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1 Introduction1

Do environmental policies in some countries affect environmental policies in other

countries? What are the international spillover effects of carbon taxes? How do carbon

taxes affect open-economy variables such as capital flows and exchange rates? To answer

these questions we develop an environmental dynamic stochastic general equilibrium (E-

DSGE) model.

The above issues have significant importance in the design of effective environmental

policies. Climate change refers to long-term changes in average weather patterns and is

characterized by increasing global temperatures, extreme weather events, and widespread

ecological disruptions. The scientific consensus is that climate change is driven primar-

ily by human activities, including the emission of greenhouse gases resulting from fossil

fuel combustion, deforestation, and industrial processes (IPCC, 2022). Addressing cli-

mate change may involve a trade-off, however, as mitigation efforts may require reducing

economic activity, i.e. the so-called transition risk.

Climate change exemplifies a global negative externality, given that most countries

are too small to effectively reduce global pollution in isolation. Even if national policy-

makers internalize the domestic costs of climate change through the implementation of

carbon taxes, without coordination among countries they do not internalize the global

costs, resulting in sub-optimal environmental policies (Hoel, 1991; Van Der Ploeg and

De Zeeuw, 1992; Tahvonen, 1994; Nordhaus, 2015). Absent global cooperation, carbon

taxes can also lead to unintended spillover effects, influencing capital flows and shifting

polluting activities to countries with weaker environmental regulations (Fontagné and

Schubert, 2023, Schroeder and Stracca, 2023).2 While the Paris Agreement has been

1We thank two anonymous reviewers of the Bank of Italy’s working paper series, our discussant
Topi Hokkanen, Fabrizio Ferriani, Marco Taboga, Giovanni Veronese, and participants at the 2nd ESCB
Research Cluster on Climate Change, the Virtual Workshop of the IRC Network on Financial Flows,
and the Bank of Italy’s International Reading Group. The opinions expressed in this paper are those of
the authors and do not necessarily reflect the views of the Bank of Italy.

2Beyond strategic interactions among countries, a strand of the literature has also focused on the
role of intergenerational conflict in preventing the adoption of sound climate policies within economies
(Kotlikoff et al., 2021). Moreover, a novel stream of literature is investigating the heterogeneous gains
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signed by nearly 200 countries to coordinate environmental policies and limit globally

rising temperatures, current progress falls short of the outlined goals (Black et al., 2022).

To examine the effects of carbon taxation from an international economics perspective,

we set up a fully-fledged two-country real E-DSGE model. We have two main goals: to

analyze the problem of setting the optimal carbon tax; to simulate the domestic and

international spillover effects of the optimal tax.

The model incorporates two sectors (green and brown), debt and equity capital flows,

and a pollution externality in the utility function. International bond markets are in-

complete, as in Gabaix and Maggiori (2015). Atmospheric carbon, accumulating through

CO2 emissions resulting from production in the brown sector, represents pollution in this

model. Firms within the brown sector face a carbon tax per unit of emissions and have

two options to reduce emissions: i) cut production; ii) spend in abatement activities, i.e.

invest in costly technology that enables them to pollute less at any given level of pro-

duction. In each country, the government sets the carbon tax by following a rule under

which the tax increases linearly with GDP. The slope of the rule, i.e. how much the tax

is proportional to GDP, is chosen by the government. With this model in hand, we can

compute the optimal carbon policy of the two countries, the Nash and the global social

planner equilibria, and the spillover effects of different carbon taxes. In order to illustrate

the functioning of the model, first we focus on a symmetric calibration with two identical

economies. Then, we adopt an asymmetric calibration, considering the partition between

advanced and emerging economies.

From a normative point of view, our main novel result is that under a convex pollution

disutility carbon taxes are strategic substitutes: higher taxes set in one country reduces

the stock of pollution and its marginal cost (as the disutility is convex), in this way

inducing the other country to set lower taxes, exacerbating the free-riding problem. If

instead the pollution disutility is linear, the marginal cost of polluting is constant and

carbon taxes are independent across countries. We also show that, consistently with

and losses global warming may produce around the world (Krusell and Smith Jr, 2022).
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other contributions (e.g. Ferrari Minesso and Pagliari, 2023), the global social planner

sets higher taxes compared to the Nash equilibrium, leading to a faster green transition.

Moreover, under the asymmetric calibration, we show that a global social planner would

increase carbon taxation much more in advanced than in emerging markets, as the latter

are poorer and thus have a higher marginal utility of consumption.

From a positive point of view, we find some novel results on the spillover effects of

carbon taxation. If only one country – call it Home – sets an optimal policy, capital

partially moves to the other country – call it Foreign. Home experiences a gradual

reduction in economic activity, driven by the gradual increase in carbon taxation. The

Home interest rate on bonds falls, inducing investors to sell Home bonds and buy Foreign

bonds. Home faces a real depreciation on impact, which improves the trade balance,

and an appreciation thereafter. Home production shifts from the brown to the green

sector. Home investors buy equity in the Foreign green and brown sectors, increasing

the Foreign Direct Investment (FDI) stock of the country, and giving rise to carbon

leakage. In Foreign, the impact on economic activity is slightly negative, as the increase

in capital inflows is partially offset by a lower demand from Home. Similarly, Foreign

emissions barely change, as the increase in brown FDI from Home is compensated by the

reduction in Foreign economic activity. These results hold both in the symmetric and in

the asymmetric calibration.

This paper contributes to the literature on E-DSGE models. This class of models

are modified versions of the William Nordhaus’ DICE model (see Barrage and Nordhaus,

2023 for the 2023 DICE version). This literature has focused on several aspects of envi-

ronmental policies, such as: the business cycle effects of environmental policies (Heutel,

2012 and Annicchiarico and Di Dio, 2015; see Annicchiarico et al., 2022 for a literature

review); the optimal carbon taxation along a balanced growth path (Golosov et al., 2014;

Barrage, 2014); the consequences of carbon taxes on the financial sector (Carattini et al.,

2023a; Diluiso et al., 2021; and the macroeconomic effects of green monetary policies (Fer-

rari and Nispi Landi forthcoming a; Ferrari and Nispi Landi, 2023; Benmir and Roman,
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2020; Giovanardi et al., 2023; Bartocci et al., 2022).

Recently, the literature has started to focus on the international aspects of carbon

taxation. Ferrari Minesso and Pagliari (2023) estimate a two-country E-DSGE model to

study fiscal-monetary interactions. They show that countries do not have an incentive

to introduce carbon taxes, as the latter are too costly from a welfare perspective. Under

the constraint that they must comply with the Paris agreement, countries should coop-

erate to minimize welfare losses. Ernst et al. (2023a) calibrate a three-country E-DSGE,

analyzing the global macroeconomic consequences of carbon taxes, focusing in particu-

lar on quantifying carbon leakage and the role of border adjustment taxes. Compared to

these contributions, we include exogenous sector-neutral Total Factor Productivity (TFP)

growth, implying that pollution increases over time, without proper regulation. More-

over, we focus our analysis on the impact of the green transition on key open-economy

variables, such as the exchange rate, capital flows, and interest rates.

There are also two related works written independently from and simultaneously to

our study. Ernst et al. (2023b) include a life-cycle structure to the model of Ernst et al.

(2023a), finding that the world interest rate falls when some countries introduce carbon

taxation. Carattini et al. (2023b) introduce financial frictions in a two-country E-DSGE

to study the financial stability effects of international carbon taxation.

The rest of the paper is organized as follows. Section 2 describes the model in detail.

Sections 3 and 4 show the results of the simulation with the symmetric and asymmetric

calibration, respectively. Section 5 concludes.

2 A two-country model

We set up a DSGE model for the world economy, characterized by two countries (Home

and Foreign) and incomplete financial markets. Home (Foreign) consists of households,

financiers, final-good firms, green and brown intermediate firms, all of measure n (1−n).

Each country produces a final good which is sold to residents and non-residents for
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consumption and investment purposes. The final good is produced with green (G) and

brown (B) intermediate outputs, which in turn are produced using local labor, capital

provided by residents, and capital provided by non residents. The production in the

two brown sectors generate CO2 emissions, which contribute to global pollution, and as

such create disutility to households. The model features debt flows (countries can trade

bonds) and equity (FDI) flows (countries can trade physical capital). The model does

not feature nominal rigidities, all variables are real.

In what follows, for all variables (except for investment variables) we denote variables

that refer to Foreign with the superscript star (∗). For investment variables we denote

variables that refer to Foreign investment in Foreign capital with a double star (sub-

script and superscript); variables that refer to Foreign investment in Home capital with

a superscript star; and variables that refer to Home investment in Foreign capital with a

subscript star.

2.1 Consumption and investment bundles

In each country, there is a consumption bundle (ct, c
∗
t ), a domestic investment bun-

dle (it, i
∗
∗t), and an external investment bundle (i∗t, i

∗
t ). The consumption and domestic

investment bundles read:

ct =

[
(1− γ)

1
η c

η−1
η

Ht + γ
1
η c

η−1
η

Ft

] η
η−1

, c∗t =
[
(γ∗)

1
η (c∗Ht)

η−1
η + (1− γ∗)

1
η (c∗Ft)

η−1
η

] η
η−1

(1)

it =

[
(1− γ)

1
η i

η−1
η

Ht + γ
1
η i

η−1
η

Ft

] η
η−1

, i∗∗t =
[
(γ∗)

1
η (i∗∗Ht)

η−1
η + (1− γ∗)

1
η (i∗∗Ft)

η−1
η

] η
η−1

,

(2)

where subscripts H and F refer to bundles of Home and Foreign final goods (for instance,

c∗Ht is consumption of Home final good by Foreign households). Parameters γ, γ∗ > 0

measure home bias, η > 0 is the elasticity of substitution between Home and Foreign

final goods.
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Following Ghironi and Kemal Ozhan (2020), we assume that the composition of the

external investment bundle reflects the composition of the domestic bundle of the host

country. For instance, if Home households invest in Foreign capital, they purchase the

bundle i∗t, which has the same composition (and price) of c∗t and i
∗
∗. If Foreign households

invest in Home capital, they purchase the bundle i∗t , which has the same composition (and

price) of ct and it:

i∗t =

[
(γ∗)

1
η i

η−1
η

∗Ht + (1− γ∗)
1
η i

η−1
η

∗Ft

] η
η−1

(3)

i∗t =
[
(1− γ)

1
η (i∗Ht)

η−1
η + γ

1
η (i∗Ft)

η−1
η

] η
η−1

, (4)

where i∗H and i∗F denote Home purchase of Home and Foreign final goods respectively,

for investing in Foreign capital; i∗H and i∗F denote Foreign purchase of Home and Foreign

final goods respectively, for investing in the Home capital. In Home, the following demand

functions hold:

cHt = (1− γ)

(
PHt
Pt

)−η

ct, cFt = γ

(
PFt
Pt

)−η

ct (5)

iHt = (1− γ)

(
PHt
Pt

)−η

it, iFt = γ

(
PFt
Pt

)−η

it (6)

i∗Ht = γ∗
(
P ∗
Ht

P ∗
t

)−η

i∗t, i∗Ft = (1− γ∗)

(
P ∗
Ft

P ∗
t

)−η

i∗t, (7)

where PHt and PFt (P ∗
Ht and P ∗

Ft) are the prices of the Home and Foreign goods re-

spectively (i.e. the PPI indices), both expressed in their respective currency; Pt =[
(1− γ)P 1−η

Ht + γP 1−η
F t

] 1
1−η is the Home CPI; P ∗

t =
[
γ∗ (P ∗

Ht)
1−η + (1− γ∗) (P ∗

Ft)
1−η] 1

1−η

is the Foreign CPI. Given the symmetric hypothesis, analogous demand functions can be

written for the Foreign country. We define the real exchange rate as follows:

st = Et
P ∗
t

Pt
,
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where the nominal exchange rate Et is the price of one unit of Foreign currency in terms of

Home currency. By assuming that the law of one price holds (PHt = EtP ∗
Ht, PFt = EtP ∗

Ft),

and defining the relative PPI pHt ≡ PHt

Pt
and pFt ≡ PFt

Pt
, we can rewrite the CPI expressions

as follows:

1 = (1− γ) p1−ηHt + γp1−ηF t (8)

s1−ηt = γ∗ (pHt)
1−η + (1− γ∗) (pFt)

1−η . (9)

Given that in our model there are no monetary rigidities, there is no role for monetary

policy in affecting real variables. Without loss of generality, we can set Et = 1∀t and let

the Home consumption bundle be the numéraire of the world economy.

2.2 Final-good firms

The representative final-good firm in Home uses the following CES aggregator to

produce the final good yHt:

yHt =
[
(1− ζ)

1
ξ (yGt)

ξ−1
ξ + ζ

1
ξ (yBt)

ξ−1
ξ

] ξ
ξ−1

,

where yGt and yBt denote green and brown intermediate output, respectively; ζ > 0 is

the weight of brown production; ξ > 0 is the elasticity of substitution between green and

brown output. Let pGt and pBt be the price of green and brown production relative to

Home CPI Pt. The optimal demand functions for the intermediate outputs read:

yBt = ζ

(
pBt
pHt

)−ξ

yHt (10)

yGt = (1− ζ)

(
pGt
pHt

)−ξ

yHt, (11)
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where the relative PPI pHt is given by:

pHt =
[
(1− ζ) p1−ξGt + ζp1−ξBt

] 1
1−ξ

. (12)

Analogous conditions hold in Foreign.

2.3 Intermediate-good firms

In each sector i, Home and Foreign firms use domestic capital and labor (provided

by residents) and external capital (i.e. FDI, provided by non-residents) to produce the

intermediate good i:

yit = A (kit−1)
α1
(
k∗it−1

)α2
(
hitz

W
t

)1−α1−α2 , i ∈ {B,G} (13)

y∗it = A∗ (k∗∗it−1

)α∗
1 (k∗it−1)

α∗
2
(
h∗itz

W
t

)1−α∗
1−α∗

2 i ∈ {B,G} , (14)

where yit and y∗it denote Home and Foreign intermediate goods in sector i; kit and k∗∗it

denote capital provided by Home residents in Home firms and by Foreign residents in

Foreign firms; k∗it and k∗it denote capital provided by Foreign residents in Home firms

and by Home residents in Foreign firms; we can interpret these capital stocks as foreign

direct investment (FDI) (Ghironi and Kemal Ozhan, 2020); hit and h∗it denote hours

worked; A and A∗ denote constant TFP; all the α’s are positive parameters measuring

the elasticity of production to inputs; zWt is global long-run labor productivity, which

evolves following a unit root process:

zt = ιzt−1, (15)

where ι > 1 is the long-run growth of the economy. Following several two-sector environ-

mental models (for instance Carattini et al. (2023a) and Ferrari and Nispi Landi, 2023),
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we assume that brown firms generate CO2 emissions et:

et = ze (1− µt) yBt, (16)

where µt is the share of emissions abated, and ze > 0 captures carbon intensity. An

analogous equation holds in Foreign. As is standard (Heutel, 2012; Barrage and Nordhaus,

2023), firms pay costs (in terms of the final consumption good) that are convex in the

share of emissions abated:

ABt ≡
κA

1 + ν

(
µ1+ν
t

)
yBt, (17)

where ν > 0 measures the convexity of the cost function, and κA > 0 governs the relevance

of these costs.

The stock of global pollution xWt is fueled by the flow of Home and Foreign emissions.

We follow the same carbon cycle model of Hassler et al. (2016):

xWt − x̄W =
t+T∑
j=0

[
φL + (1− φL)φ0 (1− φ)j

]
[net + (1− n) e∗t ] , (18)

where x̄W is the pre-industrial level of atmospheric carbon; φL > 0 is the share of carbon

emitted into the atmosphere that remains forever; 1−φ0 of the remaining share exits the

atmosphere within one period (i.e. one year); the remaining part (1− φL)φ0 depreciates

at geometric rate φ > 0. It is as if there are two carbon sinks, one that stays in the

atmosphere for ever (xW1t ) and one that depreciates at rate φ (xW2t ):

xW1t = xW1t−1 + φL [net + (1− n) e∗t ] (19)

xW2t = (1− φ)xW2t−1 + (1− φL)φ0 [net + (1− n) e∗t ] , (20)

and xWt = xW1t + xW2t + x̄W .

To save space, we focus on the Home brown firm. The problem for the other three

firms (Home green, Foreign green and Foreign brown) is analogous, except that green

9



firms do not generate emissions. Profits of brown firms read:

ΓBt = pBtyBt − wthBt − kBt−1rkBt − k∗Bt−1r
∗
kBt − τtet − ABt,

where wt is the hourly wage; rkBt (r
∗
kBt) is the rental rate of capital installed in Home

brown firms and provided by Home (Foreign) residents; τt is tax per unit of emissions, set

by the government. The first order conditions of the profit maximization problem yield

the following demand for labor, domestic capital and FDI:

hBt =
(1− α1 − α2)

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

wt
(21)

kBt−1 =
α1

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

rkBt
(22)

k∗Bt−1 =
α2

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

r∗kBt
. (23)

Analogous conditions hold for green and Foreign firms. The first order condition with

respect to µt gives the optimal abatement rate:

µt =

(
zeτt
κA

) 1
ν

. (24)

If the tax is zero, firms do not have any incentive to spend in abatement. If the tax is

positive, firms trade off tax and abatement costs.

2.4 Households

In each country there is a representative household that derives utility from con-

sumption and disutility from global pollution. Including the externality in the utility

function rather than in the production function allows us easily to compute the balanced

growth path of the economy. Following Pástor et al. (2021), Moro (2021), Avramov

et al. (2022), and Ferrari and Nispi Landi (2023), we also assume that households de-

rive utility from holding green assets and derive disutility from holding brown assets.
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This assumption captures the taste of investors for specific assets beyond the payoffs (as

in Fama and French, 2007) and it also implies that a negative “greenium” emerges in

equilibrium: green assets are less remunerative than brown assets, in line with several

empirical studies.3 This assumption is also useful to make the model stationary, without

major quantitative implications.4 The utility function reads:

E0

∞∑
t=0

βt

(
log ct − κX

(
xWt − x̄W

)1+ψX

1 + ψX
+ κG

K̃1−ψG

Gt

1− ψG
− κB

K̃1+ψB

Bt

1 + ψB

)
,

where Et is the expectation operator, conditional on information at time t; 0 < β <

1 is the discount factor; κX , κG, and κB are the weights associated to the utility or

disutility of pollution, green assets and brown assets, respectively; ψX , ψG, and ψB control

the curvature of the utility or disutility of pollution, green assets and brown assets,

respectively; notice that if ψX = 0, the pollution disutility is linear, and if ψX = 1, it is

quadratic; K̃Gt (K̃Bt) denotes total holdings of green (brown) capital, installed in Home

and Foreign, and detrended by world long-run productivity zWt :

K̃it ≡
kit
zWt

+ st
1− n

n

k∗it
zWt

i ∈ {B,G} . (25)

The stock of capital k∗it enters the production function of Foreign firms (equation 14),

and it is accumulated purchasing the investment bundle in equation (3), which has the

same composition of the Foreign consumption bundle (equation 1): it is then expressed

in units of Foreign goods per capita. This is why it is adjusted by st
1−n
n
, in order to be

expressed in terms of Home goods per capita. Dividing by global productivity is instead

necessary to ensure a balanced growth path. Capital installed in Home and in Foreign

3See for instance Zerbib (2019), Fatica et al. (2021), Liberati and Marinelli (2021), Pástor et al.
(2022), Avramov et al. (2022), Zaghini (2023), and Moro and Zaghini (2023).

4See Schmitt-Grohé and Uribe (2003) for a discussion on how to make stationary open-economy
models with incomplete markets. Notice that if we assume asset adjustment costs rather than capital in
the utility function, the greenium would disappear in steady state (adjustment costs are zero by definition
in steady state).
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obeys the following laws of motion:

kGt + kBt = (1− δ) (kGt−1 + kBt−1) + it (26)

k∗Gt + k∗Bt = (1− δ) (k∗Gt−1 + k∗Bt−1) + i∗t, (27)

where δ > 0 is the depreciation rate of capital. The representative Home household

chooses consumption, investment in the two Home and Foreign sectors, and holdings of a

one-period Home bond bt (denominated in Home CPI), maximising the utility function in

equation 2.4 subject to the laws of motion of capital (equations 26-27) and the following

budget constraint:

ct + bt + it +
1− n

n
sti∗t = rkGtkGt−1 + rkBtkBt−1+

+st
1− n

n
(r∗kBtk∗Bt−1 + r∗kGtk∗Gt−1) + rt−1bt−1 + wtht − tt +Πt,

where rt is the real interest rate on domestic bonds; ht = h denote constant hours

worked; tt are lump-sum taxes; Πt denotes profits from the financial sector.5 The first

order conditions of the utility maximization problem yield the following Euler equations:

1 = βEt
(

ct
ct+1

rt

)
(28)

1 = βEt
[
ct
ct+1

(rkGt+1 + 1− δ)

]
+ κG

ct
zWt

K̃−ψG

Gt (29)

1 = βEt
[
ct
ct+1

(rkBt+1 + 1− δ)

]
− κB

ct
zWt

K̃ψB

Bt (30)

1 = βEt
[
ct
ct+1

st+1

st
(r∗kGt+1 + 1− δ)

]
+ κG

ct
zWt

K̃−ψG

Gt (31)

1 = βEt
[
ct
ct+1

st+1

st
(r∗kBt+1 + 1− δ)

]
− κB

ct
zWt

K̃ψB

Bt . (32)

5The production sector makes zero profits, as it operates in perfect competition with constant-return-
to-scale production functions.
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Other things equal, green assets yield lower return than brown assets. Moreover, Home

households bear exchange rate risk in investing abroad. In Foreign, analogous conditions

hold.

2.5 Financiers

There is a representative financier in each country, that intermediates Home and

Foreign bonds. The financier adopts a zero-capital carry-trade strategy. In period t, the

Home representative financier buys dHt Home bonds and sells −std∗Ht Foreign bonds such

that: dHt − std
∗
Ht = 0 (the representative intermediary in Foreign takes position d∗Ft and

−dFt

st
in Foreign and Home bonds, respectively). The representative financier in Home

chooses its position in Home and Foreign bonds maximising the expected value of profits

in t+ 1:

Vt = max
dHt

βEt
[
ct
ct+1

(
rt − r∗t

st+1

st

)
dHt

]
. (33)

Following Gabaix and Maggiori (2015), we assume that the intermediary can divert a

portion Γ|dHt

zWt
| of the position dHt, where Γ > 0 represents the financiers’ risk-bearing

capacity and can be interpreted as a measure of the shallowness of FX markets. In order

to trust financiers, creditors impose the following incentive compatibility constraint:

Vt ≥
Γ

zWt
|dHt|dHt =

Γ

zWt
(dHt)

2 . (34)

The constraint is always binding, given that the intermediary’s value is linear in dHt while

the constraint is convex. We can write:

dHt =
zWt
Γ

Et
[
β
ct
ct+1

(
rt − r∗t

st+1

st

)]
, (35)

which is a modified UIP condition. If Γ → 0, the UIP condition holds exactly; in the

more general case of Γ > 0, financiers are not able to fully exploit the arbitrage between

Home and Foreign bonds, and a spread opens up: in particular, if the Home return is
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higher than the Foreign return, financiers are long in Home and short in Foreign bonds,

and viceversa. A similar condition holds in Foreign. Profits of Home (Foreign) financiers

are transferred to Home (Foreign) households.

We also assume that there are noisy traders that buy vt Home bonds and sell vt =

−stv∗t Foreign bonds. Without loss of generality, we assume that noisy traders transfer

profits to Home households. We assume that vt is constant along a balanced growth path

(i.e. vt = zWt v): in our model, the purpose of vt is only to pin down a desired steady-state

NFA position.

2.6 Policy

In each country, the government finances public spending gt by raising lump-sum taxes

tt and emission taxes. In Home, the government’s budget constraint reads:

pHtgt = tt + τtet,

and we ssume that government purchases are fully biased toward domestic goods. We

also set gt constant along a balanced growth path (i.e. gt = zWt g). When revenues from

carbon taxation change, lump-sum taxes are adjusted accordingly. Analogous conditions

hold in Foreign.

2.7 Market clearing

The market clearing condition for Home final output reads:

yHt = (cHt + iHt + i∗Ht + ABHt + gt) +
1− n

n
(c∗Ht + i∗∗Ht + i∗Ht + AB∗

Ht) . (36)

The right-hand side of the equation consists of two blocks. The first block includes

Home output that is used inside the Home economy: for Home consumption, for Home

investment in Home firms, for Foreign investment in Home firms, for paying abatement
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costs in Home brown firms, and for Home public spending. The second block includes

exports: for Foreign consumption, for Foreign investment in Foreign firms, for Home

investment in Foreign firms, for paying abatement costs in Foreign brown firms.6 A

similar condition holds for the Foreign final good:

y∗Ft = (c∗Ft + i∗∗Ft + i∗Ft + AB∗
Ft + g∗t ) +

n

1− n
(cFt + iFt + i∗Ft + ABFt) . (37)

Market clearing in labor market requires:

ht = 1 = hGt + hBt (38)

h∗t = 1 = h∗Gt + h∗Bt, (39)

given that hours of work are supplied inelastically.

Home bonds are purchased by Home financiers, Foreign financiers, Home noisy traders,

and Home households, and they are in zero net supply:

ndHt + (1− n) dFt + nvt + nbt = 0. (40)

The same holds for Foreign bonds (remind that noisy traders belong to Home households):

(1− n) d∗Ft + nd∗Ht + nv∗t + (1− n) b∗t = 0. (41)

Given that financiers operate without capital, the two previous conditions imply that

nbt + (1− n) stb
∗
t = 0.

Finally, we derive the standard equation linking the trade balance to the net financial

asset position (NFA) of the Home economy. We define the trade balance tbt ≡ xpt−mpt

6Even if i∗Ht is purchased by Foreign households, it is not an export for Home, as the resulting capital
is used within the Home economy.
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where xpt and mpt are the value of Home exports and imports:

xpt ≡
1− n

n
pHt (c

∗
Ht + i∗∗Ht + i∗Ht + AB∗

Ht) (42)

mpt ≡ pFt (cFt + iFt + i∗Ft + ABFt) . (43)

We define the Home total FDI assets (K∗t) and liabilities (K∗
t ) as follows:

K∗t ≡
1− n

n
(k∗Gt + k∗Bt) (44)

K∗
t ≡ k∗Gt + k∗Bt. (45)

Given these definitions, the evolution of the NFA reads:

bt + stK∗t −K∗
t = tbt + r∗t−1st

(
d∗Ht−1 + v∗t−1

)
+

(1− n)

n
rt−1st−1d

∗
Ft−1+

+ st
1− n

n
[(r∗kGt + 1− δ) k∗Gt−1 + (r∗kBt + 1− δ) k∗Bt−1] +

−
[
(r∗kGt + 1− δ) k∗Gt−1 + (r∗kBt + 1− δ) k∗Bt−1

]
. (46)

The left hand side features the Home NFA position at time t: it consists of the debt NFA

bt plus the equity NFA K∗t−K∗
t . The NFA is financed by the five terms on the right hand

side: i) the trade balance; ii) the return on investment in Foreign bonds (made by Home

financiers and traders), which yields the Foreign interest rate r∗t and bears exchange rate

risks; iii) the return rt paid by Foreign financiers when they are short in Home bonds;

iv) the return gained on FDI green and brown assets, net of depreciation (Home bears

exchange rate risk); v) the return net of depreciation on FDI green and brown liabilities,

paid to Foreign households, who bear the exchange rate risk.
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2.8 Equilibrium

In order to make the model stationary, we divide variables with a trend by the labor

productivity zWt .7 The model consists of 50 equations for 50 endogenous variables. There

are 2 exogenous variables, the emission taxes {τt, τ ∗t }. We solve the model assuming

perfect foresight. We list the equations in Appendix A.

3 Analysis: the symmetric case

In this section, we adopt a symmetric calibration with two identical large economies.

This symmetric framework is useful to better understand the mechanics of our model. We

then carry out a normative analysis: for different values of ψX – the parameter capturing

the curvature of pollution externality – we compute the reaction function of one country

to the carbon tax set by the other country; we also find the Nash and the world social

planner equilibria. Finally, we simulate the international spillover effects of carbon taxes,

when they are set optimally and non-optimally.

3.1 Calibration

One period corresponds to one year. The population share n is equal to 0.5. We

normalize Home total factor productivity A = 1, and by symmetry A∗ = 1. We follow

the IMF integrated Policy Framework (Adrian et al., 2021) and set the elasticity of

substitution between Home and Foreign goods (η) equal to 1.5; the shallowness of FX

markets (Γ), equal to 0.02; the steady-state public spending share of GDP equal to 14%

(this implies g = g∗ = 0.1634). As standard, we set the capital depreciation rate (δ) to

10%. Given the symmetry assumption, we set the noisy-traders investment to v = 0,

which implies a debt NFA position equal to 0 in both countries. Trade openness is set

to a relatively low value (γ = γ∗ = 0.15), as these countries are not small economies.

7Variables with a trend are all types of output, consumption, capital, investment, bonds, emission,
pollution, and wages.
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We calibrate the values for the interest rate in the two countries (r − 1, r∗ − 1) equal

to 2.5%: given our choice of labor productivity ι (justified below), these values imply

β = β∗ = 0.9888.

Regarding the parameters of the utility function of green and brown bonds, we follow

the empirical evidence in Liberati and Marinelli (2021), and we calibrate ex ante the green

premium rkG − rkB to −5 basis points in both countries, imposing that green (brown)

bonds yield a premium of minus (plus) 2.5 basis points compared to public bonds: this

implies κG = 5.0271 ·10−4 and κB = 4.3363 ·10−4, in both countries. We assume that the

utility function of green bonds is logarithmic and the disutility function of brown bonds

is quadratic (ψG = ψB = 1). Using the World Development Indicators Database of the

World Bank, we calculate the average investment to GDP ratio (equal to 22% in 2020).

Relying on the IMF Coordinated Direct Investment Survey, we set the initial stock of

FDI assets equal to around 8.6% of GDP in both countries. Using these quantities, we

obtain ex post α1 = α∗
1 = 0.2319 and α2 = α∗

2 = 0.0106.

Following Carattini et al. (2023a), we assume a convexity parameter in the abatement

cost (ν) equal to 1.6, a share of brown goods (ζ) equal to 0.332, and an elasticity of

substitution between sectors (ξ) equal to 2. We use the same values of Hassler et al.

(2016) for the law of motion of pollution, adjusted for an annual calibration (ϕL = 0.2,

ϕ = 0.0023, ϕ0 = 0.4010). We set ze = 26.1388, such that the initial global emissions are

9.54 GtC, the value in 2020. We assume that the price of one ton of Co2 – the so-called

price of carbon – such that all emissions are abated is equal to 514$, in line with Barrage

and Nordhaus (2023): this implies κA = 0.6589.

We assume a baseline policy identical to that of Barrage and Nordhaus (2023): starting

from 2020, the countries set their initial carbon tax such that the abatement rate is 5%

(this implies τ = τ ∗ = 2.09 · 10−4). Then, the carbon tax increases by 1% annually until

2200, when the abatement rate is set to 1. We calibrate the long-run gross productivity

growth to ι = 1.0135: this value ensures that, under the baseline policy, atmospheric

carbon evolves similar to that in Barrage and Nordhaus (2023) (Figure 1).
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There is huge uncertainty about the disutility arising from high level of pollution.

Hassler et al. (2016) consider the linear disutility as the benchmark, but they argue that

a convex disutility is more realistic (see the discussion in Section 4.7 in Hassler et al.,

2016). We explore different values for the curvature of the pollution disutility: ψX : 0

(linear disutility), 0.5, and 1 (quadratic disutility). The pollution disutility shifter κX is

set such that in period 0 the disutility from this specification is equivalent to the disutility

in Hassler et al. (2016) (see Section 4.6 of that paper):

κX = γHKS (1 + ψX)
(
xW0 − x̄W

)−ψX ,

where γHKS = 5.3 · 10−5 as in Hassler et al. (2016), x0 is the 2020 level of atmospheric

carbon, which we set to to 887 GtC as in Barrage and Nordhaus (2023), and x̄ is the

pre-industrial level of carbon (equal to 581 GtC). Table 1 reports the chosen parameter

values, while Table 2 illustrates the calibrated initial values for the main variable of the

model.
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Our model vs Dice: Atmospheric carbon (GtC)

Figure 1: The path of atmospheric carbon in the baseline policy in our model (black solid line) and in
the DICE model (red dotted line, Barrage and Nordhaus, 2023).
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Calibration: parameters

Parameters Description Value

n Population share 0.5

β, β∗ Home and Foreign discount factor 0.9888, 0.9988

ψG, ψB Curvature of green (brown) asset (dis)utility 1, 1

κG, κ
∗
G Weight of green asset utility 5.0271 · 10−4, 5.0271 · 10−4

κB , κ
∗
B Weight of brown asset disutility 4.3363e · 10−4, 4.3363e · 10−4

ξ El. of subst. btw green and brown goods 2

ζ Share of brown output 33.2%

γ,γ∗ Home and Foreign import quasi-share 0.15, 0.15

η El. of subst. domestic vs foreign good 1.5

α1, α
∗
1 Share of domestic capital in production 0.2319, 0.2319

α2, α
∗
2 Share of external capital in production 0.0106, 0.0106

δ Depreciation rate of capital 10%

ι− 1 Labor productivity growth 1.35%

ν Convexity parameter in the abatement cost 1.6

κA Proportionality constant in the abatement cost 0.6589

φL Emissions that do not depreciate 20%

φ0 Emissions that do not leave the atmosphere in 1 year 40%

φ Depreciation rate of remaining emissions 0.23%

Γ Shallowness of FX markets 0.02

g, g∗ Public spending in SS 0.1634, 0.1634

ze Emission shifter 26.1388

v Noisy traders 0

A,A∗ TFP 1, 1

x̄W Pre-industrial atmospheric carbon (GtC) 581

ψX Pollution disutility convexity {0, 0.5, 1}

κX Pollution disutility shifter
{
5.30 · 10−5, 4.54 · 10−6, 3.46 · 10−7

}
Table 1: Calibrated parameters
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Calibration: initial values

SS Values Description Value

g/yH Public-spending/GDP 14%

b/gdp Bond NFA/GDP 0%

s(1−n)k∗
n·pHyH

, nk∗

(1−n)pF y∗
F

FDI/GDP 8.6%, 8.6%

i+i∗

gdp ,
i∗∗+i∗
gdp∗ Investment/GDP 22%, 22%

r, r∗ Interest rate 2.5%, 2.5%

rkB − r, r∗∗kB − r Spread brown-public bonds 2.5, 2.5b.p.

rkG − r, r∗∗kG − r Spread green-public bonds −2.5,−2.5b.p.

xW Pollution (GtC) 887

n · e+ (1− n) e∗ Emissions (GtC) 9.54

carb.price Carbon price under µ = 1 ($/tCO2) 514

Table 2: Calibrated initial values.

3.2 Normative analysis

Golosov et al. (2014) and Hassler et al. (2016) show that the optimal carbon tax

per unit of emission is a linear function of GDP. This result is also robust to different

assumptions (Barrage, 2014). In our framework, deriving the optimal environmental

policy is computationally unfeasible, but we think that a carbon tax proportional to

GDP is a good approximation. Thus, rather than compute a general optimal carbon

policy, we focus on the following simple rule:

τt = min
(
κA
ze
, τ +𭟋zWt

)
(47)

τ ∗t = min
(
κA
ze
, τ ∗ +𭟋∗zWt

)
(48)

given that zWt is the largest driver of GDP in the model (the other ones are the taxes

themselves). The min operator is necessary: if the tax is higher than κA
ze
, the abatement

rate is higher than one (see equation 24).8 We assume that the rule is in place until 2200:

8Assuming that the tax responds to an exogenous variable like labor productivity greatly reduces
the computational burden.
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from 2200 on taxes are such that the abatement rate is 1, as in the baseline policy. The

Home and Foreign policy makers choose coefficients 𭟋 and 𭟋∗, respectively, to maximise

the utility function of their households.

In Figure 2, we show the optimal 𭟋 of Home given that of Foreign, for three values of

the pollution externality ψX . When the disutility is linear, carbon taxes are independent

(blue solid line), as the marginal cost of pollution is constant: tax choices by Foreign do

not affect the marginal cost of pollution, hence they do not affect the optimal Home tax.

When the disutility is convex (red dotted and black dashed line), carbon taxes are

strategic substitutes: the higher the tax set by Foreign, the lower the Home optimal

tax. This occurs as a convex pollution disutility implies a marginal pollution cost that is

increasing in pollution itself: when a country increases the carbon tax, it reduces global

pollution and its marginal cost, inducing the other country to decrease the carbon tax.

When the disutility is convex, a country that is reluctant to set taxes (for irrational-

ity, myopia, or political economy reasons) induces the other country to bear the entire

burden of the green transition. The case of a convex disutility rationalizes the current

geopolitical situation, in which advanced economies are discussing the implementation

of environmental policies, while most emerging countries hesitate, prioritizing develop-

ment goals instead. In Appendix B, we set up a static model to derive analytically these

intuitions.

In Table 3 we show that the tax in the Nash equilibrium is inefficiently low, for the

three values of ψX considered: a social planner maximising global welfare would choose

a higher value of taxation.

For selected variables, we plot the evolution under the Nash equilibrium (Figure 3,

left panel) and the social planner equilibrium (Figure 3, right panel). A linear pollution

disutility requires a lower carbon price (blue solid line), relative to the scenario with

ψX = 0.5 (red dotted line) and with quadratic disutility (black dashed line): under linear

utility (and so under lower carbon taxes) the transition is much slower.9

9We are assuming that from 2200 on the tax is such that all emissions are abated: this is why we
observe a discontinuity around 2200 in some cases (in other cases, full abatement is reached before 2200).
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We also quantitatively assess the welfare gain in the social planner allocation. We

define with Ω (Ω∗) the share of steady-state consumption that Home (Foreign) households

should receive under the Nash equilibrium to obtain the same utility as in the social

planner equilibrium:

Et

{
∞∑
j=0

βj
[
U
(
(1 + Ω) cnt+j, K̃

n
Gt, K̃

n
Bt, x

nW
t

)
− U

(
cnt+j, K̃

n
Gt, K̃

n
Bt, x

nW
t

)]}
= W s

t −W n
t ,

where the index n refers to the Nash-equilibrium allocation, W n
t and W s

t are the Home

welfare levels in the Nash and in the social planner equilibria.10 The higher the consump-

tion equivalent Ω, the larger the welfare gap between the Nash and the social planner

equilibria. When the disutility is more convex, on the one hand the consumption equiva-

lent should be lower, as the pollution reduction obtained by moving from the Nash to the

social planner equilibrium is smaller (Figure 3). On the other hand, when the disutility

is more convex, reducing pollution yields larger welfare gains: we find that this channel

prevails when we move from ψX = 0 to ψX = 0.5, while the two channels offset each

other when we move from ψX = 0.5 to ψX = 1 (Table 3, last column). The higher welfare

obtained by a global social planner relative to the Nash equilibrium means that there is

scope for coordination in setting optimal carbon taxes across countries: in other words,

should the two countries coordinate in choosing their carbon taxes, they would be able

to achieve higher levels of well-being.

10Given the log-utility assumption, we get Ω = exp ((1− β) (W c
t −Wn

t ))− 1.
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Optimal domestic tax given foreign tax

Figure 2: Optimal 𭟋 given 𭟋∗, under three different values for ψX .

Optimal carbon taxes

Externality Nash Social Planner CEV

ψX = 0 𭟋 = 𭟋∗ = 0.0008 𭟋 = 𭟋∗ = 0.0015, Ω = Ω∗ = 0.19%

ψX = 0.5 𭟋 = 𭟋∗ = 0.0022 𭟋 = 𭟋∗ = 0.0035 Ω = Ω∗ = 0.45%

ψX = 1 𭟋 = 𭟋∗ = 0.0035 𭟋 = 𭟋∗ = 0.0051 Ω = Ω∗ = 0.46%

Table 3: Nash and social planner equilibrium under different externality assumptions. CEV denotes
gains or losses, in consumption equivalent terms, under the social planner allocation with respect to the
Nash equilibrium.
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Nash vs social planner equilibrium

Figure 3: Nash equilibrium (NE, left panel) and social planner equilibrium (SP, right panel), under
different ψX .

26



3.3 Positive analysis

What are the macroeconomic consequences for the global economy if only some coun-

tries adopt optimal environmental policies? What are the effects on bond and FDI flows?

We assume that Foreign follows the sub-optimal baseline policy, whereby the initial car-

bon tax is such that the abatement rate is 5%; thereafter, the carbon tax increases by 1%

annually until 2200, when the abatement rate is set to 1. Home sets a carbon tax as in

equation (47), with factor of proportionality 𭟋 = 0.0059, which is the optimal response

to the baseline policy adopted by Foreign, given the simple rule. We plot variables in per-

centage deviations from a scenario where Home also follows the baseline policy (Figures

4- 5), comparing Home (blue solid line) and Foreign variables (red dotted line), focusing

on the first 60 years of the transition.

The increase in the Home carbon tax depresses output in the brown sector. Production

partially shifts to the green sector (Home domestic green capital rises) but not enough to

avoid a fall in GDP and, as a result, in consumption, compared to the scenario where also

Home follows the baseline policy. Given that the Home carbon tax increases over time as

it follows productivity growth, Home GDP, consumption, and capital gradually decrease

toward a new lower steady state. The gradual reduction in consumption decreases the

Home real interest rate on bonds, as households expect to be poorer in the future: this

mechanism resembles the channel shown in the closed economy setting of Ferrari and

Nispi Landi (2022), where the green transition reduces the natural interest rate in a

textbook New Keynesian model, causing deflation. The lower Home interest rate induces

financiers to buy Foreign and to sell Home bonds, improving the Home bond NFA: Home

bond outflows increase. The persistent fall of the Home interest rate below the Foreign

interest rate drives a gradual expected Home real appreciation over time. Given that

international bond markets are frictional, the arbitrage between Home and Foreign bonds

is not perfect (equation 35): the resulting reduction in the Foreign rate and the Home

expected appreciation (a lower future exchange rate) is not enough to close the interest

rate premium r∗t
st+1

st
− rt, which is higher. As brown firms demand less capital, brown
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FDI liabilities fall in Home (k∗Bt goes down), and are only partially offset by an increase

in green FDI assets (k∗Gt goes up).
11 Home FDI assets slightly increase, both in the green

and in the brown sector (k∗Bt and k∗Gt rise).
12 The Home bond and FDI capital outflows

are matched with an improvement in the Home trade balance.

The spillover effect on Foreign is overall negative, though the production fall is much

smaller compared to Home’s. On the one hand, Foreign experiences capital inflows, which

sustain production and consumption. On the other hand, Foreign faces a lower demand

from Home: this latter channel is stronger after a few periods, contributing to lower

production and consumption in the medium term. This also implies that the increase in

Home brown FDI assets (i.e higher external capital for Foreign brown firms) is offset by

a reduction in domestic investment in Foreign brown firms (i.e lower Foreign capital for

Foreign brown firms): Foreign emissions barely move.13

We now consider the case of the Nash equilibrium under quadratic disutility, where

countries set 𭟋 = 𭟋∗ = 0.0036 (Figure 6, red dotted line), comparing it with the previous

scenario, where Home follows the optimal and Foreign follows the baseline policy (Figure

6, blue solid line). When both countries optimize, global pollution falls much more,

compared to the scenario where Foreign follows the baseline policy. The Home reduction

in economic activity is milder compared to the previous scenario, as now Home carbon

taxes are lower. Given our symmetry assumption, the macroeconomic response is the

same in the two countries and net positions, such as Home bond net assets, do not move.

For the same reason, the real exchange rate remains constant.

11This implies that Foreign FDI assets decrease in the brown sector and increase in the green sector,
as Home FDI assets correspond Foreign FDI liabilities.

12This implies that Foreign FDI liabilities decrease.
13The spillover effect on Foreign would be more benign if the elasticity of substitution η (calibrated

to 1.5) would be higher: in this case Home households would find it optimal to greatly increase demand
of the Foreign good (that would be a closer substitute to the Home good), boosting Foreign production.
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Macroeconomic effects of the transition:

Asymmetric policies (1)

Figure 4: Variables are plotted in percentage deviation from the baseline scenario, except for the bond
rate and emissions (plotted in level deviations from the baseline scenario), and bond assets (in level
deviations from the baseline scenario, as a share of initial GDP). An increase in the Home real exchange
rate means a Home real depreciation. Country F follows the baseline policy, country H sets optimally
𭟋 = 0.0059.
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Macroeconomic effects of the transition:

Asymmetric policies (2)

Figure 5: Consumption and capital are plotted in percentage deviation from the baseline scenario,
pollution and UIP premium are plotted in level deviations from the baseline scenario, the trade balance
is in deviations from the baseline scenario as a share of initial GDP). The UIP premium is defined as
r∗t

st+1

st
− rt. Country F follows the baseline policy, country H sets optimally 𭟋 = 0.0059. Red dotted

line: Nash equilibrium under ψX = 1 (𭟋 = 𭟋∗ = 0.0035).
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Macroeconomic effects of the transition:

Symmetric vs asymmetric policies

Figure 6: Variables are plotted in percentage deviation from the baseline scenario, except for the bond
rate and emissions (plotted in level deviations from the baseline scenario), and bond assets (in level
deviations from the baseline scenario, as a share of initial GDP). An increase in the Home real exchange
rate means a Home real depreciation. Blue line: country F follows the baseline policy, country H sets
optimally 𭟋 = 0.0059. Nash equilibrium under ψX = 1 (𭟋 = 𭟋∗ = 0.0035).
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4 Analysis: the asymmetric case

In this section, we repeat both the normative and positive analysis considering an

asymmetric calibration: in this new framework, we interpret Home and Foreign as region

of advanced and emerging economies respectively, that choose the same environmental

policy within the region.

4.1 Calibration

Compared to the symmetric calibration, we change some selected parameters, which

we describe as follows. According to the World Economic outlook (WEO), in 2020 the

population share in advanced economies is 14%: we set n = 0.14. In 2020, the GDP per

capita (based on PPP) in advanced economies is 4.47 times that of emerging markets

(WEO): we set A∗ = 0.5998 and A = 2.2647.14 We set the real interest rate in Foreign

(r∗) equal to 0.03 (which implies β∗ = 0.9840). Following the IPF, we set the shallowness

of Foreign FX markets (Γ∗) equal to 0.06 and we calibrate the Home NFA to 22% of

Home GDP, which gives the long position of noisy traders υ = −0.0320. Using the World

Development Indicators of the World Bank, we set the investment over GDP ratio in

Foreign equal to 33%. The stock of FDI outflows over GDP ratio in Foreign is equal

to 4.5% using the IMF Coordinated Direct Investment Survey. Given these quantities,

we calibrate ex post α∗
1 = 0.3704 and α∗

2 = 0.0077. Using the dataset of “Our World in

Data”, in 2020 emerging economies account for 70.6% of global CO2 emissions, which

gives ze = 18.4249 and z∗e = 31.7149: this implies that advanced economies pollute less,

given abatement and brown production. Table 4 reports the parameters and the initial

values that are different compared to the symmetric calibration.15

14In this way we get the same world GDP arising in the symmetric calibration.
15As in the symmetric calibration, some parameters are calibrated ex post, in order to target ex

ante some initial values. This implies that these parameters may change their value in the asymmetric
calibration (see for instance κA).
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Calibration: parameters and initial values

Parameters Description Value

n Population share 0.14

β, β∗ Home and Foreign discount factor 0.9888, 0.9840

κG, κ
∗
G Weight of green asset utility 5.0680 · 10−4, 9.0470 · 10−4

κB , κ
∗
B Weight of brown asset disutility 4.7756e · 10−5, 7.6812 · 10−4

γ,γ∗ Home and Foreign import quasi-share 0.1736, 0.1264

α1, α
∗
1 Share of domestic capital in production 0.2349, 0.3704

α2, α
∗
2 Share of external capital in production 0.0079, 0.0077

κA Proportionality constant in the abatement cost 0.7215

Γ,Γ∗ Shallowness of FX markets 0.02, 0.06

g, g∗ Public spending in SS 0.4870, 0.1107

ze, z
∗
e Emission shifter 18.4249, 31.7149

v Noisy traders −0.0320

A,A∗ TFP 2.2647, 0.5998

b/gdp Bond NFA/GDP 22%

s(1−n)k∗
n·pHyH

, nk∗

(1−n)pF y∗
F

FDI/GDP 8.6%, 4.5%

i+i∗

gdp ,
i∗∗+i∗
gdp∗ Investment/GDP 22%, 33%

r, r∗ Interest rate 2.5%, 3.0%

ne
ne+(1−n)e∗ Home emission share 29.4%

Table 4: Calibrated parameters and initial values

4.2 Normative analysis

We repeat the normative analysis carried out under the symmetric calibration. As in

the symmetric case, when the disutility is linear, carbon taxes are independent, as the

marginal cost of pollution is constant (Figure 7, blue solid line). When the disutility is

convex (red dotted and black dashed line), carbon taxes are strategic substitutes.

The Home and the Foreign reaction functions now have a different shape when the

disutility is convex; in particular, the Home function is steeper. On the one hand, when

Foreign sets a low carbon tax, Home sets a relatively higher tax compared to what
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Foreign does when Home sets a low tax: assuming ψX = 1, 𭟋 ≈ 0.007 when 𭟋∗ = 0,

while 𭟋∗ ≈ 0.004 when 𭟋 = 0. This occurs as Home is a richer country in GDP per-capita

terms, with a lower marginal utility of consumption compared to Foreign: if Foreign sets

a loose environmental policy, Home has a bigger incentive to sacrifice consumption and

reduce pollution. If Home sets a loose environmental policy, the incentive of Foreign to

sacrifice consumption is much smaller. On the other hand, when Foreign sets a high

carbon tax, Home sets a relatively lower tax compared to what Foreign does when Home

sets a high tax. This occurs because emerging economies (i.e. Foreign) tend to pollute

more than advanced countries (i.e. Home):16 a relatively high tax set by Foreign is able

to greatly reduce pollution costs, decreasing the incentive for Home to set relatively high

taxes.

The Nash equilibrium is very close to the symmetric case (Table 5 vs Table 3), with

Foreign setting a slightly larger tax compared to Home: this crucially depends on the

assumption that Foreign represents all emerging economies as a unique homogeneous

block that is responsible for the majority of CO2 emissions.

A global social planner that maximizes world utility internalizes the fact that Home is

richer and with a relatively low population share: the planner prefers to set high taxes in

Home to not further penalize consumption in Foreign. This implies that Home households

are worse off compared to the Nash equilibrium.

We also consider a scenario — labeled as coordination equilibrium — where the social

planner maximises global welfare subject to the constraint that economies are not worse

off compared to the Nash equilibrium.17 Under this hypothesis, the Home tax is lower

compared to the social planner equilibrium, in order to make Home’s welfare as high as

under the Nash equilibrium. This also implies that Foreign sets a higher carbon tax.

For selected variables, we plot the evolution under the Nash equilibrium (Figure 8,

left panel) and the social planner allocation (Figure 8, right panel). Results are in line

16In the calibration, emissions in advanced economies account for around 30% of global emissions.
17Under the symmetric calibration, this constraint is never binding, as the countries are equal. This

implies that the social planner allocation coincides with the coordination equilibrium.
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with the symmetric calibration.

Optimal tax given other country’s tax

Figure 7: Optimal 𭟋 given 𭟋∗ (left panel) and optimal 𭟋∗ given 𭟋 (right panel), under three different
values for ψX .

Optimal carbon taxes

Externality ψX = 0 ψX = 0.5 ψX = 1

Nash 𭟋 = 0.0007,𭟋∗ = 0.0008 𭟋 = 0.0019,𭟋∗ = 0.0021 𭟋 = 0.0033,𭟋∗ = 0.0035

Social planner 𭟋 = 0.0038,𭟋∗ = 0.0009 𭟋 = 0.0090,𭟋∗ = 0.0021 𭟋 = 0.0140,𭟋∗ = 0.0032

CEV Ω = −0.99%,Ω∗ = 0.62% Ω = −2.18%,Ω∗ = 1.97% Ω = −3.10%,Ω∗ = 2.71%

Coordination 𭟋 = 0.0019,𭟋∗ = 0.0010 𭟋 = 0.0046,𭟋∗ = 0.0025 𭟋 = 0.0065,𭟋∗ = 0.0041

CEV Ω = 0.00%,Ω∗ = 0.27% Ω = 0.00%,Ω∗ = 1.05% Ω = 0.00%,Ω∗ = 1.28%

Table 5: Nash, social planner and coordination equilibrium under different externality assumptions.
CEV denotes gains or losses, in consumption equivalent terms, under the social planner/coordination
allocation with respect to the Nash equilibrium.
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Nash vs social planner equilibrium

Figure 8: Nash equilibrium (NE, left panel) and social planner equilibrium (SP, right panel), under
different ψX . Abatement rates and carbon prices are a world weighted average.
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4.3 Positive analysis

We repeat the positive analysis carried out under a symmetric calibration. We first

assume that Foreign, representing emerging markets, follows the sub-optimal baseline

policy (the initial carbon tax is such that the abatement rate is 5%; thereafter, the

carbon tax increases by 1% annually until 2200, when the abatement rate is set to 1).

Home, which represents advanced economies, sets a carbon tax as in equation (47), with

factor of proportionality 𭟋 = 0.0024, which is the optimal response to the baseline policy

adopted by Foreign, given the simple rule.

The impulse response function are qualitatively similar to those obtained under a

symmetric calibration, and we include the figures in the Appendix (Figures E.1-E.2).

The increase in the Home carbon tax gradually reduces Home output and consumption.

Home households increase savings and this lowers the interest rate on domestic bonds,

inducing financiers to buy Foreign bonds and to sell Home bonds. The persistent fall of

the Home interest rate below the Foreign interest rate induces an increase in the UIP

premium and a real appreciation over time. Brown firms demand less capital and brown

FDI liabilities fall in Home, while the green sector receives more FDI. Home FDI assets

increase, both in the green and brown sectors. The Home bond and FDI capital outflows

are coupled with an improvement in the Home trade balance. The spillover effect on

Foreign is overall negative, as the lower demand from Home induces a lower production

and consumption in Foreign.

We now turn to the case of the Nash equilibrium under quadratic disutility, where

advanced economies (Home) set 𭟋 = 0.0011 and emerging markets (Foreign) choose

𭟋∗ = 0.0012 (Figure 9, red dotted line), comparing it with the previous scenario, where

Home follows the optimal and Foreign follows the baseline policy (Figure 9, blue solid

line). In the Nash equilibrium, Foreign sets a carbon tax slightly higher than that in

Home, but this implies a larger abatement given the higher carbon intensity (z∗e) in

emerging markets: for any level of abatement and brown production, Foreign pollutes

more as it employs a more polluting technology. As a consequence, GDP falls more
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in Foreign than in Home, and so does the interest on domestic bonds. Hence, Home

experiences bond inflows, currency appreciation, and its bond NFA deteriorates. The

higher taxation in Foreign induces lower production in the brown sector, reducing FDI

inflows from Home (i.e. H brown FDI assets); conversely, the relatively higher production

in the green sector encourages more FDI inflows (i.e. H green FDI assets) from Home

with respect to the previous scenario.
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Macroeconomic effects of the transition:

Asymmetric calibration

Symmetric vs asymmetric policies

Figure 9: Variables are plotted in percentage deviation from the baseline scenario, except for the bond
rate and emissions (plotted in level deviations from the baseline scenario), and bond assets (in level
deviations from the baseline scenario, as a share of initial GDP). An increase in the Home real exchange
rate means a Home real depreciation. Blue line: country F follows the baseline policy, country H sets
optimally 𭟋 = 0.0058. Nash equilibrium under ψX = 1 (𭟋 = 0.0011 and 𭟋∗ = 0.0012).
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5 Conclusions

The introduction and increase of carbon taxes can have significant macroeconomic

implications for the global economy. In this study, we explore these implications from

both a normative and positive standpoint.

Our results quantify the importance of coordination across countries when it comes

to environmental regulation. Compared to the taxes resulting in the Nash equilibrium, a

coordinated carbon tax leads to a much faster green transition, reducing the utility costs of

climate change. This happens because, in the absence of coordination, a country imposing

a carbon tax bears entirely its recessionary costs, while the benefits of a higher taxation,

in terms of pollution reduction, are proportional to the size of the country. Moreover, we

show that in the Nash equilibrium taxes are inefficiently low especially in high-income

countries: in fact, a global social planner would increase carbon taxation more in richer

countries, as they are characterized by a lower marginal utility of consumption.

From a positive perspective, our findings indicate that when a large country unilat-

erally introduces carbon taxation, its consumption gradually falls, the country’s interest

rate decreases, the exchange rate depreciates, creating expectations of future apprecia-

tions. This unilateral action also diverts debt and equity flows towards the other country.

In part, these flows include investment in the other country’s brown sector, giving rise to

carbon leakage. Despite the increase in capital flows, the economic activity falls in the

other country too, given the lower external demand.

It is important to note that, for the sake of simplicity, our analysis does not consider

certain potentially relevant aspects. These include the endogenous introduction of less

polluting technologies and the role of the financial sector in financing the green transition

or amplifying the recessionary effects. Moreover, we have ignored other policy instruments

– such as the carbon border adjustment mechanism approved in the European Union –

that countries could use to limit carbon leakage and other undesired spillovers. We

acknowledge that these factors warrant further investigation in future research.
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Appendix

A List of equations

We denote with a tilde variables that are divided by the long-run trend zt. The model

features the following 50 variables:

Xend
t ≡

{
c̃t, ĩt, ĩ

∗
t , ỹHt, k̃Gt, k̃Bt, k̃

∗
Gt, k̃

∗
Bt, hBt, hGt, ẽt, µt, w̃t, pGt, pBt, ỹGt, ỹBt, rt, rkGt, r

∗
kGt, rkBt, r

∗
kBt,

c̃∗t , ĩ
∗
∗t, ĩ∗t, ỹ

∗
Ft, k̃

∗
∗Gt, k̃

∗
∗Bt, k̃∗Gt, k̃∗Bt, h

∗
Bt, h

∗
Gt, ẽ

∗
t , µ

∗
t , w̃

∗
t , p

∗
Gt, p

∗
Bt, ỹ

∗
Gt, ỹ

∗
Bt, r

∗
t , r

∗
∗kGt, r

∗
∗kBt, r∗kGt,

r∗kBt, pHt, pFt, st, b̃t, d̃Ft, d̃Ht

}
.

We list the 50 equations in what follows, dividing the them in three blocks, Home, Foreign,

and common equations.

A.1 Home

A.1.1 Households

Euler equation for bonds:

1 = βEt
(

c̃t
c̃t+1ι

rt

)
. (A.1)

Euler equation for capital installed in Home green firms:

1 = βEt
[
c̃t
c̃t+1ι

(rkGt+1 + 1− δ)

]
+

(
k̃Gt +

1− n

n
stk̃∗Gt

)−ψG

κGc̃t. (A.2)

Euler equation for capital installed in Home brown firms:

1 = βEt
[
c̃t
c̃t+1ι

(rkBt+1 + 1− δ)

]
−
(
k̃Bt +

1− n

n
stk̃∗Bt

)ψB

κB c̃t. (A.3)
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Euler equation for capital installed in Foreign green firms:

1 = βEt
[(

c̃t
c̃t+1ι

rt

)
st+1

st
(r∗kGt+1 + 1− δ)

]
+

(
k̃Gt +

1− n

n
stk̃∗Gt

)−ψG

κGc̃t. (A.4)

Euler equation for capital installed in Foreign brown firms:

1 = βEt
[(

c̃t
c̃t+1ι

rt

)
st+1

st
(r∗kBt+1 + 1− δ)

]
−
(
k̃Bt +

1− n

n
stk̃∗Bt

)ψB

κB c̃t. (A.5)

Law of motion for capital installed in Home firms:

k̃Gt + k̃Bt = (1− δ)

(
k̃Gt−1 + k̃Bt−1

ι

)
+ ĩt. (A.6)

Law of motion for capital installed in Foreign firms:

k̃∗Gt + k̃∗Bt = (1− δ)

(
k̃∗Gt−1 + k̃∗Bt−1

ι

)
+ ĩ∗t. (A.7)

A.1.2 Final-good firms

Demand for green intermediate output:

ỹGt = (1− ζ)

(
pGt
pHt

)−ξ

ỹHt. (A.8)

Demand for brown intermediate output:

ỹBt = ζ

(
pBt
pHt

)−ξ

ỹHt. (A.9)

Total production:

pHtỹHt = pGtỹGt + pBtỹBt (A.10)
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A.1.3 Brown firms

Production function:

ỹBt = A

(
kBt−1

ι

)α1
(
k∗Bt−1

ι

)α2

(hBt)
1−α1−α2 . (A.11)

Demand for capital supplied by Home households:

kBt−1 =
α1

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

rkBt
. (A.12)

Demand for capital supplied by Foreign households:

k∗Bt−1 =
α2

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

r∗kBt
. (A.13)

Labor demand:

hBt =
(1− α1 − α2)

[
pBt − τt (1− µt) ze − κA

1+ν

(
µ1+ν
t

)]
yBt

wt
. (A.14)

Optimal abatement:

µt =

(
τtze
κA

) 1
ν

. (A.15)

Emissions:

ẽt = ze (1− µt) ỹBt. (A.16)

A.1.4 Green firms

Production function:

ỹGt = A

(
k̃Gt−1

ι

)α1
(
k̃∗Gt−1

ι

)α2

(hGt)
1−α1−α2 . (A.17)
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Demand for capital supplied by Home households:

kGt−1 =
α1pGtyGt
rkGt

. (A.18)

Demand for capital supplied by Foreign households:

k∗Gt−1 =
α2pGtyGt
r∗kGt

. (A.19)

Labor demand:

hGt =
(1− α1 − α2) pGtyGt

wt
. (A.20)

A.1.5 Financiers

Combine equations (35) and (40) and get the following modified UIP condition:

b̃t = −
{
1

Γ
Et
[
β

c̃t
c̃t+1ι

(
rt − r∗t

st+1

st

)]
+

1− n

n
d̃Ft + ṽ

}
. (A.21)

A.1.6 Market clearing

Clearing in the labor market:

1 = hGt + hBt. (A.22)

Prices:

1 = (1− γ) (pHt)
1−η + γ (pFt)

1−η . (A.23)
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Resource constraint:

pHtỹHt = c̃t + ĩt + ĩ∗t + pHtg̃ +
κA

1 + ν

(
µ1+ν
t

)
ỹBt+

+ b̃t +
1− n

n
stĩ∗t − ĩ∗t − st

1− n

n

(
r∗kBtk̃∗Bt−1 + r∗kGtk̃∗Gt−1

ι

)
+
r∗t−1st
st−1

(
d̃Ht−1 + ṽ

ι

)
+

+

(
r∗kBtk̃

∗
Bt−1 + r∗kGtk̃

∗
Gt−1

ι

)
− rt−1

(
b̃t−1 + d̃Ht−1 + ṽ

ι

)
(A.24)

The resource constraint states that GDP pHtỹHt is equal to the sum of consumption, total

investment (̃it + ĩ∗t ), public spending, abatement costs, plus the trade balance, which is

equal to the last two lines of the previous equation (to see this, combine equations 46,

40, 41, the laws of motion of capital, and divide by zt).

A.2 Foreign

A.2.1 Households

Euler equation for bonds:

1 = β∗Et
(

c̃∗t
c̃∗t+1ι

r∗t

)
. (A.25)

Euler equation for capital installed in Home green firms:

1 = β∗Et
[
c̃∗t
c̃∗t+1ι

st
st+1

(r∗kGt + 1− δ)

]
+

(
k̃∗∗Gt +

n

1− n

k̃∗Gt
st

)−ψG

κ∗Gc̃
∗
t . (A.26)

Euler equation for capital installed in Home brown firms:

1 = β∗Et
[
c̃∗t
c̃∗t+1ι

st
st+1

(
r∗kBt+1 + 1− δ

)]
−

(
k̃∗∗Bt +

n

1− n

k̃∗Bt
st

)ψB

κ∗B c̃
∗
t . (A.27)

Euler equation for capital installed in Foreign green firms:

1 = β∗Et
[
c̃∗t
c̃∗t+1ι

(r∗∗kGt + 1− δ)

]
+

(
k̃∗∗Gt +

n

1− n

k̃∗Gt
st

)−ψG

κ∗Gc̃
∗
t . (A.28)
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Euler equation for capital installed in Foreign brown firms:

1 = β∗Et
[
c̃∗t
c̃∗t+1ι

(
r∗∗kBt+1 + 1− δ

)]
−

(
k̃∗∗Bt +

n

1− n

k̃∗Bt
st

)ψB

κ∗B c̃
∗
t . (A.29)

Law of motion for capital installed in Foreign firms:

k̃∗∗Gt + k̃∗∗Bt = (1− δ)

(
k̃∗∗Gt−1 + k̃∗∗Bt−1

ι

)
+ ĩ∗∗t. (A.30)

Law of motion for capital installed in Home firms:

k̃∗Gt + k̃∗Bt = (1− δ)

(
k̃∗Gt−1 + k̃∗Bt−1

ι

)
+ ĩ∗t . (A.31)

A.2.2 Final-good firms

Demand for green intermediate output:

ỹ∗Gt = (1− ζ)

(
stp

∗
Gt

p∗Ft

)−ξ

ỹ∗Ft. (A.32)

Demand for brown intermediate output:

ỹ∗Bt = ζ

(
stp

∗
Bt

pFt

)−ξ

ỹ∗Ft. (A.33)

Total production:

pFt
st
ỹ∗Ft = p∗Gtỹ

∗
Gt + p∗Btỹ

∗
Bt. (A.34)

A.2.3 Brown firms

Production function:

ỹ∗Bt = A∗

(
k̃∗∗Bt−1

ι

)α∗
1
(
k̃∗Bt−1

ι

)α∗
2

(h∗Bt)
1−α∗

1−α∗
2 . (A.35)
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Demand for capital supplied by Foreign households:

k∗∗Bt−1 =
α∗
1

[
p∗Bt − τ ∗t (1− µ∗

t ) z
∗
e − κA

1+ν

(
µ∗1+ν
t

)]
y∗Bt

r∗∗kBt
. (A.36)

Demand for capital supplied by Home households:

k∗Bt−1 =
α∗
2

[
p∗Bt − τ ∗t (1− µ∗

t ) z
∗
e − κA

1+ν

(
µ∗1+ν
t

)]
y∗Bt

r∗kBt
. (A.37)

Labor demand:

h∗Bt =
(1− α∗

1 − α∗
2)
[
p∗Bt − τ ∗t (1− µ∗

t ) z
∗
e − κA

1+ν

(
µ∗1+ν
t

)]
y∗Bt

w∗
t

. (A.38)

Optimal abatement:

µ∗
t =

(
τ ∗t z

∗
e

κA

) 1
ν

. (A.39)

Emissions:

ẽ∗t = z∗e (1− µ∗
t ) ỹ

∗
Bt. (A.40)

A.2.4 Green firms

Production function:

ỹ∗Gt = A∗

(
k̃∗∗Gt−1

ι

)α∗
1
(
k̃∗Gt−1

ι

)α∗
2

(h∗Gt)
1−α∗

1−α∗
2 . (A.41)

Demand for capital supplied by Foreign households:

k∗∗Gt−1 =
α∗
1p

∗
Gty

∗
Gt

r∗∗kGt
. (A.42)

Demand for capital supplied by Home households:

k∗Gt−1 =
α∗
2p

∗
Gty

∗
Gt

r∗kGt
. (A.43)
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Labor demand:

h∗Gt =
(1− α∗

1 − α∗
2) p

∗
Gty

∗
Gt

w∗
t

. (A.44)

A.2.5 Financiers

Modified UIP condition:

b̃t =

{
(1− n) st

Γn
Et
[
β∗ c̃∗t
c̃∗t+1ι

(
r∗t − rt

st
st+1

)]
−
(
ṽ + d̃H

)}
. (A.45)

A.2.6 Market clearing

Clearing in the labor market:

1 = h∗Gt + h∗Bt. (A.46)

Prices:

s1−ηt = γ∗ (pHt)
1−η + (1− γ∗) (pFt)

1−η . (A.47)

By Walras law, the resource constraint of the Foreign economy is redundant and it is not

included in the list of equations. We report the equation below:

pFt
st
ỹ∗Ft = c̃∗t + ĩ∗∗t + ĩ∗t +

pFt
st
g +

κA
1 + ν

(
µ∗1+ν
t

)
ỹ∗Bt+

− n

(1− n) st
b̃t +

n

(1− n) st
ĩ∗t − ĩ∗t +

(
r∗kBt

k̃∗Bt−1

ι
+ r∗kGt

k̃∗Gt−1

ι

)

− n

(1− n) st

(
r∗kBt

k̃∗Bt−1

ι
+ r∗kGt

k̃∗Gt−1

ι

)
+

+
rt−1

st

(
n

1−n b̃t−1 + d̃Ht−1 + ṽt−1

ι

)
−
r∗t−1

st−1

(
d̃Ht−1 + ṽt−1

ι

)
.
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A.3 Common equations

Market clearing of the Home good:

nỹHt = n

[
(1− γ) (pHt)

−η
(
c̃t + ĩt +

κA
1 + ν

(
µ1+ν
t

)
ỹBt + ĩ∗t

)
+ g̃

]
+

+ (1− n)

[
γ∗
(
pHt
st

)−η (
c̃∗t + ĩ∗∗t + ĩ∗t +

κA
1 + ν

(
µ∗1+ν
t

)
ỹ∗Bt

)]
. (A.48)

Market clearing for the Foreign good:

(1− n) ỹ∗Ft = (1− n)

[
(1− γ∗)

(
pFt
st

)−η (
c̃∗t + ĩ∗∗t + ĩ∗t +

κA
1 + ν

(
µ∗1+ν
t

)
ỹ∗Bt

)
+ g̃∗

]
+

+ n

[
γ∗ (pFt)

−η
(
c̃t + ĩt + ĩ∗t +

κA
1 + ν

(
µ1+ν
t

)
ỹBt

)]
. (A.49)

Market clearing for Home bonds:

1− n

n
d̃Ft + d̃Ht + ṽ + b̃t = 0. (A.50)

Once we find the solution of the model, we can derive global pollution xWt , as follows:

xW1t = xW1t−1 + φLz
W
t [nẽt + (1− n) ẽ∗t ] (A.51)

xW2t = (1− φ)xW2t−1 + (1− φL)φ0z
W
t [nẽt + (1− n) ẽ∗t ] (A.52)

xWt = x̄W + xW1t + xW2t , (A.53)

where zWt grows at rate ι and z0 = 1.

B Static model

We set up a very simple model, in order to explain the main intuitions of the norma-

tive results of the analysis. We adopt the Handbook approach of Hassler et al. (2016)
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(HKS, henceforth) who set up a basic static model useful to derive sharp and transparent

economic intuitions. Compared to their analysis, we assume that the world consists of N

countries that differ only for their contribution to global carbon concentration. First, we

consider a climate externality in the production function, second we consider a climate

externality in the utility function.

B.1 Production-damaged externality

In country i, output yi is produced using the following production function:

yi = e−γSkαi l
1−α−ν
i Eν

i (B.1)

where ki and li denote capital and labor that are fixed and equal across countries, Ei

denotes fossil energy use (or emissions), and S is global atmospheric carbon, which neg-

atively affects total factor productivity. The idea is that higher atmospheric carbon

increases global temperature, which in turn makes production activities more costly (see

HKS for an extensive discussion). All these variables are in per-capita terms. Given

that capital and labor are fixed, we normalize A ≡ kαi l
1−α−ν
i = 1. Atmospheric carbon

depends linearly on the weighted sum of energy use across countries:

S = ϕ
N∑
j=1

njEj, (B.2)

where nj is the population share of country j, and
∑N

j=1 nj = 1. Parameters ν, γ, and ϕ

should be such that the production function is increasing and concave in Ei. We assume

that energy comes from coal, which has a positive extraction cost ζ. On top of the

extraction costs, the government of country i imposes a carbon tax τi for unit of energy.

The tax is rebated to households through lump sum transfers Ti. All countries consume

the same good: this assumption and the fact the model is static imply that there is no
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trade.1 The only link between countries is energy, whose use in one country affects the

climate externality in other countries.

In each country i, there is a representative household, owner of the firm, that max-

imizes a log utility in consumption ci = yi − (ζ + τi)Ei + Ti, by choosing energy. The

representative household does not internalize that energy is damaging its production and

that of other countries. The maximization problem is the following:

max
Ei

log
[
e−γSEν

i − (ζ + τi)Ei + Ti
]
.

The first order condition yields:

ν
yi
Ei

= ζ + τi, (B.3)

where the left-hand side is the marginal benefit of emissions (i.e. the marginal product

of energy) and the right-hand side is the marginal cost, given by the extraction cost and

the tax. Given the concavity of the production function, a higher tax τi leads to a lower

value of energy employed Ei.

Compared to the representative household, the social planner takes into account the

damage caused by energy use in country i (without internalizing the damage caused to

other countries). By solving the following social planner problem:

max
Ei

log
[
e−γϕ

∑N
j=1 njEjEν

i − ζEi

]
,

we find that the optimal energy use should satisfy:

ν
yi
Ei

= ζ + γϕniyi, (B.4)

where the right-hand side consists of the extraction cost plus the marginal damage, which

is given by the damage induced by an additional unit of domestic energy. By comparing

1When country produce the same good, trade is only useful for intertemporal substitution. Given
that the model is static, the intertemporal substitution motive is absent.
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the social planner allocation in equation (B.4) with the competitive equilibrium allocation

in equation (B.3), we derive the optimal tax that makes the decentralized equilibrium

optimal in country i:

τ ∗i = γϕniy
∗
i , (B.5)

where a star denotes optimality. As in HKS, the optimal tax is proportional to output.

However the factor of proportionality is lower, as long as ni < 1: given that country i is

relatively small compared to the rest of the world, its influence on atmospheric carbon is

relatively weak.2

Equation (B.5) is not a closed form solution for τi, given that the right hand side

depends on τi itself. However, we can see that an increase in the carbon tax set by

another country τj induces a lower value of energy employed in that economy Ej (by

using the country j’s counterpart of equation B.3), which in turn reduces the global

pollution damage (equation B.2), implying a higher value of yi (equation B.1), ceteris

paribus. As the optimal tax is proportional to output, the tax set by government i must

increase. This reasoning proves that under a climate production externality carbon taxes

are strategic complements across countries.

B.2 Disutility externality

Higher atmospheric carbon may also affect households’ utility, through several chan-

nels, such as health or worse life quality. Suppose that utility function for country i also

depends on atmospheric carbon S = ϕ
∑N

j=1 njEj:

log ci − γ1

(
ϕ

N∑
j=1

njEj

)
− γ2

2

(
ϕ

N∑
j=1

njEj

)2

,

where now atmospheric carbon affects utility directly. Assume also that energy does not

damage production, to isolate the implications of pollution disutility. The optimality

2On page 1945, HKS show that the optimal tax is proportional to GDP plus energy costs. Notice
that our definition of output is exactly equal to GDP (which is equal to consumption) plus energy costs.
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condition for the representative household is identical to equation (B.3). The social

planner internalizes the disutility externality and chooses:

ν
yi
Ei

= ζ + (yi − ζEi)ϕni

(
γ1 + γ2

N∑
j=1

njEj

)
. (B.6)

The optimal tax of country i reads:

τ ∗i = (yi ∗ −ζE∗
i )ϕni

(
γ1 + γ2

N∑
j ̸=i

njEj + γ2niE
∗
i

)
. (B.7)

The right-hand side consists of the extraction cost plus the marginal disutility of emis-

sions. If the disutility externality is purely linear (γ1 > 0, γ2 = 0), the optimal tax is

proportional to output minus energy costs (i.e. consumption, or GDP). Notice that the

factor of proportionality is identical to that in the production externality case (equation

B.5), if γ1 = γ. If the disutility is linear, the optimal tax set in country i is independent

on the environmental policy in the rest of the world, as domestic output does not depend

on other countries’ emissions anymore.

If the disutility externality is purely quadratic (γ1 = 0, γ2 > 0), the tax is still propor-

tional to GDP, but the factor of proportionality is not constant and it depends on global

emissions. If atmospheric carbon is higher, the marginal disutility of emissions increases,

and the domestic social planner sets higher taxes. In this case, carbon taxes are strategic

substitutes: lower taxes in the rest of the world raise global emissions, thus increasing

the marginal disutility of pollution in country i and inducing the domestic social planner

to increase the local carbon tax.

B.3 Simulation

Considering a two-country framework, we simulate the model deriving the optimal tax

τi of country i as a function of the tax set by the other country (τ−i), in order to compute

the Nash and the coordination equilibrium in four scenarios: production externality,
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linear disutility, quadratic disutility with low and with high marginal disutility. In the

production externality case, we use the same calibration of HKS for ν, ϕ, and γ, where

the model period is 100 years: we set ν = 0.04, ϕ = 0.48, and γ = 5.7 · 10−5. As in

HKS, we set S = 900 GtC ex ante, in excess of the pre-industrial level: this implies

ζ = 2.7 · 10−5 es post. This calibration leads to a production damage of 5% of output,

without carbon taxes. In the other three scenarios we remove the production damage. In

the linear disutility scenario, we set γ1 = γ and γ2 = 0 (as in HKS, when they consider a

linear externality in the utility function). In the two quadratic disutility scenarios, we set

γ1 = 0. In the first case (low marginal disutility), we set γ2 =
γ
S
, such that the marginal

disutility of atmospheric carbon is the same under linear and quadratic disutility, when

there are no carbon taxes. In the second case (high marginal disutility), we set γ2 =
2γ
S
,

such that the disutility under the linear and the quadratic externality are the same, when

there are no carbon taxes. Just for illustrative purposes, we consider an asymmetric case,

where the share ni of economy i is set to 0.1. In this case, country −i represents the rest

of the world.3

We show the tax reaction function of the social planner of country i as a function of

the tax set by the rest of the world (Figure B.1). For convenience, we express all the

taxes in terms of the optimal tax set by a global social planner under the production

externality. The optimal tax of a global social planner under the production externality

can be easily derived setting n = 1 in (B.5), as the global social planner sets the same

taxation in both countries, no matter their size, to equate their marginal utilities. We

denote this tax as:

τD∗ = γϕyD∗, (B.8)

where yD∗ is output resulting from coordination across countries, under the production

externality.

From a qualitative point of view, the four reaction functions have different shapes.

3Here, we are implicitly ignoring the coordination problem within the rest of the world assuming
that countries different from i are behaving like a unique economy.
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Under the production externality, the reaction function is increasing, meaning that taxes

are strategic complements: when taxes in the rest of the world are higher, global damage

is lower, domestic GDP is higher, inducing the domestic social planner to raise the tax.

Under the linear disutility externality, the reaction function is constant: emissions by

other countries do not affect the marginal cost of polluting (which is constant and equal to

γ1) and the social planner sets the same carbon tax whatever the choice of other countries.

Under the two types of quadratic externality, the reaction function is decreasing, meaning

that taxes are strategic substitutes around the world: higher carbon taxes in the rest of

the world lead to lower emissions, reducing the marginal cost of pollution (equal to γ2S),

thus lowering the domestic carbon tax. This implies that countries that set too low

carbon taxes, either because they are small or because they adopt sub-optimal policy,

may induce other countries to set too costly carbon taxes.

From a quantitative point of view, the reaction function is virtually constant also in

the production externality case, being always around 10% of the tax resulting from global

coordination. Increasing taxes in the rest of world raises domestic GDP by reducing the

damage, but this effect is quantitative small. In practice, under the production externality

the domestic social planner sets a tax that is roughly a fraction ni = 0.1 of the tax set

by a global social planner (i.e. the coordination equilibrium). Notice that the domestic

tax is also about 0.1τ ∗D under the linear disutility case.

Once we have the reaction functions, we can compute the Nash equilibrium between

the domestic economy and the rest of the world, and compare it with the coordination

equilibrium (Table B.1). We already know that under the production and the linear

disutility externality, the tax is roughly a fraction ni of the benchmark tax τ ∗D whatever

the choices in the rest of the world (which instead always sets (1− ni) τ
∗D): the Nash

equilibrium is close to {ni, 1− ni}. By construction, the coordination equilibrium in the

production externality case is {1, 1}. In the linear disutility case, the Nash and coordi-

nation equilibria barely change compared to the production scenario. If the quadratic

disutility is calibrated to have the same marginal disutility of the linear one, taxes are

60



still close to τ ∗D times the population share in the Nash equilibrium, and the coordi-

nation equilibrium is also close to that of the previous two cases. It is worth stressing

that in all these three scenarios (production damage, linear disutility, quadratic disutility

with low γ2), the Nash equilibrium displays lower taxes compared to the coordination

equilibrium. This is due to a classic free riding problem: without coordination, when a

country imposes a carbon tax, it bears entirely its recessionary costs, while the benefits

of a lower pollution are shared with the rest of the world; this leads to a suboptimal level

of taxation compared to the coordination equilibrium. Under a quadratic disutility with

a high value of γ2, taxes are much higher both in the Nash and coordination equilibrium.

Notice that, in contrast to the previous three cases, the rest-of-the world’s social planner

sets a tax higher than the global social planner, to take the burden also of the lower tax

set by the i-th economy.
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Optimal Home tax given Foreign tax

Figure B.1: Optimal τi given τ−i, under three different pollution externalities. The taxes are expressed
in terms of τ∗D, the optimal tax in the production externality scenario under coordination.

Optimal carbon taxes

Externality Nash equilibrium Coordination

Production τi/τ∗D = 0.103, τ−i/τ∗D = 0.899 τi/τ∗D = 1, τ−i/τ∗D = 1

Linear disutility τi/τ∗D = 0.102, τ−i/τ∗D = 0.906 τi/τ∗D = 1.005, τ−i/τ∗D = 1.005

Quadratic disutility, low γ2 τi/τ∗D = 0.107, τ−i/τ∗D = 0.955 τi/τ∗D = 0.961, τ−i/τ∗D = 0.961

Quadratic disutility, high γ2 τi/τ∗D = 0.169, τ−i/τ∗D = 1.493 τi/τ∗D = 1.465, τ−i/τ∗D = 1.465

Table B.1: Nash and coordination equilibrium under different externality assumptions.
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C Initial steady state

First of all, we calibrate parameters γ and γ∗ to be proportional to the world share of

the other country’s GDP:

γ = ω
(1− n) pF ỹ

∗
F

n · pH ỹH + (1− n) pF ỹ∗F

γ = ω
(1− n) pH ỹH

Λ

n · pH ỹH + (1− n) pHyH
Λ

γ = ω
(1− n)

Λn ·+(1− n)

and

γ∗ = ω
n · pH ỹH

n · pH ỹH + (1− n) pF ỹ∗F

γ∗ = ω
n · ΛpFy∗F

n · ΛpF ỹ∗F + (1− n) pF ỹ∗F

γ∗ = ω
n · Λ

n · Λ + (1− n)

where:

Λ ≡ pHyH
pFy∗F

.

We set ex ante r and r∗ and ex post β and β∗. By the Euler equations:

β =
ι

r

β∗ =
ι

r∗
.
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We calibrate ex ante the green and the brown premium (and find ex post κG, κB, κ
∗
G, κ

∗
B),

defined as follows:

prG = rkG + (1− δ)− r

prB = rkB + (1− δ)− r

pr∗G = r∗∗kG + (1− δ)− r∗

pr∗B = r∗∗kB + (1− δ)− r∗.

This implies

rkB =
ι

β
− (1− δ) + prB

r∗kB = rkB

r∗kB =
ι

β∗ − (1− δ) + pr∗B

r∗∗kB = r∗kB

rkG =
ι

β
− (1− δ) + prG

r∗kG = rkG

r∗kG =
ι

β∗ − (1− δ) + pr∗G

r∗∗kG = r∗kG.
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We find the steady state as a function of {ỹH , pB, p∗B, pH , z, z∗}. Use the Home CPI

equation to find pF :

1 = (1− γ) (pH)
1−η + γ (pF )

1−η

pF =

[
1− (1− γ) (pH)

1−η

γ

] 1
1−η

.

Use Foreign CPI equation to find s:

s =
[
γ∗ (pH)

1−η + (1− γ∗) (pF )
1−η] 1

1−η .

We set A∗ ex post and Λ ex ante. This implies:

ỹ∗F =
pH ỹH
ΛpF

.

We calibrate ex ante:

BY =
b̃

pHyH
.

Using the Home bank’s condition:

b̃t = −
{
1

Γ
Et
[
β

c̃t
c̃t+1ι

(
rt − r∗t

st+1

st

)]
+

1− n

n
d̃Ft + ṽ

}
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b̃ = − 1

Γ

[
β

ι

(
ι

β
− ι

β∗

)]
− ṽ − 1− n

n
d̃F

b̃ = − 1

Γ

[
β∗ − β

β∗

]
− ṽ − 1− n

n
d̃F

b̃ = − 1

Γ

(
1− β

β∗

)
− ṽ − 1− n

n
d̃F

b̃+ ṽ +
1− n

n
d̃F = − 1

Γ

(
1− β

β∗

)
d̃H =

1

Γ

(
1− β

β∗

)

and compute ex post v. Given the foreign banks conditions:

b̃ =

{
(1− n) s

Γ∗n

[
β∗

ι

(
ι

β∗ − ι

β

)]
−
(
ṽ + d̃H

)}
b̃ =

(1− n) s

Γ∗n

(
1− β∗

β

)
−
(
ṽ + d̃H

)
b̃+ ṽ + d̃H =

(1− n) s

Γ∗n

(
1− β∗

β

)
(
b̃+ ṽ + d̃H

) n

1− n
=

s

Γ∗

(
1− β∗

β

)
d̃F =

s

Γ∗

(
β∗

β
− 1

)
.

We find v:

ṽ = −
(
b̃+ d̃H +

1− n

n
d̃F

)
.
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We calibrate ex ante the following ratios:

GY =
g̃

ỹH

GY ∗ =
g̃∗

ỹ∗F

FDIY =
1− n

n

s
(
k̃∗B + k̃∗G

)
pH ỹH

FDIY ∗ =
n

1− n

k̃∗B + k̃∗G
pF ỹ∗F

IY =
ĩ+ ĩ∗

pH ỹH

IY ∗ = s
ĩ∗∗ + ĩ∗
pF ỹ∗F

and we compute ex post: {g̃, g̃∗, α2, α
∗
2, α1, α

∗
1}. From the previous conditions:

k̃∗B + k̃∗G = FDIY
pH ỹH
s

n

1− n

k̃∗B + k̃∗G = FDIY ∗pF ỹ
∗
F

1− n

n
.

By the law of motion of capital:

ĩ∗ =
(
k̃∗B + k̃∗G

)(
1− 1− δ

ι

)
ĩ∗ =

(
k̃∗B + k̃∗G

)(
1− 1− δ

ι

)
.

Now we can find domestic investment:

IY =
ĩ+ ĩ∗

pH ỹH

ĩ = IY pH ỹH − ĩ∗
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and:

IY ∗ = s
ĩ∗∗ + ĩ∗
pFy∗F

ĩ∗∗ = IY ∗pF ỹ
∗
F

s
− ĩ∗.

So:

k̃∗B + k̃∗G =
ĩ

1− 1−δ
ι

k̃∗B + k̃∗G =
ĩ∗

1− 1−δ
ι

.

Find g and g∗:

g̃ = GY ỹH

g̃∗ = GY ∗ỹ∗F .

The price of carbon (in dollar per unit of CO2) is given by:

pCt = τt
conGDP
3.67

p∗Ct = τ ∗t
conGDP
3.67

,

where:

conGDP =
gdpw,$bilt

npH ỹH + (1− n) pF ỹF
.

The world price of carbon reads:

pWCt = npCt + (1− n) p∗Ct.
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We want to calibrate ex ante pWC when µ = µ∗ = 1. This implies:

pWC = nτ
conGDP
3.67

+ (1− n) τ ∗
conGDP
3.67

pWC =
conGDP
3.67

[nτ + (1− n) τ ∗]

pWC =
conGDP
3.67

[
n
κA
ze

+ (1− n)
κA
z∗e

]
pWC =

conGDPκA
3.67

[
n

ze
+

(1− n)

z∗e

]
.

We find κA ex post:

κA =
3.67pWC

conGDP

[
n
ze
+ (1−n)

z∗e

] .
Set ex ante the abatement rate and find ex post the tax:

τ = µν
κA
ze

τ ∗ = µ∗ν κA
z∗e
.

Use the brown demand to find yB:

ỹB = ζ

(
pB
pH

)−ξ

ỹH .

Use the domestic capital demands to find α1:

k̃B + k̃G = α1ι

[
pB − τ (1− µ) ze − κA

1+ν
(µ1+ν)

rkB
ỹB +

pGỹG
rkG

]

k̃B + k̃G = α1ι

[
pB − τ (1− µ) z∗e − κA

1+ν
(µ1+ν)

rkB
ỹB +

pH ỹH − pB ỹB
rkG

]

α1 =

ĩ
1− 1−δ

ι

ι
[
pB−τ(1−µ)z∗e−

κA
1+ν

(µ1+ν)

rkB
ỹB + pH ỹH−pB ỹB

rkG

] .
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Now we can find k̃B and k̃G:

k̃B =
α1ι

rkB

[
pB − τ (1− µ) ze −

κA
1 + ν

(
µ1+ν

)]
ỹB

k̃G =
α1ι

rkG
pGỹG.

Similarly:

α2 =

ĩ∗

1− 1−δ
ι

ι
[
pB−τ(1−µ)ze−

κA
1+ν

(µ1+ν)

r∗kB
ỹB + pH ỹH−pB ỹB

r∗kG

] ,
and so:

k̃∗B =
α2ι

r∗kB

[
pB − zeτ (1− µ)− κA

1 + ν

(
µ1+ν

)]
ỹB

k̃∗G =
α2ι

r∗kG
pGỹG.

Find hB using the production function:

hB =

 ỹB

A
(
k̃B
ι

)α1
(
k̃∗B
ι

)α2

 1
1−α1−α2

.

Using the labor demand of brown firms we find w:

w̃ =
(1− α1 − α2)

[
pB − zeτ (1− µ)− κA

1+ν
(µ1+ν)

]
ỹB

hB

Using the labor demand of green firms we find hG:

hG =
(1− α1 − α2) (pH ỹH − pB ỹB)

w̃
.

We can find yG using the production function of green firms:

ỹG = A

(
k̃G
ι

)α1
(
k̃∗G
ι

)α2

(hG)
1−α1−α2
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and pG:

pG =
1

ỹG
(pH ỹH − pB ỹB) .

Use the brown foreign demand to find ỹB:

y∗B = ζ

(
s
p∗B
pF

)−ξ

y∗F .

Repeat the previous steps for F:

α∗
1 =

ĩ∗∗
1− 1−δ

ι

ι

[
p∗B−τ∗(1−µ∗)z∗e−

κA
1+ν

(µ∗1+ν)

r∗∗kB
y∗B +

pF y∗
F

s
−p∗By

∗
B

r∗∗kG

]

k∗∗B = α∗
1ι

[
p∗B − τ ∗ (1− µ∗) z∗e −

κA
1 + ν

(
µ∗1+ν)] y∗B

r∗∗kB

k∗∗G = α∗
1ι

pF y
∗
F

s
− p∗By

∗
B

r∗∗kG

α∗
2 =

ĩ∗
1− 1−δ

ι

ι

[
p∗B−τ∗(1−µ∗)z∗e−

κA
1+ν

(µ∗1+ν)

r∗kB
ỹB +

pF ỹ∗
F

s
−p∗B ỹB

r∗kG

]
k̃∗B = α∗

2ι

[
p∗B − τ ∗ (1− µ∗) z∗e −

κA
1 + ν

(
µ∗1+ν)] ỹ∗B

r∗kB

k̃∗G = α∗
2ι

pF ỹ
∗
F

s
− p∗B ỹ

∗
B

r∗kG
.

Find Home consumption:

c̃ = pH ỹH −

(
ĩ+ pH g̃ +

κA
1 + ν

(
µ1+ν
t

)
ỹB + b̃+

(1− n)

n
s̃i∗ + r∗

(
d̃H + ṽ

ι

)
+

(
r∗kBk̃

∗
B + r∗kGk̃

∗
G

ι

))
+

+ s
(1− n)

n

(
r∗kBtk̃∗B + r∗kGk̃∗G

ι

)
+ r

(
b̃+ d̃H + ṽ

ι

)
.
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Use the Home market clearing to find c∗:

(1− n)

(
γ∗
(
pHt
st

)−η (
c̃∗t + ĩ∗∗t + ĩ∗t +

κA
1 + ν

(
µ∗1+ν
t

)
ỹ∗Bt

))
=

n

{
ỹH −

[
(1− γ) (pH)

−η
(
c̃+ ĩ+

κA
1 + ν

(
µ1+ν

)
ỹB + ĩ∗

)
+ g̃

]}

c̃∗ =
n

(1− n) γ∗

(pH
s

)η {
ỹH −

[
(1− γ) (pH)

−η
(
c+ i+

κA
1 + ν

(
µ1+ν

)
ỹB + ĩ∗

)
+ g̃

]}
+

−
(
ĩ∗∗ + ĩ∗ +

κA
1 + ν

(
µ∗1+ν) ỹ∗B) .

Use the labor demands:

(1− α∗
1 − α∗

2)

[
p∗B − τ ∗ (1− µ∗)− κA

1 + ν

(
µ∗1+ν)] ỹ∗B = w̃∗h∗B

(1− α∗
1 − α∗

2) p
∗
Gỹ

∗
G = w̃∗h∗G

h∗B + h∗G =1.

Sum the labor demands:

w̃∗ = (1− α∗
1 − α∗

2)

[
p∗B − τ ∗ (1− µ∗) ze −

κA
1 + ν

(
µ∗1+ν)] ỹ∗B + (1− α∗

1 − α∗
2) p

∗
Gỹ

∗
G

w̃∗ = (1− α∗
1 − α∗

2)

{[
p∗B − τ ∗ (1− µ∗) ze −

κA
1 + ν

(
µ∗1+ν)] ỹ∗B +

(
pF ỹ

∗
F

s
− p∗B ỹ

∗
B

)}

And:

h∗B =
(1− α∗

1 − α∗
2)
[
p∗B − τ ∗ (1− µ∗) ze − κA

1+ν
(µ∗1+ν)

]
ỹ∗B

w̃∗

h∗G = 1− h∗B.
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We can find A∗ using the production function of Foreign brown firms:

A∗ =
ỹ∗B(

k̃∗∗Bt−1

ι

)α∗
1
(
k̃∗Bt−1

ι

)α∗
2

(h∗Bt)
1−α∗

1−α∗
2

and we can find ỹ∗G using the production function of Foreign green firms:

ỹ∗G = A∗

(
k̃∗∗G
ι

)α∗
1
(
k̃∗G
ι

)α∗
2

(h∗G)
1−α∗

1−α∗
2 .

We can find p∗G:

p∗G =
1

ỹ∗G

[
pF ỹ

∗
F

s
− p∗B ỹ

∗
B

]
.

Find emissions:

ẽ = ze (1− µ) ỹB

ẽ∗ = z∗e (1− µ∗) ỹ∗B.

We are left with four equations in six unknowns

(1− n) ỹ∗F = (1− n)

[
(1− γ∗)

(pF
s

)−η (
c̃∗ + ĩ∗∗ + ĩ∗ +

κA
1 + ν

(
µ∗1+ν) ỹ∗B)+ g̃∗

]
+

+ n

(
γ∗ (pF )

−η
(
c̃+ ĩ+ ĩ∗ +

κA
1 + ν

(
µ1+ν

)
ỹB

))
1 = hG + hB

ỹ∗G = (1− ζ)

(
sp∗G
pF

)−ξ

ỹ∗F

ỹG = (1− ζ)

(
pG
pH

)−ξ

ỹH .
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We get the additional two equations by imposing that world emissions are equal to eW

(which is specified ex ante) and that Home emissions are a share eshare of eW :

n · e+ (1− n) e∗ = eW

n · e
eW

= eshare.

To match these two values, we find ex post ze and z
∗
e . Once we have solved the previous

problem, we can find emissions:

ẽ = ze (1− µ) ỹB

ẽ∗ = ze (1− µ∗) ỹ∗B.

and {κG, κ∗G, κB, κ∗B}, by using the Euler equations:

κG =
1− β

ι
[(rkG + 1− δ)](

k̃G + 1−n
n
sk̃∗G

)−ψG

c̃∗

κ∗G =
1− β∗

ι
[(r∗∗kG + 1− δ)](

k̃∗∗G + n
1−n

1
s
k̃∗G

)−ψG

c̃∗

κB =
β
ι
[(rkB + 1− δ)]− 1(
k̃B + 1−n

n
sk̃∗B

)ψB

c̃∗

κ∗B =
β∗

ι
[(r∗∗kB + 1− δ)]− 1(
k̃∗∗B + n

1−n
1
s
k̃∗B

)ψB

c̃∗
.
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D Final steady state

We find the final steady state as a function of {ỹH , pB, p∗B, prG, pr∗G, , prB, pr∗B, y∗F , pH} .

Use the CPI equations to find the relative prices:

pF =

[
1− (1− γ) (pH)

1−η

γ

] 1
1−η

s =
[
γ∗ (pH)

1−η + (1− γ∗) (pF )
1−η] 1

1−η .

The banks conditions reads:

d̃H =
1

Γ

(
1− β

β∗

)
d̃F =

s

Γ∗

(
β∗

β
− 1

)
.

We find b̃ using the market clearing of assets:

b̃ = −
(
ṽ + d̃H +

1− n

n
d̃F

)
.
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Given the premium definitions, we find:

rkB =
ι

β
− (1− δ) + prB

r∗kB = rkB

r∗kB =
ι

β∗ − (1− δ) + pr∗B

r∗∗kB = r∗kB

rkG =
ι

β
− (1− δ) + prG

r∗kG = rkG

r∗kG =
ι

β∗ − (1− δ) + pr∗G

r∗∗kG = r∗kG.

Use the brown demand to find yB:

ỹB = ζ

(
pB
pH

)−ξ

ỹH .

Use the domestic capital demands:

k̃B =
α1ι

rkB

[
pB − zeτ (1− µ)− κA

1 + ν

(
µ1+ν

)]
ỹB

k̃G =
α1ι

rkG
(pH ỹH − pB ỹB) .

Domestic investment:

ĩ =
(
k̃B + k̃G

)(
1− 1− δ

ι

)
,
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and

k̃∗B =
α2ι

r∗kB

[
pB − zeτ (1− µ)− κA

1 + ν

(
µ1+ν

)]
ỹB

k̃∗G =
α2ι

r∗kG
(pH ỹH − pB ỹB)

ĩ∗ =
(
k̃∗B + k̃∗G

)(
1− 1− δ

ι

)
.

Find hB using the production:

hB =

 ỹB

A
(
k̃B
ι

)α1
(
k̃∗B
ι

)α2

 1
1−α1−α2

.

Using the labor demand we find w:

w̃ =
(1− α1 − α2)

[
pB − zeτ (1− µ)− κA

1+ν
(µ1+ν)

]
ỹB

hB
.

Using the labor demand of green firms we find hG:

hG =
(1− α1 − α2) (pH ỹH − pB ỹB)

w̃
.

We can find yG using the production function of green firms:

ỹG = A

(
k̃G
ι

)α1
(
k̃∗G
ι

)α2

(hG)
1−α1−α2

and:

pG =
1

ỹG
(pH ỹH − pB ỹB) .

Use the brown foreign demand to find ỹB:

ỹ∗B = ζ

(
s
p∗B
pF

)−ξ

ỹ∗F .
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As before:

k̃∗∗B = α∗
1ι

[
p∗B − z∗eτ

∗ (1− µ∗)− κA
1 + ν

(
µ∗1+ν)] ỹ∗B

r∗∗kB

k̃∗∗G = α∗
1ι

pF ỹ
∗
F

s
− p∗B ỹ

∗
B

r∗∗kG

k̃∗B = ᾱ∗
2ι

[
p∗B − z∗eτ

∗ (1− µ∗)− κA
1 + ν

(
µ∗1+ν)] ỹ∗B

r∗kB

k̃∗G = ᾱ∗
2ι

pF ỹ
∗
F

s
− p∗B ỹ

∗
B

r∗kG

and:

ĩ∗∗ =
(
k̃∗∗B + k̃∗∗G

)(
1− 1− δ

ι

)
ĩ∗ =

(
k̃∗B + k̃∗G

)(
1− 1− δ

ι

)
.

Find Home consumption:

c̃∗ =
n

(1− n) γ∗

(pH
s

)η {
ỹH −

[
(1− γ) (pH)

−η
(
c+ i+

κA
1 + ν

(
µ1+ν

)
ỹB + ĩ∗

)
+ g̃

]}
+

−
(
ĩ∗∗ + ĩ∗ +

κA
1 + ν

(
µ∗1+ν) ỹ∗B) .

Use the Home market clearing to find c∗:

(1− n)

(
γ∗
(
pHt
st

)−η (
c̃∗t + ĩ∗∗t + ĩ∗t +

κA
1 + ν

(
µ∗1+ν
t

)
ỹ∗Bt

))
=

n

{
ỹH −

[
(1− γ) (pH)

−η
(
c̃+ ĩ+

κA
1 + ν

(
µ1+ν

)
ỹB + ĩ∗

)
+ g̃

]}
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c̃∗ =
n

(1− n) γ∗

(pH
s

)η {
ỹH −

[
(1− γ) (pH)

−η
(
c+ i+

κA
1 + ν

(
µ1+ν

)
ỹB + ĩ∗

)
+ g̃

]}
+

−
(
ĩ∗∗ + ĩ∗ +

κA
1 + ν

(
µ∗1+ν) ỹ∗B) .

Sum the labor demands:

w̃∗ = (1− α∗
1 − α∗

2)

[
p∗B − zeτ

∗ (1− µ∗)− κA
1 + ν

(
µ∗1+ν)] ỹ∗B + (1− α∗

1 − α∗
2) p

∗
Gỹ

∗
G

w̃∗ = (1− α∗
1 − α∗

2)

{[
p∗B − zeτ

∗ (1− µ∗)− κA
1 + ν

(
µ∗1+ν)] ỹ∗B +

(
pF ỹ

∗
F

s
− p∗B ỹ

∗
B

)}

and:

h∗B =
(1− α∗

1 − α∗
2)
[
p∗B − zeτ

∗ (1− µ∗)− κA
1+ν

(µ∗1+ν)
]
ỹ∗B

w̃∗

h∗G = 1− h∗B,

and we can find ỹ∗G:

ỹ∗G = A∗

(
k̃∗∗G
ι

)α∗
1
(
k̃∗G
ι

)α∗
2

(h∗G)
1−α∗

1−α∗
2, .

We can find p∗G:

p∗G =
1

ỹ∗G

[
pF ỹ

∗
F

s
− p∗B ỹ

∗
B

]
.

Find emissions:

e = ze (1− µ) yB

e∗ = ze (1− µ) y∗B.
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We are left with 9 equations in 9 unknowns

(1− n) ỹ∗F = (1− n)

[
(1− γ∗)

(pF
s

)−η (
c̃∗ + ĩ∗∗ + ĩ∗ +

κA
1 + ν

(
µ∗1+ν) ỹ∗B)+ g̃∗

]
+

+ n

(
γ∗ (pF )

−η
(
c̃+ ĩ+ ĩ∗ +

κA
1 + ν

(
µ1+ν

)
ỹB

))

ỹ∗G = (1− ζ)

(
sp∗G
pF

)−ξ

ỹ∗F

ỹG = (1− ζ)

(
pG
pH

)−ξ

ỹH

κG =
1− β

ι
[(rkG + 1− δ)](

k̃G + 1−n
n
sk̃∗G

)ψG

c̃

κ∗G =
1− β∗

ι
[(r∗∗kG + 1− δ)](

k̃∗∗G + n
1−n

1
s
k̃∗G

)ψG

c̃∗

ỹ∗B = A∗

(
k̃∗∗Bt−1

ι

)α∗
1
(
k̃∗Bt−1

ι

)α∗
2

(h∗Bt)
1−α∗

1−α∗
2

κB =
β
ι
[(rkB + 1− δ)]− 1(
k̃B + 1−n

n
sk̃∗B

)ψB

c̃

κ∗B =
β∗

ι
[(r∗∗kB + 1− δ)]− 1(

k̃∗∗B + n
1−n

1
s
k̃∗B

)ψB

c̃∗x

h = hG + hB.
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E Additional figures

Macroeconomic effects of the transition:

Asymmetric calibration, asymmetric policies (1)

Figure E.1: Variables are plotted in percentage deviation from the baseline scenario, except for the
bond rate and emissions (plotted in level deviations from the baseline scenario), and bond assets (in level
deviations from the baseline scenario, as a share of initial GDP). An increase in the Home real exchange
rate means a Home real depreciation. Country F follows the baseline policy, country H sets optimally
𭟋 = 0.0024.
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Macroeconomic effects of the transition:

Asymmetric calibration, asymmetric policies (2)

Figure E.2: Consumption and capital are plotted in percentage deviation from the baseline scenario,
pollution and UIP premium are plotted in level deviations from the baseline scenario, the trade balance
is in deviations from the baseline scenario as a share of initial GDP). The UIP premium is defined as
r∗t

st+1

st
− rt. Country F follows the baseline policy, country H sets optimally 𭟋 = 0.0058. Red dotted

line: Nash equilibrium under ψX = 1 (𭟋 = 𭟋∗ = 0.0036).

82



(*)	 Requests for copies should be sent to: 
Banca d’Italia – Servizio Studi di struttura economica e finanziaria – Divisione Biblioteca e Archivio storico – Via 
Nazionale, 91 – 00184 Rome – (fax 0039 06 47922059). They are available on the Internet www.bancaditalia.it.

RECENTLY PUBLISHED “TEMI” (*)

N.	1431	 –	 Monetary and fiscal policy responses to fossil fuel price shocks, by Anna Bartocci, 
Alessandro Cantelmo, Pietro Cova, Alessandro Notarpietro and Massimiliano 
Pisani (December 2023).

N.	1432	 –	 Do female leaders choose women? Evidence from visible and hidden appointments,
by Andrea Cintolesi and Edoardo Frattola (December 2023).

N.	1433	 –	 Monetary policy tightening in response to uncertain stagflationary shocks: a model-
based analysis, by Anna Bartocci, Alessandro Cantelmo, Alessandro Notarpietro 
and Massimiliano Pisani (December 2023).

N.	1434	 –	 Inflation, capital structure and firm value, by Andrea Fabiani and Fabio Massimo
Piersanti (December 2023).

N.	1435	 –	 Announcement and implementation effects of central bank asset purchases,
by Marco Bernardini and Antonio M. Conti (December 2023).

N.	1436	 –	 Connecting the dots: the network nature of shocks propagation in credit markets,
by Stefano Pietrosanti and Edoardo Rainone (December 2023).

N.	1437	 –	 Inflation expectations and misallocation of resources: evidence from Italy,
by Tiziano Ropele, Yuriy Gorodnichenko and Olivier Coibion (December 2023).

N.	1430	 –	 Labor market dynamics and geographical reallocations, by Gaetano Basso,
Salvatore Lo Bello and Francesca Subioli (November 2023).

N.	1426	 –	 The performance of household-held mutual funds: evidence from the euro area,
by Valerio Della Corte and Raffaele Santioni (November 2023).

N.	1427	 –	 Trade in the time of COVID-19: an empirical analysis based on Italian data,
by Gianmarco Cariola (November 2023).

N.	1428	 –	 Natural gas and the macroeconomy: not all energy shocks are alike, by Piergiorgio
Alessandri and Andrea Giovanni Gazzani (November 2023).

N.	1429	 –	 Inflation is not equal for all: the heterogenous effects of energy shocks, by Francesco 
Corsello and Marianna Riggi (November 2023).

N.	1419	 –	 Temperatures and search: evidence from the housing market, by Michele
Cascarano and Filippo Natoli (July 2023).

N.	1420	 –	 Flight to climatic safety: local natural disasters and global portfolio flows,
by Fabrizio Ferriani, Andrea Gazzani and Filippo Natoli (July 2023).

N.	1421	 –	 The effects of the pandemic on households’ financial savings: a Bayesian structural
VAR analysis, by Luigi Infante, Francesca Lilla and Francesco Vercelli (October 
2023).

N.	1422	 –	 Decomposing the monetary policy multiplier, by Piergiorgio Alessandri, Fabrizio
Venditti and Oscar Jordà  (October 2023).

N.	1423	 –	 The short and medium term effects of full-day schooling on learning and maternal
labor supply, by Giulia Bovini, Nicolò Cattadori, Marta De Philippis and Paolo 
Sestito (October 2023).

N.	1424	 –	 Subsidizing business entry in competitive credit markets, by Vincenzo Cuciniello,
Claudio Michelacci and Luigi Paciello (October 2023).

N.	1425	 –	 Drivers of large recessions and monetary policy responses, by Giovanni Melina
and Stefania Villa (October 2023).

N.	1438	 –	 Women in economics: the role of gendered references at entry in the profession,
by Audinga Baltrunaite, Alessandra Casarico and Lucia Rizzica

N.	1439	 –	 Procuring survival, by Matilde Cappelletti, Leonardo M. Giuffrida and Gabriele
Rovigatti

N. 1440	 –	 Estimating the returns to occupational licensing: evidence from regression
discontinuities at the bar exam, by Omar Bamieh, Andrea Cintolesi and Mario Pagliero

N. 1441	 –	 Household perceived sources of business cycle fluctuations: a tale of supply and
demand, by Clodomiro Ferreira and Stefano Pica

 (February 2024).

 (February 2024).

 (February 2024).

 (February 2024).



"TEMI" LATER PUBLISHED ELSEWHERE 
 

2022 
 

ANDINI M., M. BOLDRINI, E. CIANI, G. DE BLASIO, A. D’IGNAZIO and A. PALADINI, Machine learning in the 
service of policy targeting: the case of public credit guarantees, Journal of Economic Behavior & 
Organization, v. 198, pp. 434-475, WP 1206 (February 2019). 

ANGELICO C., J. MARCUCCI, M. MICCOLI and F. QUARTA, Can we measure inflation expectations using 
twitter?, Journal of Econometrics, v. 228, 2, pp. 259-277, WP 1318 (February 2021). 

BARTOCCI A., A. NOTARPIETRO and M. PISANI, Covid-19 shock and fiscal-monetary policy mix in a monetary 
union, Economic challenges for Europe after the pandemic, Springer Proceedings in Business and 
Economics, Berlin-Heidelberg, Springer, WP 1313 (December 2020). 

BOTTERO M., C. MINOIU, J. PEYDRÒ, A. POLO, A. PRESBITERO and E. SETTE, Expansionary yet different: 
credit supply and real effects of negative interest rate policy, Journal of Financial Economics, v. 146, 
2, pp. 754-778, WP 1269 (March 2020). 

BRONZINI R., A. D’IGNAZIO and D. REVELLI, Financial structure and bank relationships of Italian multinational 
firms, Journal of Multinational Financial Management, v. 66, Article 100762, WP 1326 (March 2021). 

CANTELMO A., Rare disasters, the natural interest rate and monetary policy, Oxford Bulletin of Economics and 
Statistics, v. 84, 3, pp. 473-496, WP 1309 (December 2020). 

CARRIERO A., F. CORSELLO and M. MARCELLINO, The global component of inflation volatility, Journal of Applied 
Econometrics, v. 37, 4, pp. 700-721, WP 1170 (May 2018). 

CIAPANNA E. and G. ROVIGATTI, The grocery trolley race in times of Covid-19. Evidence from Italy, Italian 
Economic Journal / Rivista italiana degli economisti, v. 8, 2, pp. 471-498, WP 1341 (June 2021). 

CONTI A. M., A. NOBILI and F. M. SIGNORETTI, Bank capital requirement shocks: a narrative perspective, 
European Economic Review, v.151, Article 104254, WP 1199 (November 2018). 

FAIELLA I. and A. MISTRETTA, The net zero challenge for firms’ competitiveness, Environmental and Resource 
Economics, v. 83, pp. 85-113, WP 1259 (February 2020). 

FERRIANI F. and G. VERONESE, Hedging and investment trade-offs in the U.S. oil industry, Energy Economics, 
v. 106, Article 105736, WP 1211 (March 2019). 

GUISO L., A. POZZI, A. TSOY, L. GAMBACORTA and P. E. MISTRULLI, The cost of steering in financial markets: 
evidence from the mortgage market, Journal of Financial Economics, v.143, 3, pp. 1209-1226,  
WP 1252 (December 2019). 

LAMORGESE A. and D. PELLEGRINO, Loss aversion in housing appraisal: evidence from Italian homeowners, 
Journal of Housing Economics, v. 56, Article 101826, WP 1248 (November 2019). 

LI F., T. MÄKINEN, A. MERCATANTI and A. SILVESTRINI, Causal analysis of central bank holdings of corporate 
bonds under interference, Economic Modelling, v.113, Article 105873, WP 1300 (November 2020). 

LOBERTO M, A. LUCIANI and M. PANGALLO, What do online listings tell us about the housing market?, 
International Journal of Central Banking, v. 18, 4, pp. 325-377, WP 1171 (April 2018). 

MIRENDA L., M. SAURO and L. RIZZICA, The economic effects of mafia: firm level evidence, American 
Economic Review, vol. 112, 8, pp. 2748-2773, WP 1235 (October 2019). 

MOCETTI S., G. ROMA and E. RUBOLINO, Knocking on parents’ doors: regulation and intergenerational 
mobility, Journal of Human Resources, v. 57, 2, pp. 525-554, WP 1182 (July 2018). 

PERICOLI M. and M. TABOGA, Nearly exact Bayesian estimation of non-linear no-arbitrage term-structure 
models, Journal of Financial Econometrics, v. 20, 5, pp. 807-838, WP 1189 (September 2018). 

ROSSI P. and D. SCALISE, Financial development and growth in European regions, Journal of Regional 
Science, v. 62, 2, pp. 389-411, WP 1246 (November 2019). 

SCHIVARDI F., E. SETTE and G. TABELLINI, Credit misallocation during the European financial crisis, 
Economic Journal, v. 132, 641, pp. 391-423, WP 1139 (September 2017). 

TABOGA M., Cross-country differences in the size of venture capital financing rounds: a machine learning 
approach, Empirical Economics, v. 62, 3, pp. 991-1012, WP 1243 (November 2019). 

 
 

2023 
 

APRIGLIANO V., S. EMILIOZZI, G. GUAITOLI, A. LUCIANI, J. MARCUCCI and L. MONTEFORTE, The power of text-
based indicators in forecasting Italian economic activity, International Journal of Forecasting, v. 39, 2,  
pp. 791-808, WP 1321 (March 2021). 

BARTOCCI A., A. NOTARPIETRO and M. PISANI, Non-standard monetary policy measures in non-normal times, 
International Finance, v. 26, 1, pp. 19-35, WP 1251 (November 2019). 



"TEMI" LATER PUBLISHED ELSEWHERE 
 

CAPPELLETTI  G. and P. E. MISTRULLI, The role of credit lines and multiple lending in financial contagion and 
systemic events, Journal of Financial Stability, v. 67, Article 101141, WP 1123 (June 2017). 

CECI  D. and A. SILVESTRINI, Nowcasting the state of the Italian economy: the role of financial markets, Journal 
of Forecasting, v. 42, 7, pp. 1569-1593, WP 1362 (February 2022). 

CIAPANNA E, S. MOCETTI and A. NOTARPIETRO, The macroeconomic effects of structural reforms: an empirical 
and model-based approach, Economic Policy, v. 38, 114, pp. 243-285, WP 1303 (November 2020). 

DAURICH D, S. DI ADDARIO and R. SAGGIO, The macroeconomic effects of structural reforms: an empirical and 
model-based approach, Review of Economic Studies, v. 90, 6, pp. 2880–2942, WP 1390 (November 
2022). 

DI ADDARIO S., P. KLINE, R. SAGGIO and M. SØLVSTEN, The effects of partial employment protection reforms: 
evidence from Italy, Journal of Econometrics,v. 233, 2, pp. 340-374, WP 1374 (June 2022). 

FERRARI A. and V. NISPI LANDI, Toward a green economy: the role of central bank's asset purchases, 
International Journal of Central Banking, v. 19, 5, pp. 287-340, WP 1358 (February 2022). 

FERRIANI F., Issuing bonds during the Covid-19 pandemic: was there an ESG premium?, International Review 
of Financial Analysis, v. 88, Article 102653, WP 1392 (November 2022). 

GIORDANO C., Revisiting the real exchange rate misalignment-economic growth nexus via the across-sector 
misallocation channel, Review of International Economics, v. 31, 4, pp. 1329-1384, WP 1385 
(October 2022). 

GUGLIELMINETTI E., M. LOBERTO and A. MISTRETTA, The impact of COVID-19 on the European short-term rental 
market, Empirica, v. 50, 3, pp. 585-623, WP 1379 (July 2022). 

LILLA F., Volatility bursts: a discrete-time option model with multiple volatility components, Journal of Financial 
Econometrics, v. 21, 3, pp. 678-713, WP 1336 (June 2021). 

LOBERTO M., Foreclosures and house prices, Italian Economic Journal / Rivista italiana degli economisti, 
 v. 9, 1, pp. 397-424, WP 1325 (March 2021). 

LOMBARDI M. J., M. RIGGI and E. VIVIANO, Worker’s bargaining power and the Phillips curve: a micro-macro 
analysis, and wages, Journal of the European Economic Association, v. 21, 5, pp. 1905–1943, WP 1302 
(November 2020). 

NERI S., Long-term inflation expectations and monetary policy in the Euro Area before the pandemic, European 
Economic Review, v. 154, Article 104426, WP 1357 (December 2021). 

ORAME A., Bank lending and the European debt crisis: evidence from a new survey, International Journal of 
Central Banking, v. 19, 1, pp. 243-300, WP 1279 (June 2020). 

RIZZICA L., G. ROMA and G. ROVIGATTI, The effects of shop opening hours deregulation: evidence from Italy, 
The Journal of Law and Economics, v. 66, 1, pp. 21-52, WP 1281 (June 2020). 

TANZI G. M., Scars of youth non-employment and labour market conditions, Italian Economic Journal / Rivista 
italiana degli economisti, v. 9, 2, pp. 475-499, WP 1312 (December 2020). 

 
 

2024 
 

MORO A. and V. NISPI LANDI, The external financial spillovers of CBDCs, Journal of Economic Dynamics and 
Control, v. 159, Article 104801, WP 1416 (July 2023). 

 
 
 

FORTHCOMING 
 

BALTRUNAITE A., M. CANNELLA, S. MOCETTI and G. ROMA, Board composition and performance of state-owned 
enterprises: quasi experimental evidence, The Journal of Law, Economics, and Organization, WP 1328 
(April 2021). 

BUONO I, F. CORNELI and E. DI STEFANO, Capital inflows to emerging countries and their sensitivity to the global 
financial cycle, International Finance, WP 1262 (February 2020). 

CORNELI F., Sovereign debt maturity structure and its costs, International Tax and Public Finance, WP 1196 
(November 2018). 

CUCINIELLO V. and N. DI IASIO, Determinants of the credit cycle: a flow analysis of the extensive margin, 
Journal of Money, Credit and Banking, WP 1266 (March 2020). 

FERRARI A. and V. NISPI LANDI, Whatever it takes to save the planet? Central banks and unconventional green 
policy, Macroeconomic Dynamics, WP 1320 (February 2021). 

FLACCADORO M., Exchange rate pass-through in small, open, commodity-exporting economies: lessons from 
Canada, Journal of International Economics, WP 1365 (April 2022). 



"TEMI" LATER PUBLISHED ELSEWHERE 
 

GAUTIER E., C. CONFLITTI, R. FABER, B. FABO, L. FADEJEVA, V. JOUVANCEAU, J.-O. MENZ, T. MESSNER, P. 
PETROULAS, P. ROLDAN-BLANCO, F. RUMLER, S. SANTORO, E. WIELAND and H. ZIMMER, New facts 
on consumer price rigidity in the euro area, American Economic Journal: Macroeconomics, WP 1375 
(July 2022). 

MICHELANGELI V. and E. VIVIANO, Can internet banking affect households' participation in financial markets 
and financial awarness?, Journal of Money, Credit and Banking, WP 1329 (April 2021). 

MISTRETTA A., Synchronization vs transmission: the effect of the German slowdown on the Italian business 
cycle, International Journal of Central Banking, WP 1346 (October 2021). 

RAINONE E., Reservation rates in interbank money markets, Journal of Money, Credit and Banking, WP 1160 
(February 2021). 

RAINONE E., Real-time identification and high frequency analysis of deposits outflows, Journal of Financial 
Econometrics, WP 1319 (December 2017). 


	Pagina vuota



