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Abstract

We explore the macroeconomic effects of climate policies promoting the green energy
transition in the euro area using an extended version of the Euro Area and Global
Economy (EAGLE) model. The model differentiates between brown and green energy
sectors and incorporates carbon taxes and brown capital income taxes. We analyze
scenarios with unilateral and globally coordinated carbon taxes, with and without revenue
redistribution to green firms and financially constrained households. Carbon taxes act as
negative supply shocks, raising inflation and lowering output, while subsidies to green
energy firms reduce green energy prices, supporting the transition and easing recessions.
Redistribution to constrained households boosts consumption but does not accelerate the
green transition. Taxes on brown capital income lower both inflation and output by acting
as demand shocks. Recycling revenue from this tax to subsidize green capital investment
strengthens the shift to green energy and moderates economic contractions. Global
coordination of carbon taxes delivers only modest additional macroeconomic effects
compared with unilateral action, as substitution in energy use outweighs international
spillovers. Sensitivity analyses confirm the robustness of these findings under alternative
assumptions about price rigidity, substitution elasticities and monetary policy.

Keywords: climate policy, carbon taxation, fiscal policy, monetary policy, euro area,
DSGE modeling.

JEL classification: C53, E32, E52, F45, H30, Q48.



Resumen

Exploramos los efectos macroecondmicos de las politicas climaticas que impulsan la
transicion energética en la zona del euro mediante una versién ampliada del modelo
Euro Area and Global Economy (EAGLE). El modelo distingue entre sectores de energia
intensiva en carbono y energia limpia, e incorpora impuestos al carbono y gravamenes
sobre la renta del capital en los sectores contaminantes. Analizamos escenarios con
impuestos al carbono unilaterales y coordinados a escala global, con y sin redistribucion
de la recaudacion hacia las empresas no contaminantes y los hogares con restricciones de
liquidez. Los impuestos al carbono operan como perturbaciones de oferta negativos,
elevando la inflacion y reduciendo la producciéon, mientras que las subvenciones a las
empresas de energia limpia abaratan los precios de su energia, favorecen la transicién y
amortiguan las recesiones. Laredistribucion hacialos hogares financieramente restringidos
impulsa el consumo, pero no acelera la transicion energética. Los impuestos sobre la
renta del capital contaminante reducen tanto la inflacién como la produccién, al operar
como perturbaciones de demanda. El reciclaje de la recaudacién de este impuesto para
subvencionar la inversion en capital de energia limpia refuerza el desplazamiento hacia
esta y modera las contracciones econdémicas. Los efectos macroeconémicos adicionales
de la coordinacion global son modestos en comparacion con la accion unilateral, ya
que la sustitucion en el uso de la energia prevalece sobre los spillovers internacionales.
Varios andlisis de sensibilidad confirman la solidez de estos resultados bajo supuestos
alternativos sobre las rigideces de los precios, las elasticidades de sustitucion y la
orientacion de la politica monetaria.

Palabras clave: politica climatica, impuestos al carbono, politica fiscal, politica monetaria,
zona del euro, modelos DSGE.

Codigos JEL: C53, E32, E52, F45, H30, Q48.



1 Introduction

Following the 2015 Paris Agreement, the EU set ambitious targets to reduce greenhouse gas
emissions by 55% by 2030 and 90% by 2040, aiming for carbon neutrality by 2050. Although
Avgousti et al. (2023) report that the EU met its 2020 emissions reduction target early, the
European Environment Agency in its latest Trends and projections in Europe 2024 projects
that, without further policy action, reductions will fall short, reaching 51% by 2030 and only
62% by 2040.

Fiscal policy can play a crucial role in achieving these goals, influencing labor and capital
allocation, inflation, output, and wealth distribution. Across the EU, environmental taxes serve
as important tools, with carbon taxation recognized as particularly effective. In addition, the
EU Emissions Trading System functions as an implicit carbon tax to limit emissions. On the
expenditure side, transfers and subsidies support emission reductions and green technology adop-
tion. Policymakers must also consider the general equilibrium effects of climate policy, carefully
designing measures to manage macroeconomic impacts on key variables like output and inflation,
alongside more detailed effects such as income distribution. They should also remain mindful of
coordination to reduce potential distributional challenges, trade distortions, and competitiveness
losses.

Against this backdrop, we use a large-scale micro-founded model to analyze the macroeco-
nomic effects of climate policies promoting the switch to green energy, focusing on taxes and
subsidies. We extend the Euro Area and Global Economy (EAGLE) dynamic stochastic general
equilibrium (DSGE) model (Gomes et al., 2012), which represents the euro area within the global
economy. Following prior studies such as Golosov et al. (2014), Kénzig (2023), and Coenen et al.
(2024), we incorporate an environmental dimension into the baseline EAGLE model. Its detailed
trade matrix and distinction between tradable and non-tradable sectors provide a comprehensive
framework to assess domestic environmental policies and their spillovers across the EA, US, and
the rest of the world.

On the supply side, monopolistically competitive brown energy firms combine brown capital
and labor to produce a brown energy good, which generates carbon emissions. In contrast, green

energy firms combine green capital and labor to produce a green energy good, which is emission-
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free.! Both types of energy goods are then sold to domestic households for final consumption or
to domestic intermediate tradable and non-tradable firms for use as inputs. On the demand side,
households consume energy and non-energy goods using a constant elasticity of substitution
(CES) aggregator. In addition, households with full access to asset markets can accumulate
three types of physical capital: brown (fossil fuel-intensive), green (clean-energy intensive) and
non-energy-related. Importantly, accumulating new brown and green capital requires importing
tradable goods, creating a direct channel through which foreign environmental policy affects
domestic outcomes. Regarding environmental policies, the government in each region (i) imposes
a carbon tax as a surcharge on the price of the brown energy; (ii) taxes households’ brown capital
income; and (iii) redistributes a share of these revenues to green energy producers and households.

Our first exercise assesses the macroeconomic effects of a carbon tax imposed as a surcharge
on brown energy, targeting both consumers and intermediate producers. We examine the impact
of introducing this carbon tax solely within the EA, without redistribution of its revenue, as well
as scenarios where carbon tax revenues are redistributed to green energy firms and financially
constrained households. In addition, we explore the effects of a globally coordinated increase in
carbon taxes.

Without redistribution and with a domestic carbon tax, our results align with those of Coenen
et al. (2024). The tax acts as a negative supply shock, reducing output and raising inflation.
In response, the monetary authority increases the policy rate, causing the euro to appreciate
against its trading partners’ currencies and shrinking the trade balance. Regarding energy use
and production, the carbon tax raises the price of brown energy, reducing demand from firms
and households, leading to lower brown production, while green energy production rises.

Redirecting a third of the carbon tax revenues to green energy firms (with the remaining
two-thirds allocated to government debt or regular expenditures) strengthens the transition and
moderates the recessionary effects. Green energy inflation declines as producer subsidies lower
marginal costs, amplifying substitution away from brown energy. Extending redistribution to

financially constrained households boosts their consumption through higher disposable income

'"Hence, our setup captures the idea that producing green and brown energy requires different stocks of
capital. For example, brown capital could include coal plants or oil refineries, while green capital could involve
wind turbines, solar panels, or hydroelectric plants.

BANCO DE ESPANA 8 DOCUMENTO DE TRABAJO N.° 2537



but does little to accelerate the green transition. The effects of a fully revenue-neutral policy,
in which all carbon tax proceeds are redistributed equally between green firms and constrained
households, are a scaled-up version of the partial redistribution case: a stronger green transition
and a smaller contraction in output.

Importantly, carbon taxes are disinflationary in the brown energy market: higher taxes reduce
brown energy inflation before tax, even as output declines. This indicates that demand effects
dominate supply-side pressures in the short- to medium run. Redistributive policies further
strengthen this demand channel, slightly amplifying the decline in brown energy inflation before
tax. In the medium- to longer-run however the supply channel dominates due to the strong
decline in brown energy output, leading to an overshooting of brown energy inflation before tax.
In the green energy market, by contrast, the absence of redistribution leads to an increase in
inflation. This effect substantially weakens or even reverses when redistribution is introduced,
highlighting the role of supply-side support in easing price pressures during the transition.

We also examine a globally coordinated increase in carbon taxes. While the contraction in
EA output is larger and inflation rises somewhat more than under a unilateral tax, the differ-
ences remain modest. Substitution effects in energy use continue to dominate over international
spillovers. A key distinction is that the euro appreciates far less than in the unilateral scenario,
leading to higher non-energy inflation and a larger decline in household purchasing power, both
of which contribute to the sharper fall in aggregate consumption.

Next, we study taxes on brown capital rental income. These measures shift incentives away
from brown investment by reducing after-tax returns. Unlike carbon taxes, they generate both
lower output and lower inflation, acting as a negative demand shock. The transition to green
energy proceeds through the same substitution mechanisms, but without the inflation-output
tradeoff associated with carbon taxes. When the tax revenues are used to subsidize green capital
income, the shift toward green energy strengthens, while the contraction in GDP and consump-
tion becomes more moderate.

Finally, we undertake a detailed sensitivity analysis to assess the robustness of our baseline
findings. We re-run the core experiments under five alternative specifications: (i) a gradual,

permanent increase in the carbon tax consistent with long-term climate targets; (ii) greater price
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rigidity in energy sectors; (iii) higher elasticity of substitution between brown and green energy
in household and firm energy composites; (iv) higher substitutability between tradable and non-
tradable inputs in the production of brown energy investment goods; and (v) a Taylor rule that
targets headline rather than core inflation. The qualitative implications remain unchanged—
carbon taxation entails an inflation—output trade-off, and taxes on brown capital lower both
output and inflation—while the magnitude and persistence of effects vary in a manner consistent
with economic theory. Permanent tax paths generate more persistent macroeconomic adjust-
ments, greater substitutability accelerates the shift to green energy, and higher price stickiness

in the brown energy sector amplifies the adverse effects on both real GDP and inflation.

Literature review. Our work contributes to the literature that uses dynamic general equi-
librium models to explore environmental policies. Due to the breadth of this field, we only
reference a few key contributions. Golosov et al. (2014) derive an analytical expression for the
optimal carbon tax in a closed-economy real model, showing how it depends on factors such
as the discount rate and economic damages from carbon emissions. Kénzig (2023) incorporates
nominal rigidities and household heterogeneity, emphasizing that the economic burden of climate
policy is unevenly distributed. Lanteri and Rampini (2025) shift the focus to firm heterogene-
ity, showing that financially constrained, smaller firms are more likely to invest in older, more
polluting capital than their unconstrained, larger counterparts. In turn, Acemoglu et al. (2012)
and Acemoglu et al. (2016) study optimal climate policy in an endogenous growth framework
with clean and dirty technologies, while Baldwin et al. (2020) highlight the role of investment
frictions, studying how brown capital irreversibility and learning-by-doing in green technologies
shape policy effectiveness.

The closest paper to ours is Coenen et al. (2024), which extends the ECB’s New Area-Wide
Model (NAWM) by incorporating disaggregated energy production, distinguishing between dirty
and clean energy. However, there are key distinctions between our approach and Coenen et al.
(2024)—some related to the NAWM and EAGLE models themselves, and others stemming from
the specific energy-related features we introduce. First, the EAGLE model with its detailed
trade matrix and inclusion of tradable and non-tradable sectors allows us to emphasize the open

economy dimension of environmental policy. Second, we analyze different types of capital with
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varying environmental impacts: fossil fuel-intensive, clean energy-intensive, and non-energy-
related. Third, unlike Coenen et al. (2024), where a competitive firm combines brown and green
energy into a single final energy good for production and consumption, we treat brown and green
energy as distinct commodities, each subject to its own market-clearing condition.

Other papers that explore the impact of carbon taxes on the economy using large-scale
DSGE models for quantitative analysis include Varga et al. (2022), Del Negro et al. (2023), and
Bartocci et al. (2024). However, these models differ from ours in terms of formulation or research
questions.? Bartocci et al. (2024) examine the macroeconomic effects of carbon taxes using a
two-country model of the euro area and the rest of the world. They find that carbon taxes
push down aggregate inflation because the negative impact on aggregate demand outweighs the
direct inflationary effect. We find these strong negative demand pressures in the market for
brown energy only in the short- to medium-run, where brown energy inflation before carbon tax
declines. However, this strong negative demand effect in the market for brown energy is not
enough to impede the rise in headline inflation.

Lastly, our paper contributes to the literature using Integrated Assessment Models (IAMs) or
Computable General Equilibrium frameworks to assess the impacts of carbon taxes. Among the
earliest TAMs is the DICE/RICE family of models, which was recently reviewed by Nordhaus
(2017). Other notable examples include the GCAM model of Calvin et al. (2019) and the
MAgPIE model in Dietrich et al. (2019). In contrast to these studies, we employ a large-scale
micro-founded model, enabling us to investigate the transmission channels of climate change on
the macroeconomy over the short to medium term. The aforementioned models, on the other
hand, are better suited for examining the interactions between climate and the economy over

longer time horizons.

Organization of the paper. The paper is structured as follows. Section 2 presents the theo-

retical extension of the EAGLE model. Section 3 discusses the calibration of the key structural

?For instance, Varga et al. (2022) use a DSGE model of the European Union and the rest of the world with
a detailed disaggregation of energy for production and consumption to analyze the impact of carbon policies on
real activity. Similar to our results, they find that carbon taxes reduce GDP, but this negative effect can be
mitigated if fiscal revenues are recycled to reduce other distortionary taxes or subsidize clean energy production.
However, their analysis does not address the effects on nominal variables, such as inflation. Del Negro et al. (2023)
develop a multi-sector New Keynesian model and, in line with our results, they find that carbon taxes create an
inflation-output tradeoff.

BANCO DE ESPANA 1 1 DOCUMENTO DE TRABAJO N.° 2537



parameters, with a focus on the energy sector. Section 4 reports our quantitative results for
the carbon tax, global coordination on carbon pricing, and taxes on brown capital investment.
Section 5 tests the sensitivity of our findings to alternative parameter values and modeling as-

sumptions. Section 6 concludes.

2 Modeling Environment

2.1 A sketch of the original EAGLE model

The Euro Area and Global Economy (EAGLE) model is a multi-country DSGE model that
represents the euro area within a global framework, capturing the interactions between four
regions—two within the euro area and two outside. The model treats all regions symmetrically,
except for monetary policy, which is unified across the euro area but region-specific elsewhere.
Below, we outline the model’s structure and refer readers to Gomes et al. (2010, 2012) for a
detailed exposition.

Each region consists of infinitely-lived households that consume final goods, accumulate capi-
tal, and supply labor to firms. Households are divided into two categories based on their access to
financial markets: unconstrained households (also known as Ricardian) can trade assets—holding
money, bonds, and capital—while constrained households (also known as non-Ricardian) lack
market access and rely solely on money to smooth consumption over time. Physical capital is
domestically owned, but unconstrained households in each region participate in international
financial markets, trading riskless bonds denominated in US dollars. For these households, an
uncovered interest parity condition links the interest rate differential to the expected change in
the exchange rate between the domestic currency and the global core currency, the US dollar.
The presence of constrained households allows the model to incorporate Keynesian effects of
public expenditure. Labor markets are characterized by monopolistic competition, introducing
wage rigidity. Following Calvo (1983), only a fraction of wages can be renegotiated each period,
while the rest adjust according to a weighted average of past and steady-state inflation.

The production side of the model involves several layers. An intermediate sector produces

both tradable and non-tradable goods using capital and labor services, employing Cobb-Douglas
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technologies. These intermediate firms set prices according to a Calvo pricing mechanism, intro-
ducing price rigidity into the model. Tradable goods are sold both domestically and internation-
ally, while non-tradable goods are restricted to the domestic market. Export prices are set in the
currency of the destination country, meaning the pass-through of exchange rate fluctuations into
import prices is incomplete in the short run. Competitive firms then aggregate domestic non-
tradables, domestic tradables, and imported tradables into final goods for private consumption
and investment, using constant-elasticity-of-substitution production functions. Public consump-
tion, however, is entirely focused on domestic non-tradable goods.

Each country has both a monetary authority and a fiscal authority (with a shared mone-
tary authority in the case of the euro area). The monetary authority sets the nominal interest
rate using a standard Taylor rule, responding to the domestic inflation rate and output growth
rate. The fiscal authority determines public expenditure and sets lump-sum transfers. Public
expenditure is financed through taxes or public debt issued on domestic financial markets. Taxes
may be lump-sum or distortionary, with the latter applied to labor income, capital income, and
consumption. A fiscal rule ensures the stability of public debt. In the case of the two regions
within the monetary union, monetary and nominal exchange rate policies are coordinated at the

union level, while fiscal policies remain region-specific.3

2.2 From EAGLE to C-EAGLE

We extend the EAGLE model to include energy sectors, drawing on the works of Kénzig (2023)
and Coenen et al. (2024). Our model departs from Coenen et al. (2024) in several key areas.
Households consume final goods, including non-energy, brown energy, and green energy, with the
shares of energy goods in the consumption bundle treated as preference parameters. Although
this setup allows for different energy shares between Ricardian and non-Ricardian households
(as in Kénzig, 2023), we assume equal weights for simplicity. Furthermore, Ricardian households
accumulate both brown and green capital alongside regular capital, enabling us to differentiate
between taxes on brown capital and subsidies for green investments.

On the supply side, we distinguish between monopolistically competitive brown and green

3To complement this brief description, Figure 1 illustrates the production structure of the extended EAGLE
model, incorporating the energy sector, which we will explore in more detail next.
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energy producers. The former use brown capital and labor to produce brown energy, which
generates carbon emissions. Green energy producers, in turn, use green capital and labor to
produce green energy, which is emission-free. These energy firms sell their output exclusively
within the domestic economy, either directly to households for final consumption or to domestic
intermediate tradable and non-tradable goods firms that use energy as an input. These interme-
diate firms operate under monopolistic competition and use a CES production function with a
non-unit elasticity between energy and non-energy inputs.

The government in each region imposes carbon taxes as a surcharge on the price of brown
energy, as well as taxes on the returns from brown capital investment. We investigate various
redistribution schemes, which can target green energy firms, financially constrained households,
or both.

Although the original EAGLE analyzes four different regions, in C-EAGLE the focus narrows
down to three regions, namely the EA, the US and the rest of the world. The structure of the
economy is symmetric across all three regions of the model. For brevity, we focus on the home
region, as the same framework applies to other regions, with particular emphasis on the energy
sector (the rest follows the structure of the original EAGLE model). The size of the world
economy is normalized to one. The size of each region measures the share of resident households
and domestic sector-specific firms, both defined on a continuum of mass s. In what follows, the

focus is on the Home economy (H) of size s'.

2.3 Final goods firms

On the production side, we assume the following structure. In the final goods market, there is a
continuum of perfectly competitive producers who combine tradable and non-tradable interme-
diate goods to produce a final non-energy consumption good (see A.3 in the online Appendix).
Similarly, a continuum of perfectly competitive producers creates final investment goods. Our
model distinguishes between three types of capital, which leads to three categories of final invest-
ment goods producers: general investment goods producers (see A.4 in the online Appendix),

brown investment goods producers, and green investment goods producers. The energy sector

4Market clearing conditions are detailed in the online Appendix C.
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is monopolistically competitive and produces both brown and green energy. Energy goods are
sold to consumers for final consumption and to intermediate goods producers as inputs. Brown
energy is produced using brown capital and labor through Cobb-Douglas technology, while green

energy is produced similarly using green capital and labor. All final goods are non-tradable.

2.3.1 Brown and green energy investment goods

Firms producing brown and green energy investment goods are symmetric, act under perfect
competition and use non-tradable, domestic and imported tradable intermediate goods as inputs.
The intermediate goods are assembled according to a constant elasticity of substitution (CES)

technology.

Brown energy investment good. Each firm x € [0, st } produces a brown energy investment

good QB (z) with the following CES technology:®

“rB
NIBl} HIB_1

_1 prp—1 1
Q'P (z) = [v}‘éf? TT® (x) #15 + (1 —vip)is NT (z) w15

where:

KTIB
"o “rie=s 1 prip—t ~
TTtIB (gg) = {U;ZIF]{%B HTtIB (;1;) HTIB 4 (1 — UTIB)”TIB IMtIB (I) e :| HTIB—1

(2)

Two intermediate inputs are used in the production of the brown investment good. A basket
NT/B of non-tradable intermediate goods and a composite bundle TT/? of domestic (HT}?)
and imported (IM/?B) tradable goods. The parameter p;p > 0 denotes the intra-temporal
elasticity of substitution between tradable and non-tradable goods, while v;p € [0, 1] measures
the weight of the tradable bundle in the production of the brown investment good. For the bundle
of tradable goods, the parameter pur;p > 0 denotes the intra-temporal elasticity of substitution
between the bundles of domestic and foreign tradable intermediate goods, while vrrp € [0,1]

measures the weight of domestic tradable intermediate goods. Imports I MtIB (z) are a CES

®The IB superscript in Q7 (z) stands for brown investment.
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function of basket of goods imported from other countries:

MIMIB
prprg—1 | FIMIB—1

1
IMtIB (x) _ Z (U;{MC}%> KIMIB (IMIHB,,C;O (x) (1 _ Fg{ﬁ%t (x))> KIMIB (3)
CO#H

where prprp > 0 and the coefficients vﬁ’ﬁ% are such that 0 < vg\’ﬁOB <1, > o LH Ug\’g% =1.5

The term I‘Z\’ﬁg , (z) represents adjustment costs on bilateral investment imports of country H

from country CO:

T AHCco IB 2
r#.co () WMIB( Bt @) /2 (x)_ ) , YimiB =0 (4)

x
IMIB ¢ V.00 5IB
2 I IB,t—1/Qt—1

We assume that each firm x takes the previous period (sector-wide) import share of brown in-
vestment good, I Mﬁﬁ?l /QIB, and the current demand for its brown investment good, Q! (x),
as given. On one hand, the adjustment costs lower the short-run price elasticity of imports of

brown investment good, while on the other hand, the level of imports of brown investment good

is permitted to jump in response to changes in brown investment good demand.

Green energy investment good. The production structure for green energy investment
goods mirrors that of brown investment goods, with the same nested CES framework and anal-
ogous parameters specific to the green sector. Each firm z € [O, st } produces a green energy

investment good Q' (x) with the following CES technology:”

rIG
L nrg=1 1 prg=17 wIG-1
19 ) = ol 7T @) %5+ (1 - wre e NI/ (0)Hi

()

where the composite tradable input TT/%(z) is itself a CES aggregate of domestic and imported

tradables:

L BTIG
L nrrg=1 qucl} wrrg—1

1
TT/C (2) = [v;?éc HTJ (2) #1106 + (1= vrse) 76 DM (x) ric

(6)

5The subscript letters IMIB refer to imports of tradable goods to produce a brown investment good x.
"The IG superscript in Q' (z) stands for green investment.
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Production requires two intermediate inputs: a non-tradable basket NT/%(x) and a tradable
bundle TT/%(x). The parameter jrq > 0 is the elasticity of substitution between tradable and
non-tradable components, and vig € [0, 1] determines the share of tradables in green investment
production. Within the tradable input, the elasticity of substitution between domestic and
imported inputs is prrg > 0, with vrrg € [0, 1] denoting the weight of domestic sources. Imports

1 MtI G (z) are constructed as a CES aggregate over country-level imports:

HIMIG
—1
wrprg—1 | PIMIG

1
MG @)= | Y @%}%) HIMIG (IM%?O (z) (1 -T50, (:1:))) HIMIG (7)
CO#£H

where prayrre > 0 and the weights vg\’g% satisfy 0 < vﬁ’ﬁ% <1, ZCO#H vg\ﬁ% = 1. The

adjustment cost function I‘?A’ﬁg () applies to bilateral green investment imports from each source
country:
H,CO G 2
pi.co _ YIMIG IMIG,t (x) /9" ()
IMIG ¢ (z) = —1|, vmic=0 (8)

H,CO
2 IMIG,t—l/Qifgl

Firms treat the lagged sector-wide import share 1 Mfég?l / Q{_Gl and the current demand for
/G (x) as given. The adjustment cost mechanism dampens the short-term responsiveness of

import flows to price signals but still allows for discrete jumps in import levels in response to

shifts in demand for green investment goods.

2.3.2 Energy sector: Brown and green energy producers

Consistent with the data (see Dhyne et al., 2006) and following Kénzig (2023), we assume that
final good firms in the energy sectors are monopolistically competitive and use a technology
similar to that in Golosov et al. (2014). As in Coenen et al. (2024), brown and green energy
firms set prices infrequently in the spirit of Calvo (1983). Each brown energy variety is produced
by a firm b in a continuum of mass s (b € [0,s]). Similarly, each green energy variety is

produced by a firm g in a continuum of the same mass s (g € [0, s]).
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Technology. Each brown and green good, respectively b and g, is produced using a Cobb-

Douglas technology:

Yi(b) = zp KB, ()7 NP ()77 —¢p 9)

Y. (9) 26 K51 (9)° NP (9)' 776 — e (10)

where ©¥p and g are fixed costs taking the same values across firms belonging to the same
sector. The inputs are homogeneous capital services, K g’t (b) and Kg’t (9), and an index of
differentiated labor services, NP (b) and NP (g). Capital and labor services are supplied by
domestic households under perfect competition and monopolistic competition, respectively. In
addition, zp; and zg; are sector-specific productivity shocks. The profits of the brown energy

firm receive the following form:

PpYi(b) = (147" ) WaNP(b) = BE K40 (11)

Eqg

To support the green transition, firms in the green energy sector receive a subsidy, 7, “, propor-

tional to their revenues. The total amount of subsidy that they receive constitutes a fraction,

¥, of the government’s carbon tax revenues. The variable TtVV e

is a payroll tax rate levied by
the domestic government on wage payments. We assume it is the same across firms. The profits

of the green energy firm receive the following form:

(1+77) PasYaulg) - (14 7"7) WaNP(g) - RE Ka(g) (12)

Cost minimization. Firms belonging to the brown (green) sector take the rental cost of capital
Rgt (ngt) and the aggregate wage index W; as given. Firms belonging to the brown sector de-
mand capital and labor services to minimize total input cost, Rg’tK g,t (b)+ <1 +F > WiNP (b),
subject to the production function (9). Similarly, firms in the green sector minimize the cost
REKE, (9) + (1 + TtWF) W;NP (g) subject to the production function (10).

The first-order conditions of the firms’ cost minimization problem with respect to capital and

labor inputs—respectively K gt (b) and NP (b) for the brown sector, K, gﬂf (9) and NP (g) for the

BANCO DE ESPANA 18 DOCUMENTO DE TRABAJO N.° 2537



green sector—are sector-specific. Given that all firms face the same factor prices and all firms
use the same technology, the nominal marginal cost is identical across firms within each sector

(i.e. MCpyt = MCy(b) and MCgqt = MC (g)):

B 1 K \7B %% 1=yp
MCp; = 252 (vp) (1 ’73)1_73 (RB,t) <(1 + 7 F) Wt> (13)
1 1-
MCqy = —— (RE )™ ((1 + TtWF> Wt) e (14)

Price setting. FEach firm in the energy goods sector sells its differentiated output under mo-
nopolistic competition. Brown and green energy-producing firms set their prices infrequently
a la Calvo (1983). Specifically, brown energy-producing firms reset their price with probabil-
ity (1 —€&p). When instead they do not reset their price, they index the prevailing price of
the previous period, Pp;_1, to the previous period’s brown energy price inflation, mp, and its
steady state counterpart, mp, with indexation parameter, xg. Brown energy firms maximize the

discounted sum of their current and expected future nominal profits:

00 k
EY Arpen 8| [ 75 msms ¥ Poe(0)Yb,an(b) — MCpyiy, (Vpesn(0) +¥p) | (15)
k=0 s=1

subject to the total demand for energy brand b of firms in the intermediate goods sectors and
households, each specified in detail below. In the expression above Ar;;y is the stochastic
discount factor of the financially unconstrained households to be specified in section 2.5.1 and
who are assumed to own brown energy producing firms. The first-order condition reads as

follows:®
Pp, _ O  Fpy
Pgpy 0p—1 Gpy

(16)

8Since we assume that all brown energy-producing firms that reset their price choose the same price (ﬁBJ),
we drop index b in what follows.
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where 0p is the elasticity of substitution across brown energy good varieties. Furthermore, Fig ¢

and G'p; are specified as follows:

1-65
MCpg A7+ TBt+1
Fpy = Ypi + EpBE | N tl+_x Fp i1 (17)
Pp Ary ngTg P
A Op—1
Lt+1 [ 7Bl
Gpt = Ypi+EpBE: o Az GBi+1 (18)
Ary \mfBmy X8

The aggregate brown energy price index is a weighted average of the price that is reset in a generic

period t and the past price indexed to past and steady-state brown energy price inflation:

NPEIRE E 1—057 =05
Pp; = |¢B (PB,t—lﬂ'BJ,lﬂ'B ) +(1—-¢B) <PB,t) (19)

Turning now to green energy-producing firms, as explained above, they receive a subsidy that
is a fraction ¢} of the government’s carbon tax revenues (specified in section 2.6.2) and reset
their price with probability (1 —&g). When instead they do not reset their price, they index
the prevailing price of the previous period, Pg;—1, to the previous period’s green energy price
inflation, g, and its steady state counterpart, mg. Once re-setting the price, the energy good

firm of brand g maximizes the expected discounted sum of its future nominal profits:

k
(1 + Tt]ﬁ) H W?;i.,.s_lﬂ'g_XG)PG,t(g)YG,H-k(g)_MCG,t—i-k (YG,t+k(9) + 1/1G)
s=1

(20)

o0
k
E, Z Aotk &G
k=0

subject to the total demand for energy brand ¢ of firms in the intermediate goods sectors and
households, each specified in detail below. In the expression above, A is again the stochastic
discount factor of type I households (to be specified below) who are assumed to own green energy

firms. The first order condition reads as follows:

f)G,t _ ¢ Fayu (21)
Po: 0g—1 Gagy
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where 0 is the elasticity of substitution across green energy good varieties. Furthermore, Fi ¢

and G¢; are specified as follows:

1-6¢
MCgq Ari41 TG, t+1
Far = Yo+ EaBE | =2 XG ,t1+_XG Fa i+ (22)
Pay Are \n&5mg
A 0g—1
I’ 7TG7
Gay = <1 + TtEG) Yo+ EaBE AtH o tf:lXG Gaiv1 (23)
It TEATG

where parameter xg determines the degree of indexation to past green energy price inflation.
Since we assume that all the green energy-producing firms that reset their prices choose the same
price, we have dropped index g in the expressions above. The aggregate green energy price index
is a weighted average of the price that is reset in a generic period ¢ (ﬁat) and the past price

indexed to past and steady-state green energy price inflation:

Pgy =

P xa l-xa 1*9@ 1_ ﬁ 179@ 1-0g 24
§a (Po 1785 1mg +(1-&) (Par (24)

2.4 Intermediate goods firms

Firms produce tradable and non-tradable intermediate goods under monopolistic competition.
Each tradable brand is produced by a firm h in a continuum of mass s (h € [0, s"]). Tradable
goods firms sell domestically and abroad, setting prices in local currency. Each non-tradable
brand is produced by a firm n in a continuum of the same mass s (n € [0, s"]). Both sectors

use brown and green energy goods.

Technology. FEach tradable and non-tradable intermediate good, respectively h and n, is pro-

duced according to:

€T

1 er—1 ep—1

Y7y (h) = 214 [w (K2 1) NP (1) 701) T 4 (1= wyr)or (BP() 7 ] —dr (25)

EN
1 en—1 1 en-—1 en—1
Vi, (n) = 2 [v;% (P )™ NP () =) 5 4 (L= o) (BP) | i

(26)
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where vy € (0,1) and vy € (0,1) denote the shares of non-energy inputs in the production of
tradable and non-tradable intermediate goods, respectively. The parameters e > 0 and ey > 0
represent the elasticity of substitution between non-energy and energy inputs. Here 7 and
1 are fixed costs, assumed to be identical across firms within each sector. Non-energy inputs
consist of homogeneous capital services, K (h) and K (n), and an index of differentiated labor
services, NP (h) and NP (n). Capital is supplied under perfect competition, while labor services
are provided under monopolistic competition by domestic households. The variables z7; and
zn, represent sector-specific productivity shocks. Total energy input, denoted EtD (+), is further

decomposed as follows:

‘E

EP(h) = (E (Epa(h) 5 + (1 - vpr)7s (Bay(h) = ) (27)
EP(n) = (N (Bpa(n) 5 +(1— vpw) (Egy(n) 5 > (28)

where vgr € (0,1) and vgn € (0,1) denote the shares of brown energy, Ep; (-), in the energy
composite used for producing tradable and non-tradable goods, respectively. The parameter
er > 0 represents the elasticity of substitution between brown and green energy, Eg ; (-), assumed
identical across tradable and non-tradable sectors for simplicity. Tradable and non-tradable
goods producers face a carbon tax, TtE B levied as a surcharge on the price of brown energy. As

a result, the energy price index for intermediate goods producers is defined as:

1
l—egp

+(1- I/ET)Pcl;’tcE> (29)

l—eg

Peri = (VET ((1 + TtEB)PB,t>

l—eg

1—ep
fPENVt = (VEN ((1 + TtEB)PBVt> + (1 — I/EN)PCIYY;EE> o (30)
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where Pp; and Pg; denote the prices of brown and green energy goods, respectively. Expenditure

minimization yields the following standard demands for brown and green energy:

Ep —¢E
Ep(z) = (%) VEs(2) (31)
Ega(z) = (%>_ : (1—v)Ey(2), for z = h,n (32)

where Pg; and v correspond to Prn,; and vgy for non-tradable firms, and to Pgr; and ver

for tradable firms.

Cost minimization. Firms belonging to the intermediate sectors take the rental cost of
capital R{( , the aggregate wage index W; and the price of energy as given. Firms belong-
ing to the tradables sector demand capital and labor services to minimize total input cost
REKP (h)—I—PET,tEg,t (h)+ <1 + TtWF> W;NP (h) subject to the production function, (25). Simi-
larly, firms in the non-tradables intermediate sector minimize the cost RE KP (n)+PryEP (n)+
<1 +7VF ) W, NP (n) subject to the production function (26). Given that all firms face the same
factor prices and all firms use the same technology, the nominal marginal cost is identical across

firms within each sector (i.e. MCny = MCy(n) and MCry = MCy (h)):

) REYT (Q)ter T I
MO = au | ( (OET)tal (1—ap)'—or + (=) Pord %
1
. (RtK')QN (Qt)l_aN EN - l—epn
MCN,t = ZN,t Vy N (OZN>aN (1 o Q{N)l_aN + (1 - VYN) PEN,QV (34)

where ; = (1 + TtWF> Wy

Price setting. Firms in the tradable and non-tradable goods sectors operate under monopolis-
tic competition setting their prices infrequently a la Calvo (1983). As mentioned above, tradable
goods firms sell their goods domestically and abroad, opting for local currency pricing, meaning
that they set a different price for their good according to the destination market. Firms in the

non-tradable sector sell their goods domestically only. The full description of the maximization
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problem of tradable and non-tradable goods firms is identical to that in the original model of
Gomes et al. (2012) and in order to save space we do not report them here, directing thus the

reader to the relevant section of their paper.

Carbon emissions. Following Coenen et al. (2024), we assume that CO9 emissions, &, arise
from the production of brown energy, as well as from the production of tradable and non-tradable
goods:

&= ooYpys + ¢1Y1§,t + ¢2Y1§,t (35)

where the parameters ¢g, ¢1, ¢2 > 1 measure the emissions per unit of output of brown energy,

tradable goods, and non-tradable goods, respectively (see e.g. Heutel, 2012).

2.5 Households

There are two types of households, Ricardian and non-Ricardian. Ricardian households are in-
dexed by i € [0,s (1 —w)]. They have access to financial markets, where they buy and sell
domestic government bonds and internationally traded bonds, accumulate physical capital (reg-
ular, brown or green), rent their services to firms and hold money for transaction purposes. We
refer to those as financially unconstrained households. Non-Ricardian households are indexed
by j € (s (1 —w),s]. They cannot trade in financial and physical assets but they can in-
tertemporally smooth consumption by adjusting their holdings of money. We refer to those as
financially constrained households. Both types of households supply differentiated labor services
and act as wage setters in monopolistically competitive markets.

Both types of households consume energy and non-energy goods using a CES aggregator:

€

= -1 1 cc—1\ g1
Ci(z) = <V5?Z Ci(z) ¢ +(1—vey)c Cgu(z) ) , for z=1,j (36)

where ec is the intra-temporal elasticity between non-energy and energy consumption goods,
vc,» is the share of non-energy consumption goods in the consumption bundle of type z = ¢
(financially unconstrained) or type z = j (financially constrained) household. For simplicity, we

assume that both types of households have the same shares of non-energy and energy goods in
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9

their baskets, so that vc; = vc . The consumption of energy goods is further decomposed

into:

1 €BG
epg—1 1 eBG—1

€ —1
cE,t<z>=(v;?f (Cpa(2)) 86 + (1 —vp.) 786 (Caa(z)) BG ) P dor z=4dj (37)

where Cp; and Cg; represent consumption in brown and green energy goods while vp , is
the share of brown energy goods in the energy bundle of household I and J, respectively. For
simplicity, we assume that both household types have the same shares of brown and green energy
goods in their baskets, so that vp = vp ;. €pg is the intra-temporal elasticity of substitution
between brown and green energy goods.

Given that household types have the same shares of non-energy and energy goods in their

consumption bundles, the aggregate price index is defined as:'°

1

Peo = (voPs© + (- vo) P ) T (38)

where vo = vo 1 = ve,y. Pcoy is the price of non-energy consumption goods and Py, ¢ is the
aggregate price index of energy goods. Consumers face a tax, TtE B which is levied as a surcharge
on the price of the brown energy good.!! Hence, the aggregate price index of energy goods is

defined as:

1
l—eBa 1=¢pa
E —
P = (v (@ ) Pas) " 4 (1= v) (P2 ) (39)
where vp = v 1 = vp_j. Since we restrict ourselves to identical shares of energy and non-energy

goods and identical shares of brown and green energy goods in the consumption bundles across

households, the energy price indices in (38) and (39) are common for Ricardian and non-Ricardian

9As explained below, this assumption ensures a single aggregate price index for the composite final consump-
tion good, which we use as the numeraire. This significantly simplifies the analysis, as, for instance, there is a
single consumer price index inflation tracked by the monetary authority. Please note that Coenen et al. (2024)
makes the same assumption.

0Notice that the reference price (numéraire) set to unity in the model is now the total consumption deflator in-

1
cluding energy goods (Pc,: = 1), implying Pc,: = [vc (PTTcﬁt)lﬂic + (1 —ve) (Pyry) ™| 7" where Proc 4
and Pyt represent the price of total tradable consumption goods and the price of non-tradable consumption
goods respectively, as defined in the original EAGLE model.
"For simplicity, we assume that the carbon tax rate imposed on consumers is equal to that on tradable and

non-tradable goods firms.
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ones. Expenditure minimization yields the demand schedules for non-energy consumption and

energy goods:

E —€BG
(1+Tt B) PB,t (PCE,t

Pct )_ ) vz (1 —ve:) Gi(2) (40)

Cau(z) = ( TG >_€BG <@> - (I =vB:) (1 —vez) Ci(z) (41)

PCE,t P(C,t
P, —cc
Gilz) = (%) veCol2), for z=i,j (42)

2.5.1 Financially unconstrained households

The representative financially unconstrained household (or Ricardian) i gains utility from con-
sumption C; (7) and disutility from working N; (7). In particular, there is external habit formation
in consumption, which means that its utility depends positively on the difference between the
current level of individual consumption, C; (i), and the lagged average consumption level of
financially unconstrained households, Cy;_1.

Each household 7 maximizes its lifetime utility by choosing the consumption and investment
goods, C; (i) and I (i) respectively, the level of the general physical capital stock, K;y1 () and
its utilization rate u; (i), the level of the brown capital stock, Kp 11 (i) and its utilization rate
up, (i), the level of the green capital stock, K (41 (i) and its utilization rate ug (7), holdings of
domestic government bonds and internationally traded bonds, By11 (i) and Bf, (i), respectively,

and holdings of money, M, (i). Household ¢ lifetime utility function is then:

2 (1 =r (Crx (i) — KCrirp-1\"° 1 .
kZ_OB (1—0( 1—k > _1+CNt+k(fL) (43)

Ey

where 8 € (0,1) is the discount rate, o > 0 denotes the inverse of the intertemporal elasticity of
substitution and ¢ > 0 is the inverse of the elasticity of work effort with respect to the real wage

(Frisch elasticity). The parameter £ € (0, 1) measures the degree of external habit formation in
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consumption. The individual budget constraint for household ¢ is:

(L+7C 4+ Ty,0(i) PeiCe (i) + Predy (i) + Prpilpy (i) + Prailes (i) + Ry "By (i)
+(1=Tg; (0) BY) ™ S/ By (1) + My (3) + 4 (i) + E¢

= (1= =AY W) N (@) + (1= 7P) (D (i) + DE (i) + DE (i) + TR, (i) — T (i)
+ (1= 7/) (R us (3) — Tuy (i) Pre) Ky (i) + 776 Pr o Ky (3) (44)
+ (1= %) (RE jup1 (6) = Tup (6) Prae) Kpy (i) + 7/ 05 Prp g (i)
+ (14 7/9) (RE wuas (3) = Tug.t (1) Prct) Kay (i) + 7/ 86 Praa Ky (1)

+B, (i) + SUSBY (i) + My_y (i)

where Pc ¢ and Py, are the prices of a unit of the private consumption good and the (non-energy)
investment good, respectively. Prp; and Pjg,; are brown and green investment deflators. Ry
and R} denote, respectively, the risk-less returns on domestic government bonds, By (i), and
internationally traded bonds, By, ; (). Domestically traded bonds are denominated in domestic

Sfl U5 s the

currency (euro). Internationally traded bonds are denominated in US dollars.
nominal exchange rate, expressed in terms of units of Home currency per unit of the US dollar.
The term I' g+ ; represents a financial intermediation premium that the household must pay when
taking a position in the international bond market. The incurred premium is rebated in a lump-
sum manner (see variable Z; in the budget constraint) to domestic Ricardian households that
own firms. The term M; (i) represents domestic money holdings.

The fiscal authority levies taxes on the household’s gross income and spending. In particular,
th denotes the consumption tax rate levied on consumption purchases, TtN , TtK (respectively TtKB)
and TtD represent tax rates levied respectively on wage income, rental capital income (respectively
brown) and dividends from firms ownership, while TtW f is an additional pay-roll tax rate levied on
household wage income that represents the household contribution to social security. Following
Coenen et al. (2008) we assume that the utilization cost of physical capital and physical capital
depreciation are exempted from taxation. Notice that green investment is subsidized at 75¢. The

variable T'R; (i) represents lump-sum transfers received from the government and 7} (i) lump-

sum taxes. The generic household i holds state-contingent securities, ®; (i), which are traded
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among Ricardian households and provide insurance against individual income risk.

The household provides labor services, Nt (), at wage rate Wy (i) and rents general capital ser-
vices uy (i) Ky (i), at the rental rate R, to domestic firms, brown capital services up ¢ (i) Kp 1 (i),
at the rental rate Rg’t, to domestic firms and green capital services ug (i) Kg (), at the rental
rate Rgt, to domestic firms. Varying the intensity of capital utilization is subject to a propor-

tional cost I'y, I'y; and I'y,,, respectively. The law of motion for the three types of capital stock

up

(owned by household i) is:

Kiyr (1) = (1= 6) K¢ (i) + (1 =T (4)) It (4) (45)
Kpi+1 (i) = (1 —=0p) Kpt (i) + (1 = 1B (i) I (i) (46)
Kgi1(i) = (1 —6¢) Kt (i) + (1 =g (1) Ia (4) (47)

where 0, dp and dg are the depreciation rates, and I'y 4, I'rp; and I'jg ¢ represent adjustment
costs. The purchases of the consumption good are subject to a proportional transaction cost,
Ty, + The variables Dy (i), DP (i) and D§ (i) in the budget constraint represent the dividends
paid by intermediate good firms and brown and green energy-producing firms to Ricardian house-
holds.

Each household i acts as wage setter for its differentiated labor services Ny (i) in monopo-
listically competitive markets. It is assumed that wages are determined by staggered nominal

contracts & la Calvo (1983).

2.5.2 Financially constrained households

In each country there is a continuum of financially constrained (or non-Ricardian) households
indexed by j € [s"(1 — w),s]. Even though non-Ricardian households do not have access to
capital and bond markets, they can intertemporally smooth consumption by adjusting their
holdings of money. The household j chooses purchases of the consumption good C;(j) and

holdings of money M, (j) that maximize its lifetime utility function (that is assumed to be
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similar to that of Ricardian households), subject to its budget constraint:

(1+ 7 4 Tus) PesCe () + My (5) + ;4 () (48)

= (1 — N - TtWH) Wi (4) Ne (4) + TRy (§) + TR{C (§) — Th. (§) + My (j)

where the transaction cost, I', ¢, depends on consumption-based velocity. The terms T'R; (j) and
T Rf @ (j) correspond to general transfers and transfers from redistribution of carbon taxes by
the government, respectively, all lump-sum. Similarly to Ricardian households, non-Ricardian

households act as wage setters for their differentiated labor services.

2.6 Monetary and fiscal authorities
2.6.1 Monetary policy

The monetary authority faces a Taylor-type interest rate rule specified in terms of annual CPI

inflation excluding energy, H‘at = Pc/Pc—4 and quarterly output growth, Y, =Y, /Y1
_4 _4 ~
Rl = ¢rRiy+(1—on) [B' +on (I, —T')| + 0y (Vi—1) +2me  (9)

where B = =4 1I is the equilibrium nominal interest rate, II is the monetary authority’s

inflation target and the term er; is a serially uncorrelated monetary policy shock.

2.6.2 Fiscal policy

Fiscal instruments for climate policy. The government in each region imposes a carbon

Ep

tax, 7, 7, as a surcharge on the price of the brown energy input/good on tradable and non-

tradable goods firms as well as on households, provides subsidies to the revenues of the green

Eg

energy sector, 7, ¢, as well as lump-sum transfers, T’ RZE @ to financially constrained households.

The subsidy that the green energy firms receive represents a fraction, gg, of the government’s
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carbon tax revenues such that:

H H

1 s s
C}E/ [TtEB S_H (/0 PB,tEB,t(h) dh + /0 PBJ;EB,t(n) dn) + TtEBPB’t (CB,t(I) + CB,t(J))

1 S
=1 — | PgYaulg)dg (50)

where gg € [0,1] and fOSH PgEp(h)dh and f(fH PpEp(n)dn represent the aggregate ex-
penditure of domestic tradable goods firms and non-tradable goods firms on brown energy.
fos " PG7tYG,t(g)dg represents the aggregate revenues, net of subsidies, of green energy produc-
c 9. . . sH(1—w . .

ers residing in the domestic economy. Cp(I) = sH(%——w)fO ( )C’B,t(z) di and Cp(J) =
- S,f v Cp4(j)dj are the total demand for brown energy by the financially constrained
sw JsH (1-w) )

and financially unconstrained households, respectively. The lump-sum transfers to financially

constrained households represent a fraction, gg, of the government’s carbon tax revenues such

that:

H H

1 s s
§g [TtEB S_H </0v PB,tEB,t<h) dh + /0 PB¢EB¢ (TL) dn) =+ TtEB Pth (CBJ(I) + CB}t(J))

= TRFe (51)

where ¢ € [0,1]. We assume that 0 < ¢}, +¢% < 1. As in Kiinzig (2023), we assume that carbon

taxes are set according to the following rule TtE B

= (1 - p,mg)TE8 + pTEBT£31 + €,5p 4, With
p.ep € (0,1). The government also imposes taxes on financially unconstrained households’ brown
capital income, TtKB. At the same time, it uses fraction /LIB of the brown capital tax revenues

Kg

to subsidize financially unconstrained households’ green capital income, 7, The remaining

fraction, 1 — puk, is devoted to financing debt or other government expenditures. Specifically, the

distribution of revenues from taxing brown capital follows:
K K
7,9 (RE ugy — Tugt Prag) Kap = p 7 (RS juBt — up Proe) Kpy (52)

where we assume that brown capital income tax follows the rule TtK B o= (1— pxp)The +

pTKBTtIE? + €TKB,t’ Wlth pTKB € (07 1)
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Government budget constraint. In each country the fiscal authority purchases G, a final
good which is a composite of non-tradable intermediate goods only (Py; is the associated defla-
tor). The fiscal authority also makes non-energy-related transfer payments to households, T'Ry,
issues bonds to refinance its debt, By, earns seigniorage on outstanding money holdings, M;_1,
and levies taxes. As previously said, there are tax rates on consumption purchases, TtC , and on
wage, capital and dividend income (TtN , TtK , TtD , respectively). There are also pay-roll tax rates

levied on household wage income, TtWH , and on wages paid by firms (social contributions, TtWF ).

Therefore the fiscal authority’s period-by-period budget constraint is:

Pyt Gy + TR, + TRFS + B, (53)
=100 + (TtN + TtWH> (WriNre +WiiNyy) + TtWFWtNt
+75 (R up — (Tup +0) Pry) Ky + (1 — e (R’étum — (Lupt +68) Pipy) Kpy

+7PD; + Ty + R Beyy + AM; + (1 — < — <$) 772 Pp s (Eprs + Epnyg + Cpi(I) + Cpi(J))

1 sH 1 sH .
where Epri = - [, Epg(h)dh and Epyt = 7 [, EBpt(n)dn is the total demand for brown
energy by the domestic tradable good and the non-tradable good sector, respectively. While
Cpal) = 2 [0 Cp iy di and Cpo(J) = ¢ [0 Cpa()dj t th ¢
Bi(I) = <7 J, B+(i)di and Cpy(J) = S_HfSH(l—w) B(j)dj represent the aggregate
consumption of energy goods by type of households (Ricardian I or not J). Lump-sum taxes

as a fraction of steady-state nominal output, 7 = PTzfy, are adjusted to make public debt stable
Y

according to the following rule: 7, = ¢p,, ( Pity — W) , where BY is the fiscal authority’s target

for the ratio of government debt to output and ¢p, > 0 is a parameter.

3 Calibration

This section assigns values to the model’s parameters. For brevity, we focus on the new param-
eters introduced by the energy extension. Non-energy parameters, such as preference and policy
parameters or those governing real and nominal rigidities, follow closely the standard EAGLE

model (Gomes et al., 2012).
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3.1 Energy-related steady-state shares and great ratios

The top panel of Table 1 reports the energy-related shares implied by our calibrated model.
Across all three regions, the share of energy in final private consumption hovers around 4-5%,
with brown energy accounting for roughly two-thirds of it. These values are consistent with
data from the OECD Input/Output Tables (discussed below) and with Coenen et al. (2024).
Similarly, the share of brown energy used as input in the production of intermediate goods (both
tradables and non-tradables) is roughly twice that of green energy. Taken together, the two types
of energy underscore the non-negligible role of energy in production, accounting for around 6-7%
of total inputs. Again, these figures align broadly with those from the OECD Input/Output
Tables, as shown below.!?

The bottom rows of the top panel in Table 1 report steady-state energy investment as a share
of GDP. While empirical data on this component remain limited, Pisani-Ferry and Tagliapietra
(2024) suggest that energy-related investment in Europe likely hovered around 2 to 3 percent
of GDP in recent years. We calibrate our model to fall within that range, with brown energy
investment approximately twice as large as green energy investment. This distinction reflects
the still dominant role of fossil fuel mentioned above.

Lastly, the bottom panel of Table 1 reports standard great ratios, including private consump-
tion, public expenditure, private investment, and import shares. These values are broadly in line
with empirical data for the three regions. For instance, average national account data over the
period 2000-2019 indicate that private consumption accounted for approximately 53% of GDP
in the EA, 63% in the US, and 54% in the RW. The model generates comparable values of 59%,
64%, and 65%, respectively. Similarly, the empirical share of public expenditure ranges from 19%
to 25%, and private investment from 17% to 23%, both aligned satisfactorily with the model’s
predictions.'® Trade ratios also show good consistency: the model implies an import share of

total consumption, investment and exports close to observed values.!?

12Tp fact, the dominance of brown energy in consumption and production reflects a wider global trend. Accord-
ing to the International Energy Agency, for example, renewable energy accounted for 20% of global final energy
consumption in 2024, with shares of 13% in high-income economies and 23% in middle-income countries.

3OECD Input/Output data do not distinguish between private and public investment. Therefore, public
investment share as calculated from Eurostat data has been used in order to separate public investment from the
total one and add public investment to public expenditure.

Y4The share of import content of exports is calculated based on the corresponding indicator within the Trade
in value-added (TiVA) database. It captures the foreign value-added content of exports, i.e. how much of the
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3.1.1 OECD Input/Output tables

As noted above, some of the energy shares reported in Table 1 are based on the OECD In-
put/Output tables.'> These tables provide a detailed breakdown of economic activity by industry
and country, mapping flows of production, consumption, and international trade. We now briefly
describe how these values are constructed. However, readers not interested in the underlying data
sources and construction methods may skip this subsection without loss of continuity.

We construct a dataset spanning the period from 2000 to 2019, thereby excluding the COVID-
19 pandemic, and covering three regions: the EA, the US, and the RW.1% Since the Input-Output
tables are more detailed than our model, we aggregate the sectoral data into a three-sector
structure.!” The energy sector includes industries B05 06, C19 and D. The tradable sector
comprises industries A, B (except B05 06), C (except C19) and G. The non-tradable sector
aggregates all industries from E to T.

Finally, we classify energy as either brown or green following the approach in Coenen et al.
(2024). Specifically, we apply a fixed ratio that assigns 72% of total energy use to brown energy.
This corresponds to their estimate of dirty energy, which includes solid fossil fuels, peat and peat
products, oil shale and oil sands, natural gas, oil and petroleum products (excluding biofuels),
and non-renewable waste.'® The remaining 28% is treated as green energy, including renewables,
biofuels, and nuclear heat.

The resulting energy shares are broadly consistent with those implied by our model’s steady
state. On average over the 2000-2019 period, the share of energy in final consumption was 4.9%

in the EA, 3.6% in the US, and 4.2% in the RW. Brown energy made up roughly two-thirds

value of a country’s exports originates from imported inputs.

5Link: OECD database

16Rest of the world (RW) countries consist of all countries available in the OECD Input/Output data except
euro area and US (these being Argentina, Australia, Bangladesh, Belarus, Brazil, Brunei Darussalam, Bulgaria,
Cambodia, Cameroon, Canada, Chile, China, Chinese Taipei, Colombia, Costa Rica, Cote d’'Ivoire, Czechia,
Denmark, Egypt, Hungary, Iceland, India, Indonesia, Israel, Japan, Jordan, Kazakhstan, Korea, Lao (People’s
Democratic Republic), Malaysia, Mexico, Morocco, Myanmar, New Zealand, Nigeria, Norway, Pakistan, Peru,
Philippines, Poland, Romania, Russian Federation, Saudi Arabia, Senegal, Singapore, South Africa, Sweden,
Switzerland, Thailand, Tunisia, Turkey, Ukraine, United Kingdom and Vietnam).

'"OECD Input-Output tables use the ISIC (International Standard Industrial Classification) Rev. 4 for indus-
try classification.

8 There is no universally accepted definition of brown and green energy. Estimates vary: Diluiso et al. (2020)
classify 75% of energy as fossil-based and 25% as low-carbon; Auclert et al. (2023) report that fossil fuels make
up 69% of gross available energy; Bartocci et al. (2024) find that oil, gas, and coal account for 71.2% of firms’
and households’ energy use; Airaudo et al. (2022) estimate that 53% of total energy output is brown.
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of these totals, in line with the fixed ratio we adopt. In intermediate-good production, brown
energy shares ranged from 4.1% to 6.3%, while green energy accounted for 1.6% to 2.5%, again

reflecting the empirical pattern that brown energy is used more intensively than green.

3.2 Energy-related structural parameters

Tables 2 and 3 present the energy-related structural parameters used to generate the results in
Table 1. Throughout this section, we draw on Coenen et al. (2024), whose parameter choices
offer a useful benchmark for incorporating energy into large DSGE models.

We set the intra-temporal elasticity of substitution between non-energy and energy consump-
tion goods, €, to 0.4, following their calibration. For the elasticity of substitution between brown
and green energy within the household energy bundle, e, empirical evidence remains limited.
Varga et al. (2022), for example, choose a value of 6, indicating that households view brown and
green energy as substitutes. This view is supported by Papageorgiou et al. (2017), who estimate
substitution elasticities well above one using data from 26 countries. Similarly, Acemoglu et al.
(2012) adopt values ranging from 3 to 10 in a model of endogenous technical change. Coenen
et al. (2024) set the substitution elasticity between brown and green energy in aggregate en-
ergy production to 1.8. In line with these studies, and for consistency across consumption and
production, we set egg = 1.8.19

Next, we set the share of energy in final consumption, 1 — v, to 5% in the EA and 4% in
the US and the RW, in line with the Input/Output data discussed earlier. The share of green
energy in household energy use, 1 — vp, is fixed at 28% in all regions, consistent with the 72%
brown energy share explained above.

In the production of tradable and non-tradable intermediate goods, we follow standard prac-
tice by setting capital shares, ar and ay, to around one-third. We again follow Coenen et al.
(2024) in setting the elasticity of substitution between energy and non-energy inputs, er and
en, to 0.4. The share of non-energy inputs, vy and vy, is set to 96%, allowing the model to

generate the energy input shares reported in Table 1. The share of green energy in the energy

9We use a common value of epg across regions for tractability and to maintain a clear focus on our core
mechanisms. We acknowledge that geographic and climatic conditions likely affect the substitutability between
green and brown energy sources. Exploring region-specific elasticities would be a valuable extension.
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composite, vgr and vgy, is set to roughly one-third, as in the consumption bundle. The elastic-
ity of substitution between brown and green energy, €g, is also set to 1.8, again following Coenen
et al. (2024).

Regarding COg2 emissions, we follow Coenen et al. (2024) and set the carbon intensity pa-
rameters for brown energy goods (¢g), tradable goods (¢1), and non-tradable goods (¢2) in the
EA to 380 and 41 for both tradable and non-tradable goods. In the US and the RW, these pa-
rameters are slightly higher, at 865 and 63 for both tradable and non-tradable goods. In energy
production, the capital bias parameters (yp and ) are close to 70% for both brown and green
energy and are similar across sectors. This choice again follows Coenen et al. (2024).

Turning to the structure of brown and green investment goods, we adopt the elasticities
used in the standard EAGLE model, given the limited empirical evidence specific to energy
investment. The elasticity of substitution between tradable and non-tradable inputs is set to 0.5;
between domestic and imported tradables to 1.5; and across imported tradables to 2.5. For bias
parameters, the share of tradables in investment is 0.45 in all regions. The bias toward domestic
tradables over imported ones is 0.5 in the EA and the US, and 0.75 in the RW. These values yield
an imported share of brown and green investment goods of about 20%, consistent with external
trade data derived from the OECD Input-Output tables and the OECD TiVA database.

As in Coenen et al. (2024), we set the price elasticities of demand for brown and green
energy (Ap and 6¢) to 6 in all regions, implying a steady-state gross markup of 1.2. Investment
adjustment costs and capital utilization costs follow standard EAGLE values. For nominal
rigidities, we set Calvo price stickiness and indexation parameters to 0.25 and 0, respectively,
in both energy sectors. This implies an average price duration of 1.3 quarters, shorter than in
intermediate goods sectors, again consistent with Coenen et al. (2024).

For fiscal instruments, we take the steady-state carbon tax, 72, from Kénzig (2023) and set

KB is set to 16% in all regions, mirroring the

it at 3.9%. The tax on brown capital income, 7
treatment of regular capital in the EAGLE model. Lastly, green subsidies, g}é, gg, and ,ug, are

set to zero in the baseline for simplicity.
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3.3 Non-energy sectors

As noted earlier, non-energy parameters (such as preference and policy parameters, as well as
those governing real and nominal rigidities) follow closely the standard EAGLE model (Gomes
et al., 2012). Table 4 reports the selected parameter values. We set the net price markup in the
EA to 20% in the tradable sector, 30% in the labor market, and 50% in the non-tradable sector.
In the US and the RW, the corresponding markups are 20%, 10%, and 50%. Across all regions,
the tradable sector markup is the same, and the markup in the non-tradable sector is larger than
that in the labor market.

Regarding real rigidities, investment adjustment costs are set to 6 in the EA and to 4 in the
US and the RW. Adjustment costs on consumption and investment imports are identical across
regions and equal to 2 and 1, respectively. As for nominal rigidities, the Calvo parameters for
price setting in the domestic tradable and non-tradable sectors are set to 0.90 in the EA and
0.75 in the US and the RW. Calvo parameters for wages are set to 0.9 in the EA and 0.75 across
the remaining regions. Price and wage indexation parameters are set to 0.5. Region sizes are
chosen to match their respective shares of world GDP.

Table 5 reports parameters driving households behavior. Preferences are the same across
household types and regions. The discount factor, the habit persistence parameter, the intertem-
poral elasticity of substitution and the Frisch elasticity are set respectively to 0.9926 (consistent
with a steady-state annualized real interest rate of about 3 percent), 0.90, 1 and 0.50. The
quarterly depreciation rate of capital equals to 0.025, implying an annual depreciation rate of 10
percent for all types of investment, and the share of non-Ricardian households equals to 0.33 for
the EA (following Cardani et al., 2023) and 0.25 for the US and RW.

Finally, Table 6 reports the parameters governing monetary and fiscal policy rules. The
interest rate responds to its own lag (capturing policy inertia), to annual CPI inflation excluding
energy, and to quarterly output growth. In the monetary union, policy responds to EA-wide
aggregates. All parameters in the monetary policy rule are set to standard values. On the fiscal
side, lump-sum taxes adjust to stabilize public debt. The steady-state ratio of government debt
to quarterly output is set to 2.40 in all regions (equivalent to 0.60 in annual terms). Steady-state

tax rates on consumption and labor income are set to 0.183 and 0.122, respectively, in the EA;
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and to 0.077 and 0.154 outside the EA. Employer social contributions are 0.219 in the EA and

0.071 outside, while employee contributions are 0.118 in the EA and 0.071 elsewhere.

4 Quantitative Analysis

This section examines the responses of key macroeconomic variables in the EA to different climate
policy instruments. It begins by analyzing the effects of a carbon tax increase, TtEB, which raises
the price of brown energy by 1 percent on impact. The fiscal authority raises the carbon tax for
10 quarters. Thereafter, the tax declines gradually with high persistence (pr2 = 0.95).

We first analyze the effects of a carbon tax implemented within the EA without any redis-
tribution of tax revenues, that is ¢§ = ¢§ = 0 in (50) and (51), respectively. Redistribution to
green energy-producing firms is then introduced by setting (}5 = 0.33. Additional redistribution
to financially constrained households follows, with gg also set to 0.33. We then study the full
redistribution of carbon tax revenues between these two groups, resulting in a primary-balance-
neutral policy (g}é = gg = 0.5). Finally, we analyze the implementation of globally raised carbon
taxes under the second redistribution scheme (¢} = ¥ = 0.33).

Then, we turn our focus to brown capital rental income taxes. We assume that the fiscal
authority raises the brown capital income tax for 10 quarters, until it starts declining with high
persistence (p.xz = 0.95). To make our results comparable to those from a carbon tax, we
consider an increase in the brown capital income tax with an initial impact on the primary
balance in the government budget constraint equal to that of the carbon tax above. For brevity,
we consider two limiting scenarios: one where the government does not redistribute the revenues,
namely uIB = 01in (52), and another where it distributes all the revenues subsidizing rental green

capital income (i.e. pul, =1). Throughout, ¢ and gg are at their baseline values of 0.

4.1 Increase in the carbon tax without redistributing its revenue

We start by considering a carbon tax levied on consumers and intermediate goods producers in
the EA, applied as a surcharge on brown energy. In this initial simulation, we abstract from any

subsidies to the green energy sector or to financially constrained households, keeping g}g = gg =0
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in (50) and (51), respectively. The solid blue lines in Figures 2, 3 and 4 display the resulting
impulse responses.

Let us first consider the energy-related variables shown in Figure 3. The increase in the
carbon tax raises the effective price of brown energy, leading to a decline in its output and
an expansion of green energy production. This reallocation reflects substitution responses on
both the demand and production sides. As shown in Figure 4, households shift expenditure
toward green energy consumption goods in response to the higher relative price of brown energy.
A similar adjustment occurs in the production of tradable and non-tradable goods, as firms
substitute away from brown energy inputs. In both cases, the substitution is governed by the
same elasticity of 1.8, implying that while brown and green energy are imperfect substitutes,
relative price changes lead to significant reallocation. This shift raises green energy inflation
and lowers before-tax brown energy inflation, making carbon taxes disinflationary in the brown
energy market, as demand effects outweigh supply pressures. The brown energy output decline
reduces total carbon emissions in the EA by up to 2.5% at the trough relative to steady state.

Turning to energy investment goods (third row of Figure 3), investment in brown capital
declines sharply in response to reduced total demand for brown energy. This drop in demand
also lowers the rental rate on brown capital, which falls by more than 10 percentage points at its
trough, around 10 quarters after the tax is introduced. The dynamics for green capital are the
mirror image: investment rises as firms scale up green energy production, and the rental rate on
green capital increases in response to stronger demand for the green capital input.

Broadening the scope to the macroeconomic effects of the carbon tax, two features stand
out. First, output declines in both the tradable and non-tradable goods sectors due to the
higher price of brown energy inputs and their imperfect substitutability with green energy (first
row of Figure 3). However, the contraction is more pronounced in the tradables sector. This
asymmetry reflects the greater labor intensity of the non-tradables sector (see Table 2), which
partly offsets the energy cost shock by benefiting from lower wages. Second, the carbon tax acts
like a supply-side shock (see Figure 2). Output falls, inflation rises, and both total investment
and the rental rate of capital decline. Private consumption and hours worked also contract. The

increase in inflation reflects the rise in the after-tax price of brown energy and the green energy
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inflation described above, both of which raise the overall cost of energy. It is further reinforced
by the persistent decline in the supply of tradable and non-tradable goods. In response, the
real interest rate overshoots in the medium run, reducing the present discounted value of wealth
for financially unconstrained households. This amplifies the downward pressure on aggregate
consumption already triggered by higher energy prices.

From an international perspective, the rise in inflation prompts an increase in the policy rate,
which leads to an appreciation of the euro vis @ vis the currency basket of its trading partners.?’
This appreciation contributes to the initial deterioration in the trade balance. Due to limited
exchange rate pass-through under local currency pricing, the stronger euro does not offset the
inflationary effects of the carbon tax. Moreover, the appreciation contributes to the sharper
contraction in the tradable goods sector relative to the non-tradable sector, in addition to the
latter’s higher labor intensity discussed earlier.

For completeness, Figures D.1 and D.2 in online Appendix D show the spillover effects of
the EA carbon tax on the US and the RW. The key message is clear: the broad macroeconomic
effects are mild. This is consistent with the limited trade exposure of the US and RW to the Euro
Area. Imports represent 15% and 8.5% of GDP in the US and RW, respectively, of which 12%
and 35% originate from the EA. As expected, the only foreign variables that exhibit non-trivial
movements are the real exchange rate and total imports. As noted earlier, the euro appreciates
against other currencies because the EA monetary authority raises nominal interest rates to

contain inflation, harming the international competitiveness of the EA.

4.2 Subsidies to green energy firms

We now turn to the scenario where the fiscal authority redistributes part of the carbon tax
revenues to green energy-producing firms. Specifically, <% is equal to 1/3 in (50), while ¢¥
in (51) remains at zero. The remaining 66% of the carbon tax revenues are used to finance
government debt or expenditures. Red-dashed lines in Figures 2, 3, and 4 display the resulting
impulse responses.

Beginning with energy-related variables, the responses remain qualitatively similar to those

20A decline in the exchange rate corresponds to an appreciation.
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observed without fiscal redistribution: brown energy output declines, while green energy output
rises. These shifts reflect households reallocating expenditure toward green energy consumption
and firms’ substitution away from brown energy inputs. However, some of the responses in
the energy related variables are now more pronounced. The subsidy to green energy producers
reduces the optimal price set by re-optimizing firms, leading to a decline in green energy inflation
five quarters after the shock. This price adjustment reinforces the substitution effect. In parallel,
the stronger increase in green energy production raises the attractiveness of investment in green
capital, while further discouraging investment in brown capital. This amplifies the divergence
in the corresponding rental rates. Overall, redistributing part of the carbon tax revenues to
green energy producers clearly strengthens the shift toward green energy. As a result, in the
medium-run total emissions in the EA fall more than in the baseline. However, the difference
remains modest, a pattern we will also observe under the other redistribution schemes discussed
below.

Looking more broadly at economic activity, the subsidy mitigates the adverse effects of the
carbon tax. For example, it leads to smaller declines in output across both tradable and non-
tradable sectors, as well as in hours worked, total investment and private consumption. Conse-
quently, the drop in GDP is roughly halved compared to the no-redistribution scenario. Similarly,
inflation remains closer to its steady-state level, resulting in a smaller rise in the nominal interest

rate and, therefore, more muted effects on the exchange rate and trade balance.

4.3 Subsidies to green energy firms and to financially-constrained households

Let us now assume that the fiscal authority redistributes carbon tax revenues to both green
energy-producing firms and financially constrained households. In this scenario, both g}; and
¢ are equal to 1/3 in (50) and (51). The remaining 33% of the carbon tax revenues are used
to finance government debt or expenditures. Black dashed-dotted lines in Figures 2, 3, and 4
display the resulting impulse responses.

Introducing a subsidy to financially constrained households has only a marginal impact on
the effects of the carbon tax, relative to the case where revenues are redistributed solely to green

energy producers. In fact, the impulse responses for most variables are nearly identical across the
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two scenarios. The main exception is the consumption of financially constrained households, now
increasing rather than declining (second row of Figure 2). The mechanism is straightforward:
channeling a share of carbon tax revenues to these households through lump-sum transfers raises
their disposable income.?! Since they lack access to capital and bond markets, they use these
additional resources primarily to boost consumption.

Beyond this distributional effect, however, the subsidy to constrained households does not
contribute further to the green transition. This suggests that a more targeted approach, such as
subsidizing the consumption of green energy goods directly, might be more effective in fostering
the shift away from brown energy. As a first pass at this question, Figures D.4, D.5, and D.6 in the
online Appendix D study an alternative redistribution scheme in which transfers to financially
constrained households are no longer lump-sum but instead cover part of their green energy
expenditures. We keep the size of the redistribution scheme unchanged at 33% of total carbon
tax revenues.

Under this new redistribution scheme, where transfers to financially constrained households
are earmarked for green energy consumption, their demand for green energy surges, as intuition
would suggest. In response, green energy production rises, but not enough to fully absorb the
increased demand. As a result, green energy inflation accelerates. This rise in prices partly crowds
out green energy consumption by unconstrained households and intermediate goods producers,
whose demand falls slightly below the levels observed in the previous scenario. Consequently,
their substitution away from brown energy is more limited, resulting in a smaller decline in before-
tax brown energy inflation. At the macroeconomic level, aggregate responses remain qualitatively
similar to those seen under the untargeted transfer scheme. However, the results indicate a more
pronounced increase in overall inflation, partly attributable to higher green energy inflation and
a more muted decline in before-tax brown energy prices, a more moderate contraction in total

investment and a slightly less pronounced decline in GDP.

2lpPigure D.3 in the online Appendix D exhibits the total net lump-sum transfers received by financially
constrained households under this scenario and the one discussed in the previous subsection.
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4.4 Primary-balance-neutral policy

We now assume that the government redistributes the entire carbon tax revenue equally between
green energy-producing firms and financially constrained households, i.e. ¢f = ¢§ = 0.5 in (50)
and (51). Hence, this policy leaves the government’s primary budget balance unchanged ez-ante.
Green-circled lines in Figures 2, 3, and 4 display the resulting impulse responses.

Since the mechanisms at work have already been discussed in detail, we keep the discussion
short. Qualitatively, impulse responses closely resemble those in the previous subsection, where
only a partial redistribution to green energy producers and financially constrained households
was implemented. However, because the magnitude of redistribution is now larger, the responses
are more pronounced. The shift toward green energy is stronger and the decline in aggregate
economic activity is correspondingly milder. As shown previously, reallocation toward green
energy is primarily driven by subsidies to green energy producers, which reduce green energy
prices and strengthen substitution effects. Accordingly, in this case, the drop in green energy

inflation is the most pronounced across all scenarios.

4.5 The costs of the various energy related fiscal schemes

In the analysis above, we provided an impulse response comparison of the various fiscal schemes
associated with carbon policy. In this subsection, we formalize this comparison by computing the
associated sacrifice ratio of each policy computed as the negative of the ratio of the cumulative
response of GDP over the cumulative response of annualized inflation. We show the sacrifice
ratios in Figure 5. Clearly, the case without subsidies (blue bars) entails the higher output costs
not only on impact but at later horizons. Practically, given the inflationary nature of the carbon
tax, if inflation were to be reduced by 1% this would entail a decline in GDP from its steady
state level by 2%, approximately, on impact. Though not so evident in the impulse responses,
the sacrifice ratios reveal that the case where subsidies are provided to financially constrained
households as well (orange bars) is superior to the case with subsidies to green energy firms only,
as the induced output losses are consistently and non-negligibly lower. The balanced budget

policy appears to result in the lowest sacrifice ratios at all horizons.
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4.6 Policy coordination

So far, we have considered a carbon tax implemented unilaterally in the EA. We now assume a
coordinated global policy where the carbon tax is raised simultaneously in all three regions: the
EA, the US, and the RW. We choose the size of the shock for the US and RW to be the same as
in the baseline above for the EA. All regions implement transfers to green energy firms and the
constrained households (¥ = gg = 1/3). Figure 6 presents the results. For reference, solid blue
lines show the scenario with an EA-only carbon tax (as discussed above), while dashed black
lines depict the new global carbon tax scenario.

Economic activity in the EA contracts somewhat more when the carbon tax rises globally.
EA inflation is also higher in the global tax scenario, driven primarily by a stronger increase
in non-energy inflation. Higher brown energy prices raise production costs in tradable sectors
worldwide, pushing up the prices of internationally traded intermediate goods. As a result, im-
port prices rise and import demand weakens. Combined with high price stickiness and persistent
inflation dynamics, this amplifies inflationary pressures over time. With softer domestic and
global demand for tradables, output in the EA’s tradable goods sector falls more sharply (not
shown for brevity). As a result, the demand for general capital declines further, leading to a
deeper contraction in total investment.

That said, the quantitative differences remain modest. For instance, EA GDP falls by about
5-10 basis points more at its trough (in percent deviations from steady state) under a global
carbon tax compared to a unilateral tax implemented by the EA alone, while the decline in
total EA emissions is nearly identical across both scenarios. This helps explain why the impulse
responses of energy-related variables, such as brown and green energy production, look broadly
similar across the two scenarios: these variables exhibit much larger swings (often between 5 to 20
percent), and are therefore less sensitive to relatively minor differences in overall macroeconomic
conditions.

It is also worth noting that when carbon taxes are raised globally, the real effective exchange
rate appreciates far less than under a unilateral EA tax. This is because monetary authorities
in the rest of the world and the US also raise their policy rates in response to domestic inflation,

limiting the relative rise in EA interest rates. The weaker euro reduces the purchasing power of
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EA households, contributing to the sharper decline in total consumption under the global tax.
It also leads, albeit modestly, to higher non-energy inflation, since imported goods represent a

non-trivial share of the non-energy consumption basket.

4.7 Taxing brown capital investment

We now consider taxes on brown capital income. As outlined in Subsection 2.6.2, the government

. Kp
imposes a tax 7;

on the rental income from brown capital earned by financially unconstrained
households. We examine two scenarios: one where the government does not redistribute the
revenues, i.e. ph = 0 in (52), and another where it fully recycles them as subsidies to green
capital income, i.e. ,u% = 1. The capital tax shock is calibrated to match the immediate fiscal
impact of the carbon tax. Figures 7, 8, and 9 show the results.

We begin with the scenario without redistribution (solid blue lines). Qualitatively, the im-
pulse responses of energy-related variables resemble those under the carbon tax. The mechanism
is straightforward. Taxing the rental income from brown capital reduces the after-tax return on
such investments, making brown capital less attractive. As a result, investment in brown capital
falls, lowering its supply and pushing up its rental rate. This raises the cost of producing brown
energy, which contracts its output and increases its price. Households and firms in both tradable
and non-tradable sectors respond by shifting demand toward green capital and energy, in line
with the substitution patterns embedded in the model’s energy composites.

However, because brown and green energy are imperfect substitutes, the decline in brown
energy production is not fully offset by the expansion of green energy. As a result, total energy
input falls, contributing to the contraction in the output of tradable and non-tradable goods in
the first row of Figure 8. As in the carbon tax scenario, the contraction is more pronounced
and persistent in the tradables sector. This asymmetry reflects the greater labor intensity of the
non-tradables sector (see Table 2), which helps absorbing the energy cost shock through lower
wages.

The ensuing slowdown in GDP and aggregate demand components is then unsurprising. An
additional factor contributing to this decline is the fall in the rental rate of regular capital,

which reduces the wealth of financially unconstrained households and leads them to further cut
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consumption. An important difference from the carbon tax scenario emerges, however: inflation
now declines on impact. This reflects the broader demand-driven slowdown described above.
Therefore, unlike the carbon tax, which resembles a negative supply shock, taxing brown capital
income has the characteristics of a negative demand shock, as it pushes output and inflation in
the same direction.

We now turn to the case in which the government redistributes all tax revenues to subsidize
green capital income (i.e. ufg = 1). Qualitatively, the response of most energy-related variables
remains similar to the no-redistribution case, but the effects are substantially more pronounced.
The subsidy makes investment in green capital highly attractive, sharply increasing its stock.
This surge in supply more than offsets the upward pressure from higher demand, leading to a
decline in the rental rate of green capital. As a result, green energy production expands more
strongly than before, and green energy inflation falls in the medium term instead of rising as in
the no-redistribution case.

Lastly, given the stronger expansion in green energy supply, the contraction in tradable and
non-tradable output is smaller than in the no-redistribution case, resulting in a more moderate
decline in GDP. In addition, the milder drop in aggregate demand leads to a smaller fall in
capital income for financially unconstrained households. As a result, their consumption remains
stable initially and declines less than in the baseline scenario.

In sum, the tax on brown capital income fosters the switch toward green energy. Unlike the
carbon tax, it moves output and inflation in the same direction, avoiding a policy tradeoff for a
central bank that follows a standard Taylor rule. Redistributing the proceeds to subsidize green

capital investment further mitigates the adverse macroeconomic effects.

5 Sensitivity Analysis

In this section we implement robustness checks of our baseline results. We consider five exten-
sions: (i) a permanent carbon tax path aligned with long-term climate targets; (ii) higher price
stickiness in the energy sectors; (iii) greater substitutability between brown and green energy
in household and firm energy composites; (iv) greater substitutability between tradables and

non-tradables in the production of the brown energy investment good; and (v) an alternative
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Taylor rule in which the central bank targets headline inflation. Across all cases, our key insights

remain robust. To save space we display the corresponding Figures in online Appendix D.

5.1 Permanent carbon tax scenario

We first consider a permanent carbon tax increase to reflect long-term policy objectives. Fol-
lowing Coenen et al. (2024), we calibrate the initial level of the carbon tax such that revenues
represent approximately 1.8% of GDP. The policy consists of a linear increase in the carbon tax
rate by around 65% over a nine-year period, consistent with a target effective carbon rate of
140 euros per ton of COs by the end of the horizon. As shown in Figures D.7, D.8, and D.9
in the online Appendix, the results are qualitatively similar to those in the baseline scenario.
Quantitatively, the effects are more persistent due to the gradual nature of the shock and are

broadly in line with the findings of Coenen et al. (2024).

5.2 Higher sticky prices in the energy sectors

Figures D.10, D.11, and D.12 in the online Appendix explore the macroeconomic consequences

B under alternative assumptions about price stickiness in the energy

of our carbon tax shock, TtE
sectors. These experiments build on the baseline scenario without redistribution (¢} = ¢ = 0)
discussed in subsection 4.1, where the tax is calibrated to raise the price of brown energy by
1% on impact. The blue-solid lines show the baseline scenario studied in subsection 4.1, which
assumes Calvo parameters of 0.25 in both the brown and green energy sectors, implying an
average price duration of 1.3 quarters. The red-dashed lines display the effects of raising price
stickiness in the brown energy sector (g = 0.9), while the black-dash-dotted lines illustrate the
case of higher price stickiness in the green energy sector ({g = 0.9).

Qualitatively, the effects of the carbon tax remain similar across all three scenarios: in each
case, the tax promotes a shift from brown to green energy, supporting the energy transition.
Quantitatively, the main differences emerge when price stickiness is higher in the brown energy
sector. In that case, inflation peaks more sharply, exceeding its steady-state level by over 30

basis points at its trough, compared to 20 basis points in the baseline, and the negative impact

on GDP is also substantially larger.
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Higher price stickiness in the brown energy sector leads to a milder decline in brown energy
inflation, before tax, than in the baseline as fewer firms can adjust their prices. This muted price
response forces the adjustment to occur more through quantities, leading to a steeper decline in
brown energy output and investment. As a result, households and firms shift more decisively
toward green energy pushing green energy inflation above its baseline level. These facts result
in stronger overall inflationary pressures, prompting a stronger increase in the nominal policy
rate. Tighter monetary policy and sharper contraction in brown energy output lead to a deeper

downturn and a more pronounced appreciation of the euro.

5.3 Targeting headline inflation

In our baseline setup, the monetary authority stabilizes core inflation, H‘at = Pc+/Pc t—4, which
excludes energy prices. We now consider an alternative specification in which the central bank
targets headline CPI inflation, Hé,t = Pc,t/Pc,—a. Figure D.13 reports the effects of the carbon
tax shock without redistribution under this alternative monetary policy rule.

Under this alternative monetary policy rule, economic activity experiences a deeper contrac-
tion. The reason is that the carbon tax raises overall CPI inflation more than core inflation.
As a result, a central bank that targets headline inflation reacts more forcefully, triggering a
sharper increase in the nominal interest rate. This leads to a more pronounced decline in GDP,
investment, and consumption. The higher interest rate also induces an appreciation of the euro,
which worsens the trade balance further amplifying the downturn. On the upside, the stronger
euro and tighter monetary stance help contain headline inflation more effectively than in the

baseline scenario.

5.4 Higher substitution between brown and green energy in household and

firm composites

Figures D.14, D.15, and D.16 show the effects of the carbon tax shock with no redistribution
under a higher elasticity of substitution between brown and green energy in the household and

firm energy composites. Specifically, we increase both eps and ep from 1.8 in the baseline
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calibration to 4. This implies a stronger expenditure switching in response to changes in relative
prices between brown and green energy.

Once again, the qualitative effects of the carbon tax remain unchanged. However, the higher
substitution elasticity amplifies the reallocation from brown to green energy by households and
firms. As a result, brown energy output and pre-tax inflation decline more sharply, while the
opposite holds for green energy. The increased availability of green energy leads to higher effective
energy input for tradable and non-tradables producers, which softens the contraction in their
output. Consequently, the decline in GDP is milder than in the baseline scenario. Overall

inflation dynamics, however, remain virtually unchanged.

5.5 Higher substitution between tradables and non-tradables in the produc-

tion of the brown energy investment good

Figures D.17, D.18, and D.19 show the effects of the brown capital income tax, TtKB, under a
higher elasticity of substitution between tradable and non-tradable goods, urp, in the production
of the brown energy investment good. This experiment builds on the baseline scenario without
redistribution (i.e. pL = 0) discussed in subsection 4.7. The blue-solid lines reproduce the
baseline case from subsection 4.7, which assumes that tradable and non-tradable goods are
complements by setting urp = 0.5. The red-dashed lines show the results when both inputs
become more substitutable, with prp raised to 3.

Broadly speaking, the macroeconomic effects of the brown capital income tax remain robust
to a higher elasticity of substitution in the production of the brown energy investment good. The
main dynamics observed under the baseline calibration continue to hold. The implications for
the energy transition are also largely unchanged, with the tax encouraging a shift from brown to
green energy. More notably, however, the increase in ;5 moderates the decline in non-tradable
production, while amplifying the contraction in tradable production. As explained earlier, the
non-tradable sector is more labor-intensive, which allows it to partly absorb the adverse effects of
the tax through lower wages. Higher elasticity of substitution urges firms to shift more intensively
toward these non-tradable inputs. This reallocation partly offsets the energy cost shock, resulting

in a milder decline in GDP and its aggregate demand components relative to the baseline.
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6 Conclusion

Using an extended version of the EAGLE model with an explicit energy sector, we examined how
different climate policy instruments affect macroeconomic outcomes in the euro area. Scenario-
based simulations show how carbon taxes and brown capital income taxes shape the transition
toward green energy, and how redistribution schemes modulate their effects.

First, both policy tools reduce brown energy use and foster green energy expansion, but they
differ in their macroeconomic implications. Carbon taxes act like a supply-side shock, raising
inflation and lowering output, whereas brown capital income taxes resemble a negative demand
shock. This has important implications for monetary policy design under climate transition.

Second, revenue recycling plays a central role. Subsidizing green energy producers strengthens
the substitution away from brown energy, eases inflationary pressure, and reduces the output
cost of carbon taxes. In contrast, lump-sum transfers to hand-to-mouth households primarily
affect distributional outcomes and do little to accelerate the green transition.

Third, carbon taxes are disinflationary in the brown energy market: higher taxes reduce
brown energy inflation before tax, reflecting the dominance of demand-side forces. Redistribu-
tive policies reinforce this effect. In contrast, green energy inflation rises in the absence of
redistribution, as demand strengthens. Targeted subsidies reverse this outcome by expanding
supply, while at the same time easing green inflationary pressures during the transition.

Fourth, coordinating carbon taxes globally has incremental effects on euro area energy dy-
namics. Although output and inflation respond more strongly under a global tax, the quantitative
differences are modest. Substitution patterns within the domestic economy largely determine the
response of energy production and investment.

Finally, taxing brown capital income offers a viable alternative to carbon pricing. By shift-
ing investment incentives without triggering the same inflationary pressures, it avoids some of
the trade-offs associated with carbon taxes. Recycling the proceeds to green capital subsidies
enhances this effect and supports a smoother transition.

Taken together, these results stress the importance of pairing carbon pricing or brown capital
taxation with well-designed redistribution mechanisms. Fiscal policy can do more than just price

externalities; it can shape the pace, cost, and distributional impact of the green transition.
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TABLE 1. Steady-state shares of energy use and energy production & great ratios

Description EA US RW

Energy-related variables

Energy share in consumption 5.1 3.8 3.6
Brown energy share in consumption 3.5 2.7 25
Green energy share in consumption 1.5 1.1 11

Brown energy share in intermediate goods production 4.7 5.0 3.8
Production of tradable goods 2.7 2.8 22
Production of non-tradable goods 21 23 16

Green energy share in intermediate goods production 2.3 2.3 1.7
Production of tradable goods 1.3 14 1.0
Production of non-tradable goods 1.0 0.9 08

Energy investment to GDP 3.1 29 23
Brown investment to GDP 21 20 16
Green investment to GDP 1.0 09 0.7

Great ratios (as a share of GDP)

Private consumption 59 64 65
Public expenditure 25 19 21
Private investment 15 15 14
Imports total 19 15 8.5
Imports consumption 12 9.5 83
Imports investment 3.7 42 27
Import content of exports 25 09 1.5

Notes. This table reports the calibrated steady-state shares of energy consumption and
energy production. All values are expressed in percent. The calibration targets are mostly
based on data from the OECD, Eurostat, and Coenen et al. (2024). EA denotes the Euro
Area, US the United States, and RW the Rest of the World.
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TABLE 2. Energy-related structural parameters I

Consumption basket

Substitution btw non-energy and energy (ec)
Substitution btw brown and green energy (epg)

Share of non-energy (v¢)

Share of brown energy in total energy consumption (vg)

Intermediate-good firms: tradable sector
Capital share (arp)

Substitution btw non-energy and energy (er)
Share of non-energy (vyr)

Substitution btw brown and green energy (eg)
Bias towards brown energy (vgr)

Intermediate-good firms (non-tradable sector)
Capital share (ay)

Substitution btw non-energy and energy (ey)

Share of non-energy (vy n)

Bias towards brown energy (vgpn)

Carbon emissions

Carbon intensity of brown energy (¢)
Carbon intensity of tradable goods (¢1)
Carbon intensity of non-tradable goods (¢2)

Brown energy sector
Bias towards brown capital (yg)

Green energy sector
Bias towards green capital (y¢g)

Final brown investment-good firms

Substitution btw. domestic and imported trad. goods (urrp)
Bias towards domestic tradables goods (vrrp)

Substitution btw. tradables and non-tradables (u;p)

Bias towards tradable goods (v;p)

Substitution across imported goods (urarB)

Final green investment-good firms

Substitution btw. domestic and imported trad. goods (urra)
Bias towards domestic tradables goods (vrrg)

Substitution btw. tradables and non-tradables (urg)

Bias towards tradable goods (vyg)

Substitution across imported goods (prarra)

EA

0.40
1.80
0.95
0.72

0.30
0.4
0.96
1.8
0.69

0.27
0.4

0.96
0.70

380
41
41

0.71

0.71

1.50
0.52
0.50
0.45
2.50

1.50
0.52
0.50
0.45
2.50

UsS

0.40
1.80
0.96
0.72

0.30
0.4
0.96
1.8
0.69

0.27
0.4

0.96
0.73

865
63
63

0.71

0.71

1.50
0.52
0.50
0.45
2.50

1.50
0.52
0.50
0.45
2.50

RV

0.4
1.6
0.€
0.7

0.
0.4
0.€
1.6
0.7

86.
63
63

EA = Euro Area; US = United States; RW = Rest of World
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TABLE 3. Energy-related structural parameters II

Mark-up
Price elasticity of demand for brown energy varieties (6p)
Price elasticity of demand for green energy varieties (6¢)

Real rigidities

Brown energy investment (7yrp)

Green energy investment (y7a)

Import of brown energy investment (yrar73)
Import of green energy investment (vyras7G)
Utilization of brown capital (v,p)
Utilization of green capital (vuq)

Nominal rigidities
Brown energy goods sector
Price stickiness (£p)
Price indexation (xp)
Green energy goods sector
Price stickiness (£¢)
Price indexation (xq)

Fiscal instruments

Carbon tax (7F7)

Tax on I-households brown capital income (77%8)
Fraction of subsidy to green energy firms (gg)
Fraction of subsidy to non-Ricardian households (%)
Fraction of subsidy to green investment (uk)

EA

(@)

N DN Ot Ot

2000
2000

0.25

0.25

0.039
0.16

Us

(@)

N DN Ot Ot

2000
2000

0.25

0.25

0.039
0.16

RW

D

N DN Ot Ot

2000
2000

0.25

0.25

0.039
0.16

EA = Euro Area; US = United States; RW = Rest of World
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TABLE 4. Non-energy economy: Rigidities

EA US RW
Mark-up
Wages — households 1.30 1.10 1.10
Prices — domestic tradable goods 1.20 1.20 1.20
Prices — domestic non-tradable goods 1.50 1.50 1.50
Real rigidities
General capital utilization (7,) 2000 2000 2000
Non-energy Investment (v7) 6.00 4.00 4.00
Imports — consumption 2.00 2.00 2.00
Imports — investment 1.00 1.00 1.00
Nominal rigidities
Households
Wage stickiness 0.90 0.75 0.75
Wage indexation 0.5 0.5 0.5
Tradable goods sector
Price stickiness (domestic goods) 0.9 0.75 0.75
Price indexation (domestic goods) 0.50 0.50 0.50
Non-tradable goods sector
Price stickiness (domestic goods) 0.9 0.75 0.75
Price indexation (domestic goods) 0.50 0.50 0.50
Region sizes 0.18 0.26 0.56

EA = Euro Area; US = United States; RW = Rest of World

BANCO DE ESPANA 56 DOCUMENTO DE TRABAJO N.° 2537



TABLE 5. Households

EA US RW
Discount factor (3) 1.0371 1.037 1 1.0371
Intertemporal elasticity of substitution (o~ !) 1.00 1.00 1.00
Inverse of the Frisch elasticity of labor (¢) 2.00 2.00 2.00
Habit persistence (k) 0.90 0.90 0.90
Share of non-Ricardian households (w) 0.33 0.25 0.25
Depreciation rate (0) 0.025 0.025 0.025
Depreciation rate (dp) 0.025 0.025 0.025
Depreciation rate (d¢) 0.025 0.025 0.025

Note: EA = Euro Area; US = United States; RW = Rest of World
TABLE 6. Monetary and Fiscal Policy
EA US RW

Monetary authority
Inflation target (IT') 1.02 1.02 1.02
Interest rate inertia (¢r) 0.87 0.87 0.87
Interest rate sensitivity to inflation gap (¢r) 1.70 1.70 1.70
Interest rate sensitivity to output growth (¢y) 0.10 0.10 0.10
Fiscal authority
Government debt-to-output ratio (BY) 2.40 2.40 2.40
Sensitivity of lump-sum taxes to debt-to-output ratio (¢p, ) 0.10 0.10 0.10
Consumption tax rate (7¢) 0.183 0.077 0.07
Dividend tax rate (77) 0.00 0.00 0.00
Capital income tax rate (75) 0.19 0.16 0.16
Labor income tax rate (77) 0.122 0.154 0.15
Rate of social security contribution by firms (7Vr) 0.219 0.071 0.07
Rate of social security contribution by households (7V#) 0.118 0.071 0.07

Note: EA = Euro Area; US = United States; RW = Rest of World
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FIGURE 1. Schematic representation of the model

Trade with
foreign blocks ‘

Perfectly competitive firm

Perfectly competitive firm

Monopolistic competition
with Calvo pricing

| | | Monopolistic competition
with Calvo pricing

Notes: This figure shows a simple chart of the input and output flows across production sectors in the extended version of the C-EAGLE model.



FIGURE 2. Impulse Responses to a carbon tax shock in the EA
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid
lines represent impulse responses after a carbon tax shock without subsidies. Red-dashed lines represent
impulse responses after a carbon tax shock with subsidies to green energy-producing firms with ¢}, =
0.33. Black-dashed-dotted lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and financially constrained households (FC-HH) with ¢} = <& = 0.33.
Green-circled lines represent impulse responses after a carbon tax shock with subsidies to green energy-
producing firms and financially constrained households (FC-HH) under a primary balance neutral policy,

ie. b =¢¥ =0.5.
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FIGURE 3. Impulse Responses to a carbon tax shock in the EA
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid
lines represent impulse responses after a carbon tax shock without subsidies. Red-dashed lines represent
impulse responses after a carbon tax shock with subsidies to green energy-producing firms with ¢}, =
0.33. Black-dashed-dotted lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and financially constrained households (FC-HH) with ¢ = <& = 0.33.
Green-circled lines represent impulse responses after a carbon tax shock with subsidies to green energy-
producing firms and financially constrained households (FC-HH) under a primary balance neutral policy,

ie. ¢f =¢§ =0.5.
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FIGURE 4. Impulse Responses to a carbon tax shock in the EA
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid
lines represent impulse responses after a carbon tax shock without subsidies. Red-dashed lines represent
impulse responses after a carbon tax shock with subsidies to green energy-producing firms with ¢}, =
0.33. Black-dashed-dotted lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and financially constrained households (FC-HH) with ¢} = <& = 0.33.
Green-circled lines represent impulse responses after a carbon tax shock with subsidies to green energy-
producing firms and financially constrained households (FC-HH) under a primary balance neutral policy,
i.e. g}g = gg = 0.5.
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FIGURE 5. Sacrifice ratios
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Notes: Sacrifice ratios of carbon tax and subsidy policies on impact, 4 quarters, 8 quarters and 12 quarters
ahead, respectively. The ratios are computed as the cumulative response of GDP over the cumulative
response of annualized inflation.

BANCODEESPANA 62  DOCUMENTO DE TRABAJO N.° 2537



FIGURE 6. Impulse Responses to a global carbon tax shock with subsidies
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FIGURE 7. Impulse Responses to a brown-capital rental income tax shock in the EA
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FIGURE 8. Impulse Responses to a brown-capital rental income tax shock in the EA
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tions). GDP and its components are reported in real terms.
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FIGURE 9. Impulse Responses to a brown-capital rental income tax shock in the EA
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quarters. Vertical axis: percentage deviations from the baseline, except for inflation and interest rates
(annualized percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point devia-
tions). GDP and its components are reported in real terms.

BANCO DE ESPANA 66 DOCUMENTO DE TRABAJO N.° 2537



Online Appendix Not for Publication

A Production Structure of the Economy

This appendix complements Figure 1 by presenting the key equations that define each stage of
production. We begin at the bottom right of the figure with energy production and move upward
through the stages until we reach the final consumption good composite. While we aim for a

symmetric structure across subsections, we include additional details where necessary for clarity.

A.1 Brown and green energy producers

Brown and green energy producers operate under monopolistic competition and use Cobb-
Douglas production technologies. Each brown brand is produced by a firm b from a continuum of
mass s (b € [0,5]), and each green brand by a firm g from the same continuum (g € [0, s™7]).

Output net of fixed costs is given by:

Yii(b) = zmi (KB,(0)™ (NP()' " — ¢ (A1)

YE,(9) = 20 (KE(9) (NP(9) ¢ —va (A:2)

Here, ¥ p and ¢ are fixed costs common to all firms in each sector. Inputs include homogeneous
capital services, th(b) and th (9), and differentiated labor services, NP (b) and NP (g). Capi-
tal is supplied competitively by households, while labor services are supplied under monopolistic
competition. Sector-specific productivity is captured by zp; and zg .

Firms choose inputs to minimize costs, taking factor prices as given. Since all firms face the
same input prices and use identical technologies, nominal marginal costs are the same for every

firm within each sector. This leads to the following marginal cost expressions:

! 1-vB
M = K \7B 1 Wg N
CB,t ZBJ’V%B (1 — ’yB)lf'YB (Rth) (( + Ty )Wt> ( 3)

= 1 K \7G Wr 1—va
MCG,t - ZG,t’Yg;G(l _ 70)1,%; (RG,t) ((1 + 7 )Wt> (A.4)
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where R[g , and Rg , are the rental rates of brown and green capital, respectively, and W; is the
aggregate wage index.

Prices are set a la Calvo (1983). Optimal reset prices satisfy:

Pp, 0  Fpy

L —_bBt A5
Ppy O —1 Gpy (A.5)
Poy bc Fay

L &t A6
Pg 4 g —1 Gay (4.6)

]SB,t and f’G,t are the optimal reset prices, g and fg are the elasticities of substitution across
varieties, and Fj;, Gj; (for j € B,G) are standard sector-specific terms reflecting expected
discounted profits and demand. Their definitions are provided in the main text.

Lastly, the aggregate brown energy price index is a weighted average of the price reset in the
current period and the past price adjusted by past and steady-state brown energy inflation. The

aggregate green energy price index follows the same structure, formally given as:

_\1-0p _ \1-6g] 105

Por = | (Poamgin ) 0 (Ba) )T A
N\ 1-06g - \1-0c] TG

Per = [SG (PG,t—lﬂéf’t_ﬂlG XG) +(1-¢&) <PG,t> ] (A.8)

A.2 Intermediate goods firms

Firms produce tradable and non-tradable intermediate goods under monopolistic competition.
Each tradable brand is produced by a firm h from a continuum of mass s (h € [0, s//]). Similarly,
each non-tradable brand is produced by a firm n from the same continuum (n € [0, s*]). Both

sectors use brown and green energy goods.

Technology. FEach non-tradable and tradable intermediate good, respectively n and h, is pro-

duced according to:

1 ep—1 1 ep—1 er—1
YTs:t (h) = 214 [V;/TT (KtD (h)*" NtD (h)l_aT) T+ (1 —vwyp)er (EtD) T —Yr (A9)
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1 en—1 en—11en—-1

4 1 ENTZ
YN, (n) =2ng |52 (KtD (n)*~ NP (n)l_aN) N+ (L-vyn) N (BP) N — 1N
(A.10)
with total energy, EP(-), decomposed as:

D P ep—1 1 eg=1 e;—l
BP0 = (vif (Baa0) 5 + (1 = ver) (B ) (A1)

D — eg—1 a1 gl e;,l
EP(0) = (v Baan) 5+ (0= vew) ¥ (Eau(m) ) (A12)

Y and ¥y are fixed costs, identical for all firms within each sector. The inputs include homoge-
neous capital services, K”(n) and K/ (h), and differentiated labor services, N (n) and N (h).
Capital is supplied by domestic households under perfect competition, while labor is supplied
under monopolistic competition. In turn, Fp;(2) and Eg (%) denote the demand for brown and
green energy goods by intermediate goods firms. The parameter v, g represents the share of
brown energy in their total energy consumption, and eg is the elasticity of substitution between
brown and green energy goods. Finally, zn; and 27 are sector-specific productivity shocks.
Tradable and non-tradable goods producers face a carbon tax, TtEB , levied as a surcharge on
the price of brown energy. As a result, the energy price index for intermediate goods producers

is defined as: )

l—ep

- VET>P5,;€E) (A13)

l—e€g

Peri = (VET ((1 + TtEB)PB,t)

1

1—€E q
+ (1 — VEN)PQLL (A.14)

l—eg

Pent = (VEN <(1 + TtEB)PB,t>

where Pp; and Pg; denote the prices of brown and green energy goods, respectively. Expenditure

minimization yields the following standard demands for brown and green energy:

Ep —€E
Epi(z) = <(1+;t—Et)PBt) vEy(z) (A.15)
P, B
Eqi(z) = (%) (1 —v)E(z), for z = h,n
Bt

where Pg; and v correspond to Py, and vgy for non-tradable firms, and to Prr; and ver

for tradable firms.

BANCO DE ESPANA 69 DOCUMENTO DE TRABAJO N.° 2537



Cost minimization. Firms belonging to the intermediate sectors take the rental cost of cap-
ital R and the aggregate wage index W; as given. Firms belonging to the tradables sector
demand capital and labor services to minimize total input cost RFKP (h) + PET,tEg’t (h) +
(1 + 7V ) WiNP (h) subject to the production function (A.9). Similarly, firms in the non-
tradables intermediate sector minimize the cost RX KP (n)+Prn+EP (n)+ (1 +VF ) WiNP (n)
subject to the production function (A.10).

The first-order conditions of the firms’ cost minimization problem with respect to capital and
labor inputs - respectively K (n) and N (n) for the non-tradables sector, K (h) and N/ (h)
for the tradables sector - are sector-specific. Given that all firms face the same factor prices and

all firms use the same technology, the nominal marginal cost is identical across firms within each

sector (i.e. MCny = MCy(n) and MCry = MCy (h)):

l1—e 1—e
RK ar 0 l—ar T B T
MCry = zpy |wyr ( (OET;@Z ( 1(_;)T)1_QT> + (1= vyr) Ppri (A.16)
1
[o _ l—en l—epn
B RK N (Qt)]. N .
MCyy = 23k |vrw < (a<N>taf)v o + (1= vyn) PERY (A.17)

where ), = (1 + TtWF> W;.

Price setting. Firms in the tradable and non-tradable goods sectors operate under monop-
olistic competition and set prices infrequently following Calvo (1983). Tradable goods firms
sell domestically and abroad using local currency pricing, setting different prices by destination
market. Non-tradable goods firms sell only domestically. The price setting setup follows Gomes

et al. (2012) and is not reproduced here for brevity.

A.3 Final goods sector: non-energy consumption goods

Each perfectly competitive final non-energy consumption good firm x € [0, '] produces a non-

energy consumption good, QY (z), with the following CES technology:

pc=1| uo—-1

QY (x) = |vbe TTE (gc)”%1 + (1 —ve)NTE (z) +e (A.18)
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where:
V]
brc=1l| ppo—1

C uTc brc—2 c
TTE (x) = |viee HIC (2) #re + (1 — vre) IME () Frc (A.19)

In the expressions above, TTC (z) and NTE (z) denote the tradable and non-tradable goods,
respectively, used to produce the final non-energy consumption good. Parameter v € [0,1]
captures the share of tradables in the production process while parameter puc > 0 denotes
the elasticity of substitution between tradables and non-tradables in production. Subsequently,
HTF (x) and IMC () in the tradable goods aggregator (A.19) denote the home and the imported
tradable goods used in the production of the final non-energy consumption good. The parameter
vre € [0,1] captures home bias while parameter purc > 0 is the trade elasticity. Imports IME (x)

are a CES function of basket of goods imported from other countries:

c H,CO\ TG H,CO H,CO e
I (@) = | S (o) e (10 @) (1= T35, @) ) e (A.20)
CO+#H
where puryrc > 0 and the coefficients vg\’/[cé) are such that:
0<uid <1, > wiid =1 (A.21)

CO#H

The term F?Afco t< x) represents adjustment costs on bilateral investment imports of country H

from country C'O:

7a,HCO c 2
e (x) = 1€ ( ci 0)/% @) —1> ; yime 20 (A.22)

IMC ¢ A H-CO
2 Ct 1/Qt 1

A.4 Final goods sector: non-energy investment goods

Similar to the non-energy final consumption good firm above, the competitive final non-energy
investment good firm z € [0,s] produces a non-energy investment good, Qf(x), with the

following CES technology:

M1
pr—1 pr=1| uy—1

Qf(z) = v/ TT} (z) "1 + (1 —vr)NT/ (x) i (A.23)
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where:
1 HTI
prr—1 prr—1 npr—1

TT!(z) = w7 HT/ (x) #r1 + (1= vp) IM] () #r1 (A.24)

In the expressions above, T'T/ (x) and NT/(z) denote the tradable and non-tradable goods,
respectively, used to produce the final non-energy consumption good. Parameter vy € [0, 1] cap-
tures the share of tradables in the production process while parameter p; > 0 denotes the elas-
ticity of substitution between tradables and non-tradables in production. Subsequently, HT}(x)
and IM/(x) in the tradable goods aggregator (A.24) denote the home and the imported trad-
able goods used in the production of the final non-energy investment good. The parameter
vrr € [0,1] captures home bias while parameter pupyr > 0 is the trade elasticity. The imported

goods aggregator I M} () is a CES function defined in a similar fashion as in (A.20) above.

A.5 Final goods sector: brown energy investment goods

Each perfectly competitive final brown energy investment good firm z € [0, s”'] produces a brown

energy investment good, Q}Z(z), with the following CES technology:

HIB
-1 nrp—1 1 wrp—1 _
1% ) = [ 71 @)+ (- o) N )| (A2
where:
B 1 B wrip—1 1 IB prrp=1 u;?ffil
TT;" (z) = {v;%ff HT; " (z) #1158 + (1 —vpp)rris IM, 7 (x) 115 } (A.26)

The brown investment good is produced using two intermediate inputs: a basket NT/? of non-
tradable intermediate goods and a composite bundle TT/? of domestic (HT/?) and imported
(IM}P) tradable goods. The parameter j;p > 0 denotes the intra-temporal elasticity of substi-
tution between tradable and non-tradable goods, while v;p € [0, 1] captures the share of tradable
goods in production. For the tradable bundle, urrp > 0 denotes the elasticity of substitution
between domestic and foreign tradable intermediate goods, and vrrp € [0, 1] indicates the share

of domestic goods.
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Imports IM/B(z) are themselves a CES aggregate of goods imported from other countries:

HIMIB

H.CO\ iTais H,CO H,CO e I
P (@)= | 3 (vfsiz) P (100 (@) (1-T09, @) ) e (A.27)
CO#H
where pryrp > 0 and the coefficients vg\’/[c[% are such that:22
H,CO H,CO
0<vgp <1, Vv = 1 (A.28)

CO+£H

The term I'; ]\’f]g p (z) represents adjustment costs on bilateral investment imports of country H

from country CO:

7aHC0 B 2
PHCO () ’YIMIB( 1By (2) /9 (x)_ )  viais >0 (A.29)

B\ ¥ 2 1.CO
2 Migi=1/ Q/F
A.6 Final goods sector: green energy investment goods

The production structure for green energy investment goods mirrors that of brown investment
goods, with the same nested CES framework and analogous parameters specific to the green

sector. Therefore, we simply report the key equations below, as detailed in the main text:

HIG

L rrg=1 1 nrg=17 pIG—1
{ (w) = [v;‘éGTTJG (z) M6 + (1 —vig)m6 NT}C () wie } (A.30)

G a prrg=1 1 a rrrg—l u;?éc—l
TT/C (z) = [ j‘i?éc HT[C (z) #1164+ (1 — vprg)ric IMIC (x) #ric ] (A.31)

H,CO 2
00 (p) = MMIG (IMIG,t (z) / Qi () B 1) e >0 (A.32)
Uinnie, (2) = H,CO ’ :
2 IMIG,t—1/QL{§1

22The subscript letters TMIB refer to imports of tradable goods to produce a brown investment good .
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A.7 Households: energy and non-energy consumption bundles

Both financially constrained (z = j) and unconstrained (z = ¢) households consume energy and

non-energy goods via a CES aggregator:

cc
ec—1 ec—1

Ci(z) = (ug,c Ct(2) 0 + (1= vo) @ Ca(2) )60_1 (A.33)

where Cy(z) is non-energy consumption, Cg +(2) is energy consumption, v¢ € [0, 1] is the weight
on non-energy goods, and ec > 0 is the elasticity of substitution.

Energy consumption is itself a CES composite of brown and green energy goods:

°BG
epg—1 1 EBG_I)EBG_I

1
Cri(z) = (IJEBG Cpi(z) 8¢ + (1 —vp)Bc Cgy(z) °BG (A.34)

where Cp(2) and Cg¢(z) denote brown and green energy consumption, vg € [0, 1] is the share
of brown energy, and egg > 0 is the elasticity of substitution between brown and green energy
goods.

For tractability, we assume identical preferences across household types, so that v and vg
do not vary with z. This guarantees a unique aggregate consumption price index, which we use
as the model’s numeraire. Therefore, the aggregate price index for the final consumption bundle
is:

1
Pes = (voPE, + (1 —ve) P ) (4.3

where Pc; is the price index of non-energy goods and Pg,, ; is the price index of energy goods.
Since vo = v¢o,1 = V¢, J, this index is common across household types.

The energy goods price index is given by:

1

1—e
+(1—vp) Pé;ﬁBG) e (A.36)

l—epa

Popt = (VB <(1 + TtEB)PB,t)

B is the carbon tax

where Pp; and Pg; are the prices of brown and green energy goods, and TtE
levied on brown energy goods. Since vp = vp; = v, j, this energy price index is also common

across household types.
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B Household Behavior and Decision-Making

This appendix presents the households’ optimization problems. We aim to keep the discussion
brief while providing a clear view of their behavior. For a full treatment, see Gomes et al.
(2012). As explained in the main text, there are two types of households, that can be financially
unconstrained (Ricardian) or not. Ricardian households are indexed by i € [0,s% (1 — w)].
They participate in financial markets, where they buy and sell domestic government bonds and
internationally traded bonds, accumulate physical capital (regular, brown or green) and rent it
to firms, and hold money for transaction purposes. Non-Ricardian households are indexed by
je(sf(1—-w), s ]. They do not trade financial or physical assets but can smooth consumption
over time by adjusting their money holdings. Both types of households supply differentiated labor
services and set wages in monopolistically competitive markets. We first describe the behavior

of Ricardian households, then turn to non-Ricardian households.

B.1 Financially unconstrained households

The representative financially unconstrained household i chooses consumption and investment
goods, Cr; and Iy, respectively; the levels and utilization rates of three types of capital: gen-
eral physical capital K41, brown capital K; g 11, and green capital K7 g 41, along with their
utilization rates uy, ur B+, and ur g ; holdings of domestic government bonds By ;41 and inter-

nationally traded bonds B}it +1; and money balances My, in order to maximize lifetime utility:

o) 1—0o
1 -k (Crigr — kCripqir—1 1 14¢
E § k ’ ’ - —_N B.1
t[koﬁ <1_‘7< -k 14 ¢ Ditk (B.1)

subject to its budget constraint equation (45) in the main text. The resulting optimality condi-

tions are standard. The marginal utility of consumption is captured by the Lagrange multiplier:

(Cl,t—ﬁcl,tq > -7
1—
. (B.2)

IR SR VRS

Ary

which accounts for the fact that consumption expenditures are subject to a value-added tax and

to a proportional transaction cost. Intertemporal choices involving domestic and foreign bond
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holdings are governed by Euler equations. For domestic bonds, the condition is:

Arivr
BRE, [A—”HC; H} =1 (B.3)

)

while for internationally traded bonds it is:

BRVS (1 —Tp-4) E
£ ( t) Iy ALy C,t+1 Sfl’US

(B.4)

HUS
AI,t+1 -1 St+1 ]:1

where, as explained in the main text, Sfl US

is the nominal exchange rate, expressed in terms of
units of Home currency per unit of the US dollar. In addition, rp; is a risk premium shock. The
adjustment cost for foreign bond holdings is given by:

Sf[’USBZkH -
FB*,t = YB* | €Xp W - BY -1 - Dt (B5)

Optimal money holdings are governed by another Euler condition:

Ars1 1 5
with the velocity of money defined as:
(1 +TtC)P(CtC[t
Uit = — B.7
t M1 (B.7)
The function I', ; captures the cost of using money for transactions:
FvI,t = Yw,1VIt + Yv,2 v;tl - 2\/ Yv,1Vv,2 (B8)
with marginal cost:
Pg),,t = Yol — Vo2 Ul_,tz (B.9)
Capital accumulation in regular, brown and green capital evolves by:
Kf,t+1 - (1—5) Kf,t+<1_rl,t)II,t (BlO)
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Kipiy1 =1 —=6B) Kipy+ (1 —Lipe) I1py (B.11)
Krgirn =1 —6c)Kige+ (1 —Tra) Irce (B.12)

where investment adjustment costs for regular capital are modeled as:

I Ity 2
'/ == =~ 1 B.13
n= (g 1) (3.13)
and its derivative is:
I
It—1

Adjustment costs for brown and green investment follow the same functional form as for regular
capital, and are omitted for brevity. Varying the intensity of regular capital utilization gives rise

to the standard optimality conditions:

Rf =T, Py (B.15)
Rg,t = F;th Prp (B.16)
Rg,t = F;G,t Pra (B.17)

with the utilization cost function for regular capital given by:

T (1/8 =1+ 0)g — 67 P;
u,t — —
(1 —7%) Py

(ury — 1) + %(uu —1)? (B.18)

and its derivative:
(1/8 =1+ 0)q — 67 Py
(1 —7%)Pr

Pt = + Yu2(urg — 1) (B.19)

Adjustment costs for brown and green investment follow the same functional form as for regular

capital, and are omitted for brevity. The first-order condition for investment equates the marginal
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cost of investment to its marginal benefit:

Pry Aren ;g
i — — ! I 2
Pes =Qrs (1 —Tpy 1) + BE AI,t Qri+1 1741 1, (B.20)
P A I}
;,it =QBt (1 —Tipe —Tip, Ipy) + BE _%QIB t+1 07441 ];’Tf:l] (B.21)
Prc A 2
19 = Qrey (1 —Tray —Uigy Lay) + BE | =22 Qrait Dy sy~ (B.22)
Pcy I Ay I,
Finally, the arbitrage condition for holding physical capital is:
Arin x  RES
Q1 = BE; (1=06)Qraq1 + [ (1 —73q) 5——ues1 (B.23)
Ars Pci11
K K Prin
+ (Tt+15 - (1~ Tt+1) FuﬂH—l) P
C,t+1
B Agi41 Kp Rg,tﬂ
Qi = BE; . (1-90p) QB+ | (1—71.7) 2 UB t+1 (B.24)
It C,t+1
Prp i1 ) )}
T, 5 TKB Fu > -
( t+19B — ( t+1) Bit+1 P(C,t+1
Arii1 Rg,tﬂ
Qi = BE; A, (1-06) Qraer1 + | 1 +759) D UG, 11 (B.25)
It C,t+1
Pra
+ (15380 = (14 789 Tugan) FE21) )

Pc 41

Each household acts as a wage setter for its differentiated labor services Ny ; in monopolistically
competitive markets. Wages are determined by staggered nominal contracts a la Calvo (1983).
Each household receives permission to optimally reset its nominal wage contract in a given period
t with probability 1—¢;7. All households that receive permission to reset their wage contracts in a
given period ¢ choose the same wage rate W]’t. Those households that do not receive permission
to re-optimize are allowed to update their wage contracts according to the following indexation
scheme:

Wi(i) = (e )T X Wiy (4), (B.26)

that is, the nominal wage contracts are indexed to a geometric average of past (gross) consumer
price index (CPI) inflation, IIc;—1, and the monetary authority’s (gross) inflation objective IL.

X1 € [0,1] is an indexation parameter. Letting n; denote the elasticity of substitution between
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the differentiated services of labor varieties supplied by unconstrained households leads to the

standard pricing equations:

e 14+¢nr
WI,t _ nr h (B 27)
Pcy nr—1 grs
n1(1+¢)
W 11 (1+¢) 1+ I
fre= (P_“) (NF) ‘ + BEIE % frist (B.28)
C.t I 11
. nr—1
%% I II
gre = A (1= = 7") ( Bt ) NP+ BErE, | | =25 Gl (B.29)
g,
1 1 1 !

—1— NI e —Nr|1l-ng

Wi = [& <(HC,t—1)XI 11 XIWI,t—l) +(1-¢&1) <W1,t) ] (B.30)

B.2 Financially constrained households

Financially constrained households are almost identical to those who are unconstrained, the only
difference being that the former are cut from financial markets. Nonetheless, they can smooth
consumption by adjusting their holdings of money. The representative financially constrained
household j chooses consumption C;; and money balances M;; in order to maximize lifetime

utility:

Ey

oo 1-0o
1—-k (C —wC _ 1
k Jit+k It+k—1 14¢
E ———N B.31
p (1—0( 1—k ) 1+¢ J7t+k>] (B.31)
k=0
subject to its budget constraint equation (49) in the main text. The marginal utility of con-

sumption is:

Crt=rCri1) "7
11—k

Ajy = B.32
! 1 + TtC + FUJzt + F'/UJ,t vJ7t ( )

where v, is the ratio of consumption purchases to money holdings:

(]_ + TtC)P(C t(CJt
V= ” B.33
My, (B.33)
and I'y ; is the transaction cost function, given by:

Loyt = o0 + %,2?@1 — 2/ w1 Vw,2 (B.34)
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with derivative:

F;)J,t = Yv,1 — ’71),27);7? (B35)

The Euler equation for real money holdings is:

Agip1
BE, { A;: iy 4 =1-T w7, (B.36)

Wage settings are identical for both types of households. The resulting pricing equations are:

—~ 1+¢n.
WJ,t ’ _ nJ M (B 37)
Pcy ny—1gjt .
ns(1+¢)
W, n7(1+¢) e yiq
fe=(B2) e || S e (B39
’ C,t
—1
N wis (Wi b Ic 41 "
gt = AJ,t(1 - Ty T T ) ﬁ NJ,t + BEs By m 9Jt+1 (B.39)
’ C,t

1
1-ny

+ (1= &) (W)t (B.40)

—1— 1-ny
Wi = [&] ((H(C,t—l)XJH XJWJ,t—l)

C Market Clearing Conditions

Having summarized the key equations for each stage of production and the behavior of house-
holds, we conclude by stating the main market clearing conditions. The market clearing condition

for the non-tradable intermediate good n is:

Yy, (n) = NTF (n) + NT/ (n) + NT/® (n) + NT/ (n) + G¢ (n), ¥n (C.1)
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H

Aggregating over the continuum of firms (s'* is the size of the domestic economy):

H
1 S
Ve = g [ Ve an (€2)

1 st
ZS_H/O

— NEC—FNTtI—f—NEIB +N1—;§IG+G'L‘

(NT (n) + NT} (n) + NT/® (n) + NT/C (n) + Gy (n) dn>

For each tradable intermediate good, aggregating across firms, the following market clearing

condition holds:

Y7 (h) = HTE (h)+ HT! () + HT/P (h) + HTC () + > 1M () (C.3)
CO+H
+ >0 My + > TP () + YT IS (), A
CO#H CO+H CO+H

Aggregating across firms:

H
1 S
Y5, = e /0 Y7, (h) dh (C.4)
1 ("

= o7 ( /0 (HTE (h) + HT/ (h) + HT!? (h) + HT/C (b)) dh)

H
1 ® C,co CO CO G,CO
+— /O Y (IMt (h) + IM]CC (h) + IM]PC0 (h) + 1M} (h)) dh
COZH

Total supply of the composite labor bundle equals total demand by firms in tradables and non-

tradables intermediate sectors:

_LSHDnn SHD SHD SHD
No= (/O NP(n)d +/O N; (h)dh+/0 N; (b)db+/0 N (g)dg> (C.5)

D D D D
= NN,t + NT,t + NB,t + NG,t
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The equilibrium in the market for brown energy is summarized by:

(C.6)

Ypi =
H
1 1 s (1—w) 1 s s s
PE— — - - _ . . E E
o [1 o /0 Cp(i) di + o /sH(l—w) Cp1(j)dj +/0 B.t(h) dh +/0 B.+(n) dn]
= Cpu(1)

I+ CB,t(J) + EBT,t + EBN,t
Similarly, the equilibrium in the market for green energy is summarized by:

Yo, = (C.7)

H H H

H
1 st (1-w) 1 s o S s
—/ Cag (i) di + — " / Cai(j) dj +/ Eg(h)dh +/ Egi(n) d”]
0 0 0

A(1-w)

= Ca(I) +Cau(J) + Egrt + Egnt

where EgT,t = SLH fOSH Eg(h)dh and Egny = SLH fOSH Eg(n)dn is the total demand for green
energy by the domestic tradable good and the non-tradable good sector, respectively. The market
clearing conditions, jointly with the budget constraints of the households and the fiscal authority,
imply the following aggregate resource constraint (taking into account that Gy is non-tradable

good, and hence, Pg; = Py ):

Py;Y; = Poy Q? + PpCpt+ PgiCat + Pry Q{ + Py QtIB + Pray Q{G (C.8)
cO
o
+PNT,t Gt + Z UH XtH,COP)Ig’%CO COH Z PIHMC;O HCO
CO#£H CO#£H

or identically:

Py Yy = Poy (Cy +Tyy) + PeiChyt + PgiCay + Pry (It + Iy 1K) (C.9)

+ Prpy (IB t +TuptKBt) + Prat (Igt + Tug it Kar) + PnriGe

+ Z XH COP)IgtCOIMCO H P;{MiOIMf’CO
CO;AH CO+#H
sH(1-w) sH
= [ @ a@ it [ TG a6 @ (©10)
0 s (l-w
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where o, X; and Py, are the size of the country (domestic H or foreign CO), the real exchange
rate (euro-dollar) and the export deflator, respectively. Total imports of country H from country

CO are defined as:

| _ pHCO | _rHCO | _ pHCO
H,CO _ C,co IMC ¢ 1,00 IMI ¢t IB,CO IMIB ¢
IMC t IMIt IMIB ¢
H,COt _ H,CO H,cO\’ z
Uinezy =1=Tpyz, — <FIMZ,t> IM; Z €{C,1,1B} (C.12)

/
where (F?A’fZOJ is the first derivative of I‘g\’fzot with respect to imports IMZ.

Domestic holdings of foreign bonds, denominated in foreign currency, evolve according to:

R? -t SH,US :
t
where T B} stands for the Home economy’s trade balance:
cO
_ S H,CO pH,CO CO,H H,CO H,CO
TBf' = > — S Py CIME T > Phl 1M, (C.14)

CO#H CO#H
Finally, the aggregate output is defined as follows:

Py, = PryYp, + PnyYR, + P Yo, + Poy Yoy (C.15)

where the price indices have been defined in the sections above.
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D Additional Figures and Robustness Analysis

FicURE D.1. Impulse Responses to a carbon tax shock in the EA — Spillover effects to the US
and the rest of the world
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent the spillover effects to the US after a carbon tax shock in the EA without subsidies. Red-dashed
lines exhibit the spillover effects to the RW after a carbon tax shock in the EA without subsidies.
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FI1GURE D.2. Impulse Responses to a carbon tax shock in the EA — Spillover effects to the US
and the rest of the world
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent the spillover effects to the US after a carbon tax shock in the EA without subsidies. Red-dashed
lines exhibit the spillover effects to the RW after a carbon tax shock in the EA without subsidies.
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FIGURE D.3. Impulse Responses to a carbon tax shock in the EA — Green energy subsidies
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Notes: Red-dashed lines represent impulse responses after a carbon tax shock with subsidies to green
energy-producing firms with ¢ = 0.33. Black-dashed-dotted lines represent impulse responses after a
carbon tax shock with subsidies to green energy-producing firms and financially constrained households
(FC—HH) with g}; = gg = 0.33. The carbon tax-related subsidies shown here are expressed as a percentage
of GDP. Horizontal axis: quarters. Vertical axis: percentage-point deviations from the baseline.
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F1GURE D.4. Impulse Responses to a carbon tax shock in the EA — The role of targeted green
energy subsidies to FC-HH
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Notes: Black-dashed-dotted lines represent the baseline impulse responses after a carbon tax shock with
subsidies to green energy-producing firms and financially constrained households (FC-HH) with g};’ =
gg = 0.33. Black-circled lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and targeted green subsidies to financially constrained households (FC-
HH) with g}g = gg = 0.33. Horizontal axis: quarters. Vertical axis: percentage deviations from the
baseline, except for inflation and interest rates (annualized percentage-point deviations), and the trade

balance-to-GDP ratio (percentage-point deviations). GDP and its components are reported in real terms.
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F1GURE D.5. Impulse Responses to a carbon tax shock in the EA — The role of targeted green
energy subsidies to FC-HH
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Notes: Black-dashed-dotted lines represent the baseline impulse responses after a carbon tax shock with
subsidies to green energy-producing firms and financially constrained households (FC-HH) with ¢}, =
gg = 0.33. Black-circled lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and targeted green subsidies to financially constrained households (FC-
HH) with ¢} = gg = 0.33. Horizontal axis: quarters. Vertical axis: percentage deviations from the
baseline, except for inflation and interest rates (annualized percentage-point deviations), and the trade
balance-to-GDP ratio (percentage-point deviations). GDP and its components are reported in real terms.
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F1GURE D.6. Impulse Responses to a carbon tax shock in the EA — The role of targeted green
energy subsidies to FC-HH
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Notes: Black-dashed-dotted lines represent the baseline impulse responses after a carbon tax shock with
subsidies to green energy-producing firms and financially constrained households (FC-HH) with ¢}, =
gg = 0.33. Black-circled lines represent impulse responses after a carbon tax shock with subsidies to
green energy-producing firms and targeted green subsidies to financially constrained households (FC-
HH) with ¢ = ¢§ = 0.33. Horizontal axis: quarters. Vertical axis: percentage deviations from the
baseline, except for inflation and interest rates (annualized percentage-point deviations), and the trade
balance-to-GDP ratio (percentage-point deviations). GDP and its components are reported in real terms.
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FIGURE D.7. Impulse Responses to a permanent carbon tax shock in the EA
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Notes: Following Coenen et al. (2024), we calibrate the initial level of the carbon tax rate such that
the resulting carbon tax revenues represent approximately 1.8% of GDP. The policy experiment then
consists of a linear increase in the carbon tax rate by around 65% over a nine-year period, aligning with
the target effective carbon rate (ECR) of 140 euros per ton of COy by the end of the horizon. We also
follow a similar Taylor rule as in Coenen et al. (2024), where the monetary authority is assumed to
stabilize annual consumer price inflation, excluding energy, around the target. Horizontal axis: quarters.
Vertical axis: percentage deviations from the baseline, except for inflation and interest rates (annualized
percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point deviations). GDP
and its components are reported in real terms. Blue-solid lines represent impulse responses after a carbon
tax shock without subsidies.

BANCO DE ESPANA 90 DOCUMENTO DE TRABAJO N.° 2537

quarters

EA - Inflation (annualized)

0.2f ' ]
0.1F 1
0 | | | | |
0 10 20 30 40 50 60
0 EA - Total investment
-0.5 ,\/A
-1F 4
15 | | | 1 |
0 10 20 30 40 50 60
EA - Real interest rate
0 T T T T T
-01 '\/ |
-0.2 : : : : :
0 10 20 30 40 50 60
EA - REER
0 : : : : :
-0.5+ 1
At 4
-1.5¢ 1 1 1 1
0 10 20 30 40 50 60
0 EA - Total carbon emissions
ot J
4+ 4
0 10 20 30 40 50 60

quarters



FIGURE D.8. Impulse Responses to a permanent carbon tax shock in the EA
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Notes: Following Coenen et al. (2024), we calibrate the initial level of the carbon tax rate such that
the resulting carbon tax revenues represent approximately 1.8% of GDP. The policy experiment then
consists of a linear increase in the carbon tax rate by around 65% over a nine-year period, aligning with
the target effective carbon rate (ECR) of 140 euros per ton of COy by the end of the horizon. We also
follow a similar Taylor rule as in Coenen et al. (2024), where the monetary authority is assumed to
stabilize annual consumer price inflation, excluding energy, around the target. Horizontal axis: quarters.
Vertical axis: percentage deviations from the baseline, except for inflation and interest rates (annualized
percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point deviations). GDP
and its components are reported in real terms. Blue-solid lines represent impulse responses after a carbon

tax shock without subsidies.
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FIGURE D.9. Impulse Responses to a permanent carbon tax shock in the EA
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Notes: Following Coenen et al. (2024), we calibrate the initial level of the carbon tax rate such that
the resulting carbon tax revenues represent approximately 1.8% of GDP. The policy experiment then
consists of a linear increase in the carbon tax rate by around 65% over a nine-year period, aligning with
the target effective carbon rate (ECR) of 140 euros per ton of COy by the end of the horizon. We also
follow a similar Taylor rule as in Coenen et al. (2024), where the monetary authority is assumed to
stabilize annual consumer price inflation, excluding energy, around the target. Horizontal axis: quarters.
Vertical axis: percentage deviations from the baseline, except for inflation and interest rates (annualized
percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point deviations). GDP
and its components are reported in real terms. Blue-solid lines represent impulse responses after a carbon
tax shock without subsidies.
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F1GURE D.10. Impulse Responses to a carbon tax shock in the EA — The role of sticky prices

EA - GDP EA - Inflation (annualized)
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario. Red-
dashed lines represent impulse responses after a carbon tax shock without subsidies and higher sticky
prices in the brown energy sector (£ = 0.9). Black-dashed-dotted lines exhibit impulse responses after
a carbon tax shock without subsidies and higher sticky prices in the green energy sector ({g = 0.9).
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F1GURE D.11. Impulse Responses to a carbon tax shock in the EA — The role of sticky prices
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario. Red-
dashed lines represent impulse responses after a carbon tax shock without subsidies and higher sticky
prices in the brown energy sector (£ = 0.9). Black-dashed-dotted lines exhibit impulse responses after
a carbon tax shock without subsidies and higher sticky prices in the green energy sector ({g = 0.9).
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F1GURE D.12. Impulse Responses to a carbon tax shock in the EA — The role of sticky prices

EA Tradables sector - Brown energy employed A EA Tradables sector - Green energy employed
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario. Red-
dashed lines represent impulse responses after a carbon tax shock without subsidies and higher sticky
prices in the brown energy sector (£ = 0.9). Black-dashed-dotted lines exhibit impulse responses after
a carbon tax shock without subsidies and higher sticky prices in the green energy sector ({g = 0.9).
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FIGURE D.13. Impulse Responses to a carbon tax shock in the EA — The role of monetary

policy
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid
lines represent impulse responses after a carbon tax shock without subsidies in our baseline scenario.
Red-dashed lines represent impulse responses after a carbon tax shock without subsidies and targeting
headline inflation in the Taylor Rule.
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FIGURE D.14. Impulse Responses to a carbon tax shock in the EA — The role of the elasticity
of substitution between brown and green energy
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario (egg = 1.8
and eg = 1.8). Red-dashed lines represent impulse responses after a carbon tax shock without subsidies
and with higher elasticity of substitution between brown and green energy, both at the household and
intermediate firm level (egg = 4 and eg = 4).
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FIGURE D.15. Impulse Responses to a carbon tax shock in the EA — The role of the elasticity
of substitution between brown and green energy
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario (egg = 1.8
and eg = 1.8). Red-dashed lines represent impulse responses after a carbon tax shock without subsidies
and with higher elasticity of substitution between brown and green energy, both at the household and
intermediate firm level (epg =4 and egp = 4).
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FIGURE D.16. Impulse Responses to a carbon tax shock in the EA — The role of the elasticity
of substitution between brown and green energy
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Notes: Impulse responses to a rise in carbon tax in the EA that raises the price of brown energy by
1% on impact. Horizontal axis: quarters. Vertical axis: percentage deviations from the baseline, except
for inflation and interest rates (annualized percentage-point deviations), and the trade balance-to-GDP
ratio (percentage-point deviations). GDP and its components are reported in real terms. Blue-solid lines
represent impulse responses after a carbon tax shock without subsidies in our baseline scenario (egg = 1.8
and ep = 1.8). Red-dashed lines represent impulse responses after a carbon tax shock without subsidies
and with higher elasticity of substitution between brown and green energy, both at the household and
intermediate firm level (egg =4 and eg = 4).
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FIGURE D.17. Impulse Responses to a brown-capital rental income tax shock in the EA —
Higher substitutability between tradables and non-tradables in final brown investment
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Notes: Impulse responses to a rise in tax on rental brown capital income in the EA. Horizontal axis:
quarters. Vertical axis: percentage deviations from the baseline, except for inflation and interest rates
(annualized percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point devia-
tions). GDP and its components are reported in real terms. Blue-solid lines represent impulse responses
after a brown-capital rental income tax shock without subsidies in our baseline scenario (u;p = 0.5).
Red-dashed lines exhibit impulse responses after a brown-capital rental income tax shock without subsi-
dies and with higher elasticity of substitution between tradables and non-tradables in production of the

final brown investment good (urp = 3).
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F1GURE D.18. Impulse Responses to a brown-capital rental income tax shock in the EA —
Higher substitutability between tradables and non-tradables in final brown investment
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Notes: Impulse responses to a rise in tax on rental brown capital income in the EA. Horizontal axis:
quarters. Vertical axis: percentage deviations from the baseline, except for inflation and interest rates
(annualized percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point devia-
tions). GDP and its components are reported in real terms. Blue-solid lines represent impulse responses
after a brown-capital rental income tax shock without subsidies in our baseline scenario (u;p = 0.5).
Red-dashed lines exhibit impulse responses after a brown-capital rental income tax shock without subsi-
dies and with higher elasticity of substitution between tradables and non-tradables in production of the

final brown investment good (urp = 3).
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F1GURE D.19. Impulse Responses to a brown-capital rental income tax shock in the EA —
Higher substitutability between tradables and non-tradables in final brown investment
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Notes: Impulse responses to a rise in tax on rental brown capital income in the EA. Horizontal axis:
quarters. Vertical axis: percentage deviations from the baseline, except for inflation and interest rates
(annualized percentage-point deviations), and the trade balance-to-GDP ratio (percentage-point devia-
tions). GDP and its components are reported in real terms. Blue-solid lines represent impulse responses
after a brown-capital rental income tax shock without subsidies in our baseline scenario (urp = 0.5).
Red-dashed lines exhibit impulse responses after a brown-capital rental income tax shock without subsi-
dies and with higher elasticity of substitution between tradables and non-tradables in production of the
final brown investment good (u;p = 3).
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