. declining savings due to aversion against confiscation. I choose the standard
annuity solution for simplicity.
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We have the following intertemporal first order conditions

@L

@ct+ j , j

=Ø jºt+ j , j c
°æc

t+ j , j
°∏t+ j , j = 0

@L

@a
b

t+ j , j

=°Ø jºt+ j , j!b (a
b

t+ j , j
)°æk °∏t+ j , j +∏t+ j+1, j+1

1+d
b

t+ j+1, j+1

st+ j+1, j+1
= 0

@L

@a
g

t+ j , j

=°∏t+ j , j +∏t+ j+1, j+1

1+d
g

t+ j+1, j+1

st+ j+1, j+1
= 0

Eliminating the ∏’s, we get the Euler conditions for black savings

!b (a
b

t+ j , j
)°æk + c

°æc

t+ j , j
°Øst+ j+1, j+1c

°æc

t+ j+1, j+1

1+d
b

t+ j+1, j+1

st+ j+1, j+1
= 0

And for green savings

c
°æc

t+ j , j
°Øst+ j+1, j+1c

°æc

t+ j+1, j+1

1+d
g

t+ j+1, j+1

st+ j+1, j+1
= 0

The household’s optimality conditions are the two (per cohort) Euler conditions
together with the budget constraint and the initial savings.

1.2.2 Production firms

Consider a representative firm which produces with labour, L, green capital, K
g , and

black capital, K
b , according to a nested CES function

Yt =
∑
Æ1/≤

1 ·
°

At Lt

¢(≤°1)/≤+ (1°Æ1)1/≤ ·
≥
K̂t°1

¥(≤°1)/≤)
∏(≤/(≤°1))

,

K̂t =
∑
Æ

1/∞
2 ·

≥
K

b

t

¥(∞°1)/∞
+ (1°Æ2)1/∞ ·

≥
K

g

t

¥(∞°1)/∞)
∏(∞/(∞°1))

.

Here, Æ1 and Æ2 are the CES shares of the capital-labour nest, and the all capital nest,
≤, is the substitution elasticity between capital and labour, and ∞ is the substitution
elasticity between green and black capital. Capital is a predetermined variable, and
thus its timing is with a lag in the first nest. The second nest is an all-capital nest
making all time indices the same. Technology growth A is endogenous and labour
augmenting such that the model is consistent with balanced growth. It is a function
of temperature and exogenous technology growth. See Section 1.2.5. Firms maximise
per period profits

¶t = Yt °wt Lt ° r̂ t K̂t°1 = Yt °wt Lt ° r
b

t
K

b

t°1 ° r
g

t
K

g

t°1,

where the price of Yt is the numeraire and the r
i

t
’s are the returns to capital. The total

number of working hours, Lt is exogenously given and is equal to the sum of the
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working hours of the population below the retirement age

Lt =
RX

j=1
Nt+ j , j ht+ j , j .

Maximising profits yields the following demands for labour and capital

At Lt =Æ1 ·Yt ·
µ

At

wt

∂≤

K̂t°1 = (1°Æ1) ·Yt ·
µ

1
r̂ t

∂≤
.

Where r̂ t is the CES price index of capital.4 In the capital sub-nest, the demand for
the two types of capital is

K
b

t°1 =Æ2 · K̂t°1 ·
√

r̂ t

r
b

t

!∞

K
g

t°1 = (1°Æ2) · K̂t°1 ·
√

r̂ t

r
g

t

!∞
.

1.2.3 Insurance firms

Households invest their savings through insurance firms who offer cohort specific
annuity contracts. There are two types of firms - green and black which corresponds to
firms investing the green and black savings from the households in the corresponding
types of capital. The insurance companies maximise their discounted stream of
profits subject to being actuarily fair. One can think of e.g. labour market pension
funds who invest the savings of all their members collectively and thus are acting on
the aggregate level - in opposition to households who are atomistic.

The insurance firm invest the savings of the households in buying capital - im-
plying that k

i

t+ j , j
= a

i

t+ j , j
- which they rent out to firms. Capital depreciates with

the rates ±b and ±g and pay r
b

t
and r

g

t
in interest where superscripts g and b de-

note green and black capital. The insurance firms pay adjustment costs if they ad-
just the capital stocks with more than the depreciated shares. Importantly, capi-
tal adjustment costs are payed on the adjustment of the aggregate capital stock,
K

i

t+ j
= PJ

k=1 k
i

t+ j ,k Nt+ j ,k , (i 2 b, g ), and not the capital stocks owned by each firm,
implying that they can transfer the ownership of capital without paying adjustment
costs. This reflects that adjustment of capital is costly on the production side, and
not because capital ownership changes.5 The adjustment costs are convex such that

4One can show that r̂t =
≥
Æ2(r

b

t
)1°∞+ (1°Æ2)(r

g

t
)1°∞

¥ 1
1°∞

5One can think of a number of different reasons for costly capital adjustments. It could either be
firm-specific - i.e. because it is costly for individual firms to install new equipment, or it could be on a more



1.2. THE OVERLAPPING GENERATIONS MODEL 9

small changes are relatively cheap and are modelled according to the following

Ad j
i

t+ j
= ¡

2

0
@

K
i

t+ j

K
i

t+ j°1

° (1+ z)

1
A

2

K
i

t+ j
, i 2 {b, g }, (1.3)

Where z is the growth rate of the economy, implying that adjustment costs are zero
when capital grows at the speed of the general economy (i.e. there are no adjustment
costs under balanced growth with the exogenous growth rate). The insurance firm of
type i 2 {b, g } representing cohort j maximises its profits according to the following

1X

t=0

√
1

1+ rt+ j

!
t+ j ≥

(1+ r
i

t+ j
°±i )Nt+ j°1, j°1k

i

t+ j°1, j°1 +Nt+ j , j a
i

t+ j , j

¥

°
1X

t=0

√
1

1+ rt+ j

!
t+ j ≥

Nt+ j , j k
i

t+ j , j
+ (1+d

i

t+ j , j
)Nt+ j°1, j°1a

i

t+ j°1, j°1 +Nt+ j , j Ad j
i

t+ j
∫i

t+ j , j

¥

Here, the first line is the income of the insurance firm and the second are the expenses.
The firm discounts with the market rate, rt+ j , which is the net of depreciation average
real interest rate. On the income side, they get revenue from the production firms
who pay interests when they rent the capital stock. The insurance firm also gets new
investments from its members. On the expense side, they have to buy new capital,
they have obligations to pay returns of the investments from the previous period, and
they have to pay adjustment costs of capital. Here ∫i

t+ j , j
is the share of the adjustment

costs that each shareholder in cohort j has to pay.
The investment firms choose the optimal capital investment per individual in a

specific cohort k
i

t+ j , j
taking into account that they invest on a cohort basis. This yields

an optimality condition that determines the households’ return to their savings.

1+d
i
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Intuitively, the return to savings is equal to the return to capital net of depreciation
and adjustment costs.

aggregate level reflecting e.g. due diligence costs, administrative costs, etc. These different interpretations
require slightly different modelling assumptions about who internalises the costs and at which level the
costs are levied. For simplicity, I operate with one type of adjustment costs which the insurance company
internalises.
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1.2.4 The carbon cycle

The use of black capital emits carbon proportionally to the size of the capital stock.
Intuitively, this might be because black capital uses energy, fuel, etc. Emissions are
thus given by

Mt = q ·K
b

t°1,

where q scales the amount of emissions per capital unit.
I follow Golosov et al. (2014); Hassler et al. (2018) and assume the following

development of the atmospheric carbon stock

St =
tX

s=0
(1°±E

s
)Mt°s

where

(1°±E

s
) ='L + (1°'L)'0(1°')s

is the amount of carbon remaining in the atmosphere at time s. Here, 'L denotes the
share that is in the atmosphere forever. In the remaining share, 1°'L , a share of 1°'0

leaves the atmosphere after 1 period, whereas the rest depreciates geometrically in
accordance with the expression above.

1.2.5 The economic damages from the climate

Assume that global warming affects the economy via the total factor productivity,
At , through its effects on temperature. The effect of emissions on global warming is
logarithmic (see e.g. Golosov et al. (2014); Hassler et al. (2018)) and can be expressed
as

Tt =
∏

ln(2)
ln

√
St + S̄

S̄

!
.

Here ∏ is the climate sensitivity, and S̄ is the pre-industrial atmospheric carbon stock.
Specifying the functional form of the labour-augmenting technology, one has to

make the choice of damage function. It is notoriously difficult to know the correct
specification of the damage function, and it is something that the literature on cli-
mate change still struggle with. Some papers argue that damages, previously, have
been systematically under-estimated (which is then reproduced in the literature via
citation/publication biases because new estimates will always have fewer citations
than old to begin with - see Howard and Sterner (2017).) In my main specification, I
use the functional form estimated in Howard and Sterner (2017) which gives larger
damages than previous estimates (for instance, damage functions used in earlier
versions of the DICE model).

Dt = 1.145/100 ·T
2
t
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My results are, however, robust to other specifications of the damage function. For
instance, quasi-linear, exponential, or quadratic exponential damages in temperature
or excess emissions (See e.g. Dietz and Venmans (2019) and Hassler et al. (2018)).
Some of these functions are either concave or only convex on certain intervals and
thus, the quadratic form yields estimates which are more in line with the general
idea of increasing marginal damages of climate change. The specification proposed
by Howard and Sterner (2017) implies 10% damages at 3 degrees warming which
is somewhat higher than what many other previous estimates (e.g. Nordhaus and
Moffat (2017)) propose. Importantly, the interval for temperature increases that I
consider is between 1 and 2.5 degrees warming, and here differences between damage
functions are smaller than at higher temperatures.

The climate feedback is not the main driver of the results, but an amplifying
mechanism whose effect is secondary compared to the large effects stemming from
shifts in investment-savings motives. Given a damage function, we can specify the
labour augmenting technology as

At = A0(1+ z)t · (1°Dt ),

where z is exogenous technological change.

1.2.6 Government and taxes

The government collects a tax to fund the pay-as-you-go pension to all households
above the retirement age. The tax is set such that the current population pays for
the pension which has a fixed replacement rate, meaning that e.g. ageing leads to a
higher tax rate.

øt =
PJ

j=R
√ ·wt+R° j ·Nt , j

wt Lt

.

The numerator is the total amount of pensions at time t , whereas the denominator is
the value of all worked hours at time t , ensuring that the government has a balanced
budget.

1.2.7 Policy and shocks

Any government has different policy tools for solving the climate problem. The first
best solution is to implement a uniform carbon tax equal to the social cost of carbon
(see e.g. Nordhaus (2019)). As I abstract from any cooperation failures, it is possible
to reach the first best in my setup. Thus, the difficult question is not what the optimal
solution to the problem of climate change is, but how large the social cost of carbon
is. In the academic literature, there is not consensus about this - cf. the discrepancy
between estimates from Stern (2007) and Nordhaus (2007) which in the end comes
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down to different social discount rates, i.e. how much weight do we put on future vs
current cohorts?

I implement uniform carbon taxes of different magnitudes to evaluate the effects
(both qualitatively and quantitatively) on the real interest rate. I evaluate this in both
the "pure" model and with other factors affecting the real interest rate - longevity and
fertility projections. As emissions are proportional to black capital, the carbon tax is
equivalent to a tax on black capital. The tax is modelled as a direct tax on firms who
use black capital for production - i.e. a tax on those who generate the emissions. The
new profit function for the firm is thus

¶= Yt °wt Lt ° r
b

t
K

b

t°1 ° r
g

t
K

g

t°1 °ø
C

Mt +T R

= Yt °wt Lt ° (r
b

t
+døC )K

b

t°1 ° r
g

t
K

g

t°1 +T R.

Here the carbon tax per emission is øC and T R = øC
qK

b

t°1 is the tax revenue which
is paid back as an industry wide subsidy implying that individual firms do not take
changes in the tax revenue into account when optimising. We can write the new
demand for black capital

K
b

t°1 =Æ2 · K̂t°1

√
r̂ t

r
b

t
+døC

!∞

The direct effect of this tax is an increase in the price which incentivises substitution
away from black capital towards green capital. It also implies an increase in the price
of aggregate capital which decreases overall capital demand.

The revenue from the tax is transferred back lump sum to firms to isolate the
pure effect of the tax.6 This is, however, not necessarily what would happen in reality
or what is most efficient. In the presence of other distortionary taxes, it could be
more efficient to lower these (the double dividend effect) and in the presence of
the environmental externality, it might also be most efficient to use the tax revenue
for technical abatement if there were very cost efficient measures waiting to be
implemented. In my model, labour supply is, however, exogenous, meaning that it is
not distorted by the tax and it is out of the scope of the paper to assess the technical
abatement possibilities.

Another important assumption of the model is the full information by the policy-
maker who can levy taxes perfectly in several ways - both by perfectly distinguishing
between green and black capital and by implementing taxes evenly over firms.

There are of course also other green policies i.e. general abatement, subsidies, etc.
Depending on the implementation of these, they might affect the real interest rate
differently. Common for these, however, is that they are sub-optimal policies which
will make the green transition more expensive than the first best.

6The lump sum transfer of the tax revenue implies the intuition that firms in theory could have
incentives to just receive the transfer and not produce anything. If one is concerned about the consistency
of the results, it is also possible to model the transfer as a per unit subsidy which the firm takes into account
when optimising. The results are robust to that change.
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1.3 Numerical calibration

The above description makes up the entire general equilibrium model. See Appendix
A.2 for a full model summary where all equations are de-trended and thus presented
as the model is solved numerically. Solving a model with an exogenous trend can be
numerically difficult because the numerical solver looks for a solution around the
starting values which quickly becomes infeasible if variables are trending. Especially
in my case where I want to simulate a decade ahead with 2% annual exogenous
growth. Therefore, I remove the exogenous trend as presented in Appendix A.2 and
simulate the model 100 periods ahead from given starting values. The model still
features endogenous growth from the climate feedback which is, however, less rapid
and thus it is not necessary to remove this trend before solving the model numerically.

1.3.1 Economic parameters

In this section, I present the parameter choices of the model. See Table 1.1 for a
comprehensive list of all parameters.

Starting with the utility parameters, I set the parameter of relative risk aversion of
consumptionæc to 0.8. This corresponds to an intertemporal elasticity of substitution
of 1.25. The empirical literature suggests that the elasticity of substitution is lower. In
a meta analysis, Havranek, Horvath, Irsova, and Rusnak (2015) find that the elasticity
should be 0.5 based on 2735 estimates from 169 studies. However, I choose a higher
elasticity to ensure that the income effect does not dominate the substitution effect
when interest rates change. For lower substitution rates, households are incentivised
to lower their savings when interest rates increase because of the income effect which
makes them better off as retirees with higher interest payments. Thus, to ensure more
realistic savings patterns and responses, I increase the intertemporal elasticity of
substitution.

I set the relative risk aversion parameter of black savings æk to °1 such that
damages from holding black savings are strictly convex and marginal dis-utility of
holding black savings is increasing. This assumption can be easily changed and does
not drive results.

I set a yearly discount factor of 0.96 which together with the initial survival proba-
bilities gives a baseline real interest rate of 5.44%.

I set the dis-utility weight of savings !b to 0.001. This parameter determines how
much dis-utility the agents derive from holding black savings and thus also the spread
between the interest rates.

Empirically, the existence of an interest rate gap seems plausible - recently there
has been large rises in investments in ESG funds. Thus, individuals seem to have
preferences for green savings even though ESG investment in itself does not affect pol-
lution, see e.g. Berk and van Binsbergen (2021); Heinkel, Kraus, and Zechner (2001).
However, for readers who do not believe the existence of the gap, one can think of



14 CHAPTER 1. THE EFFECTS OF CLIMATE POLICY ON THE REAL INTEREST RATE

!b as small enough for the gap to be essentially zero. Numerically, even an insignif-
icantly small gap makes it possible for the interest rates to differ during the green
transition because they are thus not bound to be identical. !b = 0.001 corresponds to
an interest rate spread of 8 basis points before the implementation of policy. The size
of the "greenium" (i.e. the spread between green and black rates) is not completely
established in the literature. Larcker and Watts (2020) e.g. find no greenium at all,
whereas Karpf and Mandel (2017) and Baker, Bergstresser, Serafeim, and Wurgler
(2018) find a greenium of 8 and 6 basis points respectively. The differential is thus not
large, but there is some evidence that it exists. Importantly, the results in the model
are not driven by the size of this spread. See Section 1.4.7 for a discussion of this.

For the firm parameters, I set the depreciation of green and black capital to 9.5%
yielding an investment to output ratio of 0.15 in the initial steady state. This is in
line with e.g. Papetti (2021); Gomes, Jacquinot, and Pisani (2012) who set ± equal
to 0.0952 and 0.0963. In the capital and labour nest, I choose the CES production
function weight of labour to 0.667.

I set the CES production function weight of black capital equal to 0.32 such
that black capital constitutes 30% of capital in the baseline scenario. IEA (2021) has
estimated that capital investments should increase with 1 percentage point of GDP
on average per year over 30 years for the world to reach climate neutrality. Under a 9.5
percent depreciation rate, this corresponds to 10% of GDP investments over 30 years.
As the value of the world capital stock corresponds to 30% of GDP in baseline, this
implies that around one third of the capital stock is new due to the green transition.
Thus, we can calibrate the black capital stock as one third of the existing capital stock
in baseline.

For the elasticity of substitution, I choose complementarity between labour and
capital (≤= 0.67) which is in line with what empirical studies suggest. See e.g. Chirinko
(2008) who finds that the elasticity of substitution between labour and capital is
between 0.4 and 0.6. There is, however, not consensus in the literature about this
elasticity, and thus I will return to this in the sensitivity analysis. For the substitutabil-
ity between black and green capital, I choose ∞= 2 in baseline such that black and
green capital are substitutes highlighting that their main difference is in the climate
properties. The adjustment parameter on capital adjustments is 32. This parameter
drives the transition speed, and an adjustment cost parameter of 32 is standard in
the macro literature implying an adjustment speed of around 6.7% per year (see
Summers, Bosworth, Tobin, and White (1981)).

The model has a single policy parameter, the replacement rate for pensions, which
I set to 0.45 meaning that retirees get 45% of of their retirement wage in pensions
which is in line with other papers in the literature (see e.g. Kara and von Thadden
(2016)).
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1.3.2 Climate parameters

For the climate parameters, I follow Golosov et al. (2014) and set the fraction of emis-
sions that stay in the atmosphere for more than one period to 0.393. The depreciation
rate of emissions is 0.0228. The baseline emission stock is 581 giga tonnes of carbon
(GtC). I set the temperature sensitivity to emissions, ∏, to 3 which is the "best esti-
mate" provided by IPCC (2021). They argue that the sensitivity lies between 2.5 and
4±C.

I calibrate the emission intensity, q , such that current temperature is 1.1 degree
above pre-industrialised levels in accordance with NASA7 estimates. Yearly technol-
ogy growth z is 2% which implies an average temperature increase of 0.19 degrees
per decade over 80 years. This is close to the mean estimate proposed by IPCC (2018)
who argue that temperatures are rising with 0.2 degrees per decade with a confidence
span between 0.1 and 0.3.

Table 1.1: Baseline parameter specification

!b Weight on black savings in utility function 0.001
æc Relative risk aversion parameter of consumption 0.8
æk Relative risk aversion parameter of black savings -1
Ø Discount factor 0.96
±g Depreciation of green capital 0.095
±b Depreciation of black capital 0.095
Æ1 Weight on labour in production 0.667
Æ2 Weight on black capital 0.32
≤ Elasticity of substitution between labour and capital 0.67
∞ Elasticity of substitution between black and green capital 2
¡ Adjustment parameter on capital 32
√ Replacement rate for pensions 0.45
d0 Fraction of emissions that stay more than 1 period 0.393
±E Depreciation rate of emissions 0.0228
S̄ Baseline emission stock (industrialised level) 581 GtC
∏ Temperature sensitivity to emissions 3
z Yearly technology growth 0.02
A0 Initial productivity 1

1.3.3 The tax rate and tax revenue

In the main specification, I choose a tax rate of øC = 0.06675 corresponding to an
initial tax revenue of 0.313 according to the expression from Section 1.2.7. This
corresponds to 1.07 percent of initial GDP. Calibrating to 2019 numbers from OECD

7https://earthobservatory.nasa.gov/world-of-change/global-temperatures
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which has $54 trillion in GDP8, it implies an initial tax revenue of $0.579 trillion. The
OECD members emit 11.6 billion tons of CO2 per year9, which implies a CO2 tax of
$50 per tonne. In Section 1.4.3, I run simulations with CO2 taxes of $25 and $75 per
tonne for comparison.

It should, however, be noted that the effect of the tax depends on the structural
parameters of the model - more specifically, for instance, the substitution elasticities,
implying that the effects of a given tax rate will vary. Since the interest rate effect
is tied to the magnitude of the adjustment of the capital stock, it is more relevant
to consider the interest rate effects as a function of the adjustment of the capital
stock. The size of the carbon tax will, however, give some intuition about the policy.
Furthermore, a given carbon tax is not a target in itself - it is exactly a measure to
reach a certain level of adjustment.

1.4 Introduction of a carbon tax increases the interest rate

In this section, I present the projections of the real interest rate after uniform carbon
tax on emissions from black capital. In the first subsection, I show the results from
the implementation of a uniform carbon tax which reduces the black capital stock
with 21%. In the second subsection, I include the demographic transition for com-
parability. The green transition is thus happening in addition to the demographic
transition, which is known to affect the real interest rate via a number of channels
which influence the capital to labour ratio and households’ patience.

Papetti (2021) finds that demographics account for about 1.4 percentage points
decrease of the natural real interest rate from 1980 to 2030, which is in line with
Krueger and Ludwig (2007) who find a real interest rate decrease of 86 basis points
between 2005 and 2080 caused by an ageing population. In my projections, I include
fertility and longevity forecasts. In my model, the interest rate drops 20 basis points
from 2020 to 2100 due to ageing and fertility changes, and further decreases 15 bps
due to climate change yielding a total decrease of 35 bps over 80 years.

All economic variables are reported without the exogenous trend (2% annual
technology growth) but with the endogenous trend (the climate feedback) for easier
comparability.

1.4.1 Results without demographics

Figure 1.1 shows the transition of the economy after the introduction of a carbon tax
levied on the emissions from black capital.10 The dashed lines indicate pre-shock
trajectories with an average interest rate of 5.44% before the shock and a black capital
stock that constitutes 30% of the total capital stock. In the initial period, temperature

8https://data.worldbank.org/indicator/NY.GDP.MKTP.CD?locations=OE
9https://data.worldbank.org/indicator/EN.ATM.CO2E.KT?locations=OE

10The tax revenue is transferred back to firms.



1.4. INTRODUCTION OF A CARBON TAX INCREASES THE INTEREST RATE 17

(a) Green and black interest rates net of de-
preciation

(b) The average weighted interest rate net of
depreciation

(c) Capital stocks
.

(d) Temperature in degrees celcius above pre-
industrial temperature

Figure 1.1: Projections from the cohort model without demographics after a carbon tax on
emissions from black capital. The dashed lines indicate the baseline trajectories. Green lines
indicate green capital in the plots concerned with two types of capital

is 1.1 degrees above pre-industrial temperature. The economy is not in steady state
because temperature is increasing which feeds back to the economy. This means that
both capital stocks in the absence of climate policy decrease because of declining
marginal returns caused by the climate feedback. The interest rate declines 15 basis
points over 80 years because of this.

When the government introduces a carbon tax, it causes a transition from black
to green capital where black capital declines with 21%. See Panel 1.1c. This scenario
is caused by a tax of $50 per tonne of CO2, however, the response of the economy
depends on the substitution elasticities and thus, it is more accurate to interpret the
effects as stemming from a tax causing a 21% decline of black capital. See Section
1.4.5 for further discussion of this.

Initially after the shock, the green interest rate increases whereas the black interest
rate decreases which corresponds to the large shifts in capital which are now required
to produce optimally. The transition does not happen instantly because of convex
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adjustment costs. During the transition, the two interest rates converge towards
their new baseline levels. The tax lowers the overall capital stock which implies a
decreasing capital to labour ratio. Capital is thus relatively more productive than
before the tax (the structural parameters of the production function are unaffected),
making the interest rates increase. At the peak of the transition, the green interest
rate is 105 basis points higher than in the baseline state (reaching 6.49%) whereas
the black interest rate is 86 basis points lower. The average weighted interest rate is
57 basis points higher at the peak and is above the baseline level during the entire
transition and afterwards.

Mirroring the effect on the interest rate, wages are also affected. In the baseline,
wages are steadily declining due to the diminishing return to production caused by
climate change. See Figure A.1 in Appendix A.3 where the dashed line indicates this
baseline scenario. After the introduction of a carbon tax, wages initially drop 3.5%
after which they gradually readjust before declining further due to climate change;
however, less steeply than in the baseline. In 2100, they are 2% lower than in the
absence of the carbon tax. Several mechanisms are at play. First, the carbon tax
alleviates climate change which makes production more efficient which positively
affects the return to labour causing them to decline less steeply than in baseline.
Second, the carbon tax affects the capital to labour ratio which causes the initial steep
decline because labour is suddenly the abundant factor. Importantly, the labour
supply in the model is exogenous, meaning that there is no endogenous response
of the worker to the lower wages. In the presence of endogenous labour supply,
labour would have reacted to lower wages by reducing their number of working hours
(assuming that substitution effects dominate the income effect). This mechanism
would have dampened the effect on the factor prices - both changes to wages and
interest rates.

After 80 years, temperature is 0.3 degrees lower than in the baseline which pro-
vides a feedback where the new and lower temperature level positively affects produc-
tivity which in turn increases the demand for capital by firms. This happens instantly
because the model does not feature any climate inertia, meaning that lower emissions
spill over to temperature immediately. This means that the interest rate is higher both
due to a lower capital to labour ratio and a higher total factor productivity.

1.4.2 Results with demographics

The development of the real interest rate in the absence of climate change and climate
policy is driven by structural factors such as demographics, productivity, inequality,
etc. In this section, I present my results in a scenario with changing demographics
according to the UN population forecast. See Appendix A.3 for a graph of the changes
in the conditional survival probabilities. The world is ageing which puts an upwards
pressure on savings. This is illustrated with dashed lines in Panel 1.2c in Figure 1.2
where both the black and the green capital stock are now slightly increasing due to
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increased demand for savings. This upward pressure on savings together with changes
to patience due to longevity result in decreasing interest rates. This mechanism is
independent of climate change or policy. In this baseline scenario with no climate
policy, the average real interest rate decreases with 35 basis points from 5.44% to
5.09% from 2020 to 2100.

When I introduce a shock to the economy which incentivises a shift from black to
green capital, this happens in addition to the shift towards capital caused by ageing.
This is what is depicted with solid lines in Figure 1.2. The difference between the
dashed and solid lines is then the added effect of climate policy. The figure shows the
transition after the implementation of a carbon tax on emissions from black capital
- i.e. the same shock as in Figure 1.1. But now, the economy is also hit with survival
and fertility shocks continuously.

Demographic changes alone cause capital to increase 11% over 80 years all else
equal (not depicted in the graph since it also includes the climate feedback in the
baseline), whereas the added climate feedback and climate policy change this to an
increase of only 1%.

As in the clean model from before, the carbon tax causes the green interest rate to
increase significantly, whereas the black drops.

The magnitude of the increase in the real interest rate is between 7 and 57 basis
points in the first 20 years after the policy is implemented. The difference is largest
immediately after the policy is implemented and then gradually declines. This gap
is identical with the one from the simulation without the demographic transition,
meaning that there does not seem to be any quantitatively important interactions
between the two.

Compared with the magnitude of the demographic transition, which in my simu-
lation provides a lasting decline of the interest rate of 20 basis points, the effect of
climate policy is comparable to this effect but is, importantly, more temporary. The
effects are, however, non-negligible over a period of approximately a generation, and
there is a lasting effect of around 2-5 basis points.

In this main scenario, temperatures are still increasing; however, at a slower
pace. The shock that I consider here is thus not sufficient for a climate neutral world
which would imply either more substantial policy measures or additional abatement
channels. We will now consider a situation with more ambitious climate goals.
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(a) Green and black interest rates net of de-
preciation

(b) The average weighted interest rate net of
depreciation

(c) Capital stocks
.

(d) Temperature in degrees celcius above pre-
industrial temperature

Figure 1.2: Results from the cohort model including demographics after a carbon tax. The
dashed lines indicate the baseline trajectories. Green lines indicate green capital in the plots
concerned with two types of capital.

1.4.3 Varying the magnitude of the carbon tax/how much of the stock is
phased out

The impact on the interest rate from a carbon tax and implied transition, of course,
depends on the magnitude of the shift in capital. In the main result, I considered a
tax which caused a 21% decrease in the black capital stock and a 20% increase in the
green capital stock which were caused by a CO2 tax of $50. In this section, I show how
the magnitude of the transition impacts the interest rate.

First, consider a CO2 tax which is now $75 dollars - i.e. a 50% increase. This tax now
causes a 30% decline in the black capital stock and a 27% increase in the green capital
stock in steady state. At the peak of the transition, the average weighted interest rate
increases with 117 basis points, reflecting the substantive investments required to
increase the green capital stock. See Figure A.4 in Appendix A.4. This highlights how
important the magnitude of the transition is for the effect on the interest rate.
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Second, we can consider the opposite case where the tax is half the size of the
initial tax. Black capital only decreases 5%, and green increases 4% causing negligible
changes in the average real interest rate.

These results illustrate the non-linearities of the costs of climate change making
the first steps much cheaper than the later ones. They also highlight that an entire
transition to a zero-emissions world requires changes to the production function
caused by e.g. innovation.

Choosing the "right" transition is not obvious. One could argue that all black
capital should be phased out, but there are several caveats to this approach. First, it is
not necessarily the most realistic scenario that, in fact, all polluting activity will stop
in the coming 30 years, even though that is what scientists recommend for a zero
emissions world IEA (2021). Second, on a more technical note, in the framework I
consider, it is not meaningful to produce with green energy only as that will drive the
marginal productivity of black capital to infinity. Thus, for any abatement technology
with a less than infinite price, it will be more cost-efficient to implement that than to
phase out the last unit of black capital. It is, of course, a limitation of my model that I
do not include technical abatement measures to compete with production changes,
but nevertheless, the model is useful in illustrating the consequences of a necessary
shift away from polluting capital.

1.4.4 An alternative scenario: changes to the production function and the
capital-labour ratio

One could argue that a capital tax implies a lower capital stock and consequently
higher interest rate due to a diminishing capital to labour ratio. This argument would
imply that it is not the green transition that causes the interest rate increase, but
merely a mechanical response to any capital tax.

Here, it is useful to consider the case of a green transition caused by something
else than a tax. When analysing the effects of climate change mitigation, one can
consider several types of shocks. Instead of a standard carbon tax, new production
ways or standards can alter firms’ production possibilities. This could be caused by
direct regulation. E.g. rules for how much black capital or energy is allowed, or that
certain new technologies are now legally required (e.g. cleaner machines). A change
in the production function could thus be caused by changing production standards
that make green capital relatively more productive and new standards enforced by
the government (e.g. requirements of more green capital causing innovation in only
one of the capital types).

Depending on the magnitude of this type of shock, the effects are similar to
that of a carbon tax. In Figure 1.3, I introduce a shock which increases the weight
on green capital in the production function (Æ2 = 0.25 instead of 0.32). This type
of shock also incentivises a shift from black to green capital because it affects the
relative productivity in favour of green capital, and the effects on the interest rate
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are similar to the transition after a carbon tax. But the developments in the capital
to labour ratios are different (see Panel 1.3d for a comparison to the carbon tax)
which illustrates that the interest rate increase indeed happens because of the new
(temporary) investment demand.

(a) Green and black interest rates net of de-
preciation

(b) The average weighted interest rate net of
depreciation

(c) The capital to labour ratio after the green
productivity shock

(d) The capital to labour ratio after a carbon
tax

Figure 1.3: Results after a shock to the production technology (Æ2 = 0.25 instead of 0.33) which
induces a shift towards green capital. Subplot (d) for comparison. Note that the capital to labour
ratio is not constant after the adjustment to climate policy even though the model features
balanced growth. This is mainly because the economy is continuously hit with demographic
shocks.

1.4.5 The size of the black capital stock and the elasticity of substitution
between green and black capital

Two other important variables in the model are the elasticity of substitution between
labour and capital, ≤, which is equal to 0.67 in the baseline, and the elasticity between
green and black capital ∞ which is equal to 2 in the baseline. They both matter for the
quantitative results and one could, in fact, imagine that these were not time-invariant.
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The elasticity between black and green capital is large in the baseline specification,
reflecting the notion that black and green capital mainly vary because black capital
pollutes and green does not. When lowering the substitution elasticity making the
two capital types more complementary, the effect of some fixed tax level is reduced.
I.e. for some tax, øC , the decline in the black capital stock is increasing in the elasticity
of substitution between green and black capital. Correspondingly, this is also the case
for the increase in the real interest rate which is driven by the increase in investments.

However, if we instead hold the level of emission reductions constant (i.e. the
decline in the black capital stock), the elasticity of substitution does not change the
effect on the real interest rate. For a lower substitution elasticity, it simply requires
a larger tax to reach the same reduction level. But since the interest rate increase is
driven by the actual capital changes and not by the magnitude of the tax, the real
interest rate effects are not driven by the elasticity of substitution. This is also the
reason why it might be more correct to consider interest rate increases as a function
of the magnitude of the capital adjustment and not of the size of the carbon tax.

Lastly, the adjustment parameter on capital ¡ controls the speed of the transition,
meaning that for a larger ¡, the transition moves slower and lasts longer time. The
magnitude of the change to the average interest rate is also relatively smaller if the
transition is slower, but the difference is small as the adjustment costs are then,
relatively, larger.

1.4.6 The climate feedback

As mentioned previously in the paper, the climate feedback amplifies the interest rate
effects due to the positive feedback on the total factor productivity when improving
the climate.

When production for some reason becomes more green - either due to climate
policy or production technology changes - the total factor productivity of the econ-
omy increases, meaning that additional production is relatively more effective. This
mechanism thus amplifies the investment incentive caused by e.g. a tax which in
itself induces an investment surge in green capital. When the increase in green capi-
tal makes production more effective, further investments are optimal. The climate
sensitivity parameters control how pronounced this effect is.

Importantly, even without the climate feedback, we see the same interest rate ef-
fects. However, the effect is just more short-lived because of the lack of amplification.

1.4.7 Sensitivity of other individual parameters

In this section, I consider sensitivity analysis of individual parameters. Since this is
a one-dimensional approach, I cannot rule out that any higher-dimensional com-
bination of parameter changes could result in different results than the sum of the
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partial analysis. The model is, however, relatively standard and thus, I will rely on
one-dimensional sensitivity analysis.

First, consider the relative risk aversion parameter of consumption, æc . In the
baseline calibration, this parameter was set to 0.8 which is lower than microecono-
metric analysis would suggest. See Section 1.3 for a discussion of this. Changing this
to the mean value from Havranek et al. (2015) does not alter results much - it merely
implies a small parallel shift of interest rates (around 20 basis points).

If we now consider the convexity of the dis-utility from black savings, the base-
line was quadratic damages, implying µk =°1. The results are not sensitive to this
parameter.

The dis-utility weight of black savings, !b , controls the interest rate spread be-
tween the green and the black interest rate. In baseline this spread is 8 basis points
which is relatively low compared to the magnitude of the interest rate changes in the
model. This spread can be calibrated even lower and be very close to zero without
changing the results of the model. Numerically, an insignificantly small difference is,
however, necessary to allow the two rates to differ. But quantitatively, the size of the
gap does not drive any of the changes.

The remaining parameter from the utility function, Ø, was calibrated to match
realistic values on the average real interest rate. The interest rate changes are not
particularly sensitive to changes in this parameter which seems to mostly affect the
level of the interest rates.

The depreciation rates of green and black capital only have minor significance
since the interest rates I consider in this paper are net of depreciation. But of course,
they matter for the size of the capital stock and also for the natural depreciation
happening during the transition.

1.5 Discussion

In this paper, I show that the green transition will put an upwards pressure on the real
interest rate due to the large investments required to restructure production to a low-
emission world. The increase in the real interest rate caused by the green transition is
comparable in magnitude to that of the demographic changes which decreases the
interest rate. The effect from climate policy is, however, largely temporary, and the
interest rate thus converges towards a level that is only slightly above levels without
climate policy. Feedback from the climate amplifies the effect because alleviating
climate change makes production more effective giving further incentives to invest
in capital.

Importantly, all these considerations are in the absence of risk. Including risk
would have introduced another mechanisms through which climate policy would
increase the real interest rate. Climate change in itself makes the world a riskier place,
and increased risk pushes the real interest rate down because of precautionary sav-
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ings (see Bylund and Jonsson (2020)). Oppositely, policies which effectively mitigate
climate change will then alleviate the need for precautionary savings and in turn
increase the real interest rate. This channel thus magnifies the mechanisms presented
in the current paper.

Also, it is not necessarily obvious that the standard first best climate policy - the
carbon tax - is optimal in reality. The carbon tax is optimal in the absence of other
externalities. But in the presence of other distortionary taxes, savings externalities,
etc., there could be arguments for introducing e.g. a green subsidy in addition to the
black tax which would dampen the effect on the interest rate and thus also alleviate
some of distortions of the savings externality.

For future work, it would be relevant to consider the second best scenario where
the world faces coordination problems and only parts of the world/region imple-
ments climate policy. It would dampen the effects if the overall magnitude of the
shock was then smaller, but it illustrates that the increases in interest rates are a func-
tion of how much of the problem is solved. Also, un-coordinated policy would create
further externalities, most notably, leakage which would introduce more mechanisms
to consider.
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Appendix

A.1 The aggregate resource constraint

The aggregate resource constraint is linearly dependent with the budget constraint.
We can see this by substituting in the zero profit constraint of the insurance firms
and multiplying the budget with the number of households in a cohort. Summing
over all cohorts, we get
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Per definition of the aggregate variables and substituting in for the survival probability,
we have that
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And under balanced growth with the exogenous growth rate z, we have that
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A.2 Model Summary

The following provides a summary of the de-trended model where the exogenous
trend is removed from all trending variables which now have a tilde denoting the
de-trended version. Note that only the exogenous trend is removed and not the
endogenous trend stemming from climate damages by dividing with A
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(1+ z)t . The de-trended model is then solved numerically assuming initial values as
presented in Section 1.3. Trending variables are: capital stocks, the wage, output, the
tax revenue, consumption, and the labour augmenting technology, A. For equations
with different time indices, we have to note that de-trending them implies multiplying
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A.3 Appendix results

Figure A.1: The effect on wages after a carbon tax that makes the black capital stock decrease
with one third.

(a) Capital stocks
.

(b) Temperature in degrees celcius above pre-
industrial temperature.

Figure A.2: Lowering the weight on black capital. The dashed lines indicate the baseline. Green
lines indicate green capital in the plots concerned with two types of capital.
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Figure A.3: Conditional survival probability now and in 2100 according to the UN population
forecast.

A.4 Sensitivity analysis

(a) Green and black interest rates net of de-
preciation.

(b) The average weighted interest rate net of
depreciation.

Figure A.4: Effects of $25, $50, and $75 CO2 taxes on the interest rate and capital stocks.
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Abstract

Consider an open economy with two polluting production inputs whose policy-
makers decide to implement a unilateral carbon tax on the use of the inputs. The
one-sided policy introduces a leakage externality whose magnitude depends on the
price responses of the polluting inputs. We show that the optimal tax on a polluting
input decreases when the relative supply-price elasticity increases. The intuition is
that inputs with low supply-price elasticities experience larger price decreases in
response to taxes, which incentivises the producers in the non-taxing country to use
more of them. The policymaker avoids this by taxing the elastic inputs the most.
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2.1 Introduction

To solve the climate problem efficiently, we should implement a uniform carbon tax.
This is the general consensus among economists (see e.g. Nordhaus (2007), Weitzman
(2014)). It is an application of the Pigouvian tax which aligns private and social costs.
The solution would be theoretically efficient if implemented worldwide (Sandmo,
1975). In practice, however, a worldwide carbon tax seems unrealistic because of
substantial coordination problems (Nordhaus, 2019), which leaves countries who
wish to implement a carbon tax in a second-best scenario. It is well known from
Lipsey and Lancaster (1956) that in a second-best world, other variables than the
restricted ones (here, the foreign carbon tax is restricted to zero) might optimally
deviate from their first-best values, and thus there is a case for differentiated carbon
taxes.

Even though a substantial part of the academic literature on carbon taxes focuses
on models with only one polluting input and thereby implicitly assumes the efficiency
of a uniform carbon tax, a small branch of literature has, nevertheless, identified
several reasons as to why differentiated taxes are optimal in a non-cooperative world.
Böhringer and Rutherford (2002) argue that there are four main channels: pre-existing
taxes, distributional concerns, leakage, and terms of trade.

In this paper, we identify a structural factor important for the degree of leakage1,
namely the supply-price elasticities of the polluting inputs. By differentiating taxes,
leakage can be lowered and utility in implementing countries increased. We develop
a static general equilibrium model containing two open economies, each with fixed
endowments of labour and capital, two polluting inputs, and two consumption goods
(one from each country). The consumption goods produced in one country have the
standard Armington property and thus differ from the consumption goods produced
in the other country. The consumption goods and polluting inputs are traded on a
world market with no frictions which introduces a leakage from policies.

We investigate optimal non-cooperative carbon taxes levied on the use of pollut-
ing goods, meaning that only one country decides to implement a tax, and show how
the optimal tax depends on differences in the supply-price elasticities.

The differences in the supply-price elasticities of the polluting inputs are endoge-
nously generated by differences in their production technologies. Firms produce
polluting inputs using labour and capital and produce the consumption goods using
labour and the two polluting inputs. How easily labour flows between the produc-
tion of polluting inputs and the production of consumption goods determines the
difference in supply-price elasticities.

The main finding of this paper is that unilateral carbon taxes should be differen-
tiated according to the supply-price elasticities of the polluting inputs. The elastic

1In accordance with standards in the literature (e.g. Babiker (2005)), we define leakage as increased
emissions in non-policy countries after the introduction of a climate policy.
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goods should be taxed more than the rigid goods to avoid inefficiently large leakage
rates.

We do not only consider leakage in the sense that when taxing an input, some
of the production shifts out of the country. We also consider the price effects from
taxes which induce changes in the foreign country’s production. When a tax from
the domestic country induces their producers to use less of a polluting input, world
prices fall. This incentivises foreign consumption good producers (not subject to any
taxes) to use more of the input, which constitutes a second type of leakage.

Emitting inputs with a high supply-price elasticity should carry a higher tax than
inputs with a low supply-price elasticity, because more elastic inputs experience less
price changes and thereby lower leakage. When the foreign country shifts production
towards a polluting input, its emissions increase. The climate is a world-wide public
good, and thus the domestic country cares about the overall state of the climate and
not only its own emissions, which makes the foreign country’s response to domestic
taxes important for the domestic social planner even when conducting unilateral
policy to maximise welfare of domestic individuals.

Our model is highly stylised and thus, the results should not be taken as direct
policy advice. Nevertheless, we show that some thoughts should be put into the design
of efficient policies, especially for the large production inputs such as oil, gas, and
coal. There is evidence that they do not have the same rigidness in their supplies with
e.g. coal being much more elastic than gas (Wood Mackenzie Ltd, 2016). The elasticity
of supply is estimated to be around 0-0.15 (see e.g. Ponce and Neumann (2014);
Wood Mackenzie Ltd (2016)), whereas oil is somewhat more elastic with supply price
elasticities of 0.1-0.25 (Caldara, Cavallo, and Iacoviello, 2019; Wood Mackenzie Ltd,
2016). Coal is the most elastic of the three with short/long run elasticities between
0.6 and 1.1 (see Dahl (2009)).

If, for instance, the United States imposes a uniform carbon tax on coal, oil,
and gas, they might cause the world market price of gas to drop sharply because
of its relatively inelastic supply. Foreign producers will be incentivised to use more
gas in their production. In that manner, the tax comes with an unintended bonus
incentive which makes world-wide production more polluting, in direct opposition
to its original purpose.

In the case of heterogeneous emission intensities of the polluting inputs, we find
that the elasticity result still holds, but at the same time, optimally, taxes should
be more than proportionally decreased on the input with the smallest emission
coefficient. The intuition is that the tax-implementing country can raise the overall
world price of polluting inputs by increasing domestic demand for the low-polluting
input. They do this by lowering the tax rate on the low-polluting input and thereby
incentivise the foreign country to switch to the non-emitting inputs (e.g. labour, as it
is in our model).

How much the taxes should differ depends on the relative supply-price elasticities
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of the inputs. If the supply-price elasticity is low on the most polluting, the tax "cut"
on the least polluting input should be small, because it is too costly in terms of price
drops of the most polluting good to lower its demand too much (and consequently
motives for the foreign country to pollute more)2.

The question about tax differentiation in a climate context is not new, but it is
surprisingly scarcely researched. Even knowing the second-best theorem from Lipsey
and Lancaster (1956), economists remain to favour the uniform carbon tax as the
golden standard of climate policy. One of the first papers to study this question was
Hoel (1996) who investigates differentiated carbon taxes analytically and concludes
that carbon taxes should be uniform if border tariffs are possible, because border
tariffs can prevent the leakage externality.3

Hoel (1996) also investigated the question of differentiated carbon taxes without
tariffs and concludes that optimal second best taxes should indeed deviate from the
uniform first best; however, with no simple rule as to how. The paper has been the
cornerstone in the conclusion that carbon tax differentiation is notoriously difficult
to study. Because Hoel (1996) looks for a closed form analytical solution, he has closed
down for price effects which is one of the important mechanisms in our paper.

Later following the work of Hoel (1996), a numerical branch of the literature has
emerged which sets out to illustrate the different channels that are important for the
differentiation (Boeters, 2014; Böhringer and Rutherford, 2002; Böhringer, Lange, and
Rutherford, 2014; Landis, Rausch, and Kosch, 2018). Compared to our model, they
are more empirical models/computational general equilibrium [CGE] types which
are useful for quantification and policy evaluation. Here, Boeters (2014) investigates
the question in a large scale CGE model and finds that differentiated carbon taxes
can produce a welfare gain equivalent to 27% emissions reductions for free. He finds
that the most important mechanisms driving the results are the market power in
export markets and the possibility to correct pre-existing tax distortions. In contrast,
both Böhringer et al. (2014) and Landis et al. (2018) find that differentiated carbon
taxes only have a small potential to increase welfare, and that the uniform tax is
actually a good rule of thumb for policy design. In our model, we do not quantify
the welfare implications. We rather highlight a mechanism, namely the importance
of supply-side elasticities for optimal tax differentiation which none of the previous
papers take into account.

Because the externality depends on price elasticities of supply, we also relate to
the public finance literature which for a long time has known that elasticities are

2In extreme cases, the elasticity result will be so strong that it dominates the emission intensity
differentiation. In that case, the high-polluting good should carry a smaller tax per emission unit than the
low-polluting good. This will be the case if its supply is very rigid compared to the low-polluting good.

3Currently, policymakers and academics discuss the carbon border adjustment mechanism [CBAM]
intensively. As intuitive and elegant the solution is in theory, it is undoubtedly complicated in reality -
both for practical and political reasons and thus, there is scope for thoughts into unilateral policy lacking
this tool. Recently, Kruse-Andersen and Sørensen (2021) have shown that one can recover the first-best
solution using an appropriate set of taxes and subsidies without the CBAM.
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important for optimal taxation (E.g. Corlett and Hague (1953) who show that goods
complementary to leisure should be taxed the most to avoid distortions of labour
supply). Our results might remind some readers of the Ramsey rule (also known
as the inverse elasticity rule) which relates elasticities of demand to optimal taxes
when minimising the dead-weigh loss Pigou (1947). But where one could argue that
the Ramsay rule tries to keep quantities as un-affected as possible, we want the
opposite to avoid leakage. In unilateral climate taxation, we want world prices to
be un-affected4 and quantities to change as much as possible. To our knowledge,
nobody has previously investigated the impact of elasticities on optimal unilateral
carbon taxes.

The rest of this paper is organised as follows. We set up the model in Section
2.2. Section 2.3 presents the parameters. In section 2.4, we show the link between
production technology and elasticities. We present the results including sensitivity
analysis in Section 2.5. Implications for environmental policy are described in Section
2.6. Section 2.7 concludes.

2.2 A general equilibrium model with two polluting production
inputs

In this section, we present a model consisting of two open economies. Like in standard
Ricardian and Heckscher-Ohlin types of models, we consider a setting with one period

4In theory, one could also desire a unilateral climate tax that increased world prices of polluting inputs.
In our framework, however, prices of taxed goods always decrease due to lowered demand. In this light,
policymakers want prices to be as un-affected as possible.

Figure 2.1: A diagram of the flows in the model. Solid lines indicate flows of goods and dotted
lines indicate flows of externalities.
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and with fixed endowments of capital Ki and labour Li in each country, i 2 {D,F }.
The subscripts denote domestic and foreign countries. Both capital and labour are
immobile between countries and used in the production of polluting inputs. We
depart from a standard assumption in the carbon tax literature to show our key
finding: namely by introducing two polluting inputs (R1 and R2) instead of one which
is standard in the literature. With only one polluting good, one implicitly assumes
the efficiency of a uniform carbon tax (e.g. Sandmo (1975), Zhou, An, Zha, Wu, and
Wang (2019), and Dynamic Integrated Climate-Economy [DICE] types of models as
introduced by Nordhaus (1991)).

The polluting inputs emit greenhouse gasses - however not necessarily by the
same amount. We assume that these inputs are homogeneous across countries. This
is a reasonable assumption as many polluting inputs are very homogeneous, e.g. oil,
gas, meat, fertiliser, electricity etc.

The polluting inputs are traded in an international market without any frictions
and are, together with labour, used in the production of consumption goods. The
two economies in this model suffer from coordination problems in their efforts for
a world wide carbon tax, and we analyse the optimal carbon tax in the case where
only one country introduces a tax. The economy levies the tax on the use of polluting
inputs R1 and R2 in the production of consumption goods, from which consumers in
the domestic and foreign country consume and derive utility. We measure the carbon
taxes per emission unit. See Figure 2.1 for a comprehensive graph of the flows in the
model.

2.2.1 Production of polluting inputs

The profit function of polluting input producers equals revenue minus costs. The
revenue equals the price p j times the production R

S

i , j
, which indicates the supply of

R j from country i . The production technology is of standard Cobb-Douglas type

R
S

i , j
= L

Æ j

i , j
K

1°Æ j

i , j
.

When Æ1 6=Æ2, the supply-price elasticities for the two inputs differ in each country.
This is the main driver of key result which we will see below. In Section 2.4, we
elaborate on the relationship between the production parameters and the supply-
price elasticities.

The costs consist of labour costs (the wage W times the amount of labour used
Li , j ) and capital rental costs (the rental rate r times the amount of capital used Ki , j ).
The wage and rental rate are not country specific as the countries are assumed to be
inside the cone of diversification, which according to the Stolper Samuelson theorem
(Stolper and Samuelson, 1941) implies that factor prices will equalise across countries.
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We then have the following profit function, º for input i in country j

ºi , j = p j ·L
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i , j| {z }
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™
. (2.1)

From profit maximisation, we have the following equations pinning down the factor
prices of the endowments
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2.2.2 Production of consumption goods

The polluting inputs are used in the production of consumption goods. Consumption
goods have the standard Armington property, where consumers find the consump-
tion goods produced in the foreign country different from the one produced in the
domestic country. The Armington assumption ensures tractability of the model.5 The
consumption good producers’ profit functions read

ºi ,C = pi ,C L
1°Ø1°Ø2
i ,C

≥
R

D

i ,1

¥Ø1
≥
R

D

i ,2

¥Ø2
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i ,1 °p2R
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The first term is the revenue which equals the price of the consumption good pi ,C

times the production amount Ci . Firms produce consumption goods using a three-
input Cobb Douglas production technology

Ci = L
1°Ø1°Ø2
i ,C
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D
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¥Ø2
,

where Li ,C is the amount of labour devoted to production of Ci . The inclusion of
labour in the production of consumption goods enables for flows of labour between
the polluting sectors and the consumption good sector. How easily labour flows
into the production of polluting inputs determines the supply-price elasticities, and
thereby we generate the differences in supply-price elasticities endogenously, see
Section 2.4 for a thorough description. Here, R

D

i , j
is the amount of polluting inputs

used by the firms.

5A tax in one country forces its prices to increase relative to the other country’s prices, as the input
prices are the same in both countries, and the production function has constant returns to scale. For the
model to be tractable, the price of CD and CF should therefore be allowed to differ.
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On the cost side of the profit function, we subtract labour costs, polluting inputs
costs, and tax costs. The tax costs equal

Ti ,1E Mi ,1R
D

i ,1 +Ti ,2E Mi ,2R
D

i ,2,

where Ti , j is the tax pr. emission unit, and E Mi , j are the emissions pr. unit of polluting
input, R

D

i , j
. Lastly, in the profit function, we add the subsidy, Si Ci , where Si is the

subsidy per unit produced of Ci . It transfers all the tax revenue back to the producer.
Transferring the tax revenue back this way ensures that it does not become a tax
on foreign consumers, as would have been the case if it were repaid by a lump sum
transfer to domestic consumers. The subsidy is paid industry-wide to ensure that
individual firms have negligible effects of Si and therefore do not take into account
changes in Si when optimising their production. The subsidy is given by

Si =
Ti ,1E Mi ,1Ri ,1 +Ti ,2E Mi ,2Ri ,2

Ci

The government thus has a balanced budget which can be seen by multiplying with
Ci on both sides. From profit maximisation, we derive the demand function for Li ,C ,
R

D

i ,1, and R
D
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These are standard Cobb-Douglas demand functions with the small additions of the
subsidy, Si , and the carbon tax, Ti , j E Mi , j . See Appendix A.1 for the derivations.

2.2.3 Consumers

The consumers in each country have the same constant elasticity of substitution
[CES] utility function. They get utility from consumption of the country-specific
consumption goods and disutility from the overall state of the climate. The state
of the climate is captured by the sum of emissions from the domestic and foreign
consumption of R1 and R2.
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¢¥
(2.2)

Here, ci ,D and ci ,F are consumption in country i of the domestic and foreign con-
sumption good. The parameter æ> 0 controls the elasticity of substitution between
the foreign and domestic consumption good, and D is the dis-utility per emission.
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The parameter ! determines the relative weights of foreign compared to domesti-
cally produced consumption goods. Emissions are captured by E M j which denotes
emissions per unit of R j . The consumers’ budget constraints read

pD,C · ci ,D +pF,C · ci ,F =W + Ki

Li

· r.

The left-hand side consists of expenses on consumption goods from the domestic
and foreign country. The right-hand side consists of income where each consumer
contributes with one unit of labour and therefore earns W . Capital is identically dis-
tributed among consumers in each country, and thus the capital ownership per con-
sumer is equal to Ki

Li
which we multiply with the rental rate, r , to get each consumer’s

capital income. From utility maximisation, we derive the demand for consumption
goods
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We note that the demand for the domestic and foreign consumption goods depend on
the wage and relative prices of domestic and foreign consumption goods. Consumers
take these prices as given.

2.2.4 Market clearing

The polluting inputs and consumption goods are freely traded between the two
countries, and their market clearing conditions are

R
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The first equation states that demand for polluting inputs should equal supply. The
second equation expresses that the demand for domestic consumption goods should
equal the supply of domestic consumption goods, and the last equation is identical,
but for foreign consumption goods. Contrary to the polluting inputs and consump-
tion goods, the factor endowments of capital and labour are immobile between
countries and thus for each country, we have the following equilibrium conditions in
the factor markets,

Li = Li ,1 +Li ,2 +Li ,C , i 2
©
D,F

™

Ki = Ki ,1 +Ki ,2.
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As stated previously, production use labour in both the polluting sector and consump-
tion goods sector. The intuition is that firms refine the raw materials/endowments
in the polluting inputs sector, producing some industrial output, which they further
refine to the consumption good - again using labour. The inclusion of labour in
the consumption good sector enables for the well-known substitution effect, where
production shifts towards labour relative to emitting inputs when the government
imposes a carbon tax. The possibility to move production factors from the polluting
sector to the clean sector is also the way we have chosen to incorporate endogenous
supply elasticities. If labour had been tied to the polluting sector (as well as capital),
the amount of polluting inputs would be constant, and effective carbon taxation
would be impossible. In our setup, clean and polluting firms compete for labour, and
the substitution possibilities determine the supply-side elasticities which, in turn,
determine optimal taxation. We have chosen labour to be the substitutable good and
capital to be fixed in the polluting sector, however, the analysis had been identical
with opposite roles (and thus opposite interpretation).

2.2.5 Externality cost of carbon

To simplify the analysis on optimal non-cooperative taxes, we want the optimal
cooperative taxes to be constant. For fixed preference parameters in the utility func-
tion, the monetary cost per externality, (EC ), would vary with differing production
technologies, Æ’s in Equation 2.1. The optimal cooperative tax is identical to the
externality cost and thus, this would also vary with the Æ.

To avoid the varying cooperative tax, we fix the monetary cost per externality
and adjust the emissions dis-utility parameter in the utility function accordingly,
such that the cost is constant for varying production technologies (different Æi ’s).
This normalisation does not matter for the results, as our analysis is concerned with
relative taxes, and it makes the comparison to the first-best (the cooperative case)
easier.

We solve for the EC
°
Z

¢
and then deduct the inverse function such that Z

°
EC

¢

becomes a function of EC . The monetary cost per externality (EC ) equals the utility
damage per emission, Z , divided by the amount of utility per extra dollar (the La-
grange multiplier in the optimisation problem, ∏i ) and last, this is multiplied with
the number of consumers in each country:

EC
°
Z

¢
= Z

∏D

LD + Z

∏F

LF .

Inverting the function gives

Z
°
EC

¢
= EC

µ
LD

∏D

+ LF

∏F

∂°1

.



2.3. PARAMETERS 45

Here, the Lagrange multiplier is given by,

∏i =
µ
!c

æ°1
æ

i ,D + (1°!)c

æ°1
æ

i ,F

∂ 1
æ°1

c
° 1
æ

i ,D
!

pC ,D +SD

.

We add the subsidy to the price of consumption goods, as pC ,D +SD is the true price
of production.

2.2.6 The policymaker’s problem

The government is assumed only to care about its own citizens, and therefore the
policymaker chooses the carbon taxes, TD,1 and TD,2, which maximise the utility of
the domestic individuals

max
TD,1,TD,2

uD ·LD .

Here, uD is the utility of the domestic individuals presented in Equation 2.2 and LD is
the number of individuals.

The optimal cooperative carbon tax is the tax which maximises global welfare
which is the sum of the utility of domestic and foreign citizens

max
T1,T2

uD ·LD +uF ·LF .

Here, T1 and T2 are the cooperative tax rates on R1 and R2 in both the domestic and
foreign country, ui is the utility of an individual in country i , and Li is the number of
individuals in country i . The two maximisation problems are the ones we solve when
computing optimal cooperative and non-cooperative taxes in Section 2.5.

2.3 Parameters

Our baseline parameters are summarised in Table 2.1. We normalise most param-
eters to 1. We set the elasticity of substitution between the domestic and foreign
consumption good to 4.4 which is in line with Hertel, Hummels, Ivanic, and Keeney
(2007). This does not matter for the qualitative results, see Section 2.5.3, where we do
sensitivity analysis to show that the choices do not affect the overall conclusion. We
set the utility function weights !i such that people consume final products relative
to the country sizes when pD,C = pF,C . I.e. if one country is ten times larger than the
other, in baseline, that country also provide ten times more consumption goods to
consumers. See Appendix A.1.1 for the derivations. The externality cost of carbon EC

is set to 0.2.
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Table 2.1: Baseline parameter specification

LD : Population in domestic country 1
LF : Population in foreign country 1
KD : Endowment of capital in domestic country 1
KF : Endowment of capital in foreign country 1
Ø1: Relative importance of input, R1, in the prod. of C 0.3
Ø2: Relative importance of input, R2, in the prod. of C 0.3
Æ j : Relative importance of labour in the production of R j 0.5
E M1: Emissions of input R1 1
E M2: Emissions of input R2 1
EC : Externality cost of carbon 0.2
æ: Elasticity of substitution between CD and CF for cons. 4.4

2.4 The link between production technology and elasticities

In this section, we present the link between the production technologies, the Æ’s
in the production function, and the implied supply-price elasticities. Normally, the
concept of elasticities is an all-else-equal measure; however, in our setup this does
not make sense. If all else is equal, i.e. no price effects, the supply-price elasticity of
each input is infinity. But because the goods in our model are produced with limited
endowments, a tax implies changes in prices, and consequently the supply is not
perfectly elastic. We investigate this by constructing three general equilibrium supply
curves.

The supply curves are not ordinary supply curves where all prices are kept con-
stant with a varying output price, as this would result in a flat line and not take into
account general equilibrium effects. Instead we impose a range of uniform taxes
between 0 and 0.2 on R1 and R2, which change demand for R1 and R2. For each
tax rate, we find the intersection between the demand and supply curve. As the tax
primarily affects demand for R1 and R2, the intersections together construct what we
denote ’the general equilibrium supply curve’. Each curve has a different value of Æ1:
first 0.2, then 0.4, and lastly 0.6, and for each curve we impose a domestic uniform
tax ranging from 0 to 0.2, which causes price changes in the polluting inputs. Prices
are divided by total income to keep the same numerator in all cases. To facilitate
graphical interpretation, we set the starting points of all series to (1,1) by dividing the
series by its lowest value.

Figure 2.2 illustrates that the supply of the inputs becomes more elastic (the curves
flatten) when Æ1 increases. This means that when the weight on labour increases,
the supply-price elasticity also increases. The reason is that labour is used in both
the polluting sectors and the consumption goods sectors, and thus it is easier to
adjust production with a high weight on labour. The Æ’s thus determine the relative
elasticities between the two polluting inputs because a higher Æ implies a higher
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Figure 2.2: Equilibrium price and quantity curves in the open economy for R1 and R2. The
curves are constructed by imposing domestic uniform taxes between 0 and 0.2. The parameter
Æ2 is kept at 0.5 while Æ1 varies.

elasticity of supply.
For robustness, we also conduct the analysis with a world-wide tax to close down

for leakage effects. The results are the same, see Appendix A.3.1.

2.5 Results

In this section, we analyse optimal carbon taxes as a function of the production
technology in the polluting sector. We compute optimal non-cooperative taxes by
fixing the foreign tax to zero, and then let the domestic social planner choose the tax
that maximises utility in the domestic country under optimal behaviour by both the
foreign and the domestic country agents.

2.5.1 The optimal carbon tax increases with the supply-price elasticity

In Figure 2.3, we show optimal carbon taxes as a function of the ratio between Æ1 and
Æ2.

When we construct optimal taxes, we set Æ2 = 0.5 and vary Æ1. At first, we let
emissions per polluting input, R1 and R2, be identical. In Section 2.5.2, we study
the importance of this assumption. In panel 2.3a, we depict the absolute size of T1

and T2, whereas panel 2.3b shows the ratio between them. Panel 2.3a shows that
the non-cooperative tax rates are always below the cooperative tax rates because of
the positive externality of the climate tax on the other country, which none of the
countries take into account.

The absolute tax rate is increasing in the size of Æ1. When Æ1 increases, the overall
supply of polluting inputs becomes more elastic, which implies taxes closer to the
cooperative level. Similarly, for the relative taxes, we see that only when the Æ’s are
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Figure 2.3: Emission taxes

(a) Optimal taxes on R1 and R2 as a function of the
ratio betweenÆ1 andÆ2. To construct the ratio,Æ2 =
0.5 and Æ1 varies.

(b) Optimal ratio between taxes on R1 and R2 as a
function of the ratio between Æ1 and Æ2. To con-
struct the ratio, Æ2 = 0.5 and Æ1 varies.

equal should the tax rates be equal. When Æ1 is larger than Æ2, the tax should be
larger on R1 - and vice versa.

Overall, this means that taxes increase with the elasticity of supply - both in
relative and absolute terms. The reason is that the domestic country takes price
effects on the world market into account. When they impose a tax, they affect prices
and thereby affect the production in the foreign country. The price changes are largest
on the most rigid inputs, and taxing these thus generates the largest distortions. If,
for instance, a domestic tax makes a rigid input drop drastically in price, the price
change induces foreign producers to shift production towards that input - i.e. they are
incentivised to use more of the input that was taxed, exactly because policymakers
wanted producers to use it less intensively. In this manner, the tax gives rise to leakage
via price changes.

When taking account of leakage, policymakers should tax the more elastic inputs
which do not experience price changes of the same magnitude. We show this in Figure
2.4 which compares the optimal uniform tax with the optimal differentiated tax. The
figure shows that the optimal uniform tax implies steeper curves meaning that prices
are more different over different production technologies. In contrast to this, the
optimal differentiated tax flattens the price curves which means that the differences
between prices in the elastic and non-elastic production case are smaller. The figure
displays the prices of R2, see Figure A.2 in Appendix A.3 for the changes in the price
ratios.
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Figure 2.4: Changes in foreign and domestic prices of R2 for the optimal uniform tax and the
optimal differentiated tax.

2.5.2 The effects of heterogeneous emissions

Previously, we have looked at a case where emissions per unit of the polluting inputs
were identical, and only the supplies of the inputs varied. Now, we analyse the case
where emissions per polluting input are different. Consider the same scenario as
above, but now, R2 is twice as polluting as R1. Note that taxes are depicted per emis-
sion and thus correspond to "per carbon unit"-taxes. Figure 2.5 shows optimal taxes
over differences in the relative supply elasticities. Overall, the pattern is the same as in
the homogeneous emissions case, however, with the difference that the low-polluting
input (R1) should have relatively lower tax than before. This also means that for equal
Æ’s, the taxes are no longer identical - now, the low polluting input should be taxed
the least pr. emission unit.

When analysing the reason for this tax shift towards the high-polluting input,
we start by looking at the production input mix. Emissions per consumption good
are almost constant in the domestic country, but decreases in the foreign country.
What happens is that the domestic country raises the overall world price of polluting
inputs by increasing domestic demand for the low-polluting input. They do this by
lowering the relative tax rate on the low-polluting input which makes polluting inputs
relatively more expensive. This incentivises the foreign country to switch to the clean
input - here labour - because it becomes relatively cheap.

At the same time, the production mix between the two polluting inputs becomes
more clean in the domestic country because of a relatively larger tax on the most
polluting input, R2. The foreign country has no taxes, but experiences a drop in the
price of R2 because of the demand drop from the domestic country. This makes the
input mix of the two polluting inputs somewhat worse in the foreign country.

But overall, production of polluting inputs declines, and more labour is used
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Figure 2.5: Optimal taxes when R2 is twice as polluting as R1. The taxes are depicted "per
emission unit".

directly in the consumption goods sector which makes world production more clean.
At the same time, the elasticity effect is still in place. When the high polluting

input is relatively more elastic (i.e. Æ1
Æ2

is small), the above mechanism (tax the most
polluting input relatively harder) is most prevalent. As R2 becomes relatively more
rigid, an increased tax on the polluting input, R2, becomes too expensive in terms of
price effects on R2, which corresponds to the main result of the paper.

Thus, how strong the shift should be depends on the relative supply-price elastici-
ties of the inputs. If the most polluting input is relatively rigid, the tax "bonus" on the
polluting input should be relatively small, because it is too costly in terms of price
drops (and consequently motives for the foreign country to pollute more).

2.5.3 Sensitivity analysis

In this section, we conduct sensitivity analysis which is especially relevant because
our parameters are stylised and thus not calibrated to data. Here, we want to show
that the importance of supply-price elasticities is universal and not tied up to any
specific parameters per se. The previous section looked at heterogeneous emissions
in the case where one input polluted twice as much as the other. The ratio between the
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emission coefficients for the two polluting inputs does not matter for the mechanisms
described above; however, at some point graphs become uninformative because one
input pollutes substantially more and should then carry the entire tax burden.

Another important normalisation is the country sizes. In the baseline, the two
countries are equally large, but we have solved the model for different country sizes
which does not affect our general results, neither in the homogeneous emissions
case or the heterogeneous emissions case. One could imagine that the impact of a
domestic country tax on the rest of the world would depend on country sizes, because
e.g. a tax from a large country would have substantial price effects. This is also true,
but if the domestic country is large, the rest of the world is small, and thus we have
a large effect on a small rest of the world. Oppositely, we could also have a small
effect from a small country on a large rest of the world. In total, country size is not an
important determinant for the mechanisms we investigate (conditional on being in
the cone of diversification).

In a similar fashion, we also investigate the impact of the capital labour-ratio.
This of course affects input distribution between the sectors in the economy, because
labour is an input in all sectors whereas capital is only used in the production of the
polluting inputs. It does not, however, affect the main result. See Appendix A.3.3.

We also look at the substitution parameter between the domestic and foreign
consumption good, æ. In benchmark, it is equal to 4.4 which means that the con-
sumption goods are highly substitutable. Changing the parameter does not influence
results.

Lastly, the externality cost of carbon is also arbitrarily chosen and does not in-
fluence the results. It might puzzle some readers that it is set to 0.2 instead of (the
obvious normalisation) 1, but this is simply for computational reasons.

2.6 Implications for environmental policy design

The literature has previously identified several other theoretical arguments for differ-
entiated taxes: pre-existing taxes, distributional concerns, leakage, and terms of trade
concerns (Böhringer and Rutherford, 2002). How easily the different mechanisms
translate into policy advice differs. Our paper identifies elasticities as a determinant
of carbon leakage and thus our main result has direct policy implications.

First, countries conducting unilateral climate policy should tax inputs with an
high supply-price elasticity more than inputs with a low supply-price elasticity. For
instance, a tax on coal would result in lowered global demand which would translate
into a lower global coal production and a somewhat lower global coal price. In total,
the tax would work as intended. In comparison, gas production is less responsive
to price changes than coal.6 A tax on gas would therefore imply a larger drop in

6The supply curves of oil, gas, and coal are found in FOSSIL FUEL SUPPLY CURVES by Wood Macken-
zie Ltd (2016) on page 14, 33, and 55.
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price, which in turn would result in a large part of the lowered demand from the
tax being suck up by non-imposing countries because of the price decrease. We
therefore recommend higher taxes on inputs where global production is relatively
more responsive compared to other emitting inputs.

Second, our results imply that countries and regions should prioritise cooperation
on carbon taxes on inputs where the supply does not change much when the price
changes - the rigid inputs. If not, unilateral or regional carbon taxes would decrease
the prices of these inputs and a lot of their lowered demand would be offset by
increased demand from other countries. We therefore recommend countries to focus
on cooperation on carbon taxes on e.g. gas and eventually oil consumption.

2.7 Conclusion

Economists think of the uniform carbon tax as the golden solution to the problem of
climate change even though we know that it is only true under certain conditions. In
a non-cooperative second best scenario involving leakage, differentiated taxes are
optimal.

In this paper, we have shown that macro supply-price elasticities of polluting
inputs are important for optimal unilateral carbon taxes. Tailoring taxes to the elas-
ticities can be used to reduce leakage by taking into account the changes in world
market price of the polluting inputs (without taxes). Large drops in world market
prices imply costs of increased demand from non-taxing countries. These costs can
be taken into account through differentiated taxes.

Policymakers are thus forced to, optimally, take this mechanism into account to
avoid incentives that counteract climate change mitigation. And because the climate
is a world-wide public good, they also have to take into account foreign responses to
home taxes and their effects on world prices.

As we live in a world with imperfect coordination, many open economies (e.g. the
EU or the US) are in a situation where they choose to make climate policies on their
own. In this case, they have to take into account the potential harm caused by the
"standard solution" - the uniform carbon tax.

In this paper, we do not quantify the benefits of differentiated taxes. Rather, we
point to a new mechanism that has previously not been considered in the literature
as a reason for differentiation.

One of the main advantages of the uniform carbon tax is its (relatively) simple
nature. It is often highlighted as the most feasible solution and though theoreti-
cally identical to cap-and-trade systems, it is also simpler to implement than those
(Weitzman, 2014). Choosing a more complicated approach might not be high on
policymakers’ agendas. What we propose, however, is not an endlessly dis-aggregated
approach where each minor item has its own tax rate; rather it could be as simple as
different taxes on the very large inputs - oil, gas, etc. Feasibility-wise, this is also the
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sensible solution because most data is available on these inputs; we might not know
the supply-price elasticities of some minor production input.

The empirical side is out of scope for this paper. We have chosen to build a
highly stylised model. We do not claim to know the quantitative implications of
our predictions. It is highly relevant to take our findings and investigate them in a
computational general equilibrium model calibrated to world data, and thus get
some understanding as to how much the elasticity mechanism affects welfare and
also to what extent it interacts with our important mechanisms - like pre-existing
taxes and distributional effects which we have excluded from our analysis. Also, our
model is static and consequently we do not make any claim about the adjustment
path. We leave this for future research.
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Appendix

A.1 Derivations of the model

A.1.1 Demand

Here we present all the derivations of the model. The production of R1 and R2 is given
by,
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Next, we look at the demand for each consumer
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Inserting the demand from Equation A.1 into the budget constraint, we find the
demand in terms of only prices and factor quantities
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A.1.2 Equilibrium conditions

Each country has a fixed endowment of labour and capital which cannot move
between countries. This yields the following equilibrium conditions:

LD,1 +LD,2 +LD,C = LD

LF,1 +LF,2 +LF,C = LF

KD,1 +KD,2 = KD

KF,1 +KF,2 = KF

On the goods market we have the following equilibrium conditions. Here, we sum
over the countries denoted by i because of trade in both the consumption goods and
the intermediate inputs
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A.2 Model summary
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A.3 Results

A.3.1 The link between production technology and elasticities

Here we show the figure, with a replication of the analysis from Section 2.4, however
with the difference that we impose a world-wide tax instead of a unilateral tax.

Figure A.1: Equilibrium price and quantity curves in the open economy for R1 and R2. The
curves are constructed by imposing world-wide uniform taxes between 0 and 0.2. Prices
are divided by total income to keep the same numerator in all cases. For easier graphical
interpretation, the starting points of all series are set to 1.1 by dividing the series by its lowest
value. Æ2 is kept at 0.5 while Æ1 varies.

A.3.2 Price changes

Figure A.2: Changes in price ratios after the optimal uniform tax and the optimal differentiated
tax.
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A.3.3 Robustness

Figure A.3: Low capital to labour ratio in both countries. K = 1, L = 2
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Abstract

We investigate strategic interactions in non-cooperative climate actions in a two-
country model with integrated capital and goods markets. We find that there is
strategic substitutability in the abatement dimension of policy, but that, contrary to
common perception, there is strategic complementarity in the taxation dimension
even though both motives are present. When trading partners increase their climate
tax, it induces a substitutability motive because the marginal benefit of climate action
decreases, but a less fierce tax competition also makes it less costly to raise public
funds domestically which induces complementarity. In baseline, complementarity
dominates. Our results show that the green transition may be easier than predicted,
as climate actions, at least in the tax dimension, could very well reinforce each other.
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3.1 Introduction

The world is in a deadlock. No country wants to move first in solving the climate crisis.
Why would any country impose carbon taxes or spend money on abatement when
the rest can just free ride? When asking such a question, one implicitly assumes that
climate actions are strategic substitutes, implying that when one country strengthens
its climate actions, others optimally weaken theirs.

But can we be sure that weakening climate actions is, in fact, the optimal policy
response to a trading partner increasing its efforts against climate change? In this
paper, we investigate non-cooperative interactions in climate policy and ask whether
home and foreign carbon taxes and abatement expenditures are strategic substitutes
or complements. The terminology of strategic substitutability and complementarity
was first introduced by Bulow, Geanakoplos, and Klemperer (1985) and subsequently
by Cooper and John (1988). They define strategic substitutes as policy actions that
are mutually negating, meaning that - using taxes as an example - when one country
raises its tax, the other country is induced to lower theirs. Strategic complements
are, oppositely, policy actions that are mutually reinforcing, meaning that when one
country increases its tax, the other country is induced to increase its tax as well.

We address the substitutability/complementarity of climate policy in two steps.
In the first part of the paper, we present a stylised model to fix ideas and explain the
main mechanisms. The model presents a simple two-country tax-competition frame-
work with a shared climate where taxes finance public consumption and climate
abatement. Domestic taxes negatively (positively) affect domestic (foreign) produc-
tion which captures standard leakage arguments of taxation. The model introduces
several counteracting effects; some pull towards strategic complementarity, others
towards substitutability.

One the one hand, countries compete for economic activity, and thus, tax base.
This implies that if a trading partner increases its tax rate, the tax competition be-
comes less fierce, leaving more room to increase your own taxes. This channel gives
rise to strategic complementarity. Note that similar arguments are often used to
explain why countries meet tax cuts among trading partners with tax cuts of their
own.

One the other hand, when one country increases its climate actions, the marginal
benefit for the other country to do the same decreases. You simply lower your am-
bitions because now that the other country solved it (partially), the problem is less
severe. This channel gives rise to strategic substitutability. Importantly, this effect
relies on the assumption that the countries can actually affect the state of the climate,
and thus one should think of the paper as concerned with large countries or regions.

The different effects lead to ambiguity of the total effect of a trading partner
increasing its climate tax. Contrary to this, we show that abatement expenditures are
unambiguously strategic substitutes, because an increase in the abatement share
does not affect competition for economic activity but only decreases the marginal
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gain of climate actions. The stylised model serves to shed light on these counteracting
effects which illustrates why assuming strategic substitutability in climate policy is
potentially not such an innocent assumption as one might think.

In the second part of the paper, we present a more complex model that allows us
to quantify the different effects in numerical experiments. The larger-scale model
introduces further country inter-dependencies through integrated capital and goods
markets. Whereas the tax in the stylised model is an output tax, we explicitly model a
carbon tax on the polluting input, capital, in the larger-scale model. In both models,
policymakers unilaterally choose taxation and how much to spend on abatement
without any warm-glow motives but only domestic welfare in mind.

The larger-scale model allows us to take into account the above-mentioned effects
as well as general equilibrium effects on e.g. wages, because we have modelled the
production side explicitly. We solve for best response functions numerically to assess
whether green policy actions are strategic complements or substitutes and show that
in our main specification, where governments spend their tax revenues entirely on
public spending (approximating the current state of the world), climate taxes are in
fact strategic complements. We find that the higher the abatement budget share of
the government is, the flatter the best response function is and at some point the
slope turns negative, implying strategic substitutability. The pure substitutability
motive from the abatement dimension (as shown in the theoretical model) becomes
increasingly dominating when the abatement share is increased.

Thus, we show that whether climate taxes are strategic complements or substi-
tutes to a large degree comes down to what governments spend tax revenues on.
Whereas investments in public consumption only benefit people in the investing
country, investments in abatement benefit the entire world because the state of the
climate is a worldwide public good and thus influences the other country’s motives
for policy.

The literature has to a large extent viewed climate policy as a binary coordination
game where countries decide to either adhere to a cooperative policy or defect and
effectively do nothing to better the climate (see e.g. Perdana, Tyers, et al. (2017); Nord-
haus (2019); DeCanio and Fremstad (2013)). We divert from this binary choice setup
and consider the non-cooperative case in a continuous setting with more options
than "cooperate" and "defect". In a cooperative world, the solution is straightforward.
A uniform carbon tax is the most efficient solution which aligns private and social
costs of carbon (see e.g. Nordhaus (2014); Weitzman (2014)). As illustrated by Sælen
(2016); Hovi, Sprinz, Sælen, and Underdal (2020), a solution to the non-cooperative
bias (see Nordhaus (2015) who shows that no cooperative climate equilibria exist) is
to implement climate clubs with side payments or sanctions to ensure stability. But
commitment is a politically difficult process, and thus we introduce a setup which
does not require any politically shared ambitions. Our model contains no clubs or
sanctions because we look at the purely non-cooperative case.
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Perdana et al. (2017) also look at non-cooperative policy when they compare
carbon taxes and free riding. They present a multi-country computable general
equilibrium model and show that all countries/regions should optimally free ride in
climate policies except for China, the US, and the EU. Our paper differs in its target
because we to a larger extent look at mechanisms and motives instead of an accurate
regional calibration.

In the theoretical literature on strategic interactions, there has been extensive
research on strategic interactions in various fields (see e.g. Cooper and John (1988);
Glaeser, Sacerdote, and Scheinkman (2003); Milgrom and Roberts (1990)). But the
question whether climate taxes are strategic complements or substitutes is still new.
Climate taxes are different than other taxes because of the world-wide externality
associated with climate change.

To our knowledge, the only part of the climate economics literature that has
looked at strategic interactions, is the literature concerned with technology spillovers.
Here, several papers have shown that if technology innovation spills over to other
countries, then there might be strategic complementarity in climate change inno-
vation (Golombek and Hoel, 2004; Gerlagh and Kuik, 2014). In our paper, the com-
plementarity does not come from technology spillovers, rather we propose another
channel, tax competition, which incentivises countries to reinforce each others’ cli-
mate efforts.

Recently, many rich, primarily European, countries begin to form stronger pref-
erences for combating climate changes. Despite this, it seems to be an empirical
fact that global coordination of climate policies is slow. Many countries are eager to
take climate action, but are reluctant to do so unilaterally due to the concern that it
induces other countries to lower their ambitions. Reluctance to implement climate
policy can, of course, also be caused by many other concerns, such as general do-
mestic political economy concerns, rational shortsightedness (i.e. the policymakers
of today are elected to maximise welfare of today’s agents), uncertainty/pessimism
about what can be done, etc. Nevertheless, it seems more relevant than ever to nu-
ance and shed light on the validity of the argument that unilateral policy leads to
free-riding. If the direct negative effect on the marginal gain from climate actions is
dominated by tax competition effects, such that carbon taxes are strategic comple-
ments, it would ease the transition toward a better climate as it implies that countries
optimally double down on the choices taken by first movers.

The rest of this paper is organised as follows. We set up the theoretical model
and analyse the theoretical mechanisms in Section 3.2. In Section 3.3, we present
the numerical model. Section 3.4 describes the calibration. We present the results
including sensitivity analysis in Section 3.5. Section 3.6 concludes.
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3.2 Theoretical Analysis of the Main Mechanisms

In this section, we present a stylised two-country1 model with possibilities of leakage
of production because of different tax rates. The tax is a general output tax that
decreases emissions by lowering output. At the same time, higher taxes imply higher
tax revenues that can be used on abatement expenditures to improve the state of the
climate even further. Social welfare is determined by private and public consumption
and abatement initiatives that ensure a better climate. We investigate analytically
which mechanisms are at play before we move on to a richer model in the numerical
part of the paper.

3.2.1 A Stylised Model with Tax Competition and a Shared Climate

Consider a domestic economy where output is determined solely by the tax rates in
the home and the foreign country

y = y

≥
ø,ø f

¥
.

Domestic output is decreasing in the home tax rate, ø, and increasing in the foreign tax
rate, ø f . This captures standard leakage arguments of taxation where firms relocate
to the most favourable production environments2. We equip variables specific to
the foreign country with a superscripted f . Households consume the fraction of
production they have left after paying taxes,

c = (1°ø) · y.

The government spends a fraction, µ, of the tax revenue on abatement expenditures,
A,

A =µ ·ø · y,

and the remaining part of the tax revenue on a public good, g ,

g = (1°µ) ·ø · y.

In this setup, we capture any general climate policy consisting of a combination of
expenses and taxes. Similar private and public budget constraints exist in the foreign
country.

1One should think of the countries as either large countries or world regions whose climate actions
have significant effects on the state of the climate. The model setup relies on countries being able to affect
world emissions which small countries in reality cannot.

2One could argue that other variables (e.g. government spending) should enter the production func-
tion as well. This would imply that firms also locate based on the amount of e.g. roads, public health care
etc. To keep the setup stylised, we abstract from this and only consider leakage via taxes. We do, however,
analyse the cross-effects between taxes and public spending by investigating the cross-derivatives of the
social welfare function. See Appendix A.1.2
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Social welfare is given by the utility of consumption, the public good, and disutility
from net (i.e. after abatement) emissions. Emissions are proportional to output, while
abatement is a function of abatement expenditures, √(A). Importantly, agents get
utility from both home and foreign net emissions, which highlights that the climate
is a worldwide public good. Formally, utility is given as

≠= u(c)+ v(g )°h

µ
y °√

°
A

¢
+ y

f °√
≥

A
f

¥∂
, (3.1)

where u
0, v

0,h
0,√0 > 0 and u

00, v
00 < 0, h

00 > 0. We assume √00 ∑ 0 to capture declining
marginal returns to abatement - cheapest measures are implemented first.

3.2.2 Analysis

We are interested in knowing if the home country raises or decreases its tax rate/abatement
expenditures in response to the foreign country raising theirs. Specifically that is,
we are interested in the signs of @ø

@ø f
and @µ

@µ f
. In case of only one policy variable (by

treating the other as exogenously given), the analysis is somewhat simple. By total
differentiation of the first-order condition of the policymaker, it is possible to show
that

sign

√
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@ø f

!
= sign

°
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!
= sign
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¥
.

If we allow for the governments to decide on both policy variables in each country at
the same time, the analysis becomes more tedious. Here, the countries adjust both
their tax rate and abatement expenditures in response to a foreign policy change, and
then we have that e.g.

sign

√
dø

dø f

!
= sign

≥
≠øµ≠µø f °≠øø f ≠µµ

¥
. (3.2)

See Appendix A.1.3 for the derivations.

3.2.3 The Case with One Policy Variable

In this section, we consider the case with one policy variable. First, we hold the tax
rates, ø and ø f , constant and look only consider the strategic relationship between
the abatement shares in the two countries, µ and µ f , by looking at the sign of dµ

dµ f
.
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3.2.3.1 Endogenous abatement implies strategic substitutability

By total differentiation of the first-order condition, we know that sign
µ

dµ

dµ f

∂
= sign

≥
≠µµ f

¥

if we assume exogenous tax rates, and thus we look at the second derivative of the
social welfare function (Equation (3.1)) and find

≠µµ f =°hEE (·)√A
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∏
< 0.

From the properties of the utility function, the abatement function, and the pro-
duction function, we see that the expression is unambiguously negative, implying
strategic substitutability in the abatement dimension of climate policy. The mech-
anism is rather straightforward: when the other country raises its abatement share
to solve the climate problem, your marginal benefit from doing the same decreases
while at the same time, your marginal benefit from getting more public consumption
is unaffected, inducing you to shift from abating the climate to spending money on
general public spending. Thus, more abatement from the foreign country always
implies less abatement from the home country.

3.2.3.2 Endogenous taxes

Turning to the the strategic relationship between tax rates, the analysis is less straight-
forward. Here, we find counteracting effects which makes the total effect ambiguous.
First, there is a substitutability motive similar to the one between abatement levels.
When a country increases its tax rate, the other country is induced to lower theirs
because the marginal gain of doing climate policy decreases. This is the same mecha-
nism as before, where your incentive to solve the problem becomes smaller when
somebody else partially solves it.

Secondly, when a country increases its tax rate, the other country has room to
increase its tax rate as well because the competition for production (via a low tax rate)
is decreased. You can safely increase your tax rate because the foreign country is less
compelling to relocate to for producers.3 This is a complementarity channel. In this
section, we will analyse these counteracting mechanisms in depth.

Assuming that countries don’t cooperate, the social planner solves the optimisa-
tion problem taking abatement shares and the foreign tax rate as given. This yields a
first-order condition:

≠ø =uc (·)
£
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+ (1°µ)vg (·)

£
y +øyø

§

°hE (·)
h

yø°µ√A (·)
£

y +ø fø
§
+ y

f

ø °µ f ø f
y

f
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i
= 0. (3.3)

3Even though we do not specify who pays the taxes (i.e. consumers or producers), it yields the same
results either way. If taxes are paid by consumers, they will want to invest less with higher taxes, which
also leads to leakage of production. This mechanism is smaller if taxes are also high in the foreign country
because then nothing/less is gained from investing there.
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We also have the standard second-order condition,≠øø < 0, which we assume to hold.
Using that sign

≥
@ø f

@ø

¥
= sign

°
≠ø f ø

¢
, we can find the strategic relationship between the

tax rates by differentiating the first-order condition.

3.2.3.3 Endogenous taxes: No abatement spending

We start by considering the corner case where µ=µ f = 0. I.e. the government spends
all its revenue on general spending and nothing on abatement. This is illustrative
because these local results are somewhat more simple and because it mimics the
world at its current state with very limited public abatement expenditures. The re-
sults are local around zero foreign and domestic abatement, but they still capture
mechanisms which are general.

By total differentiation of the first-order condition (Equation (3.3)) and setting
µ=µ f = 0, we get:4
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Here, we assume that yø f ø = 0.5 The sign of the expression (and consequently also

the sign of @ø f

@ø ) is ambiguous because several mechanisms are at play. First, we have
the effect that pulls toward strategic complementarity:

1. With a higher foreign tax, some of the production in the foreign country leaks to
the home country. This makes the marginal benefit of increasing the home tax
in terms of public consumption larger, because the tax base is larger. Also, with
a higher foreign tax, competition for production is less fierce, and therefore it is
less costly to raise the tax. The home country’s fear of leakage is smaller when
the foreign country is less compelling to relocate to for producers.

Secondly, we have two effects that pull towards strategic substitutability:

2. With a higher foreign tax, it is relatively more expensive (in terms of private
consumption) to raise the tax for the home country because the tax base is
larger. You simply lose more by increasing the tax when you have more to begin
with.

4We assume that
@
°
y ·ø

¢

@ø = y +ø · yø > 0. Else it would imply that we were on the wrong part of the Laffer
curve such that the domestic tax revenue would be decreasing in ø.

5We make this simplifying assumption to cut down on the number of mechanisms that are at play
when countries choose their tax rates. Often, one assumes that y

øø f > 0 such that the higher the foreign
tax rate, the smaller is the effect of the domestic tax rate on production. This condition captures that the
leakage effects of increased taxes are less severe if the rest of the world is less compelling to relocate to for
producers.
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3. With a higher foreign tax, total world production is smaller (leakage is less than
1), and thus total world emissions are smaller. This decreases the marginal
utility of abatement and thus makes it less attractive for the home country to
raise its tax.

Lastly, we have the fourth effect which is the ambiguous tax base effect: The home
country has a larger tax base when the foreign country raises its tax because of
leakage.

4. With a higher foreign tax, production in the home country is higher. For a given
home tax rate, private consumption is higher, and marginal utility of private
consumption is thus lower. All else equal, this will induce the home country to
raise the tax as private consumption is less attractive. Similarly, a larger home
production and thereby public consumption implies a lower marginal utility of
public consumption which gives incentives to lower the tax.

In total, the sign of the expression is ambiguous because the mechanisms pull in
different directions. And in this first part of the paper, we are not able to quantify the
relative magnitudes of the effects. We will turn to this in the second part of the paper.

3.2.3.4 Endogenous taxes: Including abatement spending

Now, we allow for positive levels of abatement spending such that the government
chooses to spend a fraction µ > 0 on climate change abatement and the rest on
general expenditures. To simplify, we let √00 = 0 such that there are constant marginal
returns of abatement. This does not change the overall intuition but closes down
some secondary effects of abatement.

With this, we get two additional sources of strategic motives.6

First, with a higher foreign tax, the foreign country abates more. This reduces
the marginal utility of abatement for the home country and thus the incentive to
increase the tax. This is exactly the same mechanism that made the abatement shares
substitutes.

Secondly, including abatement introduces further complementarity motives be-
cause it is less costly to raise the tax and lose production when some of the increased
tax revenue abroad is spent on a worldwide public good. When you know that some
of your lost tax revenue is captured by the other country which spend it on abatement,
your cost of taxing is smaller because the increased foreign abatement benefits you
as well.

Introducing positive abatement levels thus add both further complementary and
substitutability motives adding to the ambiguity of the total effect.

It would also be possible to investigate the signs of≠µø f and≠øµ f . See Appendix
A.1.2.

6See Appendix A.1.1 for the full expression of≠
øø f with positive abatement levels.
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3.2.4 The Case with Two Policy Variables

In the previous section, we looked at the mechanisms at play in the model under the
assumption that the countries could only choose either of the two policy variables
endogenously. Of course, it is also relevant to look at a scenario where the policymaker
chooses both the tax rate and abatement expenditures. Making this analysis would
require us to look at Equation (3.2) from Section 3.2.2 and insert the four partial
derivatives. The effects at play are the same as presented in the one policy variable
case, and they don’t boil down to anything more nice or intuitive. Thus, we will leave
the two policy variables case for now, knowing which mechanisms are at play. In the
numerical part of the paper, we will return to this case and show simulations that
highlight which effects dominate.

3.2.5 Spillovers

Until now, we have only looked at the non-cooperative solution to the social planner’s
problem, meaning that the social planner has optimised without any coordination
with the other country. It is, however, informative to look at the cooperative solution
which we will do now in a symmetrical world.

3.2.5.1 Tax rate

In the cooperative game, the social planner chooses the tax rate that maximises joint
utility of the two countries,≠c =≠ (·)+≠ f (·). We call the corresponding cooperative
tax rate øc . It satisfies the following first-order condition:

@≠c

@ø
=≠ø (·)+≠ø f (·) = 0.

When we evaluate this condition in the non-cooperative equilibrium, we find:
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Inserting into the expression to look at≠ø f (·), we get:
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The expression is unambiguously positive which implies that there are positive
spillovers from increasing the tax rate, and that the cooperative tax is higher than
the non-cooperative/unilaterally chosen tax rate. Thus, in the non-cooperative equi-
librium, policymakers choose tax rates that are too low from the perspective of a
cooperative social planner, because they do not take into account the positive exter-
nality on the other country of improving the climate and making tax competition less
fierce.
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3.2.5.2 Abatement Expenditures

When we do the exact same exercise for abatement expenditures, we find

@≠c

@µ
|µ=µNC =≠µ f (·) = hE (·)√A

≥
A

f

¥
ø f

y
f > 0

Again, the expression is unambiguously positive, meaning that there are positive
spillovers associated with increasing the share spent on abatement, µ. Thus, the
cooperative share of abatement is higher than the unilaterally chosen share.

Summing up, Section 3.2.5 shows that the externalities from implementing more
ambitious climate policies are positive, irrespective of whether it is in the tax dimen-
sion or the abatement dimension. This is as one would expect and goes to show
that the mechanisms that we introduce do not change how we think about policy
spillovers. It should also reassure the reader that our setup is standard and has no pe-
culiar features that drive our findings on strategic complementarity/substitutability.

3.3 The Larger-Scale Model with Integrated Capital and Goods
Markets

It is clear from the above that even in a stylised model with only one policy variable
and without important features such as international trade and integrated capital
markets, several effects work simultaneously and in different directions. We have
the tax base effects which pull in different directions, tax competition which pulls
towards strategic complementarity of the tax rates, and then we have the effect on
the marginal gain from climate actions, which unambiguously pulls towards strategic
substitutability.

In this section, we present the two-country, two-generations OLG model with in-
tegrated capital and goods markets, greenhouse gas emissions caused by the produc-
tion of consumption goods, and atomistic agents who consume without internalising
the negative climate externalities related to the production of goods. Policymakers
choose climate policies unilaterally and spend the revenues from carbon taxes on
general public consumption or abatement of national greenhouse gas emissions.

3.3.1 Individuals

Individuals reside in either of two countries: Home (H ) or Foreign (F ) and live for two
periods. We use index i = H ,F to refer to the two countries and denote young and
old individuals with superscripts y and o.

In every period, a cohort of size N
i is born in country i . Each young individual

inelastically supplies one unit of labour, while an old individual inelastically supplies
R < 1 units of labour. Total labour supply in country i is denoted by L

i and is allocated
between the two production sectors (x and y) and the government sector (denoted
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by superscript g ) in country i such that:

L
i = (1+R)N

i = L
i ,x
t

+L
i ,y
t

+L
i ,g
t

.

The fraction of old age spent working, R , is exogenous to the individual. Therefore,
1+R can be interpreted as a mandatory retirement age. We implicitly subdivide old
age into two separate periods: one in which the individual continues to work, and
one where the individual is retired. We do this to ensure a somewhat more realistic
life cycle where people spend three fourths instead of only half their adult life as
workers. Labour income in old age also ensures that the elderly do not rely solely
on savings for consumption. We choose this approach because it is mimics reality
and to avoid too strong savings motives and an income effect which will potentially
dominate substitution when we introduce taxes.7

Individuals are atomistic, implying that they can affect neither factor nor goods
prices. They maximise lifetime utility subject to standard first- and second-period
budget constraints. The individual’s problem can be divided into two separate prob-
lems: an intertemporal and an intratemporal problem. Individuals choose how much
to save from young to old (the intertemporal problem) and how much of good x rela-
tive to good y they want to consume (the intratemporal problem). The intertemporal
problem looks as follows (with time indices suppressed)
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s

i

t

U
i

t
=

≥
c

i

y,t

¥1°µc °1

1°µc

+!g ·

≥
g

i

t

¥1°µg °1

1°µg

°!E ·E
∞
t

+Ø

2
664

≥
c

i

o,t+1

¥1°µc °1

1°µc

+!g ·

≥
g

i

t+1

¥1°µg °1

1°µg

°!E ·E
∞
t+1

3
775

subject to c
i

y,t = (1°øl ) ·w
i

t
° s

i

t
+
¶i

t

2N i
,

c
i

o,t+1 = (1°øl ) ·R ·w
i

t+1 + (1+ r
i

t+1)s
i

t
+
¶i

t+1

2N i

Individuals discount old-age utility with Ø. They get utility from consumption of a
composite good, c , and government spending, g . They get disutility from the stock of
greenhouse gas emissions, E . The damage function is similar to the one in Weitzman
(2010), where the damage of emissions are convex (∞> 1), implying that the marginal
damage of emissions is increasing.

Consumption, c, is a composite good which is a CES-aggregate of x and y

c
i

t
= c

≥
x

i

t
, y

i

t

¥
=

√
°
'

¢ 1
≤

≥
x

i

t

¥ ≤°1
≤ +

°
1°'

¢ 1
≤

≥
y

i

t

¥ ≤°1
≤

! ≤
≤°1

7This does not affect the main results but gives a weird intuition. I.e. people save more when interest
rates decrease.
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where x
i

t
= x

i ,H
t

+ x
i ,F
t

is the consumption of good x in country i at time t , and
y

i

t
= y

i ,H
t

+ y
i ,F
t

is the consumption of good y in country i at time t . Note that we
suppress the generation index, and that x (y) goods produced in country H , x

i ,H
t

(y
i ,H
t

), and x (y) produced in F , x
i ,F
t

(y
i ,F
t

), are perfect substitutes, implying that
the individual consumes from whichever country is cheaper. We refer to x as a low-
polluting good and y as a high-polluting good. More details on that in Section 3.3.2.
We let ≤ denote the elasticity of substitution between good x and y . The weights,
!g and !E , in the utility function represent the relative importance of government
spending and the state of the climate, measured by the emission stock, relative to
consumption.

Regarding the first- and second-period budget constraints, the wage, w , is taxed
with a proportional income tax, øl

8, s
i

t
denotes saving in period t , and

°
1+ rt+1

¢
s

i

t
is

the capital income earned on the previous period’s savings. The budget constraints
are stated in terms of the composite good, and similarly, individuals save in the com-
posite good as well. Because firms have decreasing returns to scale, they earn profits,
¶, which they pay to the individuals through dividends. It is equally distributed to
young and old people. Again, we refer to Section 3.3.2 for more details on the firm
side.

Solving the intertemporal problem yields the standard Euler equation for con-
sumption:

≥
c

i

y,t

¥°µc =
≥
1+ r

i

t+1

¥
·Ø ·

≥
c

i

o,t+1

¥°µc

.

To find the allocation between x and y , we solve the following intratemporal problem:
consider an individual who owns one low-polluting good. The individual maximises
the amount of composite goods that can be bought for the low-polluting good. Indi-
viduals maximise over low- and high-polluting goods and face the following problem

maximize
x, y

c
°
x, y

¢
=

µ
'

1
≤ x

≤°1
≤ +

°
1°'

¢ 1
≤ y

≤°1
≤

∂ ≤
≤°1

subject to x +py = 1

where p is the relative price of y relative to x. Evaluating in optimal quantities, we
get º := c

°
x
§, y

§¢
which is the maximum amount of composite goods that can be

obtained from one x, thus pinning down the relative price between low-polluting
and composite goods. Note that the homotheticity of the aggregator function c (·)
implies that x and y are consumed in constant proportions given the relative price p,
irrespective of the income of the individual, thus allowing us to pin down a º that is
independent of income. See Appendix A.2 for a derivation of the analytical expression
for º.

8The income tax is exogenously chosen to ensure that countries do not rely on climate taxes to provide
a minimum amount of government consumption. In case of an income tax of zero, it would always be
optimal with positive climate taxes because the marginal utility of a very small amount of government
consumption is infinite. The size of the labour tax does not affect our main findings. See Section A.3.
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3.3.2 Firms

For simplifying reasons, we assume that exactly one firm operates in each sector in
each country. Firms in both countries produce according to identical Cobb-Douglas
production functions with decreasing returns to scale9:

x
s,i
t

=
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K
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t
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x,i
t

¥(1°Æx )Ω

y
s,i
t

=
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y,i
t

¥(1°Æy )Ω
,

where superscript s denotes supply. Both goods are produced with capital, K , and
labour, L, but the weights on the inputs, Æx and Æy , are different. To capture that
y pollutes more than x, we impose Æx < Æy , as capital is the polluting factor of
production in our setup. We choose a production function with decreasing returns to
scale to avoid indeterminacy or corner solutions with complete specialisation. The
parameter Ω < 1 captures the degree of decreasing returns to scale.

Firms in country i operating in sector x (similar for sector y) maximise profits,¶,
taking prices of labour and capital as given
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The first term, which constitutes total revenue, is multiplied by the relative price
between the composite good and x goods, º, to ensure that the entire expression is
measured in terms of the composite good. Firms face perfectly competitive factor
markets and, therefore, pay factors according to the values of their effective marginal
products as measured in composite goods. We consider the after-tax interest rate.
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where ± is the capital depreciation rate, and øi

t
is the tax on capital and, hence,

emissions. We multiply with º to get from x goods to composite goods. In case of

9Decreasing returns to scale imply increasing marginal costs and consequently positive profits.
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y , we also multiply with the relative price between x and y , p. Importantly, interest
rates equalise across sectors and countries because of no arbitrage and integrated
capital markets.

3.3.3 Emissions

In the preceding sections, we have looked at the economic side of the model, only
briefly mentioning the climate in Section 3.3.1. In this section, we introduce the
climate explicitly.

The flow of emissions, e, at time t in country i is proportional to the capital stock.

e
i

t
=

X

l

K
i ,l
t

.

Here index l runs over the sectors x and y . The stock of emissions at time t , Et , is
equal to the previous period’s emission stock net of depreciation (carbon decays at
rate ") plus new emissions net of abatement. We model abatement as a fraction of
emissions,™. More on abatement in Section 3.3.4. Formally, the law of motion for
the emission stock can be written as

Et+1 = (1°") ·Et +
X

i

e
i

t

≥
1°™i

t

¥
.

Thus, the emission stock is a public good shared by both countries. Therefore, next
period’s emission stock is given as the sum of both countries’ current net emissions
plus the previous period’s stock of emissions net of depreciation.

3.3.4 Government

The government taxes pollution with a tax on capital return because capital is the
polluting input of production. The tax revenue from the carbon tax is
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The revenue is simply a function of the total capital stock in both sectors and the total
government income is the revenue from both the income tax and the carbon tax

B
i

t
= M

i

t
+øl ·w

i

t
·L

i .

The government runs a balanced budget and spends the tax revenue on either invest-
ments in public consumption or abatement of domestic emissions. A fraction, µi , is
spent on abatement, A

i , whereas the remaining tax revenue is spent on employees in
the public sector, L

i ,g .
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The abatement costs correspond to an abatement fraction of current emissions,
™i

t
, according to the following
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This functional relationship between abatement spending, the emission level, and
the share of emissions being abated was proposed by Nordhaus (2014). The function
is convex in the abatement fraction which reflects that the most cost-efficient tech-
nologies are implemented first, leaving the less efficient to be implemented last. This
means that the marginal abatement costs are increasing in the abatement fraction.
The costs are also proportional to the level of the flow of emissions: all else equal, it is
more expensive to abate x percent of a large flow than x percent of a small flow. The
two countries have identical abatement technologies.

Individuals get utility from a publicly produced good. The public good is produced

according to the following technology G
i

t
=

≥
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¥∑
, 0 < ∑ < 1 and shared equally

among individuals. This means that individuals get utility from e.g. the number of
healthcare workers per citizen and not the absolute number of healthcare workers.
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We calibrate ∑ such that G(·) is concave, implying decreasing marginal productivity
of public sector workers.10

3.3.5 Equilibrium Conditions

As x and y goods produced in the two countries are perfect substitutes, we think
of perfectly integrated global goods markets rather than separate national goods
markets. Market clearing in the global goods markets requires
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10The fact that general government spending is produced with labour whereas abatement is bought
with money implies that only one of the government expenditures affect wages directly. Thus the positive
terms of trade effects of government spending is asymmetric between abatement and general spending.
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where the left-hand side of either equation corresponds to total supply and the
right-hand side to total demand.

If we rewrite all consumption terms such that they are measured in terms of
composite goods, we get: x

i

y,t = x
§
t
· c

i

y,t , y
i

y,t = x
§
t
· c

i

y,t , etc. Using such manipulations
in (3.7) and (3.8) and dividing the two yields a standard condition for market clearing
in goods markets, namely that relative supply equals relative demand:
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Equilibrium in the integrated capital market is when next period’s global capital
stock is given as this period’s total savings, i.e. when the demand for capital equals
the supply of capital.
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Capital is shared between the four sectors (two in each country) such that
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3.3.6 The Policymaker Choosing the Carbon Tax and Abatement
Expenditures

We investigate the scenario where countries choose their climate policies without
coordinating with or caring about the interests of their trading partner. The policy-
maker in country i chooses the carbon tax and abatement expenditures unilaterally
to maximise steady-state utility of domestic individuals. Here, with the tax as an
example, the policymaker faces the problem
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subject to optimal behaviour by individuals and firms as outlined in Sections 3.3.1
and 3.3.2, equilibrium conditions in Section 3.3.5, initial stocks of capital and emis-
sions (the state variables), the government budget in Equation (3.5), and taking the
foreign carbon tax as given. Contrary to the individuals, the policymaker is not atom-
istic and thus internalises both budgetary effects and changes in factor prices that

result from policy choices. The optimal tax satisfies the first-order condition @U
i
ss

@øi
= 0

and the second-order condition @2
U

i
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@
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¥2 < 0.
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Because of interdependence between the two countries, the optimal carbon tax
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the optimal policy response to any climate policy chosen by country j . The Nash

equilibrium is a combination of carbon taxes
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mutually best respond. Or stated differently, it is a situation in which no country has
an incentive to unilaterally change their carbon tax:
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Naturally, a similar problem exists if it was the abatement share that was endogenous.
Finally, if we endogenize both ø’s and µ’s, we get a two-dimensional problem. The
behaviour of the policymaker together with the behaviour of the individuals and the
firms constitute the entire model. The agents act under the equilibrium conditions
for market clearing, the government budget, and the mechanical development of
the climate as presented in the preceding sections. But before we can simulate the
collective behaviour, we need a fully calibrated model.

3.4 Calibration

In this section, we present a calibration of the model parameters in a symmetrical
world.

3.4.1 Economic parameters

Starting with the individuals, we choose the parameter of relative risk aversion, µc ,
to 0.8. We use the same elasticity of intertemporal substitution for government con-
sumption; i.e. µg = 0.8. These correspond to an elasticity of intertemporal substitution
of 1.25. We choose µc and µg sufficiently low to ensure that for interest rates, the sub-
stitution effect dominates the income effect such that increasing rates lead to higher
savings. The empirical literature on the elasticity of intertemporal substitution, how-
ever, suggests that the elasticity is lower. For instance, Havranek et al. (2015) report
in a meta-analysis that the mean elasticity is 0.5 based on 2735 estimates from 169
different studies in different countries. It is, however, standard in the macroeconomic
literature to adopt a higher elasticity of intertemporal substitution to better match
saving patterns and responses to changing interest rates.

The convexity parameter of the utility function, ∞, is 2 which is in line with Weitz-
man (2010). With this choice, we ensure that damages are strictly convex, implying
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that the marginal damages are strictly increasing. We also need to make a split be-
tween x and y for the consumer. Here, we use data for services and goods as a proxy
to calibrate after. Services constitute 65% of GDP worldwide (World Bank (2016)). If
we assume that government spending is constituted solely by services, this leaves
consumption to consist of 43% services and 57% goods which in our benchmark year
are the CES budget shares for x and y .

The share of time spent working for old individuals, R, is 0.5. With a generational
span of 30 years, this corresponds to 45 years of work and 15 years of pension for our
representative agent. One could imagine that the individual enters the model and
starts working at the age of 20, retires at the age of 65, and dies at the age of 80.

Recently, there has been substantial debate about the discount factor (Goulder
and Williams III (2012)) because relatively small differences in the discount rate imply
large differences in optimal policy. The discount factor is, however, mostly an issue
when considering optimal dynamic policy and not static game theoretical interac-
tions as we do. We choose Ø= 0.7 corresponding to a discount rate of approximately
1% per year with a generational span of 30 years.

Now turning to the firm parameters, the depreciation rate for physical capital,
±, is 1 corresponding to full depreciation of capital over a generation of 30 years
which is standard in the OLG literature. We set the capital shares in the production
of x and y to Æx = 0.33 and Æy = 0.54 corresponding to the estimates by Valentinyi
and Herrendorf (2008) for the capital income shares in the US non-agricultural
sectors and agricultural sector, respectively. The agricultural sector is a good proxy
for the polluting sector as it accounts for around one fourth of global greenhouse
gas emissions (IPCC, 2014) and is almost unaffected by current green innovation.
We set the returns to scale parameter, Ω = 0.80, to ensure that countries do not
completely specialise. Choosing Ω = 0.8 gives a profit share of 39.6% in the Nash
equilibrium which corresponds to EUROSTAT estimates of the profit share, which
has been ranging from 38.3% to 41.2% for non-financial companies in the EU in the
years 2018-2021.

Lastly, in the government sector, we set ∑ = 0.5 such that there is decreasing
marginal productivity for production of the public good. The tax on labour income
is 20%, which does not affect results but ensures that there is some government
consumption without a carbon tax and thus that the marginal gain of the carbon tax
is not infinity.

3.4.2 Climate parameters

The yearly decay rate for the emission stock is 0.00384 which corresponds to a rate
of 0.109 over the span of a generation of 30 years which is what is proposed in Karp
and Rezai (2017). We calibrate the abatement function in (3.6) with an abatement
elasticity, ¡ of 2.5 (Nordhaus (2008)). We follow Nordhaus (2014) and calibrate ∏ such
that it costs 5.4% of GDP to abate the current yearly flow of emissions. This requires
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∏= 0.483.11

Table 3.1: Baseline parameter specification

R Fraction of time spent working when old 0.5
µc Coefficient of relative risk aversion on consumption 0.8
µg Coefficient of relative risk aversion on gov. cons. 0.8
" Carbon decay rate 0.109
Æx Capital income share in sector x 0.33
Æy Capital income share in sector y 0.54
' CES share - consumer preference for x 0.57
≤ Substitution elasticity between x and y 1
∑ Concavity parameter for production of public good 0.5
± Generational depreciation rate 1
Ø Generational discount factor for utility 0.7
Ω Returns to scale parameter 0.8
∞ Convexity parameter on emissions disutility 2
∏ Abatement weight 0.483
¡ Convexity parameter on abatement 2.5
øl The tax on labour income 0.2
!g The weight on gov. cons. in the utility function 0.2907
!e The weight on the climate in the utility function 4.400 ·10°5

N
i The generation size 1000 8 i

3.4.3 Calibration of the utility-function weights

To calibrate the utility weights, !g and !E , we introduce two calibration constraints.
The first constraint ensures that public spending constitutes 19% of GDP in steady
state. Worldwide, government spending constituted 16.9% of GDP in 2015 excluding
transfers and pensions and 27.49% including transfers and pensions (Bank, 2015;
Ortiz-Ospina, 2016). If we exclude transfers and pensions from our analysis, this
implies government spending ends up constituting 19% of GDP without transfers
and pensions according to the data above.12 And consequently, private consumption
and investment account for the remaining 81% of world GDP.
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For the second constraint, we follow Weitzman (2010) and calibrate our model such
that a 2°C increase in temperature corresponds to a 2% decrease in consumption
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because the world is symmetrical

12Transfers and pensions constitute 10.5% of world GDP. Subtracting these from GDP, government
spending constitutes 19% of GDP net of pensions and transfers.
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in terms of lost utility. IPCC (2014) estimates that a 2°C increase in pre-industrial
temperature corresponds to an atmospheric concentration of CO2 equivalents of 450
parts per million (ppm). Currently, we are at 430 ppm and thus the stock of GHGs
can increase by 4.8% before we reach an increase of 2°C in temperature. Thus, the
calibration constraint reads
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ss
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¢
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ss

°
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¢
.

Imposing the two constraints and freeing the parameters!g and!e , we calibrate!g =
0.2907 and !e = 0.00004400. With these in hand, we have a fully calibrated model
with parameters as stated in Table 3.1. This parameter configuration serves as our
benchmark specification. The benchmark specification and any other specification
that we present throughout the paper results in stable and unique Nash equilibria.

3.5 Numerical results

We simulate best response functions for both countries and find the Nash equilib-
rium where the countries respond optimally to each other, i.e. the point where the
best response functions intersect. We want to determine what happens in the Nash
equilibrium if one country changes its tax rate/abatement expenditures. Does the
other country change its tax rate/abatement expenditures in the same direction or in
the other direction? Relating to the theoretical model i Section 3.2, this is the same as
asking for the sign of @ø

@ø f
and @µ

@µ f
. In the first two sections, we investigate the case

where policymakers choose one policy variable. I.e. either we keep the tax rate or
the abatement share constant and let the other be determined endogenously. These
simple one policy variable cases are informative about the different mechanisms at
play. Having understood the different mechanisms, we move on to the case where
both the tax rate and the abatement share are endogenous.

3.5.1 Endogenous carbon tax

In our main specification, we let the government spend all its revenue on general
government consumption. In the Nash equilibrium, the carbon tax rate is 35.5%, and
the best response functions are upward-sloping, indicating that the carbon taxes are
strategic complements. See Figure 3.1. Here, tax competition and other channels that
pull toward strategic complementarity dominate the effect of a reduced marginal
gain of climate actions that pulls toward strategic substitutability. Again, the incentive
to lower climate ambitions stems from the fact that when one country improves the
state of the climate, the other country’s marginal gains from improving the climate
decrease. But tax competition effects imply that it is less costly in terms of forgone
production to increase taxes, the higher the other country’s tax is. In that sense, it also
makes it cheaper to raise funds to better the climate and increase public consumption.
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The asterisk represents the cooperative tax rate which, as predicted in the theoretical
section, is higher than the non-cooperative tax.

Figure 3.1: Example of best response functions of home and foreign country. The slopes are
positive implying strategic complementarity.

3.5.2 Different levels of exogenous abatement

In this section, we show that our results gradually change when we increase the
exogenous abatement share. Figure 3.2 shows best response functions in the cases
where the two governments spend 0, 10, 40, and 70 percent of revenues on abatement.
The pattern is clear: the best response functions gradually become flatter as the
abatement share increases, and in the last two cases the best response functions
are actually downward-sloping in the Nash equilibrium, meaning that the taxes are
strategic substitutes. Our interpretation of this result is straightforward. Abatement
of greenhouse gas emissions is a worldwide public good - i.e. both countries equally
benefit from one country’s abatement. The higher the abatement fraction, the larger
is the incentive to reduce the carbon tax because higher abatement levels imply that
the marginal utility of improving the climate is lower.

The graphs also show that the equilibrium taxes decrease. This means that the
abatement share not only changes whether carbon taxes are strategic complement or
substitutes, but also affects how strong a carbon tax rate the countries can uphold.
The asterisk in each picture represents the cooperative tax rates. As we would expect
based on the simple, theoretical model, the cooperative tax rates are all above the non-
cooperative ones, indicating countries choose too low tax rates when they operate
unilaterally. This owes to the positive externalities associated with the carbon tax,
which countries do not take into account when they act non-cooperatively.



3.5. NUMERICAL RESULTS 85

Figure 3.2: Best response functions for different levels of abatement

(a) Government spends 0% of tax revenue on
abatement

(b) Government spends 10% of tax revenue
on abatement

(c) Government spends 40% of tax revenue
on abatement

(d) Government spends 70% of tax revenue
on abatement

3.5.3 Endogenous abatement

Next, we keep the tax rates fixed and vary the abatement expenditures. For given tax
rates, we want to understand the policymakers’ endogenous choices of the abatement
levels. Figure 3.3 depicts best response functions when countries choose abatement
shares for given tax rates, øH = øF = 0.355 which correspond to the equilibrium tax
rates in the benchmark specification with no abatement. We observe that the best
response functions are everywhere downward-sloping, and thus also in the Nash
equilibrium, indicating strategic substitutability in the abatement share. This implies
that if a country increases its share spent on abatement, it prompts its trade partner
to lower theirs. Intuitively, this makes sense as the state of the climate is a public
good and as changing the abatement share does not make tax competition less fierce,
which previously was what allowed carbon taxes to be strategic complements. Also,
this result is in line with our previous findings in Section 3.2. Here, we saw that in the
case of fixed taxes and endogenous abatement shares, only the effect on the marginal
gain from climate actions was present. When the other country increases abatement,
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Figure 3.3: Example of best response functions in the abatement share. The slopes are negative
implying strategic substitutability.

the home country’s marginal utility of abatement decreases, and thus the actions
become strategic substitutes. As expected, the cooperative choice of the abatement
share is higher than the non-cooperative solution because of the positive externalities
associated with abatement.

3.5.4 The general case with two policy variables

In this section, we present results in the case where both the tax rate and the abate-
ment rate are endogenous. Because of the dimensionality, we cannot rely on graphical
analysis to identify whether the policy tools are strategic complements or substitutes.
Instead, we take advantage of the Banach fixed point theorem to identify the non-
cooperative Nash equilibrium.

It is possible to find the fixed point by numerical fixed point iteration, using

x
§ = f

µ
f

≥
f
°
... f (x)

¢¥∂
.13 We find the Nash equilibrium by starting at an arbitrary

13The Banach fixed point theorem applies to functions that are contraction mappings in non-empty,
complete metric spaces. In our case, the best response function is a mapping from the closed unit interval
onto itself: f : [0,1]£ [0,1] ! [0,1]£ [0,1] which is obviously a non-empty, complete metric space when
equipped with the Euclidean metric. We do not rigorously prove the best response function to be a
contraction mapping, but merely assume it to be so.



3.5. NUMERICAL RESULTS 87

ø µ e
h

E

ø f + - - -
µ f + - - -

Table 3.2: How changes in foreign policy variables affect the domestic tax, the domestic abate-
ment share, net domestic emissions (i.e. emissions after abatement), and world emissions in
equilibrium.

point x0 2 [0,1] and let the sequence
©

xn

™
defined by xn = f

°
xn°1

¢
, n ∏ 1 converge.

Using this approach, we get the following non-cooperative Nash equilibrium≥
øNC = 0.3552, µNC = 0.0716

¥
. In comparison, the cooperative Nash equilibrium is

≥
øC = 0.5316, µC = 0.0857

¥
. Again, the difference owes to positive externalities from a

more ambitious climate policy. Regarding strategic substitutability/complementarity
of policy tools, Table 3.2 shows how domestic policy variables, ø and µ, react in the
Nash equilibrium when foreign policy variables, ø f and µ f , change. For instance,
element

°
1,2

¢
in Table 3.2 says that @µ

@ø f
< 0.

It is immediately evident that the one-dimensional results from above spill over
one-to-one to the two-dimensional case in the sense that @ø

@ø f
> 0 and @µ

@µ f
< 0.

Regarding @µ

@ø f
< 0, this works in the opposite direction of @ø

@ø f
> 0 by lowering the

share of the - now higher - tax revenue allocated to climate abatement. The increase
in the foreign carbon tax increases the optimal domestic carbon tax, but lowers
the share of the tax revenue spent on abatement. In total, the effect on domestic
emissions is negative such that a higher carbon tax in the foreign country implies
overall lowered home emissions which is what the third column in Table 3.2 shows.
The fourth column shows that world emissions also decline.

In a similar fashion, an increase in the foreign budget share spent on abatement
results in two counteracting effects on domestic abatement. On the one hand, it
increases the domestic tax rate. On the other hand, it lowers the domestic budget
share allocated to abatement as shown analytically in Section 3.2 and quantitatively
in Section 3.2.3 . In total, the effect on domestic emissions is again negative, meaning
that a higher abatement share in the foreign country and implied responses by the
home country imply overall lowered home emissions as well as total world emissions.

Summing up, more aggressive climate policies abroad through either ø f or µ f are
met by domestic tax increases, but also lower abatement shares. This exactly serves
to prove our point: the issue of strategic interaction in climate policy is far more
complicated than what is often portrayed in the existing literature and the public
debate, and it could easily be the case that climate actions are not mutually negating
but rather mutually reinforcing.
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3.5.5 Sensitivity

Here, we present results for different variations in the parameter space. In general,
no single parameter variations result in a shift in the sign of the slope of the best
response function for taxes in the Nash equilibrium. Some parameters, however,
change the steepness of the slope more than others. The parameters that affect
results the most are the coefficient of relative risk aversion on consumption, µc ,
the coefficient of relative risk aversion on government consumption, µg , and the
returns to scale parameter, Ω, but without any of them changing the overall result of
strategic complementarity in the baseline case for taxes. The relative risk aversion
parameter on consumption affects the saving motives for individuals and yields the
most intuitive results when it is smaller than one, as in our baseline, because higher
interest rates then lead to higher savings. Empirically, there is some evidence that the
relative risk aversion parameter should be around 2 (Havranek et al. (2015)), which
gives the same qualitative results as the baseline, but with a steeper slope, implying
even stronger complementarity. See Figure A.1 in Appendix A.3. Here, we also vary µg

where small changes affect optimal taxes quite a lot. It is not the absolute value of
µg that matters, but rather the difference between µc and µg , see panel A.1b where
both coefficients are equal to 2. Changing the µ’s changes the concavity of the utility
function, and in general, a higher µg increases the best response to a given foreign
tax. The returns to scale parameter, Ω, changes both the Nash equilibrium and the
steepness of the best response function slopes, which is depicted in Figure A.2 in
Appendix A.3.

Next, we turn to the parameters of the utility function, namely the utility weight on
government consumption, !g , the utility weight on emissions, !e , and the discount
factor,Ø. We have calibrated the utility weights as described in Section 3.4. The results
are qualitatively similar to those obtained in the baseline calibration in the sense that
slopes remain positive. Higher utility weights on either government consumption or
the climate do, however, increase the cooperative tax rate. Our results are also robust
to changes in Ø. Again, see Appendix A.3 for the best response functions.

We also investigate the impact of the elasticity of substitution between the high
and low polluting goods, ≤. This does, however, not affect the results much, see Ap-
pendix A.3. The same goes for the tax on labour income, øl , which mostly causes
parallel shifts of the best response function. The difference between the weights on
capital, Æx and Æy , also changes the steepness of the best response functions. Over-
all, we conclude that variations in single parameters yield fairly robust qualitative
predictions, but taking the dimensionality of the parameter space into account, we
cannot exclude the possibility that some interaction of parameters implies different
results. Nevertheless, the importance of tax competition and other complementarity-
inducing effects stand, even if they in some cases should not outweigh the substi-
tutability motives.
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3.6 Conclusion

If everybody waits for somebody else to take action, nothing happens. A waiting game
in climate change mitigation might arise for several reasons. Diffusion of respon-
sibility, lack if information to be better equipped for the task, or, as we investigate,
policymakers may believe that other countries will counteract their policy - so why
bother? In this paper, we have looked at the strategic nature of climate change mitiga-
tion policies. We consider both the size of the tax and the distribution of the revenue
on either climate change abatement or general public spending. We find evidence
that the standard argument of decreasing marginal gains from climate policy does
indeed play a role in the policymaker’s decision-making. But it is not the only mech-
anism at play. When one country raises its climate tax, its trading partners face a
smaller leakage externality if they want to raise their tax as well. Consequently, tax-
competition effects work in the opposite direction, leaving no definitive answer to
whether climate taxes are mutually reinforcing or, as is often presupposed in the
existing literature, mutually negating.

Of course, we have several limitations to our setup. We only consider the steady-
state equilibrium and hence do not account for the adjustment path. When it comes
to climate change, the dynamics actually do matter because of the convex nature
of damages and the relatively severe current state of the climate. Also, even though
the debate about tipping points is controversial, it adds to the importance of time in
climate models. It lies beyond the scope of this paper to analyse the dynamics, but
nevertheless, we have shown that the counteracting actions of the rest of the world in
response to a climate tax might be less severe than one might think.

In the coming years, all countries will have to take a stance on the question of
climate change mitigation. Presumably, they won’t all cooperate and will be faced
with the question of free-riding and strategic concerns. Of course, there are ways
to accommodate free-riding problems if you fear for leakage. E.g. trade policies like
border tariffs and subsidies to leakage-threatened industries. These policies are,
however, not without political as well as economic side effects, and consequently,
coordination problems are notoriously difficult. Our analysis provides insight into
the consequences of non-cooperative climate policy.
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Appendix

A.1 Theory

A.1.1 Formal statement of≠øø f including positive abatement
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A.1.2 The signs of≠µø f and≠øµ f

We also want to know the effect of the foreign country changing its tax rate on the
home country’s choice of policy mix. That is, we want to find the sign of dµ
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. Again,
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The sign of the derivative is ambiguous because of several effects working at the
same time. The last term is unambiguously positive, capturing the effect of the other
country’s increased investments in the climate which lowers the incentives of the
home country to do the same. Instead they increase their share spent on general
public consumption (corresponding to µ going up). On top of this, there is also a
tax-base effect where several things are happening. First, both g and A increase for a
given ø and µ in the home country because production is moved from abroad to the
home country. The curvature of h

°
A

¢
and v

°
g
¢

together with the size of µ determine
whether the marginal gain changes most for abatement or public consumption. The
smaller the µ and µ f , the more likely it is that the expression is positive.

Lastly, we investigate the sign of dø
dµ f

. Again, we have sign
µ
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∂
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≥
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¥

under the same assumptions as previous. Here
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Two effects are at play: The first term is positive and represents the effect that
when Foreign increases the share spent on public consumption, it increases the
marginal benefit of investing in abatement (by increasing the domestic tax) for Home.
The second, negative term captures that for a higher µ f , the tax-base effect is to a
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higher degree allocated to foreign, public consumption rather than abatement. This
indirectly implies that it is more costly for Home to increase the tax rate as Home
does not benefit from public consumption in Foreign as opposed to abatement in
Foreign.

A.1.3 Signs with two policy variables

We have the social welfare function

≠
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¥
,

with the first order conditions
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Inserting (9) into (8)
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Because of the second order condition, we have
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A.2 Derivation of º

We drop the timing and country indexes, as it could be any country and happens
within a time period. Plug in for constraint to get an unconstrained problem in one
variable
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For this to be zero, we must have that the second parenthesis is zero as the first one is
definitely positive (provided that x > 0). Solving for the optimal choice of x, denoted
with an asterisk, we get
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This implies that the optimal choice of y is
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A.3 Sensitivity analysis

Figure A.1: Varying the coefficients of relative risk aversion on consumption and government
consumption, µc and µg

(a) µc = 2 (b) µc = µg = 2

(c) µg = 0.95 (d) µg = 1.1
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Figure A.2: Varying the returns to scale parameter, Ω

(a) Ω = 0.7 (b) Ω = 0.9

Figure A.3: Varying the elasticity of substitution between x and y, ≤

(a) ≤= 0.5 (b) ≤= 1.5

(c) ≤= 2 (d) ≤= 3
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Figure A.4: Varying the elasticity of substitution between x and y, ≤

(a) ≤= 0.5 (b) ≤= 1.5

(c) ≤= 2 (d) ≤= 3
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Figure A.5: Varying the utility weight on emissions, !e

(a)!e is 10% of baseline value (b)!e is 50% of baseline value

(c)!e is 90% of baseline value (d)!e is 150% of baseline value
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Figure A.6: Varying the utility weight on government consumption, !g

(a)!g is 10% of baseline value (b)!g is 50% of baseline value

(c)!g is 80% of baseline value (d)!g is 150% of baseline value
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Figure A.7: Varying the discount factor, Ø

(a)Ø is 80% of baseline value (b)Ø is 90% of baseline value

(c)Ø= 0.95 (d)Ø= 0.99
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