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SUMMARY

This dissertation consists of three self-contained chapters. The first two chapters re-

late to public pensions, while the third chapter investigates non-cooperative climate

policy. While the third chapter thematically stands out from the rest, it draws on very

similar modelling and simulation methods as the first chapter. For instance, both

chapters introduce international interdependencies through both integrated capital

and goods markets.

Both public pensions and climate policy, despite being quite different topics, are

important issues for politicians, policymakers and academics in the future.

In a world where ageing populations puts financial pressure on public pension

schemes, and reforms seem inevitable, understanding the consequences of operat-

ing and reforming public pensions schemes is paramount. Chapter 1 explores the

international consequences of different pension reforms for capital flows and factor

prices, while chapter 2 examines the redistributive properties of public pensions, that

are universal in nature, when longevity varies systematically with income.

Both the academic and public climate debate revolves around the fact that climate

change is a global phenomenon and presupposes that countries must cooperate and

tie each other down through large, international agreements to be able to handle

the issue. This way of thinking builds on the notion that if one country (or group of

countries) unilaterally increases its climate ambitions, it incentivises other countries

to decrease theirs, and thereby mitigate the positive climate effect. Chapter 3 investi-

gates whether it is always true, that countries should respond to increased climate

ambitions from other countries by slackening their own.

Chapter 1 is entitled Accommodating Increasing Longevity: A Positive Investiga-

tion of Different Policy Regimes and is inspired by the global saving glut hypothesis

popularised by Bernanke (2005). He argues that the fact that longevity increases,

spurs an increase in savings, which lowers the interest rate. I show that such a link

between ageing and the interest rate may not be theoretically indisputable, when

we take into account the fact that ageing necessitates reforms of public pension

schemes. Specifically, I show that whether the predictions of the global saving glut

hypothesis are supported is determined by at least three things: the kind of reforms

adopted to accommodate ageing populations, the size of the pensions schemes, and

the substitutability of factors of production.

vii
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Chapter 2 is entitled Pensions for Whom? Redistribution of Public Pension With an

Endogenous Income-Longevity Gradient and examines the redistributive properties

of public pension, and how it may be an ill-suited tool to help the disadvantaged.

The chapter is inspired by a literature, including for instance Cairns et al. (2019) and

Chetty et al. (2016), that shows a positive correlation between affluence or income

and longevity. This positive correlation may pervert the redistributive properties of

public pension, such that the severely disadvantaged lose out in pecuniary terms

in the interaction with the government. Even if the public pension scheme redis-

tributes in favor of the disadvantaged in pecuniary terms, we show that it may still

not ameliorate the disadvantaged, as public pension distorts private choices for

borrowing-constrained individuals.

Chapter 3 is entitled How Tight is the Deadlock? Strategic Interactions in Climate

Policy Revisited and investigates optimal climate policy in a world where countries act

unilaterally with no warm-glow motives. The chapter is inspired by the observation

that the existing climate literature thinks of climate actions as being mutually negat-

ing. This conception builds on standard free-riding arguments that point out that

the incentive to take climate action is decreased, whenever other countries increase

their climate ambitions by, for instance, increasing their climate taxes. The literature

often uses similar arguments to advocate for cooperative solutions (see e.g. Nordhaus

(2019)). Coordinating climate policy has, however, proven to be both difficult and

slow. We show that increases in climate taxes may, in fact, be mutually reinforcing.

The reason for this is that if one country increases its tax rate, it makes the tax com-

petition less fierce, which makes it less costly for other countries, in terms of lost

activity, to follow suit. If climate actions are, in fact, mutually reinforcing, it should

significantly ease the green transition, as it would only take a few front runners to

start a positive spiral.
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DANISH SUMMARY

Denne afhandling består af tre selvstændige kapitler. De første to kapitler relaterer sig

til offentlige pensionsordninger, mens det tredje kapitel undersøger ikke-kooperativ

klimapolitik. Selvom det tredje kapitel skiller sig tematisk ud fra de andre, trækker det

på lignende modellerings- og simulationsmetoder som det første kapitel. Eksempelvis

introducerer begge kapitler international interdependens gennem både integrerede

kapital- og varemarkeder.

På trods af deres forskellighed, er både offentlig pension og klimapolitik vigtige

emner for politikere, beslutningstagere og akademikere i fremtiden.

I en verden, hvor aldrende befolkninger sætter de offentlige pensionssystemer un-

der finansielt pres, og reformer må anses for uundgåelige, er dét at forstå konsekven-

serne af at operere og reformere offentlige pensionsordninger essentielt. Kapitel 1

udforsker de internationale konsekvenser af forskellige pensionsreformer for kapital-

bevægelser og faktorpriser, mens kapitel 2 undersøger de omfordelende egenskaber

af offentlige pensioner, som er universelle af natur, når levetid varierer systematisk

med indkomst.

Både den akademiske og offentlige klimadebat tager udgangspunkt i, at klima-

forandringer er et globalt fænomen, og den forudsætter, at lande er tvunget til at

samarbejde og binde hinanden gennem store, internationale aftaler for at være i

stand til at håndtere problemet. Denne måde at tænke på bygger på den forestilling,

at hvis ét land (eller en gruppe af lande) unilateralt øger deres klimaambitioner, vil det

give andre lande et incitament til at slække på deres og derved mindske den positive

klimaeffekt. Kapitel 3 undersøger om det altid er sandt, at lande bør reagere på andre

landes øgede klimaambitioner ved at slække på deres egne.

Kapitel 1 hedder Accommodating Increasing Longevity: A Positive Investigation of

Different Policy Regimes og er inspireret af den såkaldte “global saving glut hypothesis”

af Bernanke (2005). Han argumenterer for, at det faktum, at levetiden stiger, anspo-

rer til øget opsparing, hvilket sænker renten. Jeg viser, at en sådan sammenhæng

mellem aldring og renten ikke er indiskutabelt fra et teoretisk synspunkt, når man

tager højde for at aldring nødvendiggør reformer af de offentlige pensionsordninger.

Specifikt viser jeg, at hvorvidt forudsigelserne i “global saving glut hypothesis” under-

støttes afgøres af mindst tre ting: typen af reformer, der anvendes til at tage højde for

den aldrende befolkning, størrelsen af pensionssystemerne og hvor substituerbare

xi



xii DANISH SUMMARY

produktionsfaktorerne er.

Kapitel 2 hedder Pensions for Whom? Redistribution of Public Pension With an

Endogenous Income-Longevity Gradient og undersøger de omfordelende egenskaber

af offentlige pensioner, og hvordan offentlige pensioner kan være et dårligt værktøj

til at hjælpe de svage. Kapitlet er inspireret af en litteratur, der indbefatter eksem-

pelvis Cairns et al. (2019) og Chetty et al. (2016), som påviser en positiv korrelation

mellem velstand eller indkomst og levetid. Denne positive korrelation kan pervertere

de omfordelende egenskaber af offentlig pension, så de allerdårligst stillede taber i

økonomisk forstand i deres interaktion med staten. Selv hvis det offentlige pensions-

system omfordeler til fordel for de svage i økonomisk forstand, viser vi, at systemet

måske stadig ikke stiller de svage bedre, fordi offentlige pensionsordninger forvrider

lånebegrænsede individers valg.

Kapitel 3 hedder How Tight is the Deadlock? Strategic Interactions in Climate Policy

Revisited og undersøger optimal klimapolitik, når lande opererer unilateralt og uden

såkaldte “warm glow”-motiver. Kapitlet er inspireret af den observation at den eksi-

sterende klimalitteratur tænker på klimahandlinger som gensidigt negerende. Denne

forestilling bygger på standard free-riding-argumenter, der peger på, at incitamentet

til at tage klimaaktion mindskes, når andre lande øger deres klimaambitioner ved

eksempelvis at hæve deres klimaskatter. Litteraturen bruger ofte lignende argumenter

til at advokere for kooperative løsninger (se eksempelvis Nordhaus (2019)). Det har

dog vist sig at være både svært og en langsommelig proces at koordinere klimapolitik.

Vi viser at klimaskattestigninger faktisk kan være gensidigt forstærkende. Grunden til

dette er, at hvis ét land hæver skatten, så gør det skattekonkurrencen mindre hård,

hvilket betyder at det er billigere for andre lande, i form af tabt aktivitet, at følge trop.

Hvis klimahandlinger faktisk er gensidigt forstærkende, så bør det gøre den grønne

omstilling betydeligt lettere, fordi det så kun vil kræve enkelte foregangslande at

skabe en positiv spiral.
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C H A P T E R 1
ACCOMMODATING INCREASING LONGEVITY:

A POSITIVE INVESTIGATION OF DIFFERENT

POLICY REGIMES

Frederik Læssøe Nielsen
Aarhus University

Abstract

This paper revisits the predictions regarding ageing, saving, and interest rates that

were formalized in the global saving glut hypothesis. In a two-country setup with

the countries adjusting their pay-as-you-go pension schemes to accommodate

increasing longevity, I find that the standard perception that ageing leads to a

lower real interest rate is not unambiguously supported. Rather, it depends on

at least three things: which reforms are implemented to cater to the increasing

longevity, the size of the pension systems being reformed, and the degree of

substitutability between factors of production.
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CHAPTER 1. ACCOMMODATING INCREASING LONGEVITY: A POSITIVE INVESTIGATION OF

DIFFERENT POLICY REGIMES

1.1 Introduction

The world is ageing. This ageing is partly due to low and decreasing fertility rates and

partly due to increasing longevity. This paper investigates whether the global saving

glut hypothesis, as popularised by Bernanke (2005), is supported. In particular, the

paper examines the consequences for the interest rate of increasing longevity and

the pressure it puts on publicly financed pay-as-you-go (PAYG) pension systems. The

global saving glut hypothesis suggests that increasing longevity results in increased

private saving and consequently a higher capital-labour ratio. Thus, it can be used

to explain the historically low interest rates. Yet, this paper finds that the proposed

negative link between longevity and the interest rate is not set in stone. The support

for the hypothesis depends crucially on at least three things: the policy actions taken

to address increasing longevity, the sizes of the pension systems, and the production

technology.

In a two-country overlapping generations (OLG) model with integrated capital

and goods markets, I investigate three obvious ways of adjusting an existing pension

system to alleviate the financial pressure caused by increasing longevity: i) lowering

benefits, ii) increasing retirement ages, or iii) increasing contribution rates.

The paper can be placed in a literature which can be split into an empirical

branch and an analytical branch. The empirical branch is concerned with accurately

quantifying consequences on key macroeconomic variables that stem from projected

demographic changes. The analytical branch is more concerned with qualitatively

understanding the consequences of ageing and pension reforms. My contribution

falls somewhere in between the two branches, as it presents a simulated model that is

simpler and more flexible than most papers in the empirical branch of the literature

while it employs numerical solution methods to answer questions that have not yet

been answered in the analytical branch.

Contributions to the empirical branch with simulated models include Attanasio

et al. (2007), Börsch-Supan et al. (2006), and Fehr et al. (2003). Attanasio et al. (2007)

find that actively increasing contribution rates to alleviate the pressure on public

finances leads to an increase in private saving and consequently lower interest rates.

Börsch-Supan et al. (2006) reach a similar conclusion based on simulations of a

seven-region OLG model with integrated capital markets. This is both the case when

the replacement rates and the contribution rates are adjusted to balance the budget.

Fehr et al. (2003) examine the consequences of privatising pensions to accommodate

increasing longevity. They find that privatising pensions also cause interest rates to

drop, as it causes the supply of capital to increase.

While the mentioned papers look at reforms of either contribution rates, replace-

ment rates, or transitions toward more funded pension systems, they all mostly ignore

the retirement age as a potential policy tool. Furthermore, they seem to miss an im-

portant aspect by assuming Cobb-Douglas production functions, thereby ignoring

the potential importance of the elasticity of substitution between production factors.
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My analysis shows that the implications of increasing longevity and the resulting

policy reforms depend crucially on the substitutability between production factors.

In the more analytical branch of the literature, the focus has mostly been on

a transition towards more funded systems. Adema et al. (2008) find that, in a two-

country model with one country transitioning towards a more funded system, private

savings increase, which lowers the interest rate. Because of integrated capital markets,

the transition also spills over to the non-reforming country. Pemberton (2000) also

investigates the international consequences of a transition towards more funded

pension systems in a setup with many small open economies. He also finds that a

transition towards more funded systems lowers the interest rate.

In both branches of the literature, there seems to be a lack of investigation of

pension reforms that increase the retirement age to accommodate ageing populations.

This is the case, even though more than half of OECD countries already have unilateral

legislation in place that will increase the average retirement age from 63.8 years today

to 65.9 years in 2060 according to OECD (2019). Yet, on a more general level, it is

evident that countries do not agree on the optimal way of addressing ageing. For that

reason, I take a positive position by avoiding to engage in a debate on how an optimal

pension system is designed and maintained. Nor do I take a stand on the efficiency

argument of Aaron (1966) who showed that, in dynamically efficient economies, PAYG

pension systems are return-dominated by their funded counterparts.

To address the shortcomings listed above, I first perform a number of symmetric

experiments, where the two countries respond to the increasing longevity using the

same policy tools. Besides clarifying the underlying mechanisms of the model, these

experiments serve to illustrate the importance of both sizes of the pension systems

and the adjustments made to accommodate the increasing longevity. The cases with

completely symmetric countries operating under similar policy regimes and equally

sized pension systems collapse to a closed-economy setup.

Second, I perform a set of similar experiments where countries are allowed to

respond differently to the longevity increase and to differ in terms of the size of their

pension systems. These experiments show how differences in policy responses can

explain capital flows and the distribution of factor incomes between countries.

The remainder of the paper is organised as follows. Section 1.2 presents the two-

country OLG model with integrated capital and goods markets which constitutes

the basis for my simulations. Section 1.3 presents the simulation results for both

symmetric and asymmetric policy responses to the increasing longevity. Section 1.4

concludes.

1.2 An International OLG Model with Public Pension

In this section, I set up the two-country OLG model with integrated capital and goods

markets. The model is simulated in Section 1.3 to evaluate the consequences of
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DIFFERENT POLICY REGIMES

different policy responses to increasing longevity.

1.2.1 Demography, Retirement and the Labour Force

Individuals live for two periods and reside in either of two countries, Home or Foreign.

To distinguish between country-specific variables, variables specific to Home and

Foreign are equipped with superscripts H and F . For notational ease, I skip the

superscript referring to the country whenever possible. I refer to individuals in the first

period of life as young and individuals in the second period of life as old. Accordingly,

I equip age-specific variables with superscript y or o.

The length of the first period of life is normalized to 1, whereas the length of

old-age is denoted by L. To avoid confusion, I restrict L to live on the interval (0,1)

such that death occurs before accrual of interest and capital depreciation within old

age. I denote the number of individuals born at time t in country H and country F by

N H
t and N F

t . Population growth is denoted by n. To avoid extreme scenarios with the

relative size of either country converging to infinity, populations grow at the same

rate. Considering identical population growth rates also avoids discussion about

under which circumstances a country can be referred to as a large open economy that

can affect prices in the integrated markets. Young individuals inelastically supply one

unit of labour, while old-age labour supply is determined by the politically chosen

retirement age, R i
t ∈ [0,Li

t ], i = H ,F . That is, individuals born at time t supply a total

of 1+R i
t+1 units of labour throughout their lives.

With these definitions total employment in country i at time t is given as:

E i
t = N i

t +N i
t−1R i

t = N i
t−1

(
1+n +R i

t

)
which grows at the same rate as the population size, n, for a constant retirement age.

1.2.2 Individuals

Individuals are atomistic and maximize lifetime utility over private savings, st , subject

to a set of standard budget constraints, taking all prices as given:

max
st

Ωt =



(
c

y
t

)1−θ−1

1−θ + 1
1+δ

Lt+1

(
co

t+1

)1−θ−1

1−θ −Rt+1κ
(
Rt+1,Lt+1

) , θ ≥ 0, θ 6= 1

ln
(
c y

t

)
+ 1

1+δ

[
Lt+1 ln

(
co

t+1

)
−Rt+1κ

(
Rt+1,Lt+1

)]
, θ = 1

s.t. c y
t = (

1−τt
)

wt − st ,

Lt+1co
t+1 =

(
1+ rt+1

)
st +Rt+1

(
1−τt+1

)
wt+1 +

(
Lt+1 −Rt+1

)
bt+1

(1.1)

Lifetime utility is separable in consumption as young, consumption as old, and an

unspecified disutility term, κ (·), that is a function of the retirement age and longevity.
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Note that I merely include the disutility term for completeness, as it does not play any

role unless optimal policy or welfare is discussed. This is not the case in the present

paper due to the positive nature of the experiments presented throughout.

Young individuals consume their disposable income less private saving for old

age. Here, τt is the tax rate used to finance the publicly run PAYG pension systems,

and wt is the wage.

Old individuals must finance their flow consumption of co
t+1 for a period of

length Lt+1. Old-age consumption is financed using private saving, st , and inter-

est accrued, rt+1, disposable wage income earned in old age before retirement,

Rt+1
(
1−τt+1

)
wt+1, and pension benefits, bt+1, which are paid out from the date

of retirement until death,
(
Lt+1 −Rt+1

)
.

The solution to the individual maximization problem in (1.1) is given as the

standard Euler equation for consumption which, in the case of isoelastic utility, is:

co
t+1

c y
t

=
(

1+ rt+1

1+δ
) 1
θ

(1.2)

Moreover the second-order condition is given as:

(
Ωt

)′′
ss < 0

1.2.3 Firms

Firms in both countries produce perfectly substitutable consumption goods using

identical constant elasticity of substitution production technologies that take capital

and labour as inputs and exhibit constant returns to scale:

Yt = F
(
Kt ,Et

)= A
(
αK ρ

t + (1−α)Eρ
t

) 1
ρ

where A > 0, 0 < α < 1, and ρ < 1, ρ 6= 0. In the special case where ρ approaches

0, we have Cobb-Douglas production, Yt = F
(
Kt ,Et

)= AKα
t E 1−α

t . Firms operate in

perfectly competitive markets and earn zero profits after paying production factors

according to their effective (after depreciation) marginal products. As the production

function exhibits constant returns to scale, marginal products can be expressed

as derivatives of the intensive-form production function which defines output per

worker as:

yt ≡ Yt

Et
= f

(
kt

)=
A

(
αkρt + (1−α)

) 1
ρ

, ρ < 1, ρ 6= 0

Akαt , ρ = 0
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where kt ≡ Kt
Et

is the capital-labour ratio. Assuming that capital fully depreciates over

a period, we get the following factor prices:

1+ r i
t = f ′

k

(
k i

t

)
=


αAρ

(
y i

t

k i
t

)1−ρ
, ρ < 1, ρ 6= 0

αA
(
k i

t

)α−1
, ρ = 0

(1.3)

w i
t = f

(
k i

t

)
−k i

t f ′
k

(
k i

t

)
=

(1−α) Aρ
(

y i
t

)1−ρ
, ρ < 1, ρ 6= 0

(1−α) A
(
k i

t

)α
, ρ = 0

(1.4)

As the capital market is fully integrated, any equilibrium has r H
t = r F

t which in turn

implies k H
t = kF

t . Note that the equalization of capital-labour ratios also implies

equalization of wages. Thus, complete factor price equalization emerges.

1.2.4 PAYG Pension System and Policy Regimes

In each country, the government operates a PAYG pension system. Pension benefits

are financed by levying a proportional income tax, τt , on workers in accordance to

the following balanced budget:

Nt−1
(
Lt −Rt

)
bt = τt wt

(
Nt +Nt−1Rt

)
where the left-hand side is total expenditures on pension benefits, and the right-

hand side constitutes tax revenue. Defining pension benefits as a replacement rate,

bt =φt wt , and simplifying, we get the following budget "per old": 1

(
Lt −Rt

)
φt = τt

(
1+n +Rt

)
(1.5)

As the wage drops out due to the constant replacement rate definition of benefits,

there are no endogenous remedies through that channel to increasing longevity. It

is, therefore, also evident that longevity can only be alleviated by either of three

operations: i) lowering the replacement rate φt , ii) increasing the retirement age

Rt , or iii) increasing the contribution rate τt . I discard any mixed strategies and

consider only stylized scenarios where countries adjust their budgets through one of

the three policy variables. Throughout, I refer to adjusting through the three variables

as operating under the replacement rate regime , the retirement age regime, and the

contribution rate regime, respectively. As the only objective of the government is to

maintain a balanced budget, we can think of it as being completely rule based.

1Total differentiation of the budget shows that more generous schemes require larger reforms. For

instance, one can show that ∂R
∂L = 1

1+ τ
φ

. For τ= 0.1 and φ= 0.5 we get ∂R
∂L = 0.83 while we get ∂R

∂L = 0.88 for

τ= 0.1 and φ= 0.8. This goes to show that the mechanical changes in the pension system are larger, the
more generous the pension system is. This is also true when the operating under the replacement rate and
the contribution rate regimes.
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1.2.5 Global Equilibrium

In the economy, the total global capital stock in a given period corresponds to the

previous period’s savings. That is:

K G
t = K H

t +K F
t = N H

t−1sH
t−1 +N F

t−1sF
t−1 (1.6)

where the G is used to denote global variables. Equilibrium in the goods market is

characterized as a situation where total production is either fully consumed or saved

(invested):

Y G
t ≡ Y H

t +Y F
t = N H

t

(
c y,H

t + sH
t

)
+N F

t

(
c y,F

t + sF
t

)
+N H

t−1co,H
t +N F

t−1co,F
t (1.7)

Lastly, (1.3) and(1.4) ensure equilibrium in the factor markets.

Leading (1.6) and rewriting yields:

K G
t+1

E H
t+1

= k H
t+1 +kF

t+1

E F
t+1

E H
t+1

Remembering from Section 1.2.3 that capital-labour ratios equalize in equilibrium,

implies that capital is distributed between countries according to the following rule:

k H
t+1 = kF

t+1 =
K G

t+1

E H
t+1 +E F

t+1

(1.8)

at all times.

1.2.6 The Saving Glut Hypothesis Illustrated

To illustrate that the predictions of the saving glut hypothesis can be generated

endogenously in the model, I consider the model described in the present section,

but without public PAYG pension schemes in place.

The individual chooses private saving according to the first-order condition:(
Ωt

)′
s = 0 (1.9)

Total differentiation of (1.9) and rearranging terms yields:

d s

dL
=−

(
Ωt

)′′
sL(

Ωt
)′′

ss

Due to the second-order condition, the sign of the saving response to an increase

in longevity is determined solely by the sign of
(
Ωt

)′′
sL . In the absence of pension

systems, it is easily shown that

(
Ωt

)′′
sL = θ 1+ r

1+δ

(
co

t+1

)θ
L
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which is clearly positive. The intuition is straightforward: when faced with a longer life,

the consumption smoothing motive of the individual prompts it to allocate resources

to old-age which can only be done by saving more. As there is no response in labour

supply, the increase in private saving increases the capital-labour ratio and lowers

interest rates. This basic mechanism is the intuition behind the saving glut hypothesis.

Yet, as the remainder of this paper shows, the presence of balanced-budget public

pension schemes introduce more mechanisms that further complicate matters.

1.3 Simulating the Model

In this section, I conduct numerical experiments regarding the effect of an anticipated

increase in longevity.

First, I consider only symmetric cases in the sense that countries have similar

demographic patterns, production technologies, and preferences. Importantly, the

countries operate under the same policy regime, but their pension systems are al-

lowed to vary in size. This is merely to show that the size/generosity of both your and

your trading partner’s pension system matter for how the transition towards a new

steady state looks. Second, I investigate asymmetric cases, where the two countries

reform their pension systems differently. Here, the emphasis is on the direction of

capital and trade flows.

Unless countries operate under the replacement rate regime, I refer to the size

of the pension system by the replacement rate. When countries operate under the

replacement rate regime, I refer to the size of the pension system by the contribution

rate, τ. To make patterns appear clearer, I present only the simulations where the

sizes of pension systems are identical in the two countries. The cases with asymmetry

in terms of the size of pension schemes are referred to the appendix.

1.3.1 Briefly on the Simulation Method and Calibration

In the following, I initialize simulations by specifying starting values for the state

variables N H
t , N F

t and K G
t which immediately gives an initial allocation of capital

according to (1.8), and thereby initial factor prices. Based on these and the two

constant policy variables, the third and free policy variable is chosen to ensure a

balanced budget. Next, the individual first-order conditions in the two countries are

solved simultaneously and numerically to find optimal private savings, taking into

account the next period’s factor prices and government budgets. As today’s saving

constitutes tomorrow’s global capital stock, and as demographic patterns are known

in advance, we know next period’s state variables and can iterate on the procedure to

sequentially solve for the transition path. In the coming simulations, I let the model

converge to its initial steady state before introducing longevity changes.

At some point in time, call it t = 0, I introduce a gradual shock in longevity from
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the initial longevity level Li ni t i al
ss according to the following rule:

Lt = Lt−1 +ν
(
Lnew

ss −Lt−1
)

, ν ∈ (0,1)

where Lnew
ss is the new steady state longevity. This specification ensures gradual

convergence, and the speed of convergence is given by ν.

At the two extremes, individuals have either perfect foresight or cannot anticipate

any longevity changes in the future. To provide a natural benchmark for perfectly

rational agents, I present results in the case where individuals have perfect foresight

regarding both longevity changes and the resulting policy responses.

Unless otherwise stated, the simulations are based on the parameter specification

in Table 1.12.

Table 1.1: Baseline parameter specification

θ Coefficient of relative risk aversion 2
δ Discount rate 0.4
Li ni t i al

ss Longevity in the initial steady state 0.63
Lnew

ss Longevity in the new steady state 0.9533
n Population growth 0
ν Speed of convergence in longevity 0.3
ρ Substitution between factors of prod. 0.3
A Total factor productivity 1
α Capital share in production 0.33
φ Replacement rate

{
0.3,0.5,0.8

}
R Time spent working when old 0.2
τ Contribution rate

{
0.05,0.1,0.15

}

In practice, the elasticity of substitution turns out to be crucial for the transition

paths following a longevity increase. Specifically, for the model to produce interesting

results that refute the saving glut hypothesis, some degree of gross substitutability

between capital and labour is required.3 In this context, there does not seem to

2The initial longevity is chosen to match the current life expectancy of 78.9 in the US, whereas the
level to which the model is set to converge, is chosen as the projected longevity in 2100 which is 88.6,
according to United Nations (2019). This is taking every period to have a length of 30 years and assuming
that people enter the model at age 30. The retirement age is set to match the US retirement age which is
currently 66, according to OECD (2019).
The replacement rates are set such that the intermediate case matches the OECD-average where the two
endpoints resemble the most extreme replacement rates in the OECD, according to OECD (2019).
The coefficient of relative risk aversion is chosen to get an elasticity of intertemporal substitution of
0.5 which is found to be the cross-country average by Havranek et al. (2015). The speed of convergence
parameter, ν, is chosen rather arbitrarily. δ is chosen to match a yearly discounting of 1%. Other parameter
values are standard.

3The intuition for this is that when factors of production are gross substitutes, they are more likely to
displace each other. Hence, a mechanical increase in L is more likely to result in a lower capital-labour
ratio when factors are gross substitutes.
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be any consensus in the literature regarding the actual value of the elasticity of

substitution, σ = 1
1−ρ . The general perception does, however, seem to be that the

intermediate case of a Cobb-Douglas specification can be rejected. For instance,

Duffy and Papageorgiou (2000) find the elasticity of substitution to be significantly

larger than unity. To be clear, the paper does not aim to determine the right value ofσ

but rather to show that the parameter has a significant impact on the consequences

of ageing - something that hitherto has been ignored in the literature. Section 1.3.3

illustrates the importance of the elasticity of substitution.

1.3.2 Symmetric Responses: The Importance of Regime and Size

In this section, I examine the importance of the policy regime and the size of the

pension system in the transition following an increase in longevity. Specifically, as

we are interested in the changes in factor prices, and as (1.3) and (1.4) established

that factor prices can be expressed solely as functions of k, I plot the transitions in

capital-labour ratios as deviations from the initial steady states. Figure 1.1 shows

the transition following an increase in longevity when both countries adjust their

budgets through the replacement rate regime.

Figure 1.1: Transition towards a new steady state, k, adjusting through the replacement rate

We see that in this case, the capital-labour ratio increases irrespective of the sizes

of the two pension systems. Intuitively, it makes sense that the capital-labour ratio

increases as the increase in longevity puts pressure on the budget which is alleviated
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by lowering the replacement rate. The lower replacement rate prompts individuals to

increase private saving, thereby amplifying the direct effect on savings from people

living longer, thus increasing k even more than if no budgetary adjustments were

made. We also see that the larger the pension system, the smaller is the response.

The smaller response may be attributed to the fact that, with low contribution rates,

a larger share of income is under private administration rather than devoted to the

PAYG system, meaning that individuals are responsible for ensuring a larger share of

future consumption.

Note that due to perfect foresight, the capital-labour ratio increases immediately

when longevity starts increasing. The immediate increase stems from a response in

saving in the earlier period; the fact that individuals know that their replacement rate

will be lowered prompts them to save more. To sum up, the saving glut hypothesis is

supported if countries adjust their pension systems by lowering replacement rates,

irrespective of the generosity of the pension systems.

When countries alleviate the pressure on the government budget through the

retirement age regime, the transitions in the capital-labour ratios follow the pat-

terns depicted in Figure 1.2. Interestingly, we now observe that the directions of

Figure 1.2: Transition towards a new steady state, k, adjusting through the retirement age

the transition paths in k are ambiguous, and that they depend on the generosity of

the pension systems as measured by the replacement rate. The differently directed

transition paths show that in the presence of public pension systems we can in fact

think of situations where increased longevity lowers the capital-labour ratio and
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increases interest rates. Thus, the saving glut hypothesis is not indisputable. Contrary

to adjustment through the replacement rate regime, it is now the largest pension

systems that generate the most positive transitions, whereas small pension systems

imply a transition towards a lower steady state capital-labour ratio. To understand

the mechanisms driving the differently directed transitions, we look at Figure 1.3,

which plots the responses in private saving.

Figure 1.3: Transition towards a new steady state, s, adjusting through the retirement age

In all three cases, private saving increases as a reaction to the longevity increase

and the response is larger, the larger the pension systems are. The increase in private

savings is counteracted by a mechanical, budgetary mechanism: the pressure on the

budget is alleviated by increasing the retirement age and, thereby, the labour supply

which mechanically lowers the capital-labour ratio. This is the so-called capital-

thinning effect. Which effect dominates depends to a large degree on the size of the

pension system, as Figure 1.2 makes evident.

Finally, when the increasing longevity is accommodated by the contribution

rate regime, the transition paths are as shown in Figure 1.4. Here, the picture has

reversed such that the small pension systems are the ones that produce increasing

capital-labour ratios, whereas the opposite can be said for large systems. All systems

do, however, see an immediate spike in the capital-labour ratio at t = 0 before it

transitions towards its new steady state levels which can be either above or below the

initial level depending on the size of the pension systems.

To understand why we experience the initial spike in k under the contribution
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Figure 1.4: Transition towards a new steady state, k, adjusting through the contribution rate

rate regime but not under the retirement age regime, it is worth noting two things.

First, in t = −1 young individuals realize that they are going to live longer, which

causes them to save more. Second, under the retirement age regime, the increase in

the retirement age mechanically increases labour supply and, hence, labour income

of the elderly which, combined with the capital-thinning effect, counteracts the spike

in private saving. Such counteracting mechanisms are not present in the first period

under the contribution rate regime, which is why we see those immediate spikes in k

under the contribution rate regime.

The subsequent downward transition in the paths for the larger schemes can be

attributed to the fact that from t = 0 onward, the individual is mechanically forced to

save more through the PAYG system due to higher contribution rates. The increased

contribution rates lower the disposable income for given wages which prompts

individuals to save less privately. As the PAYG system pays out benefits immediately,

the savings made through the PAYG system never materialize as capital, thus lowering

the capital-labour ratio and the wage which leaves future generations with less to

save from.

To sum up, whether the global saving glut hypothesis is supported, to a very

large extent, comes down to which actions policymakers take to accommodate the

pressure ageing puts on the public PAYG pension systems as well as the generosity of

these pension systems.
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1.3.3 Symmetric Responses: The Importance of the Elasticity of

Substitution

This section presents a sensitivity analysis of the results shown in the previous section

with respect to the elasticity of substitution between capital and labour.

To make the importance of the elasticity of substitution clearer, I only present the

cases where the two countries are identical in terms of the sizes of pension systems

and policy regimes. The analysis is conducted over ρ ∈ [−0.1,0.55
]

which is roughly

the interval in which the model converges for all the policy regimes and pension

system sizes. I illustrate the resulting relationship between the transition path for k

and the elasticity of substitution by showing the transition for specific levels of ρ. In

Appendix, A.3 the relationship is illustrated as three-dimensional surfaces.

First, Figure 1.5 depicts the transitions in the capital-labour ratio for different

values of ρ in the three identical cases when countries adjust through the replacement

rate regime.

(a) τ= 0.05 (b) τ= 0.1

(c) τ= 0.15

Figure 1.5: Transition in k, dependence on ρ, adjusting through the replacement rate, differ-
ently sized pension systems

Unsurprisingly, we see that the transitions are positive irrespetive of the elasticity
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of substitution and the size of the pension system. Furthermore, notice that the rela-

tionship between ρ and the change in k is monotone. That is, the more substitutable

are capital and labour, the larger is the change in k following the increase in longevity.

Second, Figure 1.6 illustrates the dependence of the transition path for k on ρ

when both countries adjust via the retirement age regime.

(a) φ= 0.3 (b) φ= 0.5

(c) φ= 0.8

Figure 1.6: Transition in k, dependence on ρ, adjusting through the retirement age, differently
sized pension systems

In this case, we see that a certain level of substitutability is needed to generate

negative transitions in k and that the critical level of substitutability is increasing

in the replacement rate. In fact, Figure 1.6c shows that in the case of very generous

pension systems, the model is not able to generate negative transitions in the capital-

labour ratio even for high values of ρ. It is also interesting to note that for given

replacement rates, the relationship between ρ and the change in k is not monotone

as was the case under the replacement rate regime.

Lastly, Figure 1.7 shows the transition in k for different values of ρ when both

countries adjust through contribution rate regimes.

Under the contribution rate regime, it is only the intermediate-sized case that

generates transitions to levels both above and below the initial steady state levels.
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(a) φ= 0.3 (b) φ= 0.5

(c) φ= 0.8

Figure 1.7: Transition in k, dependence on ρ, adjusting through the contribution rate, differ-
ently sized pension systems

As under the retirement age regime, large values of ρ result in transitions to lower

capital-labour ratios in steady state and vice versa for low substitutability between

production factors. Note that the relationship between ρ and k is non-monotone in

the case of intermediate and large pension systems.

1.3.4 Asymmetric Responses: Capital Flows and Distribution of Factor

Incomes

Whereas the previous section focused on the capital-labour ratio, factor prices, and

underlying mechanisms in the model in a setting with symmetric policy responses,

this section illustrates the consequences on factor income distributions and capital

flows, when countries react differently to increased longevity.

As the previous section showed, the case where the budget is adjusted by low-

ering the replacement rate is easily understood, as it generates positive transitions

in k irrespective of the size of the pension system. Therefore, the simulations pre-

sented in this section are based on country H adjusting through a retirement age
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regime whereas country F adjusts through a contribution rate regime. To give a better

basis for comparison, I let both countries converge to initial steady states via the

retirement age regime before country F adopts the contribution rate regime when

longevity starts increasing at t = 0. Besides the three cases where the two countries

have identically sized pension systems in the initial steady states, and are, therefore,

completely identical before the longevity increase, I also include the two extreme

cases
(
φH = 0.3, φF = 0.8

)
and

(
φH = 0.8, φF = 0.3

)
as we expect these pairs to gener-

ate the largest absolute changes in k based on the results in section 1.3.2. Figure 1.8

shows the transitions in k in these cases.

Figure 1.8: Transition towards a new steady state, k, country H adjusting through the retire-
ment age and country F adjusting through the contribution rate

The transitions qualitatively resemble the ones we saw under the contribution

rate regime in Figure 1.4. That is, an initial spike followed by a transition to a steady

state level that is substantially lower. Also note, that only in one of five cases - the one

with country F operating a large pension system and country H a small system - does

the capital-labour ratio converge to a steady state below the initial level.

Comparing to the symmetric cases (see Figure 1.2 and Figure 1.4), we see that

some of the negative effects on k are seemingly offset when the countries react

differently to the longevity increase. For instance, we may have expected that the

combination
(
φH = 0.3, φF = 0.8

)
would generate a rather large drop in the steady

state level of k. Yet, we only observe a slight drop in k between the two steady states.

Remember that in the case of retirement age regimes it is the capital-thinning that
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lowers k. In the case of contribution rate regimes, it is the fact that people are me-

chanically forced to save more through the PAYG system, lowering the share of wage

income that is disposable to the individual that lowers k. The results in Figure 1.8

indicate that sharing these effects through an integrated capital market has less of

a negative impact on k than if the reforms of both countries caused either of these

effects.

Without entering a discussion of optimal pension policies, it is also worth not-

ing that in dynamically efficient economies (which all of these simulations obey),

an increase in the steady state capital-labour ratio increases steady-state consump-

tion. Therefore, these results indicate that a country that reforms its pension system

through either the retirement or the contribution rate regime may want its trading

partners to reform differently.

Next, I investigate how asymmetric responses to the longevity increase alters

capital flows and the distribution of factor incomes. Figure 1.9 plots the transitions in

private savings in the two countries in the three cases where the initial steady states

are identical.

(a) Savings in country H (b) Savings in country F

Figure 1.9: Saving in country H and F , adjusting through the retirement age and the contribu-
tion rate

Note how the private saving in country F only drops below the initial steady state

level in the case where the countries reform large pension systems, and how no or

little to no backlash from the initial spike can be observed in the case of small and

intermediate-sized pension systems. An explanation for this result is that the increase

in the retirement age in country H , seen in isolation, increases the interest rate and

incentivises private saving which mitigates or cancels the backlash in country F ’s

saving.

Based on the savings in Figure 1.9, Figure 1.10 depicts the development in the net

foreign asset position of country H from the three identical steady states. The net
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foreign asset position of country i is defined as follows:

N F Ai
t = N i

t−1si
t−1 −K i

t

Figure 1.10: Net foreign asset position in country H , adjusting through the retirement age and
the contribution rate

In all three cases, there is an initial drop in the net foreign asset position that can

be attributed to the fact that the initial spike (at t = −1) in savings in country F is

larger than in country H as seen in Figure 1.9. The initial drop is followed by a spiky

rebound in all three cases which can be attributed to the fact that the increase in the

contribution rate in country F at t = 0 deter private saving by lowering disposable

income of the young in country F , whereas the savings keep increasing in country

H . After the rebound, we see adjustments towards the new steady-state levels of

the net foreign assets. In the case of large initial pension systems, the rebound and

adjustment result in country H ending up as a net lender despite a couple of initial

periods as a net borrower. The two other cases result in steady states with country H

remaining a net borrower. In a situation where country H ends up as a net lender, it

is ultimately richer than country F as it has both higher labour and capital incomes.

Such a scenario may occur if country H ends up so much richer than country F that it

saves more despite the elderly also earning more. This is not to argue anything about

welfare, as being richer also comes at the cost of retiring later. In the scenarios with

small and intermediate-sized pension systems, country H earns a majority of the
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labour income by working more, whereas country F earns a majority of the capital

income by saving more. Figure 1.10 also illustrates how systemic differences in public

pension schemes can explain why some countries run systematic trade deficits. The

distributions of labour and capital income in the three scenarios are depicted in

Figure 1.11.

(a) Labour income share in country H (b) Capital income share in country H

Figure 1.11: Labour and capital income shares in country H , adjusting through the retirement
age and the contribution rate

From Figure 1.11a it is evident that country H ’s share of global labour income

goes up in all three cases as factor prices equalize across borders, meaning that the

sole determinant of the labour income share is the relative labour supply. Note that

the development in the labour income share is the same in all three scenarios which

is due to the fact the retirement age depends solely on demographic variables as well

as the two other policy variables. As for the capital income share of country H , we see

the same story as in Figure 1.10, namely that in the case with large pension systems

country H eventually becomes a net lender, implying that it has the majority of the

capital income. This scenario is the one with the lowest capital stock and, therefore,

the small net foreign asset position we saw in Figure 1.10 amounts to more than a 60

percent majority.

1.4 Conclusion

I have illustrated how the consequences of increasing longevity depend crucially on

at least three things: the kind of reforms implemented to accommodate increasing

longevity and maintain budget balance, the size of the pension system, and how

substitutable are factors of production. Simulations of the model show that when the

government adjusts its budget through the replacement rate, it increases the capital-

labour ratio, whereas the consequences for the capital-labour ratio when government

budgets are adjusted through either the retirement age or the contribution rate

are very dependent of the size of the pension system as well as on the elasticity of



1.4. CONCLUSION 21

substitution between capital and labour. Lastly, I have illustrated how differences in

pension systems may explain capital and trade flows and the distribution of factor

incomes.

Whether Bernanke was right about the relationship between longevity and the

interest rate depends on the type of reforms adopted to ensure budget balance. My

results indicate that Bernanke may have been right about the negative correlation

between longevity and the interest rate if he was referring to the US. This is because of

the fact that the US have a relatively ungenerous public pension system and have not

increased the retirement age since 1983.4 This implies that since then, any adjustment

must have been a mix of reforms of the replacement rate or the contribution rate,

both of which my analysis predict are more likely to lower interest rates in case of

relatively ungenerous pension systems.
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Appendix

A.1 Symmetric Responses - All Size Combinations

The replacement rate regime:

Figure A.1: Transition towards a new steady state, k, adjusting through the replacement rate
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The retirement age regime:

Figure A.2: Transition towards a new steady state, k, adjusting through the retirement age
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The contribution rate regime:

Figure A.3: Transition towards a new steady state, k, adjusting through the contribution age
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A.2 Asymmetric Responses - All Size Combinations

country H responding through the retirement age and country F through the contri-

bution rate:

Figure A.4: Transition towards a new steady state, k, country H adjusting through the retire-
ment age and country F adjusting through the contribution rate
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A.3 Transition in k and the Elasticity of Substitution

Regime 1:

(a) τ= 0.05 (b) τ= 0.1

(c) τ= 0.15

Figure A.5: Transition in k, dependence of ρ, replacement rate regime, differently sized pension
systems
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Regime 2:

(a) φ= 0.3 (b) φ= 0.5

(c) φ= 0.8

Figure A.6: Transition in k, dependence of ρ, retirement age regime, differently sized pension
systems
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Regime 3:

(a) φ= 0.3 (b) φ= 0.5

(c) φ= 0.8

Figure A.7: Transition in k, dependence ofρ, contribution rate regime, differently sized pension
systems
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Abstract

A vast literature on public pensions shows that pay-as-you-go schemes may be prefer-

able to funded schemes despite arguments of return dominance. A frequently cited

reason for this is redistribution. One aspect that is rarely considered, however, is that

the positive correlation between income and longevity may pervert the redistributive

objectives of public pension schemes. Augmenting a standard, heterogeneous-agent

life cycle model with endogenous survival, we conduct a positive experiment and

show that pension policy may not always be an ideal policy instrument to help the

disadvantaged. In fact, we find that public pensions may sometimes redistribute

funds from the disadvantaged to the middle class. This is especially true if there

are threshold effects in survival and/or income and intrinsic health potential are

positively correlated. Mitigated or reversed redistribution combined with choice

distortions of borrowing-constrained individuals implies that public pensions may

render the lower class worse off in welfare terms.
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2.1 Introduction

An old adage says that nothing in life is certain except death and taxes. But whereas it

is mostly true that tax payments are a given, the random timing of your eventual death

implies that the downstream benefits and services that you receive in kind are far from

certain. This is a simple insight, but one that could have important consequences for

a number of welfare arrangements when there are systematic differences in longevity

over the income distribution. This is not least true for public pension.

In many countries, the retirement age that determines eligibility for public pen-

sion benefits is universal. Thus, the retirement age is not differentiated across, for

instance, income or occupational groups. If these groups were ex ante identical in

terms of mortality, a universal retirement age would pose no problem for fairness of

the social contract. In the data, however, mortality varies systematically with socioe-

conomic variables such as income and wealth. Here, Cairns et al. (2019) show a strong,

positive, first-order correlation between longevity and affluence for Danish males.

In an American context, Chetty et al. (2016) show a positive correlation between

income and longevity throughout the entire income distribution. They term this, the

income-longevity gradient. This income-longevity gradient could have important

consequences for the social contract, as it implies mitigation of the redistribution

associated with public pension. If the gradient is sufficiently strong, it could even be

that public pensions, contrary to standard beliefs, redistribute from the poor to the

rich in expected terms.

There are three main explanations for the existence of the income-longevity gra-

dient. First, affluence may cause health by directly affecting the ability to invest in

health. Lindahl (2005) provides evidence that affluence does indeed cause health, by

showing that exogenous lottery winnings result in better health outcomes, including

increased longevity. Second, health may affect the potential to generate income in a

reverse-causality fashion. Here, Currie and Madrian (1999) find that poor health neg-

atively affects both wages, labor hours, and labor market participation. Third, income

and health may be spuriously driven by confounding factors. For instance, people

with high intrinsic ability may both generate income and process health investment

more efficiently. Similarly, differences in individual time preferences may lead to

different life-style and educational choices that could affect both health and income.

In this paper, we fully incorporate the first channel, but do not explicitly model the

second and third channels. Rather, we merely allow for income and intrinsic health

potential to be positively correlated. Longevity may, of course, also be driven by

income-independent preferences. We abstract from discrepancies in longevity that

stem from preference-based lifestyle choices.

The impact of unequal mortality on the redistributive properties of public pen-

sions has previously been studied in Bommier et al. (2011) and more recently in

Bishnu et al. (2019). Both base their analysis on exogenous differences in survival. Our

paper, on the other hand, addresses a similar question in a standard, heterogeneous-
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agent life cycle model augmented with endogenous survival. Using this setup, we

conduct a positive analysis of the interplay between public pension systems and the

income-longevity gradient. Specifically, we investigate how the redistributive proper-

ties of public pensions may change when longevity is endogenous and systematically

correlated with income.

In the theoretical literature on endogenous health and longevity, seminal papers

by Grossman (1972) and Ehrlich and Chuma (1990) consider individual health as the

outcome of ongoing investment in a depreciating health stock. As health investment

comes at the cost of foregone consumption, there is a quantity-quality trade off in

health. Importantly, these papers do not consider endogenous mortality risk but treat

mortality deterministically by imposing a minimum level of health that determines

whether you are dead or alive. This minimum level of health represents a discontinuity

that crudely imposes threshold effects in survival. Other papers introduce threshold

effects in a more elegant manner by introducing non-deterministic survival and

flexible survival functions that need not be concave but could be S-shaped. See e.g.

Blackburn and Cipriani (2002), Chakraborty (2004), and Fanti and Gori (2014). All of

these papers consider only public health investment.

In a quantitative model with ex ante identical individuals and idiosyncratic in-

come shocks, Zhao (2014) instead investigates the effects of social security on private

health spending. In that regard, the paper is somewhat related to our work. In com-

parison, however, we explicitly address the redistributive properties of the public

pension system in the presence of an endogenous income-longevity gradient induced

by private health investment. Also, our approach is more qualitative in nature and

offers an intuitive understanding of how a public pension system affects individual

saving and health-investment decisions, and how the income-longevity gradient may

pervert redistribution.

Also relating endogenous longevity to pension policy, Philipson and Becker (1998)

show that a mortality-contingent claim leads to overinvestment in health regardless

of whether the claim is privately or publicly financed. The overinvestment arises as

atomistic individuals do not internalize the effect they exert on annuity premia when

investing in health. In a somewhat similar vein, Davies and Kuhn (1992) analyse the

impact of social security on welfare and longevity in a two-period life cycle model

with a representative agent and a moral-hazard problem in private health investment.

They consider two potentially competing effects that guide the demand for longevity:

an incentive effect and a postponement effect. The former indicates that there is

an incentive to pursue a longer life, when part of your income is made conditional

on survival. The latter reflects that displacing funds to the future distorts current

decisions by limiting the first-period opportunity set; an effect that is irreversible for

borrowing-constrained individuals.

In this paper, we address the potentially heterogeneous effects of public pensions

on longevity, expected net transfers, and welfare when longevity is endogenous. Our
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analysis is positive in nature, and does not address normative aspects of public pen-

sion policy such as political support or optimal design.1 Thus, we simply presuppose

the existence of a pay-as-you-go (PAYG) pension scheme and argue that this is a styl-

ized fact of most developed economies. To circumvent standard efficiency arguments

associated with PAYG pension, we propose a calibration that allows us to focus strictly

on redistribution. To examine the interplay between pensions, longevity, and welfare,

we build a two-period life cycle model inspired by the standards established in the

endogenous-longevity literature. Starting from a standard setup, we add agent het-

erogeneity along two dimensions: income and intrinsic health potential. In modeling

longevity, private health investment is the sole determinant of individual survival

probabilities for given individual characteristics. That is, we abstract from public

health investments. Using this approach, we show how a positive income-longevity

gradient mitigates or even reverses redistribution. This is especially true when there

are threshold effects in survival and/or confounded factors in income and health.

Thus, public pension schemes may fail to ameliorate the disadvantaged, while it

benefits the lower-middle class.

The paper proceeds in the following steps. First, Section 2.2 outlines the model

in general terms. Next, Section 2.3 presents a configuration of the model to serve as

our benchmark. Using this configuration, Section 2.4 illustrates the impact of public

pension policy on longevity, interaction with the government, and welfare. Section 2.5

explores how threshold effects in survival and a positive correlation between income

and intrinsic health potential may alter the redistributive properties of public pension

schemes to the detriment of the disadvantaged. Finally, Section 2.6 concludes and

discusses reasons that a public pension scheme may have merit after all.

2.2 A Heterogeneous-Agent, Endogenous Longevity Life Cycle
Model

The economy consists of two overlapping cohorts. Each cohort consists of a con-

tinuum of individuals, I, on the unit interval. Each individual lives for at most two

periods. In the first period, the individual works and provides an exogenous amount

of labour, earning income, y
(
i
)
. Out of labour income, the individual pays a propor-

tional tax rate, τ, levied by the government to finance a PAYG pension scheme. As

an additional source of income, young individuals receive accidental bequests in

a universal amount, z. Therefore, disposable income while young is (1−τ) y
(
i
)+ z.

Out of disposable income, the individual consumes an amount, cy
(
i
)
, makes health

investments, v
(
i
)
, and saves, s

(
i
)
, at the going interest rate. Provided that the indi-

vidual survives into old age, she spends her second period of life in retirement. Of

course, there are no explicit reasons to retire in the model. Nonetheless, we consider

1For a comprehensive analysis on the size and type of public pensions in a political economy setting
with majority voting, we refer to Casamatta et al. (2000).
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retirement as a stylized fact and conduct an exclusively positive analysis. In retire-

ment, the individual receives a tax-financed pension benefit, b, in addition to private

savings. As the old will not live to see another day, no health investment occurs in

old age. Moreover, agents are non-altruistic and, thus, consume co
(
i
)= R · s

(
i
)+b,

leaving no intentional bequests. The coming subsections provide both formal and

informal nuance to each of these concepts.

2.2.1 Endogenous Survival

To model endogenous survival, we introduce a simple survival function which maps

from health investment to a survival probability:

π (v) ∈ [
0;1

]
The investment itself could conceptually consist of many things (medicine expenses,

spending time on exercise, etc.), but the main point is that longevity comes at a real

cost. For simplicity, we preclude negative health investments. That is, we impose the

non-negativity constraint, v ≥ 0. Moreover, the survival function obeys the properties

outlined in Assumption 1 below.

Assumption 1

π′ (v) > 0, π (0) ≥ 0, limv→∞π (v) ≤ 1

Note that we do not require that the survival function be concave. We avoid this

assumption to allow for more general shapes that display threshold effects. We return

to this point in coming sections.

2.2.2 Accidental Bequest and Saving

A vast literature argues, that an equilibrium contract structure may not exist in annu-

ity markets. In this context, Abel (1986) provides theoretical arguments that this is due

to adverse selection, driving down the return on annuities below actuarial fairness.

Following this, Warshawsky (1988) shows that missing annuity markets are indeed an

empirical regularity, and that this is primarily attributable to adverse selection. In-

spired by this, we assume that annuity markets do not exist.2 Instead, individuals save

at an exogenous gross interest rate, R . 3 For completeness, we assume that unclaimed

savings of the dead are paid out with interest to the young as universal, accidental

2As a robustness check, we have also modeled actuarially fair annuitites on average (a universal
pooling contract) and on the basis of individual survival probabilities (first-best separating contracts) as a
means of resource preservation with qualitatively similar implications.

3An obvious extension to the present setup is to consider a general-equilibrium setting with endoge-
nous incomes and interest rates. In that case we would again expect a PAYG pension system to crowd out
private savings which would then lead to a decline in the interest rate.
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bequest, z.4 As we consider a continuum of agents, the law of large numbers implies

that bequest can be written as:

z = R ·E
[

s
(
1−π (v)

)]
(2.1)

Missing annuity markets is a frequently used argument for PAYG schemes, as they

enforce a pooling annuity contract that enables risk sharing. See e.g. Eckstein et al.

(1985). Consequently, it makes all the more sense that we introduce a PAYG scheme

as our benchmark for public pension policy. We outline the pension system in the

coming section.

2.2.3 A PAYG Pension Scheme

The government levies a proportional income tax, τ, to finance a universal, public

pension benefit, b. For tractability, the public budget is assumed to balance and

reads:

τ · y = b ·π (2.2)

where y denotes average income and π denotes the average survival probability. We

instrumentalise the benefit by a compensation rate, φ, on average income. Hence,

the tax rate is the compensation rate multiplied by the old-age-dependency ratio,

τ = φ ·π. In the special case with no compensation rate, the tax rate is zero. We

refer to this as the laissez-faire (LF) economy, which will serve as the baseline when

evaluating public policy. Although the PAYG scheme does not accumulate interest

in the financial markets, it yields a biological rate of return, π−1, for survivors due to

fatalities among their peers. As mentioned in the previous section, the PAYG scheme,

therefore, enforces a pooling annuity contract. In effect, the pension benefit provides

insurance against surviving into old age with too few resources to spend.

2.2.4 Utility Maximization

The objective of the atomistic individual is to maximize a stream of discounted

and probability-weighted, instantaneous utilities, u (·), for given factor prices and

bequests. Suppressing individual notation, the maximization problem reads:

max
s,v

u
(
cy

)
+β ·π (v) ·u

(
co

)
st .

cy = (1−τ) y + z − s − v (2.3)

co = Rs +b

s ≥ 0

v ≥ 0

4This could be interpreted either as a 100% estate tax used by the government to finance a lump-sum
transfer, or as inheritance based on the mean of unclaimed funds.
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Conforming to literature standards, see e.g. Laibson et al. (1998) and Imrohoroglu

et al. (2003), agents are not allowed to borrow against future pension benefits for

consumption-smoothing purposes, s ≥ 0. As covered in Section 2.2.1, agents also face

a non-negativity constraint on health investment, v ≥ 0. Therefore, the necessary

conditions for a solution to the problem is given by a set of Karush-Kuhn-Tucker

conditions. The problem has four possible solution types. First, we could imagine a

double corner solution with s = v = 0. Second, we could imagine a double interior so-

lution with s, v > 0. Lastly, we could imagine two separate cases with corner solutions

for only one of the choice variables. To develop some intuition, it is useful to consider

the first-order conditions and the consolidated budget:

u′
(
cy

)
≥ R ·β ·π (v) ·u′ (co

)
(2.4)

u′
(
cy

)
≥β ·π′ (v) ·u

(
co

)
(2.5)

(1−τ) y + z + b

R
= v + cy + co

R
(2.6)

The first-order condition for saving in (2.4) is a standard intertemporal Euler equation

for consumption. If the Euler equation does not bind, the individual chooses the

corner solution with no saving. The first-order condition for health investment in

(2.5) is somewhat less standard, albeit very intuitive. When binding, it states that the

marginal value of foregone consumption today from investing one unit in health

should equal the discounted value of expected marginal utility gained tomorrow.

When the condition does not bind, the individual is in a corner solution with no

health investment. Finally, the consolidated budget is rather standard, and requires

the present value of consumption and health investment to equal the present value

of income.

2.2.5 Equilibrium

A static equilibrium is characterised as a situation where:

1. Given all variables exogenous to the individual (income, factor prices, policy

rates, and bequest), each agent chooses saving and health investment to solve

the problem in (2.3).

2. Given the optimal choices for all agents, the public budget in (2.2) balances,

and bequests received by the young equal unclaimed savings of the departed,

as required in (2.1).

2.3 Functional Forms and Calibration

This section provides specific functional forms for the utility and survival functions

in Section 2.3.1, and subsequently calibrates the model parameters in Section 2.3.2.
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2.3.1 Utility and Survival Functions

In the bulk of economic literature, utility is regarded as an ordinal rather than a cardi-

nal concept. When we consider endogenous longevity, however, it is well-established

that utility levels do, in fact, matter. Imagine for instance that instantaneous utility is

negative. This is often the case with a standard constant-relative-risk-aversion (CRRA)

utility function. In that case, an individual that can affect its own likelihood of survival

would prefer certain death with zero utility. It is easy to imagine that this leads to some

rather peculiar and undesirable model implications. Other papers on endogenous

survival, most notably Hall and Jones (2007), solve this problem by adding a positive

constant to the instantaneous utility function to ensure non-negativity. This may,

however, come with several caveats. First, base utilities at zero consumption may

artificially drive the demand for health investment. Second, in our case with agent

heterogeneity, a universal constant would provide different individuals with different

base utilities. To avoid these caveats, we suggest a slight modification of the standard

CRRA utility function:5

u (c) =


(c +1)1−σ−1

1−σ for σ 6= 1

log(c +1) for σ= 1
(2.7)

Concerning endogenous survival, Blackburn and Cipriani (2002) propose a flexible

functional form for the survival function:

π (v) = π0 +π1xvδ

1+xvδ
(2.8)

which adheres to all of the properties required in Assumption 1. Specifically, π0 =
π (0) ≥ 0 constitutes a lower bound for survival probability, while π0 <π1 ≤ 1 consti-

tutes an upper bound. Moreover, x > 0 and δ> 0 jointly determine the turning point

for π′ (·) as well as the shape and speed of convergence of π (·). Whenever δ≤ 1, the

survival function is strictly concave. For δ> 1, the survival function is S-shaped and

displays threshold effects. For a given x, an increase in δ strengthens the S-shape and

increases the speed of convergence. For a given δ, an increase in x implies higher

survival probabilities at every level of health investment.

2.3.2 Exploratory Calibration

The current section sets out to calibrate the model that we use for simulation exercises

in the coming sections. Table 2.1 presents a list of the parameters, their interpreta-

tions, and their respective values. As the table suggests, we initially consider three

different cases of generosity of the pension scheme by varying the compensation rate.

5This ensures u (0) = 0 to avoid a situation where base utilities at zero consumption drive the in-
centives for longevity. Moreover, it breaks with the standard Inada conditions as u′ (0) = 1. We deem the
transformation a small but necessary evil.
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Parameter Description Value Origin

Preferences
β Discount Factor 1 Literature
σ EIS of Consumption 2 Literature
R Risk-free Generational Interest Rate 1.35 1 Percent Yearly

Survival Function
π0 Lower Bound for Survival 0.05 Exploratory
π1 Upper Bound for Survival 1 Exploratory
δ Scale and Shape Parameter 1 Ensuring Concavity
x Scale and Shape Parameter 7.09 Calibrated

Pension System
φ Compensation Rate

{
0,0.2,0.4

}
Exploratory

General Economy
N Number of Individuals 500 Ease of Exposition{

y i
}N

i=1
Income Distribution 10*Beta(2,5) Gini coefficient of 0.315

Table 2.1: Calibration

We calibrate all parameters, safe for one, by assumption and according to the

related literature.

As for the survival function, we set the lower bound to 0.05 and the upper bound

to 1. Our results are robust to reasonable changes in either of these bounds. This

is also the case when π0 = 0 and individuals who do not invest in health die with

certainty.

The remaining parameter, x, we calibrate numerically to ensure what we term

knife-edge dynamic efficiency in the LF economy.6 This means that the economy is

neither dynamically efficient nor dynamically inefficient in the LF equilibrium. This

calibration strategy allows us to focus on the redistributive properties of the pension

scheme while weeding out large positive or negative efficiency effects arising from the

introduction of public pension. In other words, we consider redistribution issues in a

world where the return on public pensions is neither overly large or small compared

to the private alternative. Formally, knife-edge dynamic efficiency requires that the

endogenously determined biological rate of interest in the pension system is equal

to the market interest rate. Note that we calibrate δ for the survival function to be

concave. Later, we relax this assumption to allow for threshold effects in survival. In

doing so, we re-calibrate x to once again ensure knife-edge dynamic efficiency.

6The calibration of x for given values of
{
δ,π0,π1

}
can seem arbitrary. We argue, however, that this is

the most reasonable strategy, as we generate threshold effects exogenously by setting δ, and as x does not
determine whether or not the survival function is S-shaped. Also, we have better priors for the bounds.
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2.4 The Baseline With and Without Pension

Using the functional forms and the parameter configuration outlined in the previous

section, we run the model to produce baseline results as shown in Section 2.4.1. Next,

to illustrate the significance of the endogenous income-longevity gradient, we run a

degenerate version of the model where survival is constant in Section 2.4.2.

2.4.1 The Effect of Public Pensions When Survival is Endogenous

Running the baseline model with endogenous survival produces equilibrium survival

rates as depicted in Figure 2.1. Note that we plot against the labour income draw y

throughout. Any choice of income measure would maintain the ranking of individuals

along the x-axis and would produce a qualitatively similar pattern. Panel 2.1a shows

the survival probabilities in the baseline case with no pension system. This illustrates

the positive income-gradient in the baseline with no public policy. Panel 2.1b shows

changes in survival probabilities for the two positive cases of the compensation rate

relative to the LF benchmark. Note here that a pension system affects equilibrium

survival positively for the poor and negatively for the rich.

(a) Equilibrium Survival Rates (b) Change in Survival

Figure 2.1: Survival Rates, Baseline

To understand what drives the changes in equilibrium survival rates, it is im-

portant to be aware of two competing effects that take place in the first period of

life. First, the anticipation of receiving the pension benefit may add an additional

incentive for the individual to invest in health. In the spirit of Davies and Kuhn (1992),

we term this the incentive effect. This effect only transpires when the pension scheme

is extra-marginal to the individual, and thus, oversaves on its behalf.7 Second, the

7This is the case if the pension benefit is larger than after-interest private savings would have been,



2.4. THE BASELINE WITH AND WITHOUT PENSION 41

pension scheme affects the first-period budget. This budget effect is composed of two

potentially competing effects: an income effect and a postponement effect. With regard

to the income effect, the tax-financed pension scheme implies redistribution, which

affects lifetime income both conditional and unconditional on survival. Conditional

on survival, there is redistribution from the rich to the poor. In unconditional terms,

however, the expected pecuniary gain may be non-monotone across the income

distribution because of inequality in survival rates. In terms of the postponement

effect, the tax directly reduces the first-period budget and, thereby, the first-period

opportunity set. The impact of a smaller opportunity set relies crucially on the credit

status of the individual. For borrowing-constrained individuals, the tax implies a

distortion of individual choices by forcefully postponing the use of resources to the

future. For unconstrained individuals, on the other hand, there is no postponement

effect, as they can indirectly liquidate future pension benefits by lowering private

saving. Due to these competing effects, it is not clear how pension policy affects

health investment, especially at the bottom of the income distribution. For future

use, note that similar budget effects matter for the first-period consumption-saving

decision.

Relating this intuition to the results on survival presented in Panel 2.1b, the

income effect is positive for poor individuals conditional on survival. The budget

effect may, however, be negative because of the postponement effect. Meanwhile,

the pension scheme entails a positive incentive effect. Overall, the total effect on

health investment, and therefore survival probabilities, among the poor, is positive for

both schemes. In the given configuration, the larger scheme is the one that increases

longevity of the poor the most. For even larger schemes, however, we could imagine

that serious postponement effects eventually decrease longevity among the poor. For

the rich, both schemes cause survival probabilities to fall. This is because the rich

are not borrowing constrained, and consequently, are only affected by the negative

income effect. Naturally, this implies that larger schemes entail lower survival rates

for the rich.

Next, we assess the redistributive properties of public pension in pecuniary terms.

To this end, Figure 2.2 depicts the present value of the expected net interaction with

the government. As the figure shows, both pension systems redistribute from the

rich to the poor. Thus, positive redistribution prevails despite the positive income-

longevity gradient. It is also evident that the more generous scheme amplifies this

property. Again, we could imagine that this picture does not extend to highly generous

pension systems.

Next, we examine the welfare effects of the pension schemes. Importantly, these

need not correspond to those observed in terms of expected net interaction. That is,

people with negative net interactions could see utility gains and vice versa. To this

end, Figure 2.3 illustrates expected utilities. Again, Panel 2.3a depicts the baseline,

had the individual unilaterally not participated in the pension scheme.
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Figure 2.2: Expected Present-Value Net Interaction, Baseline

while Panel 2.3b shows changes in response to policy in the two cases. In Panel 2.3b,

we see that, compared to the LF, the intermediate scheme improves welfare for the

poor and lowers welfare for the rich. For the large scheme the pattern is similar, but

differ in one important respect. Namely that the very poorest are worse off under the

most generous scheme than under both the LF and the small pension scheme. This

owes exclusively to the postponement effect which is more severe for low-income

individuals and for more generous pension schemes. That is, utility decreases despite

increases in survival and positive net interactions. Interestingly, under both schemes,

the lower middle class are the largest beneficiaries in terms of welfare. This is true as

the moderately poor have sufficient resources to generate meaningful survival rates

even for a relatively severe postponement effect and, therefore, are likely to reap the

pension benefit while contributing relatively little in taxes.

Summing up, the distortions related to the pension system could decrease welfare

among the poor, even if it redistributes in their favor and increases their likelihood

of survival. Section 2.5 uncovers what alternative configurations could amplify this

issue and potentially imply negative redistribution in pecuniary terms. To this end,

we focus on the intermediate scheme with φ= 0.2, and compare this to the LF. But

before we go so far, we take a slight detour to show how endogenous longevity affects

our results qualitatively. We go about this, by considering a case where survival is

constant and exogenously given atπi =π= 1/R so as to maintain knife-edge dynamic

efficiency.
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(a) Expected Utility, LF (b) Changes in Expected Utility

Figure 2.3: Expected Utility, Baseline

2.4.2 The Effect of Public Pensions When Survival is Exogenous

To illustrate the importance of endogenous longevity in relation to redistribution

in pecuniary and in welfare terms, Figure 2.4 depicts expected net interactions and

changes in expected utility in Panels 2.4a and 2.4b. As this clearly shows, the lack of

an income-longevity gradient implies that there is no tendency for redistribution

to reverse when approaching the bottom of the income distribution. In Panel 2.4,

the poor always have larger net interactions than the rich. Also, the poor always

prefer a more generous pension system in pecuniary terms. Panel 2.4b reveals that

the poor benefit from public pensions in welfare terms, contrary to in the case with

endogenous longevity.

In general, the public pension scheme still entails postponement effects, which

could harm the poor and borrowing-constrained like pointed out by Davies and Kuhn

(1992). But in the absence of an endogenous income-longevity gradient, these are

more likely to be dominated by unmitigated redistribution effects.

2.5 When Public Pension Fails

While the previous section illustrated the redistributive properties of public pension

schemes for a baseline configuration, this section explores two reasons that such

schemes may effectively redistribute from disadvantaged to privileged individuals.

First, we examine the significance of threshold effects in survival by modelling an

S-shaped survival function. Second, we examine the effects of public pensions when

income and intrinsic health potential are positively correlated.
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(a) Expected Present-Value Net Interaction (b) Changes in Expected Utility

Figure 2.4: Net Interaction and Expected Utility, Constant Survival

2.5.1 S-shaped Survival Function

In this section, we introduce threshold effects in survival. This generates more disper-

sion in survival for a given dispersion of income and, thereby, gives rise to a larger

mitigation of redistribution. To model this mechanism, we reconfigure to δ= 3. This

is somewhat arbitrary, but serves merely to illustrate the significance of threshold

effects in survival. We recalibrate x to ensure knife-edge dynamic efficiency in the

LF economy. This requires x = 22.06. Figure 2.5 depicts the new survival function for

this calibration and compares it to the concave baseline.

Figure 2.5: S-shaped Survival Function Figure 2.6: Survival Rates, S-shape
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By virtue of the calibration strategy, the mean LF survival rates are the same

under the new and the old configuration. The endogenous survival rates in the LF

equilibrium and under a public pension scheme are as shown in Figure 2.6. As the

S-shaped survival function is flat for low levels of health investment, the very poorest

are unable to overcome the threshold effects in survival without having to give up

too much consumption. This means that the poorest invest nothing in health and

find themselves at the lower bound of the survival function. Among those who are

sufficiently rich to choose a positive health investment, there exists a positive income-

longevity gradient. Contrary to the baseline case with a concave survival function,

the pension scheme is unable to ensure that no one ends up in the corner solution.

This is so as, among the poorest, the incentive effect is not large enough to dominate

the postponement effect because of the low marginal gain in longevity from health

investment. For the rich, on the other hand, the negative budget effect dictates a

slight decrease in survival.

Following a progression similar to previous sections, we next evaluate expected

net interactions with the government in Figure 2.7. Now, with more disperse longevity

for the same distribution of income, the pension scheme does not redistribute in

favor of the poor in pecuniary terms. Negative redistribution occurs even though the

poorest individuals contribute the least to the scheme in absolute terms. This is the

case both for those who do not invest in health at all, and for those who invest a small

positive amount.

Figure 2.7: Expected Present-Value Net Interaction, S-shape

We now turn our attention to expected utility as depicted in Figure 2.8. First,
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Panel 2.8a shows utilities in the LF equilibrium. The expected-utility function is

piecewise concave but non-differentiable in one specific point, namely the point

at which individuals start investing in health. Second, Panel 2.8b shows changes

in utility in response to policy relative to the LF. Evidently, the pension scheme is

detrimental to the very poorest in utility terms. Members of this group survive with

the same low probability as in the LF and consume less when young because of the

dominating postponement effect. For higher incomes, changes in expected utility

develop non-monotonically with income, due to the competing budget and incentive

effects. Specifically, those with moderate incomes prefer the pension scheme, while

those with high incomes prefer LF. Hence, there is a lower-middle class who favor the

pension scheme.

(a) Expected Utility, LF (b) Expected Utility, Changes

Figure 2.8: Expected Utility, S-Shape

As pointed out earlier, the qualitative properties of net interaction in pecuniary

terms, do not apply one-to-one to expected utility. For most, a positive net interac-

tion is, in fact, associated with a utility gain and vice versa. For some, however, net

interaction is positive while the change in utility is negative because policy distorts

individual decisions. For yet others, the pension scheme entails negative net interac-

tion but implies higher utility. This owes to the insurance effect inherent to the PAYG

scheme.

2.5.2 Correlated Draws

So far we have looked exclusively at health investment as the driver of the income-

longevity gradient. In this section, we introduce a positive correlation between in-

come and intrinsic health potential, which strengthens the income-longevity gradient.
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Given this setup, we again consider the impact of a pension scheme on individual

decisions, net interactions, and welfare.

To formalise the correlation between income and intrinsic health potential, each

individual simultaneously draws income, y , and the shape parameter of the survival

function, x, from a joint distribution with correlation ρx y . Ceteris paribus, there is

a positive, direct effect on survival from being born with higher health potential.

Moreover, the health potential is positively correlated with income, and thereby, with

the ability to invest in health. To keep things separate, we return to the setting with a

strictly concave survival function, δ= 1. To generate exogenous variation, we draw(
xi , y i

)
-pairs from a joint distribution using a Gaussian Copula with rank correlation,

κ= 0.5. The marginal distributions are xi ∼ x ·Uni
(
0,1

)
and y i ∼ Bet a

(
2,5

)
. Drawing

N = 500 individuals, we get a sample correlation of ρx y = 0.69. To ensure knife-edge

dynamic efficiency, we recalibrate and set x = 66.97.

With exogenous variation in two dimensions, we take a two-dimensional ap-

proach to represent three-dimensional outcomes. Specifically, we construct scatter

plots in the xy-plane, and represent the outcome of interest using a color scale. Fol-

lowing this approach, Figure 2.9 illustrates equilibrium survival rates. Panel 2.9a

depicts survival rates in the LF economy and shows that there is a positive income-

longevity gradient for all levels of intrinsic health potential. It also shows that there is

a positive relationship between health potential and survival for any given level of

income. Thus, both sources of exogenous heterogeneity are determinants of survival.

Additionally, level curves are convex, which implies that the two determinants are

imperfect substitutes in the formation of survival. Panel 2.9b depicts changes in

survival induced by the pension system and shows that pension policy causes the

rich and predominantly healthy to live slightly shorter lives. This is unsurprising,

as advantaged individuals are once again only affected by a negative income effect.

Those with moderate income and health draws only experience minor changes. As

indicated by the group of red dots, the incentive effect causes some moderately disad-

vantaged individuals to transition from the corner solution with v = 0 to an interior

solution with v > 0. Consequently, they see huge increases in equilibrium survival

rates. Finally, disadvantaged individuals in the southwesternmost corner remain in

the corner solution and see no change in survival, as indicated by white dots. That

is, again the pension system is unable to induce the disadvantaged to pursue longer

lives.

Next, Figure 2.10 illustrates the expected, present-value of net interaction in abso-

lute terms. Naturally, those who are poor but have high health potential contribute

relatively little and survive with a relatively large probability, and thus, benefit from

the pension scheme. Conversely, those who are rich but have poor health draws stand

to lose. Again, the PAYG pension scheme redistributes from the severely disadvan-

taged to the lower middle class. Despite small contributions and generous pensions,

the combination of bad health and low income implies that the disadvantaged cannot
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(a) Survival Rates, LF (b) Changes in Survival

Figure 2.9: Survival Rates, Correlated Draws

generate sufficiently high survival probabilities to expect to benefit from the pension

scheme in pecuniary terms.

Figure 2.10: Expected Present-Value Net Interaction, Correlated Draws

In Figure 2.11, we depict expected utilities. Panel 2.11a depicts expected utility

levels in the LF economy. Loosely speaking, similarly colored data points characterize

indifference curves for expected utility over the joint distribution of income and

health potential. The indifference curves are convex, and thus, both income and
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health potential matter for utility. Obviously, expected utility increases for indifference

curves further to the northeast. Panel 2.11b depicts changes in utilities caused by

public policy and shows that the pension scheme affects utility heterogeneously

over the joint distribution of income and health potential. Specifically, the pension

scheme decreases utility for those with high income and high health potential, while

it benefits those with moderate-to-low income and health potential. Also, in utility

terms, the pension scheme is detrimental to the severely disadvantaged individuals

furthest to the southwest.

(a) Expected Utility, LF (b) Changes in Expected Utility

Figure 2.11: Expected Utility, Correlated Draws

2.5.3 Combining Threshold Effects With Confounded Income and

Health

Hitherto, we have presented two different reasons that public pensions may harm

the disadvantaged: threshold effects in survival and correlation between income and

intrinsic health potential. In this section, we illustrate the combined force of these

mechanisms by calibrating the survival function as in Section 2.5.1 and the joint

distribution of income and health potential as in Section 2.5.2. To ensure knife-edge

dynamic efficiency, we recalibrate to x = 66.97. Using this configuration, Figure 2.12

depicts LF survival rates in Panel 2.12a and changes in survival caused by policy in

Panel 2.12b. As in the previous section, the first plot shows that there is a positive

gradient from both income and health potential onto survival, and that level curves

are convex. Again, we see a segment of people with moderate-to-low income and

health draws shift from the corner solution with v = 0 to an interior solution with v > 0

in response to policy, while the most disadvantaged remain in the corner solution.
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(a) Survival Rates, LF (b) Changes in Survival

Figure 2.12: Survival Rates, S-shape and Correlated Draws

Following the usual pattern, Figure 2.13 depicts expected net interactions for each

individual. As in the previous section, but now to an even larger extent, the lower

middle class benefit from the pension scheme in pecuniary terms, while the very

disadvantaged and the very privileged stand to loose in expected, pecuniary terms.

Figure 2.13: Present-Value Expected Net Interaction, S-shape and Correlated Draws

Lastly, Figure 2.14 depicts expected utilities. Panel 2.14a displays individual utility

levels, while Panel 2.14b depicts changes in utility caused by the pension scheme.
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From the figure, it is immediately evident that pension policy is unable to help a broad

segment of individuals with low income and/or low health potential. In conclusion, a

pension scheme may be ill-suited to help the weak.

(a) Expected Utility, LF (b) Changes in Expected Utility

Figure 2.14: Expected Utility, S-shape and Correlated Draws

2.6 Concluding Remarks

We propose a model that combines a standard two-period life cycle model that incor-

porates endogenous longevity with agent heterogeneity. We use this setup to conduct

a positive experiment to examine the interplay between public pension schemes,

endogenous longevity, redistribution, and welfare. To avoid standard efficiency ar-

guments surrounding public pension schemes, we propose a calibration strategy

that allows us to focus on redistribution. We show that a PAYG pension scheme may

pervert redistribution both in pecuniary and welfare terms. This is true in particular

when there are threshold effects in survival and/or income and health potential are

positively correlated. Hence, our findings suggest that social security may not be so

social after all.

Of course, this does not mean that a public pension scheme has no merit in the

real world. For instance, a prevalent argument for any type of public pension scheme

that involves intragenerational redistribution is that it works as ex ante insurance

of individual income risk. For PAYG schemes in particular, an additional insurance

effect transpires via intergenerational risk sharing. The mitigation of redistribution

due to systematic differences in expected lifetime, nonetheless, remains a problem

even if we incorporate income risk.

Another standard argument in favor of public pension is that individuals may be

myopic, and therefore, tend to undersave. Here, a mandatory pension scheme effec-
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tively increases suboptimally low savings. In our model, however, the endogenous

longevity component implies that myopic individuals also underinvest in health. In

that case, a pension scheme does not rectify the underinvestment in health. Thus,

it does not necessarily make sense to force myopic agents to save, without contem-

poraneously addressing the lack of health investment. Therefore, there is likely an

argument for combined healthcare-pension schemes to simultaneously remedy the

lack of saving and health investment. This is an interesting avenue for future research,

which is a straightforward extension of our current setup.

Although there are valid arguments for having a public pension scheme in place,

this paper contains insights on real life policy issues that should be taken into account

when designing the welfare state of the future.
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Abstract

We investigate strategic interaction in climate actions in a two-country model with

integrated capital and goods markets. We find that there is a strategic substitutability

issue in the abatement dimension of policy, but that, contrary to common perception,

there might be strategic complementarity in the taxation dimension. 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. Our results show that the

green transition may be easier than predicted, as climate actions, at least in the tax

dimension, may 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, it is optimal for others to slacken theirs.

But can we be sure that slackening climate actions is, in fact, the optimal policy re-

sponse to a trading partner increasing its efforts against climate change? In this paper,

we investigate whether home and foreign carbon taxes and abatement expenditures

are unquestionably strategic substitutes, or whether we could imagine a world where

they are strategic complements. The terminology of strategic substitutability and

complementarity was first introduced by Bulow et al. (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.

First, we present a stylised model to fix ideas and explain the main mechanisms.

Secondly, we present a more complex model that allows us to quantify the different

effects in numerical experiments. The stylised model presents a simple two-country

tax-competition framework with a shared climate where taxes finance public con-

sumption and climate abatement. Domestic taxes negatively (positively) affect do-

mestic (foreign) production which captures standard leakage arguments of taxation.

The larger-scale model introduces further country interdependencies through inte-

grated 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 stylised, theoretical model highlights several counteracting effects; some pull

towards strategic complementarity, others towards substitutability. First, countries

compete for economic activity, and thus, tax base. This implies that if a trading part-

ner increases its tax rate, the tax competition becomes 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. Secondly, when one country increases its

climate actions, the marginal benefit for the other country to do the same decreases.

This channel gives rise to strategic substitutability. In the tax dimension, the different

effects lead to ambiguity of the total effect of a trading partner increasing its cli-

mate tax. Contrary to this, we show that abatement expenditures are unambiguously
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strategic substitutes, because an increase in the abatement share does not affect

competition for economic activity but only decreases the marginal gain of climate

actions.

The stylised model merely serves to illustrate the different effects in the larger-

scale model that we solve numerically. Nonetheless, it illustrates the main argument

for why assuming strategic substitutability in climate policy is potentially not such

an innocent assumption as one might think. The larger-scale model allows us to

take into account the abovementioned 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, as often assumed in the literature, strategic substitutes and

show that it is indeed possible to imagine a world where climate actions are strategic

complements.

Interestingly, we show that whether climate taxes are strategic complements or

substitutes 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.

In our main specification, where governments spend their tax revenues entirely on

public spending (approximating the current state of the world), we find that 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. In line with our

theoretical predictions, abatement expenditures are always strategic substitutes.

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 et al. (2017); Nordhaus

(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". Our model contains no clubs or sanctions, only countries

that act in their own best interests. In a cooperative world, the solution is straight-

forward. A uniform carbon tax is the most efficient solution as it aligns private and

social costs of carbon (see e.g. Nordhaus (2014); Weitzman (2014)). But in the absence

of worldwide uniform policies, several questions arise. Is it possible to recover the

cooperative solution and if not, what are the implications of non-cooperative policy?

Perdana et al. (2017) compare carbon taxes and free riding in 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. As

illustrated by Sælen (2016) and Hovi et al. (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. As
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mentioned, we investigate policies where countries do not try to commit each other.

Commitment is a politically difficult process, and thus we introduce a setup which

does not require any politically shared ambitions.

There has been extensive research on strategic interactions with different types of

taxes. But the question whether climate taxes are strategic complements or substi-

tutes is still new. Climate taxes are different than other taxes because the inclusion of

the climate in any economic model adds another layer of complexitity as introduced

by Nordhaus (2015) in the DICE model. How to incorporate the climate in an eco-

nomic model is not trivial: either the climate has to influence production, or agents

need to get utility from the climate. We choose the second approach, and thus, agents

and policymakers have an extra dimension in their decision-making, in the sense

that the state of the climate matters for welfare. Recently, many rich, primarily Euro-

pean, countries begin to form stronger preferences 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. Therefore, it seems more relevant than ever to nuance and shed light

on the validity of this argument. If the direct negative effect on the marginal gain

from climate actions is dominated by tax competition effects, such that carbon taxes

are strategic complements, 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.

3.2 Theoretical Analysis of the Main Mechanisms

In this section, we present a stylised two-country 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.
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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 = f
(
τ,τ f

)
.

Domestic output is decreasing in the home tax rate, τ, and increasing in the foreign

tax rate, τ f . 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−τ) · y.

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

A,

A =µ ·τ · y,

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

g = (1−µ) ·τ · y.

Similar private and public budget constraints exist in the foreign country.

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, ψ(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

Ω= u(c)+ v(g )−h

y −ψ(
A

)+ y f −ψ
(

A f
)

︸ ︷︷ ︸
≡E

 ,

where u′, v ′,h′,ψ′ > 0 and u′′, v ′′ < 0, h′′ > 0. To simplify matters, we let ψ′′ = 0.

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 ∂τ
∂τ 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

(
∂τ

∂τ f

)
= sign

(
Ωττ f

)
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and

sign

(
∂µ

∂µ f

)
= sign

(
Ωµµ f

)
.

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

(
dτ

dτ f

)
= sign

(
ΩτµΩµτ f −Ωττ f Ωµµ

)
. (3.1)

See Appendix A.1.1 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

abatement share, µ, constant and look at the tax rates.

When investigating the strategic relationship between tax rates, we find coun-

teracting effects. On the one hand, when a country increases its tax rate, the other

country is induced to lower theirs because the marginal gain of doing climate policy

decreases. On the other hand, 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. 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 the foreign tax rate as given. This yields a first-order condition:

Ωτ =uc (·)[(1−τ) fτ− f
]+ (1−µ)vg (·)[ f +τ fτ

]
−hE (·)

[
fτ−µψA (·)[ f +τ fτ

]+ f f
τ −µ f τ f f f

τ ψA (·)
]

︸ ︷︷ ︸
≡Λ<0

= 0.

We also have the standard second-order condition,Ωττ < 0, which we assume to hold.

By total differentiation of the first-order condition, we get:1

1We assume that
∂
(

f ·τ)
∂τ

= f +τ · fτ > 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 τ.
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Ωττ f =(1−µ)vg (·) fτ f︸ ︷︷ ︸
1.

+hE (·)
[
µψA (·) fτ f +µ f f

f
τ ψA (·)

]
︸ ︷︷ ︸

2.

−uc (·) fτ f︸ ︷︷ ︸
3.

−hEE (·)
[

fτ f + f
f
τ f

]
Λ︸ ︷︷ ︸

4.

+hEE (·)ψA(·)
[
µ f

[
f f +τ f f

f
τ f

]]
Λ︸ ︷︷ ︸

5.

+ucc (·)
[

(1−τ) f
τ f

][
(1−τ) fτ− f

]+(1−µ)vg g (·)
[

(1−µ)τ f
τ f

][
f +τ fτ

]
+hEE (·)ψA (·)

[
µτ f

τ f

]
Λ︸ ︷︷ ︸

6.

Q 0.

Note that hA (·) and vg (·) cancel in optimum when the abatement share µ is

chosen optimally. Furthermore, we assume that yτ f τ = 0.2 The sign of the expression

(and consequently also the sign of ∂τ f

∂τ ) is ambiguous because several mechanisms

are at play. First, we have two effects that pull towards strategic complementarity:

1. With a higher foreign tax, the marginal benefit of increasing the home tax in

terms of public consumption is larger, because the tax base is larger.

2. With a higher foreign tax, competition for production is less fierce, and there-

fore it is less costly to raise the tax (tax competition effect). Also, with a higher

foreign tax, the tax base in the home country is larger, and therefore an increase

in the tax will yield relatively more tax revenue. There is a reinforcing effect

when the foreign country spends its revenue on abatement, because it is less

costly (in terms of lost production/activity) to raise the tax when some of the

increased tax revenue abroad is spent on a worldwide public good.

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

3. 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.

4. 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.

2We 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

ττ 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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5. 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.

Lastly, we have the sixth 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.

6. 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. Lastly, with a

larger tax base, abatement increases in the home country. This reduces the

marginal utility of abatement and induces the home country to lower its tax.

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. To distill the main argument for why many think of climate actions

as strategic substitutes, we next consider a case where all tax-competition effects are

eliminated. This is the case when we look at the strategic relationship between the

abatement shares in the two countries, µ and µ f , by looking at the sign of dµ
dµ f . Again,

we know that sign

(
dµ

dµ f

)
= sign

(
Ωµµ f

)
if we assume exogenous tax rates, and thus we

look at the second derivative of the social welfare function and find

Ωµµ f =−hEE (·)ψA
(

A
)[
τ f

]
ψA

(
A f

)[
τ f f

f
]
< 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 spend money on

general public spending.

Of course, it would also be possible to investigate the signs ofΩµτ f andΩτµ f . See

Appendix A.1.2.
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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 (3.1) 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.

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,Ωτ (·)+Ωτ f (·). We call the corresponding cooperative tax

rate τc . It satisfies the following first-order condition:

∂Ωc

∂τ
=Ωτ (·)+Ωτ f (·) = 0.

When we evaluate this condition in the non-cooperative equilibrium, we find:

∂Ωc

∂τ
|τ=τNC =Ωτ f (·)

Inserting into the expression to look atΩτ f (·), we get:

Ωτ f (·) =uc (·) (1−τ) fτ f + (1−µ)τ fτ f vg (·)

−hE (·)
[

fτ f −ψA
(

A
)
µτ fτ f + f f

τ f −ψA

(
A f

)
µ f

[
f f +τ f f f

τ f

]]
> 0

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

∂Ωc

∂µ
|µ=µNC =Ωµ f (·) = hE (·)ψA

(
A f

)
τ f f 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

In this section, we present the two-country, two-generations OLG model with inte-

grated 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 units of labour. Total labour supply in country i is denoted by Li and is allocated

between the two production sectors (x and y) and the government sector (denoted

by superscript g ) in country i such that:

Li = (1+R)N i = Li ,x
t +Li ,y

t +Li ,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. Note that 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
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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.
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

max
si

t

U i
t =

(
ci

y,t

)1−θc −1

1−θc
+ωg ·

(
g i

t

)1−θg −1

1−θg
−ωE ·E

γ
t

+β


(
ci

o,t+1

)1−θc −1

1−θc
+ωg ·

(
g i

t+1

)1−θg −1

1−θg
−ωE ·E

γ
t+1


s.t. ci

y,t = (1−τl ) ·w i
t − si

t +
Πi

t

2N i
,

ci
o,t+1 = (1−τl ) ·R ·w i

t+1 + (1+ r i
t+1)si

t +
Πi

t+1

2N i

Individuals discount old-age utility with β. 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 (γ> 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

(
xi

t , y i
t

)
=

((
ϕ

) 1
ε

(
xi

t

) ε−1
ε + (

1−ϕ) 1
ε

(
y i

t

) ε−1
ε

) ε
ε−1

where xi
t = xi ,H

t + xi ,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 , xi ,H
t

(y i ,H
t ), and x (y) produced in F , xi ,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 ε denote the elasticity of substitution between good x and y . The weights,

ωg and ωE , 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, τl , si
t denotes saving in period t , and

(
1+ rt+1

)
si

t is the
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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 composite

good as well. Because firms have decreasing returns to scale, they earn profits, Π,

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

)−θc =
(
1+ r i

t+1

)
·β ·

(
c i

o,t+1

)−θc
.

To find the allocation between x and y , we solve the following intratemporal prob-

lem: consider an individual who owns one low-polluting good. The individual max-

imises the amount of composite goods that can be bought for the low-polluting good.

Individuals maximise over low- and high-polluting goods and face the following

problem

max
x, y

c
(
x, y

)= (
ϕ

1
ε x

ε−1
ε + (

1−ϕ) 1
ε y

ε−1
ε

) ε
ε−1

s.t. x +py = 1

where p is the relative price of y relative to x. Evaluating in optimal quantities, we

get π := 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 π that is

independent of income. See Appendix A.2 for a derivation of the analytical expression

for π.

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 scale3:

xs,i
t =

(
K x,i

t

)αxρ
(
Lx,i

t

)(1−αx )ρ

y s,i
t =

(
K y,i

t

)αyρ
(
Ly,i

t

)(1−αy )ρ
,

where superscript s denotes supply. Both goods are produced with capital, K , and

labour, L, but the weights on the inputs, αx and αy , are different. To capture that

y pollutes more than x, we impose αx < αy , as capital is the polluting factor of

3Decreasing returns to scale imply increasing marginal costs and consequently positive profits.
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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 ρ < 1 captures the degree of decreasing returns to scale.

Firms in country i operating in sector x (similar for sector y) maximise profits,Π,

taking prices of labour and capital as given

max
Li ,x

t , K i ,x
t

Πi
t =πt xs,i

t −w i
t Li ,x

t − r i ,x
t K i ,x

t

Note that the first term, which constitutes total revenue, is multiplied by the relative

price between the composite good and x goods,π, 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. Note that we consider the after-tax interest

rate.

r i ,x
t =

πt ·
∂F x

(
K i ,x

t ,Li ,x
t

)
∂K i ,x

t

−δ

 · (1−τi )

r i ,y
t =

πt ·pt ·
∂F y

(
K i ,y

t ,Li ,y
t

)
∂K i ,y

t

−δ

 · (1−τi )

w i ,x
t =πt ·

∂F x
(
K i ,x

t ,Li ,x
t

)
∂Li ,x

t

w i ,y
t =π ·pt ·

∂F y
(
K i ,y

t ,Li ,y
t

)
∂Li ,y

t

,

where δ is the capital depreciation rate, and τi
t is the tax on capital and, hence,

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

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 =

∑
l

K i ,l
t .
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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 ε) plus new emissions net of abatement. We model abatement as a fraction of

emissions,Ψ. More on abatement in Section 3.3.4. Formally, the law of motion for

the emission stock can be written as

Et+1 = (1−ε) ·Et +
∑

i
e i

t

(
1−Ψi

t

)
.

Note that 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

M i
t = τi

t ·


πt ·

∂F x
(
K i ,x

t ,Li ,x
t

)
∂K i ,x

t

−δ

 ·K i ,x
t +

πt ·pt ·
∂F y

(
K i ,y

t ,Li ,y
t

)
∂K i ,y

t

−δ

 ·K i ,y
t


The revenue is simply a function of the total capital stock in both sectors. The total

government income is the revenue from both the income tax and the carbon tax

B i
t = M i

t +τl ·w i
t ·Li .

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, Ai , whereas the remaining tax revenue is spent on employees in

the public sector, Li ,g .

Ai
t =µi ·B i

t (3.2)

w i
t Li ,g

t =
(
1−µi

)
·B i

t (3.3)

The abatement costs correspond to an abatement fraction of current emissions,

Ψi
t , according to the following

Ai
t =λ ·

(
Ψi

t

)φ ·e i
t , φ> 0. (3.4)

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
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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 =

(
Lg ,i

t

)κ
, 0 < κ < 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.

g i
t =

G i
t

2N i

We calibrate κ such that G(·) is concave, implying decreasing marginal productivity

of public sector workers.

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

∑
i

xs,i
t =∑

i

N i

(
xi

y,t +x∗
t · si

t

πt

)
+N i · xi

o,t +x∗
t · Ai

t

πt

 (3.5)

∑
i

y s,i
t =∑

i

N i

(
y i

y,t + y∗
t · si

t

πt

)
+N i · y i

o,t + y∗
t · Ai

t

πt

 , (3.6)

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: xi
y,t = x∗

t · c i
y,t , y i

y,t = x∗
t · c i

y,t , etc. Using such manipulations

in (3.5) and (3.6) and dividing the two yields a standard condition for market clearing

in goods markets, namely that relative supply equals relative demand:∑
i xs,i

t∑
i y s,i

t

= x∗
t

y∗
t

. (3.7)

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.

K w
t+1 = Sw

t ≡∑
i

N i si
t

Capital is shared between the four sectors (two in each country) such that

K w
t+1 =

∑
i ,l

K i ,l
t+1.
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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 her 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

max
τi

U i
ss =

(
ci

y,ss

)1−θc −1

1−θc
+ωg ·

(
g i

ss

)1−θg −1

1−θg
−ωE ·E

γ
ss

+β


(
ci

o,ss

)1−θc −1

1−θc
+ωg ·

(
g i

ss

)1−θg −1

1−θg
−ωE ·E

γ
ss

 ,

subject to optimal behaviour by individuals as outlined in Section 3.3.1, the gov-

ernment budget in (3.3), and taking the foreign carbon tax as given. Contrary to the

individuals, the policymaker is not atomistic 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
∂τi = 0 and the second-order condition

∂2U i
ss

∂
(
τi

)2 < 0.

Because of interdependence between the two countries, the optimal carbon tax

in country i ,
(
τi

)∗
, is a function of the carbon tax chosen in country j

(
τi

)∗ = hi
(
τ j

)
, i = H ,F, j 6= i .

Here, hi
(
τ j

)
can be interpreted as country i ’s best response function as it gives

the optimal policy response to any climate policy chosen by country j . The Nash

equilibrium is a combination of carbon taxes

((
τH

)∗
,
(
τF

)∗)
, where the countries

mutually best respond. Or stated differently, it is a situation in which no country has

an incentive to unilaterally change their carbon tax:

(
τi

)∗ = hi
((
τ j

)∗)
, ∀i = H ,F, j 6= i (3.8)

Naturally, a similar problem exists if it was the abatement share that was endogenous.

Finally, if we endogenize both τ’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.
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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, θc ,

to 0.8. We use the same elasticity of intertemporal substitution for government con-

sumption; i.e. θg = 0.8. These correspond to an elasticity of intertemporal substitution

of 1.25. We choose θc and θg sufficiently low to ensure that for interest rates, the sub-

stitution effect dominates the income effect such that higher interest rates lead to

higher savings. The empirical literature on the elasticity of intertemporal substitution,

however, 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 elastic-

ity of intertemporal substitution to better match saving patterns and responses to

changing interest rates. The convexity parameter of the utility function, γ, is 2 which

is in line with Weitzman (2010). With this choice, we ensure that damages are strictly

convex, implying that the marginal damages are strictly increasing. We also need

to make a split between x and y for the consumer. Here, we use data for services

and goods as a proxy to calibrate after. We think of services as the low-polluting

good, while non-services/goods are high-polluting. Services constitute 65% of GDP

worldwide (World Bank (2016)). Furthermore, government spending constitutes 19%

of GDP excluding transfers and pensions (Bank (2015); Ortiz-Ospina (2016)). If we

assume that government spending is constituted solely by services, this leaves the

remainder of GDP to consist of 57% services and 43% goods which we use as our CES

budget shares for x and y such that ϕ = 0.57. 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 interactions as we do.4 We choose β= 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,

δ, is 1 corresponding to full depreciation of capital over a generation of 30 years

4The discount rate of course matters for saving decisions and capital accumulation but not so much
for optimal policy. This is supported by our sensitivity analysis presented in Appendix A.3
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which is standard in the OLG literature. We set the capital shares in the production

of x and y to αx = 0.33 and αy = 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, ρ = 0.80, to ensure that countries do not

completely specialise. Choosing ρ = 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 38.9% to 41.3% for non-financial companies in the EU in the

period 2018Q2-2021Q1.5

Lastly, in the government sector, we set κ = 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 as proposed by Karp and Rezai (2017).

As Nordhaus (2008), we calibrate the abatement function in (3.4) with φ = 2.5. We

follow Nordhaus (2014) and calibrate λ such that it costs 5.4% of GDP to abate the

current yearly flow of emissions. This requires λ= 0.483.

3.4.3 Calibration of the Utility-Function Weights

To calibrate the utility weights, ωg and ωE , we introduce two calibration constraints.

As mentioned in Section 3.4.1, government spending constitutes 19% of GDP if we

exclude transfers and pensions from our analysis. Therefore, our first calibration

constraint ensures that public spending constitutes 19% of GDP in steady state, while

private consumption and investment account for the remaining 81% of world GDP.

w i
ss Li ,g

ss

GDP i
ss

= 0.19

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

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

5https://ec.europa.eu/eurostat/databrowser/view/teina520/default/table?lang=en , September 22,
2021
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R Fraction of time spent working when old 0.5
θc Coefficient of relative risk aversion on consumption 0.8
θg Coefficient of relative risk aversion on gov. cons. 0.8
ε Carbon decay rate 0.109
αx Capital income share in sector x 0.33
αy Capital income share in sector y 0.54
ϕ CES share - consumer preference for x 0.57
ε Substitution elasticity between x and y 1
κ Concavity parameter for production of public good 0.5
δ Generational depreciation rate 1
β Generational discount factor for utility 0.7
ρ Returns to scale parameter 0.8
γ Convexity parameter on emissions disutility 2
λ Abatement weight 0.483
φ Convexity parameter on abatement 2.5
τl Tax on labour income 0.2
ωg Weight on gov. cons. in the utility function 0.2907
ωe Weight on the climate in the utility function 4.400 ·10−5

N i Generation size 1000 ∀ i

Table 3.1: Baseline parameter specification

can increase by 4.8% before we reach an increase of 2°C in temperature. Thus, the

calibration constraint reads

U i
ss

(
0.98 · c, g ,E

)=U i
ss

(
c, g ,1.048 ·E

)
.

Imposing the two constraints and freeing the parametersωg andωe , we calibrateωg =
0.2907 and ωe = 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 result in stable and unique Nash equilibria.

3.5 Numerical Results

We simulate best response functions for both countries and find the Nash equilibrium

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 equi-

librium if one country changes its tax rate/abatement share. Does the other country

change its tax rate/abatement share in the same direction or in the other direction?

Relating to the theoretical model in Section 3.2, this is the same as asking for the sign

of ∂τ
∂τ 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 cases with
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one policy variable 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, the government spends all its revenue on general govern-

ment consumption such that µH =µ f = 0. 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. 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
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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 A.3 shows best response functions in the cases

where the two governments spend 0, 10, 30, and 50 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 as follows: 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.

(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

Figure 3.2: Best response functions for different levels of abatement

The graphs also show that the equilibrium taxes decrease. This means that the

abatement share not only changes whether carbon taxes are strategic complements
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or substitutes, but also affects how high carbon tax rates 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 that 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.

3.5.3 Endogenous Aabatement

Next, we keep the tax rates fixed and let policymakers choose the abatement shares.

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, τH = τF = 0.355 which correspond to

the equilibrium tax rates in the benchmark specification with no abatement. We

Figure 3.3: Example of best response functions in the abatement share. The slopes are negative
implying strategic substitutability

observe that the best response functions are everywhere downward-sloping, and

thus also in the Nash equilibrium, indicating strategic substitutability in the abate-

ment share. This implies that if a country increases its share spent on abatement, it

prompts its trading 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
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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

foreign country increases its abatement share, 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 share are endogenous. Because of the dimensionality, we cannot rely on graphi-

cal analysis to identify the Nash equilibrum, and 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

(
f
(

f
(
... f (x)

)))
.6 We find the Nash equilibrium by starting at an arbitrary

point x0 ∈ [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 equilibrium(
τNC = 0.3552, µNC = 0.0716

)
. In comparison, the cooperative equilibrium is(

τC = 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, τH and µH , react in

the Nash equilibrium when foreign policy variables, τ f and µ f , change. For instance,

element
(
1,2

)
in Table 3.2 says that ∂µH

∂τ f < 0.

τH µH E
τ f + - -
µ f + - -

Table 3.2: How changes in foreign policy variables affect domestic variables and emissions in
equilibrium

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 ∂τH

∂τ f > 0 and ∂µH

∂µ f < 0.

6The 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.
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Regarding ∂µH

∂τ f < 0, this works in the opposite direction of ∂τH

∂τ 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 the emission

stock is negative such that a higher carbon tax in the foreign country implies overall

lowered emissions which is what the last column in Table 3.2 shows.

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 emissions is again negative, meaning that a

higher abatement share in the foreign country and implied responses by the home

country imply overall lowered emissions.

Summing up, more aggressive climate policies abroad through either τ 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.

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, θc ,

the coefficient of relative risk aversion on government consumption, θg , and the

returns to scale parameter, ρ, 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 θg

where small changes affect optimal taxes quite a lot. It is not the absolute value of

θg that matters, but rather the difference between θc and θg , see panel A.1b where

both coefficients are equal to 2. Changing the θ’s changes the concavity of the utility

function, and in general, a higher θg increases the best response to a given foreign

tax. The returns to scale parameter, ρ, changes both the Nash equilibrium and the

steepness of the best response function slopes, which is depicted in Figure A.2 in
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Appendix A.3.

Next, we turn to the parameters of the utility function, namely the utility weight on

government consumption, ωg , the utility weight on emissions, ωe , and the discount

factor,β. 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 β. 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, ε. This does, however, not affect the results much, see Ap-

pendix A.3. The same goes for the tax on labour income, τl , which mostly causes

parallel shifts of the best response function. The difference between the weights on

capital, αx and αy , 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.

3.6 Conclusion

If everybody waits for somebody else to take action, nothing happens. A waiting game

in the climate issue might arise for several reasons: diffusion of responsibility, lack of

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 mitigation 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 mechanism 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
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climate models. Nevertheless, 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. And if climate actions are in fact

complementary, it gives hope that a few ambitious frontrunners may start a positive

climate spiral so we do not have to rely solely on coordinated actions.
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Appendix

A.1 Theory

A.1.1 Signs with Two Policy Variables

We have the social welfare function

Ω
(
τ,µ,τ f ,µ f

)
,

with the first order conditions

Ωτ

(
τ,µ,τ f ,µ f

)
= 0

Ωµ

(
τ,µ,τ f ,µ f

)
= 0.

If we total differentiate the FOC’s, we get

dτ

dτ f
=−

Ωτµ
dµ

dτ f +Ωττ f

Ωττ
(A.1)

dµ

dτ f
=−

Ωµτ
dτ

dτ f +Ωµτ f

Ωµµ
. (A.2)

Inserting (9) into (8)

dτ

dτ f
=−

Ωτµ

(
−Ωµτ

dτ
dτ f +Ω

µτ f

Ωµµ

)
+Ωττ f

Ωττ
=−

(
−ΩτµΩµτ

dτ
dτ f +ΩτµΩµτ f

Ωµµ

)
+Ωττ f

Ωττ
.

Rearranging, we get

dτ

dτ f

1−
ΩτµΩµτ
Ωµµ

Ωττ

=−
Ωττ f −

ΩτµΩµτ f

Ωµµ

Ωττ

dτ

dτ f

Ωττ− ΩτµΩµτ
Ωµµ

Ωττ



=−
Ωττ f −

ΩτµΩµτ f

Ωµµ

Ωττ

dτ

dτ f

=−
Ωττ f −

ΩτµΩµτ f

Ωµµ

Ωττ− ΩτµΩµτ
Ωµµ

=−
Ωττ f Ωµµ−ΩτµΩµτ f

ΩττΩµµ−
(
Ωτµ

)2

=
ΩτµΩµτ f −Ωττ f Ωµµ

ΩττΩµµ−
(
Ωτµ

)2
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Because of the second order condition, we have

sign

(
dτ

dτ f

)
= sign

(
ΩτµΩµτ f −Ωττ f Ωµµ

)
.

A.1.2 The Signs ofΩµτ f andΩτµ 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
dτ f . Again,

we have that sign
(

dµ
dτ f

)
= sign

(
Ωµτ f

)
assuming that the other policy variables are

constant. We find that

Ωµτ f =
(
µv ′′

g g (·)− (
1−µ)

h′′
A A (·)

)[
τ fτ f

][
τ f

]−h′′
A A (·)

(
1−µ f

)[
f f +τ f f f

τ f

][
τ f

]
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 τ 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 dτ
dµ f . Again, we have sign

(
dτ

dµ f

)
= sign

(
Ωτµ f

)
under the same assumptions as previous. Here

Ωτµ f =−
(
τ f · f f

)
hA A (·)

[
(1−µ)

(
τ fτ+ f

)+ (1−µ f )τ f · f f
τ

]
−τ f f f

τ hA (·)Q 0

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

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.
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A.2 Derivation of π

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

max
x

ϕ 1
ε x

ε−1
ε + (

1−ϕ) 1
ε

(
1−x

p

) ε−1
ε


ε
ε−1

The first order condition can be reduced toϕ 1
ε x

ε−1
ε + (

1−ϕ) 1
ε

(
1−x

p

) ε−1
ε


1
ε−1

ϕ 1
ε x

−1
ε −

(
1−ϕ) 1

ε

p

(
1−x

p

) −1
ε

= 0

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

ϕ
1
ε x

−1
ε −

(
1−ϕ) 1

ε

p

(
1−x

p

) −1
ε

= 0

ϕ
1
ε x

−1
ε =

(
1−ϕ) 1

ε

p

(
1−x

p

) −1
ε

ϕ−1x = pε
(
1−ϕ)−1

(
1−x

p

)

x = pε−1

(
ϕ

1−ϕ

)
(1−x)

x

1+pε−1

(
ϕ

1−ϕ

)= pε−1

(
ϕ

1−ϕ

)

x∗ =
pε−1

(
ϕ

1−ϕ
)

(
1+pε−1

(
ϕ

1−ϕ
)) = 1

1+ 1

pε−1
(

ϕ
1−ϕ

) = 1

1+p1−ε
(

1−ϕ
ϕ

)
This implies that the optimal choice of y is

y∗ = 1−x

p
=

1− 1

1+p1−ε
(

1−ϕ
ϕ

)
p

=

p1−ε
(

1−ϕ
ϕ

)
1+p1−ε

(
1−ϕ
ϕ

)
p

=

1
1+ 1

p1−ε
(

1−ϕ
ϕ

)
p

=
1

1+pε−1 ϕ
1−ϕ

p
= 1

p +pε ϕ
1−ϕ

The number of composite goods per x goods, which we denote π, is

π= c
(
x∗, y∗)

.
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A.3 Sensitivity Analysis

(a) θc = 2 (b) θc = θg = 2

(c) θg = 0.95 (d) θg = 1.1

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



A.3. SENSITIVITY ANALYSIS 87

(a) ρ = 0.7 (b) ρ = 0.9

Figure A.2: Varying the returns to scale parameter, ρ

(a) ε= 0.5 (b) ε= 1.5

(c) ε= 2 (d) ε= 3

Figure A.3: Varying the elasticity of substitution between x and y, ε
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(a)ωe is 10% of baseline value (b)ωe is 50% of baseline value

(c)ωe is 150% of baseline value

Figure A.4: Varying the utility weight on emissions, ωe
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(a)ωg is 10% of baseline value (b)ωg is 50% of baseline value

(c)ωg is 150% of baseline value

Figure A.5: Varying the utility weight on government consumption, ωg
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(a) β is 80% of baseline value (b) β is 90% of baseline value

(c) β is 0.99

Figure A.6: Varying the discount rate, β
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