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Abstract

How should monetary policy respond to climate policy shocks? We develop an
Environmental New-Keynesian model with green and fossil energy to assess the
macroeconomic impacts of carbon pricing and green subsidy shocks and to identify
the optimal monetary policy responses. Our findings indicate that these shocks
create a policy trade-off between stabilizing inflation and the output gap. This
trade-off is resolved in favor of output-gap stabilization, with optimal monetary
policy focusing on dampening real output fluctuations while temporarily looking
through inflation movements. Dual mandate Taylor rules yield lower welfare costs
than inflation-only targeting rules and align the welfare performances of core and
headline inflation targeting regimes.
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1 Introduction

Complying with international climate targets and keeping global warming well below 2°C
will require a massive amount of resources to flow to low-carbon sectors in the upcoming
years (IPCC, 2022). The transition to a sustainable economy will imply substantial
changes both in energy consumption and production, and a significant restructuring of
most economies, as relative prices across sectors will adjust. While setting appropriate
climate policies to navigate the challenges of the transition will be a primary focus for
fiscal authorities, there are aspects that directly speak to the way monetary policy is
conducted.

This paper studies the optimal monetary policy response to climate policy shocks
(i.e. rises in carbon prices or green subsidies) and employs it as a benchmark to evaluate
the welfare costs of various Taylor rules that focus on either headline or core infla-
tion. While climate policies such as carbon pricing and green subsidies are designed to
correct an environmental externality and be efficient in this strict sense, their imple-
mentation in an environment characterized by nominal rigidities can generate short-run
distortions and inefficient interactions that end up being directly relevant for monetary
policy. Additionally, while the underlying externality is global, in our setting climate
policy is undertaken at the level of the Euro Area, and this implies that climate policy
shocks necessarily reflect only a partial and uneven correction of the externality from
the perspective of domestic monetary stabilization.

To conduct our analysis, we develop a multi-sector Environmental Dynamic Stochas-
tic General Equilibrium (E-DSGE) model! with price and wage rigidities and a distinc-
tion between core and headline inflation. The results on optimal monetary policy are
derived from the perspective of a social (Ramsey) planner who maximizes under com-
mitment the expected discounted utility of households.

Importantly, the model accounts for imperfect substitutability between fossil and green
energy and imperfect complementary between energy and labor, as well as between fos-
sil resources and labor. On the consumer side, we model household consumption as a
mix of non-energy and energy goods, which are assumed to be imperfect complements.
Accounting for these complementarities has non-trivial implications for the adjustment
of the economy to climate policy shocks and for the optimal monetary policy response.
Our key findings are as follows. Firstly, in the presence of imperfect complemen-

tarities in production and consumption, the welfare relevant output-gap is large enough

!Following the terminology introduced by Khan et al. (2019), this class of models refers to Real
Business Cycle (RBC) or New Keynesian (NK) models incorporating environmental characteristics (e.g.
emissions, climate damages).



that the optimal monetary policy response to a carbon price (green subsidy) hike, which
is inflationary and contractionary (deflationary and expansionary), is to lower (increase)
the policy rate. This response aims at dampening real output fluctuations while main-
taining long-term price stability. Secondly, dual mandate Taylor rules perform better
than those targeting only inflation, and rules that stabilize core inflation result in lower
welfare costs compared to those targeting headline inflation. Lastly, the welfare gains
of targeting core inflation diminish in the presence of complementarities between energy
and other production inputs or consumption goods or when dual mandate Taylor rules

are adopted.

Related literature. Our paper primarily contributes to the modeling literature on
the macroeconomic effects of climate policies and their implications for monetary policy.
This literature is still scant but growing rapidly.? One key strand focuses on the business
cycle horizon. Annicchiarico and Di Dio (2015) demonstrate that optimal carbon pric-
ing responses to business cycle shocks depend on price rigidities and monetary policy.
Expanding on this, Annicchiarico and Di Dio (2017) look at the optimal carbon pricing
and monetary policy mix in response to TFP shocks and show that achieving optimal
emissions levels requires high carbon prices and low markups. Annicchiarico and Diluiso
(2019) expand the analysis of climate-monetary interactions to an open economy, demon-
strating that the type of carbon pricing policy adopted by different countries can reverse
the direction of international spillovers from monetary policy shocks. Holteméller and
Sardone (2024) adopt a two-sector model to show that, conditionally to the type of envi-
ronmental policy in place, sector-specific inflation targeting outperform standard Taylor
rules by improving welfare without increasing emissions. Finally, Kéanzig (2023) studies
the macroeconomic effects of carbon pricing shocks finding that they are recessionary
and inflationary and propagate primarily through energy prices.

To the best of our knowledge, our paper is the first to analyze the optimal monetary
policy response to carbon pricing and green subsidy shocks in a multi-sector model with
differentiated energy sectors, and to explicitly examine the welfare benefits of targeting

core versus headline inflation.® In a similar estimated setup, Semik (2025) finds results

2For the monetary policy implications of climate change see, among others, Faccia et al. (2021) and
Kim et al. (2025) for empirical studies and Cantelmo et al. (2024), Giovanardi and Kaldorf (2025),
Annicchiarico and Crofils (2025), and Economides and Xepapadeas (2025) for model-based analysis.
These papers show how climate change, along with climate-related weather shocks and natural disasters,
can affect price stability and, consequently, the formulation of (optimal) monetary policy.

3We focus on temporary and unexpected changes in carbon price that might materialize over the
monetary policy horizon (next 3 years) and affect the way monetary policy is conducted. Prominent
examples of this type of shocks are the fluctuations of the emission permit price in carbon markets as



in line with our optimal monetary policy analysis.

A second strand of the climate-macro literature examines the inflationary impacts
of the green transition. Diluiso et al. (2021) find that an orderly transition has contrac-
tionary effects but minimal impact on price stability. Similarly, Olovsson and Vestin
(2025) report modest, short-lived inflationary pressures, suggesting monetary policy
should focus on core inflation and look through rising energy prices. Coenen et al.
(2024) confirm temporary inflationary effects and a lasting GDP decline. Del Negro
et al. (2023) show that the inflationary effects depend on sectoral price stickiness and
the type of climate policy (taxes or subsidies). They find a sizable but short-lived trade-
off between output and inflation, with efforts to limit inflation potentially causing a
deep recession, while Airaudo et al. (2023) find that monetary policy can help contain
inflationary pressures in the short run, but it has limited ability to offset the real costs
of the transition. Ferrari and Pagliari (2023) and Bartocci et al. (2024) find recessionary
and disinflationary effects, while Annicchiarico et al. (2024) and Ferrari and Nispi Landi
(2025) show that when the rational expectations assumption is relaxed, the transition
can be characterized by higher and more persistent inflationary pressures. Sahuc et al.
(2024) present a model that includes both global warming dynamics and climate policies,
finding that transition policies create long-lasting inflationary pressures. Finally, Nakov
and Thomas (2023) adopt a normative approach to examine how optimal monetary pol-
icy navigates the trade-off between price stability and climate goals. They conclude that
a trade-off arises only in the case of sub-optimal carbon taxes and resolves in favor of
price stability. While we do not focus on transition dynamics, our findings align with
many of the insights provided by transition studies: climate policies’ inflationary impacts
seem to be contained and short-lived compared to output effects. Our contribution em-
phasizes the optimality of dampening output fluctuations in the short-run and restore
price stability in the medium term.

Our paper also contributes to the broader literature on optimal monetary policy in
the presence of supply and sectoral shocks. Our model consists of perfectly competitive,
differentiated energy sectors and a sticky-price intermediate goods sector that uses en-
ergy as an input, and allows for imperfect complementarity between energy and other
production factors, as well as between energy and other consumption goods. In this
respect, our work relates to e.g. La’O and Tahbaz-Salehi (2022) and Rubbo (2023), who

emphasize the role of sectoral heterogeneity and input-output linkages for optimal pol-

the EU Emissions Trading System (ETS) reported in Figure A-1. These movements can be attributed
both to regulatory events, as in the case of the carbon policy surprises identified by Kéanzig (2023), and
economic conditions along the cycle, like the fluctuations in energy markets characterizing the last part
of the sample in Figure A-1.



icy design, as well as to Montoro (2012) and Natal (2012), which highlight how limited
substitutability between energy and other goods generates a non-trivial inflation—output
trade-off. In contrast to these studies, we explicitly model energy production and we
distinguish between fossil and clean sources. By differentiating between core and head-
line inflation, we also connect to Aoki (2001) and Bodenstein et al. (2008), which study
the appropriate inflation target in the presence of sector-specific relative-price shocks.
We find that sectoral climate-policy shocks have sizable effects on aggregate demand
and widen the welfare-relevant output gap, supporting the case for an optimal monetary
policy aimed at stabilizing real activity and, therefore, for a dual-mandate approach con-
cerned with both inflation and real activity.* An important implication of our framework
is that stabilizing headline inflation is not necessarily inferior to stabilizing core inflation
in the presence of imperfect complementarities across inputs and consumption goods.

Finally, we contribute to a recent strand of the literature showing that, in the pres-
ence of inefficient policy distortions, optimal monetary policy may deliberately tolerate
higher inflation and sustain output. Bianchi and Coulibaly (2025), Monacelli (2025),
and Werning et al. (2025) show that, in response to tariff shocks, the optimal monetary
policy entails a temporary increase in inflation and an expansion of output above its
natural level. Consistent with these findings, we show that climate-policy shocks can
generate a similar policy trade-off: since such shocks affect both marginal costs and
aggregate demand, strict inflation stabilization is generally suboptimal.

The paper proceeds as follows. Section 2 describes the model, Section 3 outlines the

calibration strategy, Sections 4, 5, and 6 present the results, Section 7 concludes.

2 The model

We build a New Keynesian model featuring price and wage rigidities and different sec-
tors producing non-energy goods, green energy, and fossil energy. We assume that the
good-producing sector is subject to price rigidities while the two energy sectors work
under flexible prices. This captures the fact that in markets where the goods are differ-
entiated, prices adjust slowly, while prices of energy usually exhibit high variability and
are adjusted frequently. In addition to including energy as a production input demanded
by firms in the good-producing sector, we also consider the energy share consumed by
households. This allows to capture an important component of the aggregate demand

for energy and a relevant transmission channel of climate policy.

4On the demand implications of sectoral supply shocks, see Guerrieri et al. (2022).



2.1 Households

We assume a continuum of monopolistically competitive households indexed by h € [0, 1].
Each household supplies a differentiated labor service N;(h) and posts the nominal wage
Wy (h) at which it is willing to work. A representative labor aggregator N combines

households’ labor services and supplies them to firms:

Ntz(/()lzvt(h)”ng_l)%, (1)

where oy > 0 is the elasticity of substitution between labor services. The aggregator’s
demand for labor is equal to the sum of firms’ labor demands in the three sectors {Y, F,
G}: N = Ny + Np + Ng. The aggregator minimizes its production costs taking each

household’s wage rate as given, and then sells labor to the three production sectors at

the unit cost W:
1 ﬁ
Wy = (/ VW(hﬂ'UW) . (2)
0

Given the wages which are effective at any point in time for the different types of labor

services, cost minimization yields a corresponding demand schedule for the labor service

of household h:
Wi (h) ) W
Ny (h) = | ——= N;. 3
L) = (M t Q
From the three equations above we have that: fol Wi (h) Nt (h) = WiN;. We assume that
each period only a fraction 1 — fy of households, drawn randomly from the population,
re-optimizes its posted nominal wage. Under the assumption of full consumption risk
sharing across households, all households resetting their wage in any given period will
choose the same optimal wage W;. The optimal wage setting problem is presented in
Appendix B.

Households maximize utility out of consumption C; and hours worked:

ks 1 N; (h)'F?
Up=E ﬁ(@C— t>, (4)
0 0;) 1—¢ ! X 1+ ¢

and are subject to the following budget constraint:
PCJCt + Bt = Wt(h)Nt(h) + Dt + Rt—lBt—l + Ptht, (5)

where Pc; is the consumption price index, B; is a one period risk-free public bond,

R, is the risk-free interest rate, D, are dividends from the ownership of firms, and T}



are lump-sum transfers, including proceeding from fossil resources.” The households’
consumption basket is defined as a CES aggregator of energy consumption Cg; and

non-energy consumption (“core consumption”) Cly5:

oc/(oc—1)

C, = [wé/gccgf—l)/ac . WCE)I/JCCgtC_l)/UC} , (6)

where oo < 0 is the elasticity of substitution between core and energy consumption.
The energy consumption bundle is in turn a combination of fossil energy consumption
Cgry and green energy consumption Cpgy :
1 -1 -1 og/(op—1)
Cry = [wdp= CEETVF + (1 - wor)r O Ve : (7)
where o > 0 is the elasticity of substitution between different energy types. The first
order conditions of the utility maximization problem and the demand schedules for Cy,

Ceyt, Ceryt, and Cgg, derived from the intratemporal cost minimization problem are

reported in Appendix C.

2.2 Firms
2.2.1 Final good sector

We assume that firms producing final goods are symmetric and act under perfect com-
petition. In each period the representative firm producing the final good Y; combines
a bundle of differentiated intermediate goods Yj; indexed by j € [0, 1] according to
the following technology: Y; = (fol (Yj,t)(a_l)/g dj) U/(U_l), where o is the elasticity of
substitution among different varieties. The demand schedule for variety j is equal to
Yj: = (Pcv,jt/Povye) Yz, where Poy,jy is the price of good j and Pcyy is the price of the
final good. Perfect competition and free entry drive the final good-producing firms’ prof-

N 1/(1-0)
its to zero. From the zero-profit condition we obtain Pcy,; = ( fol Fey, j’t(l_a)dj> 7 .

2.2.2 Intermediate good sector

Firms in the intermediate sector are monopolistically competitive. Output Yj; is pro-

duced with a CES technology that combines value added V Ay,;; and a bundle of inter-

5In the notation we have dropped the index h for consumption and bonds, since we have complete
markets for consumption, which implies it is identical across households in every period.

5At the aggregate level the consumption basket can be regarded as produced by perfectly compet-
itive consumption distributors whose production function mirrors the preferences of households over
consumption of energy and non-energy goods.



mediate energy inputs Mg ;;:
Y, = [w;/ay (VAYdJ)(ay—l)/ay 4 (1 — oy) ey (MEJJ)(ay—l)/EY}EY/(EYfl) C®)
where ey < 0. Value added is defined as:
V Ay = Ayt Ny,t, 9)

where Ay, is total factor productivity and Ny ;; is labor used by sector Y.
As for consumption, we assume that the intermediate energy composite used by firms is

a CES aggregate of green and fossil energy inputs:

)/sgrE/(EE—l) ’ (10)

Mgy = [@yd MgV + (1 = wue) /P MEE,
where eg > 0. Finally, following Calvo (1983), we assume that prices of differentiated
goods are sticky and are changed at exogenous random intervals. A fraction 1 — 0y €
(0,1) of firms can change their prices at each period ¢, while the others must continue
charging their old prices. The typical firm able to re-optimize in period ¢ will choose
the optimal price, P;, to maximize the current market value of the expected profits
generated while that price will stay put. Firms in this sector choose labor, intermediate
energy inputs and prices as to maximize profits. The optimal price setting problem is
described in Appendix B while the optimal demand for labor and energy, as well as the

optimal energy mix chosen by firms are reported in Appendix C.

2.2.3 Energy sectors

The energy market is perfectly competitive and composed by firms producing green
energy and firms producing energy based on fossil fuel sources.

Green energy is produced according to:
Egt = ActNayt, (11)

where Ng represents the labor demand by the green energy sector and Ag + is the sector-
specific productivity.

Fossil energy, instead, is produced according to:

-1
Epy = {wé/sp (VAFJ)(EFA)/EF (- wO)l/sFOgstl)/EF}EF/(eF ) ’ (12)



where ep < 0 is the elasticity of substitution between fossil resources and labor inputs,
Oy represents fossil resources, and V Ag; is defined as VAgr; = ApNpy.

The price of fossil resources Pp is determined exogenously on international markets and
is taken as given by firms. Production in the fossil energy sector entails emissions X; as
a byproduct. In particular, we assume that X; = £O;, where £ is a scale parameter. We

assume the stock of cumulative emissions, Z;, in the atmosphere evolves as:

Zi—Z=(1-3d7) (Zt_l - 7) + X+ X[V (13)

where X; is the country’s emissions flow, Z is the pre-industrial concentration of pollu-

tant, 7 € (0,1) measures the natural rate at which the atmosphere recovers and X /W

are emissions from the rest of the world, that we keep constant for convenience.”

The first order conditions from the cost minimization problems of energy firms can
be found in Appendix C.
2.3 Aggregate output, monetary policy, and climate policy

To obtain a measure of aggregate output, we consider production in the public, inter-
mediate and energy sectors, net of the expenses for intermediate inputs. GDP in the

model can be defined as:
GDP, = FPov,Cyy + PepiCry. (14)
Monetary policy is conducted according to the following Taylor rule:
7= (%) (G G (15
R R IIe GDPF;

where GDP; is output under flexible prices and wages, R is the steady state value of

the interest rate and Ilg is the steady state value of headline inflation, defined as:

P l—0o¢ P l—oc | T=0¢

CEt— CY,t—

ey = |wep | Top,—2t—t + (1 —wep) Moy ——t=L . (16)
Pei Pci—

Poy: Poji—1
Poy Pov,i—1

Pcrt Popi—1
Pcy Pcg—1

where Ilcg; = ¢ is the energy inflation rate and oy, =

Cit

“We do not model the effects of the pollution stock on the economy since on the horizon we consider
climate damages hardly materialize and therefore do not analyze optimal climate policies or transition
dynamics. Including feedback effects from pollution does not alter the results of our analysis (results are
available upon request).



is our measure of core inflation.

On the fiscal side, we abstract from the existence of public debt and assume that the
fiscal authority runs a balanced budget at all times. We assume that fossil resources are
extracted with no cost by the government, which sells them to fossil energy producers and
distributes the proceeds as lump-sum transfers to households together with the revenues
from climate policy. We explore two types of climate policies: a carbon pricing 7, on the
use of fossil fuels, whose proceedings are redistributed lump-sum to households,® and a
subsidy 7, ; on the price of green energy, financed via lump-sum taxes. The government
budget reads as:

T = To,tPOOt - Tg,tPG,tEG,ty (17)

where Pg; is the price of green energy and the fiscal instruments are modeled as AR(1)
processes: 10g 71 = polog Toi—1 + Mot Mot ~ N(0,0,) and log Tt = PglogTgi—1 + Mgt
Tlg,t ~ N(O, O'g>.

3 Calibration

The model is calibrated at a quarterly frequency using Euro Area data. Table 1 presents
the steady-state targets and parameter values. We start by normalizing prices and core
consumption Cy to 1 and then match a set of expenditure shares, production shares,
and environmental targets. Our calibration strategy is the following.

The subjective discount factor 3 is set to 0.99, consistent with a real annual interest
rate of 4%. The risk aversion parameter ¢, and the inverse of Frisch elasticity ¢ are set
to 1.5 and 0.7, respectively, based on estimates by Diluiso et al. (2021).

Price and wage contracts are assumed to have a duration of four quarters, leading
to 0y = 0.75 and Oy = 0.75. Empirical estimates for the markups in the major EU
economies range from 1.1 to 1.5 (see e.g. Deutsche Bundesbank, 2017), therefore, we
assume an elasticity of substitution between good varieties and between labor services
equal to 6, implying a markup of 1.2.

The elasticity of substitution between energy and labor inputs, €y, and between core
consumption and energy consumption, o¢, is set to 0.4 implying imperfect complemen-

tary.? The quasi-share of energy in the consumption basket, wcp, and the quasi-share

8Note that since we assume that emissions are proportional to Oy, the implementation of this upstream
carbon price is equivalent to a downstream price on emissions. Note also that unlike an oil price shock,
which would imply a transfer of resources abroad given that the euro area is largely an oil-importing
region, carbon pricing generates fiscal revenues that remain domestic and are redistributed to households
in our framework. This distinction is relevant for the macroeconomic transmission of the two shocks.

9This is consistent with the literature on Integrated Assessment Models (see e.g. Aboumahboub

10



of value added in the production function of the intermediate sector, wy, are calibrated
as to obtain energy expenditure shares of 6% in consumption and 7% in production, in
line with the OECD TiVA database (see Coenen et al., 2024).

Evidence on the elasticity of substitution between fossil and renewable energy is
limited, but long-run estimates range from 1.8 and 3 (Papageorgiou et al., 2017). Con-
sidering the short-run nature of our model we opt for a value in the lower end of the
range and set o and eg to 2. We set the share of renewable energy in the consumption
(7) and production energy bundles (10), as to have an overall energy mix in the economy
of 20% renewable and 80% fossil, in line with the current Euro Area energy mix. We
set the weight of labor in the fossil energy sector, wp, to match the 70% share of fossil
resources used in production, as reported by Coenen et al. (2024) based on the OECD
TiVA database. The elasticity of substitution between labor and fossil resources, ep, is
set to 0.3 following Diluiso et al. (2021).

To calibrate the environmental part of the model we anchor the stock of atmospheric
carbon concentration to 891 gigatons of carbon (GtC), the approximated value observed
in the no-policy scenario in the DICE model in 2020 (see e.g. Nordhaus, 2018). We
know that the pre-industrial atmospheric concentration of carbon, Z, is approximately
581 GtC (Golosov et al., 2014) and we set the quarterly decay rate of greenhouse gases
dz t0 0.0021 to reflect a half-life of carbon in the atmosphere of almost 83 years (Reilly
and Richards, 1993). From (13) we obtain the worldwide emissions flow. Based on
emission data provided by Crippa et al. (2021) we set the share of Euro Area emissions

on worldwide carbon dioxide emissions, X, to 7.3%. X fW

and the scale parameter &
are implied.
Finally, in the baseline calibration, the policy parameters of the Taylor rule are set

to tr = 1.5, 1y = 0 and tg = 0.

4 Optimal monetary response to climate policy shocks

This section illustrates how carbon pricing and green subsidy shocks transmit into the
economy and the associated optimal monetary policy response. The results are derived
by solving the problem of a social (Ramsey) planner who maximizes the expected dis-
counted utility of households (4) given the constraints of the decentralized economy

reported in Appendix C.'0 In particular, we assume that the planner represents a mon-

et al., 2020) and with DSGE models with clean and fossil energy (see e.g. Annicchiarico et al., 2017 and
Varga et al., 2022).
0The problem is solved numerically via Dynare 5.5 (Adjemian et al., 2024).

11



Table 1: Calibrated Parameters and Steady-State Ratios

Description Value
Steady state ratios
PopCg/PcC Share of energy in consumption 0.06
PypMg/PoyY Share of energy in production 0.07
Erp/(Mg+ Cg) Share of fossil energy in total energy 0.80
PoO/PrEF Share of fossil fuels in fossil energy production 0.70
X/(X 4+ X7ow) Share of Euro Area emissions 0.073
Z Stock of carbon (GtC) 891
Preferences Parameters
154 Discount factor 0.99
¢ Risk aversion coeflicient 1.5
%) Inverse of Frisch elasticity 0.7
Price and Wage Setting
Oy Calvo’s price parameter 0.75
Ow Calvo’s wage parameter 0.75
o Elasticity of substitution between good varieties 6
ow Elasticity of substitution between labor services 6
Consumption
oo Elasticity between C and Cg 0.4
oE Elasticity between Cgg and Cgp 2
WCOE Weight of energy in consumption 0.06
wWeFR Weight of fossil energy in consumption 0.80
Production
ey Elasticity between Ny and Mg 0.4
€E Elasticity between Mgg and Mgp 2
wy Weight of labor in core production 0.92
TMG Weight of clean energy in production 0.20
eF Elasticity between Ng and O 0.3
wo Weight of labor in fossil energy production 0.3
Environmental Parameters
Z Pre-industrial concentration of carbon 581
0, Decay rate of greenhouse gases 0.0021
13 Emissions scale parameter 0.6166
Monetary Policy
LR Smoothing parameter of the Taylor rule 0
Ly Output gap coefficient of the Taylor rule 0
Ly Inflation coefficient of the Taylor rule 1.5

etary authority that chooses the policy rate {R;}72, given exogenous processes {7y ¢+ }72
with k € {0, g} and is able to commit to the contingent policy rule announced at time 0.

We calibrate the carbon pricing shock to induce a 5% reduction in emissions within

12



the first year in a flexible economy (i.e., an economy without price and wage rigidities).
This reduction aligns with the average annual cuts in emissions required from 2024 to
2030 to keep a trajectory consistent with limiting global warming to below 2°C (United
Nations Environment Programme, 2023). We set the standard deviation of the green
subsidy shock to be the same as the carbon pricing case. The persistence of the shocks
is set to 0.9.

4.1 Carbon pricing shock

Figure 1 and 2 illustrate the reaction of the economy to a carbon pricing shock in
our baseline economy under optimal monetary policy (solid line) and in the economy

characterized by flexible prices and flexible wages (dashed line).

Relative Price (Pr/Pg) Fossil Energy Green Energy Price of Energy
10 0 10 6
8 8
2 4
6 6
X X X X
4
-4 4 2
2 2
0 6 0 0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Energy Green Employment Fossil Employment Emissions
0 10 0 0
1 8 ;
2
2 6
X =X X -2 X
3 4 4
4 2 3
5 0 -4 6
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
‘—Optimal - - - Flex Economy‘

Figure 1: Dynamic response to a carbon pricing shock - Energy variables and emissions

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Prices are expressed in real terms with respect to Pc. Time on the horizontal axis is
in quarters.

Let us start by analyzing the dynamics under the flexible economy. Following the
increase in the price of fossil fuels, directly subject to the carbon pricing scheme, the price
of fossil energy rises, bringing with it a decline in the demand for fossil energy and an
increase in the demand of green energy, which becomes relatively cheaper (substitution
effect). Nevertheless, the overall price of energy increases and we observe a decline
in energy demand (expenditure effect). The latter effect prevails due to the imperfect

substitutability between the two types of energy and the larger share of fossil energy

13



in the energy mix. The change in the relative price between energy sources lead to
reallocation effects in the labor market: employment rises in the green sector and declines
in the fossil sector.

Turning to Figure 2 we can see that core consumption decreases together with energy
consumption with contractionary effects on output. Firms in the good-producing sector
face higher energy prices and they also decrease their labor demand.'' The employment
in the core sector goes down and we observe a decline in the real wage. Overall this
shock leads to a decrease in production and affects households negatively through two

main channels: a decrease in their real wage and an increase in the price they pay for

energy.
Output Core Consumption Core Employment Wage
0 0 0 0
02
X -04
0.6
08
o 5 10 15 20
Headline Inflation Core Inflation Wage Inflation Interest Rate
0.4 0.04 6 0.05~ <
0.03 I\s\
0
o 002 2 .
: 5005
B 001 & &
2
0 -0.1
-0.1 -0.01 0 -0.15
o 5 10 15 20 o 5 10 15 20 0 5 10 15 20 o 5 10 15 20
‘—Optimal - - -Flex Economy‘

Figure 2: Dynamic response to a carbon pricing shock - Macroeconomic variables

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.

Under optimal monetary policy, although not clearly visible due to the scale of the
plots in Figure 1, the relative price between fossil and green energy increases slightly
less than in the flex case leading to a milder decline in overall energy demand, fossil

energy demand, and employment in the fossil sector. The (small) wedge between the

" The effects on overall employment in the economy are slightly positive and driven by the increase
in labor demand in the green energy sector. We have also run a counterfactual simulation in which
green labor supply is kept fixed, effectively preventing any reallocation of labor towards the green sector.
Quantitatively, the results are very similar to those in the baseline model, largely reflecting the relatively
small size of the green sector. This indicates that labor reallocation across energy sectors is not a key
driver of our results.
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two scenarios can be explained by the presence of wage rigidities in the baseline model,
which prevent wages (and consequently energy prices) to fully adjust in response to the
shock. The differences between scenarios can be better appreciated in Figure 2.

From the bottom left panel we can see that higher energy costs translate into higher
headline inflation. They also raise marginal costs in the intermediate-good sector leading
to an increase in core inflation that reacts less than headline but stays above target for
longer. The increase in core inflation is, however, moderate and counteracted by the
contraction in aggregate demand. It is interesting to notice that GDP is higher than in
the flex case, as a result of the monetary policy conduct. The optimal monetary policy
response to a rise in the carbon price is to lower the policy rate, and consequently the
real interest rate upon impact (bottom right panel), to dampen output fluctuations.
By reducing the interest rate, the planner is able to sustain consumption, reduce the
fall in core employment and real wage and cushion some negative income effects of the
shock. The policy trade-off is resolved in favor of output stabilization. This result
is mainly driven by the variable cost shares in production and consumption, resulting
from the presence of the CES aggregators in eq. 7 and 10. Variable cost shares refer
to the proportion of total variable costs attributed to each input and depend on both
relative input prices and the elasticity of substitution between inputs. Unlike the Cobb-
Douglas production function, where input cost shares are constant and directly reflect
the exponents in the production function (i.e., they are fixed regardless of changes in
relative prices), the CES formulation allows for these shares to vary as input prices
change. This variation arises because the elasticity of substitution in the CES case is not
restricted to one (as in Cobb-Douglas), allowing firms to adjust input use more flexibly
in response to price changes. Variable cost shares matter in the context of optimal
monetary policy because they influence how marginal costs respond to shocks, which
in turn affects inflation dynamics and the transmission of policy. In a CES framework,
when the share of an input increases due to a price shock, firms substitute away from
that input depending on the elasticity of substitution. This endogenous adjustment
changes the marginal cost of production dynamically, making inflation more sensitive to
input price fluctuations. As a result, stabilizing inflation may require larger movements
in output compared to a setting with fixed cost shares, such as in a Cobb-Douglas
framework. (see Appendix D.1). As demonstrated by Natal (2012) for oil price shocks,
varying cost shares play a key role in shaping the monetary policy trade-off and perfect
price stabilization in this setting would result in inefficient output fluctuations: the
divine coincidence breaks down.

A rise in the carbon price leads to an increase in both the fossil energy cost shares and
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overall energy cost shares, with implications on production and consumption. Appendix
D.1 sheds light on the role played by complementarities. On the one hand, complemen-
tarities in production amplify the distortion from monopolistic competition. When cost
shares vary, stabilizing marginal costs (and thus inflation) requires a larger reduction
in real wages and employment than in an economy with constant cost shares (e.g., a
Cobb-Douglas economy). On the other hand, as energy directly enters the consump-
tion basket, changes in energy cost shares induced by the carbon pricing shock act as
a distortionary tax on labor income. This effect becomes more pronounced as the com-
plementarity between energy and other goods increases. This channel seems to be the
main driver for the decrease in the policy rate, since the welfare-maximizing policy seeks
to cushions the economy against the real effects of a carbon pricing shock by lowering
the policy rate and sustaining aggregate demand immediately after the shock. Monetary
policy guarantees a milder decline of output and mitigates the direct impact of the shock
on households’ consumption and employment. However, medium-term price stability is
ensured through a credible commitment to stabilize inflation and inflation expectations,
which explains the undershooting of both headline and core inflation shown in Figure 2.

Figure D-1 shows how in a “Cobb-Douglas” economy in which the elasticity between
labor and energy in the intermediate sector, the one between energy consumption and
core consumption, and the one between labor and fossil fuels are all equal to 1, the
optimal reaction to a positive carbon pricing shock is to raise the policy rate. We can
see that, in the presence of constant cost shares, monetary policy can fully stabilize
the output gap. The figure shows that the main factor driving the output gap in the
baseline economy is the varying cost share in consumption, which generates negative
income effects, thereby amplifying the negative demand impact of carbon pricing shocks.

Finally, the transmission of optimal monetary policy is partially influenced by wage
rigidities. Figure D-2 and D-3 illustrate the behavior of optimal policy in the absence
of wage rigidities. As shown by Erceg et al. (2000), while wage stickiness helps limit
the immediate rise in core inflation, it confronts the monetary policymaker with an
additional distortion. In this setting, optimal monetary policy primarily focuses on
stabilizing wage inflation, in line with the goal of sustaining employment and output,
but this comes at the cost of a slower adjustment in core inflation. Without wage
rigidities, the action of the planner is not targeted to the labor market as wage is flexible
and reacts more to changes in the real interest rate. The real wage closely follows the
marginal rate of substitution and declines less than in an economy with rigid wages,
exerting greater pressure on marginal costs. This translates in a sharper increase, on

impact, in core inflation. However the decrease in output and consumption is milder
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and more gradual and monetary policy is able to tame core inflation more rapidly as
the real wage keeps declining in the first quarters after the shocks and price markup
are more strongly reduced. Notably, also in this case, we observe a decrease in the
interest rate, despite the inflationary nature of the shock. This finding highlights the
importance of the output-inflation trade-off, shaped not by wage stickiness but rather

by the underlying structure of the economy.

4.2 Green subsidy shock

We now turn to the transmission of the green subsidy shock (Figures 3 and 4).

Relative Price (Pr/Pg) Fossil Energy Green Energy Price of Energy
0 0 20 0
-0.02 .
1 15 05
-0.04 ;
X -0.06 X -2 X 10 =X
0.08 18
’ 317 5 5
-0.1 :
4 0 25
o 5 10 15 20 o 5 10 15 20 o 5 10 15 20 o 5 10 15 20
Green Employment Fossil Employment Emissions
20 0 0
15 1 1
X 10 X -2 X -2
5 3l 4 3L,/
0 0 -4 -4
o 5 10 15 20 o 5 10 15 20 o 5 10 15 20 o 5 10 15 20
‘—Optimal - - -Flex Economy‘

Figure 3: Dynamic response to a green subsidy shock: Energy variables and emissions

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Prices are expressed in real terms with respect to Pc. Time on the horizontal axis is
in quarters.

Unlike a carbon price increase, which directly discourages fossil energy use, a green
subsidy operates through an incentive mechanism that promotes clean energy adoption.
The subsidy directly lowers the price paid by households and firms for green energy,
inducing a sharp increase in demand for this input. The resulting surge in demand, and
in the employment required in the green sector, raises the real price of green energy and
leads to an increase in the relative price between fossil and green energy. At the same
time, the consumption of fossil energy, which is not subsidized, declines. Overall, energy
becomes cheaper and energy demand increases. This, together with the fact that green

energy accounts only for 20% of the energy mix, explains why, despite the same size of
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the shock, emissions decreases by less than in the carbon pricing case. Qualitatively, the
reaction of energy variables and emissions is similar under optimal monetary policy and

mainly characterized by a milder increase in energy demand.
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Figure 4: Dynamic response to a green subsidy shock - Macroeconomic variables

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.

From Figure 4 we can see that this shock is expansionary. However, the increase in
GDP is completely driven by the increase in energy consumption. Due to the increase in
real wage and the reallocation of labor toward the green sector, firms in the intermediate
sector reduce labor input and production. Core consumption declines as a consequence.
Notwithstanding the deflationary nature of the shock, the optimal monetary response
in this case prescribes an increase in the nominal interest rate to limit the expansion
and volatility in economic activity induced by the subsidy. Optimal monetary policy
again appears to act first on the labor market distortion, containing wage inflation and
trying to avoid the excessive increase in overall employment, driven by increasing labor

demand in the green energy sector.

5 Taylor rules

In this section we compare the dynamic reaction of the economy under different Taylor

rules and evaluate their welfare performance compared to the optimal policy.
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5.1 Dynamic analysis

Figure 5 and Figure 6 show the IRFs to carbon pricing and green subsidy shocks under
optimal monetary policy (solid line), core inflation targeting (dotted line), and headline
inflation targeting (dashed-dotted line). To simplify the comparison, we assume the
Taylor rules react only to movements in inflation, but do not react to movements in the

output gap. The reaction coefficients ¢, is set to 1.5.
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Figure 5: Dynamic response to a carbon pricing shock: optimal monetary policy vs
headline inflation targeting vs core inflation targeting

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.

Starting with Figure 5 we can see that, dynamically speaking, the choice of the infla-
tion measure is non-neutral. Contrary to optimal policy, under both targeting regimes,
the central bank increases the policy rate in response to the shock. However, the mag-
nitude and persistence of the response vary significantly. A headline inflation targeting
leads to a sharper but shorter-lived increase in the policy rate, causing a steeper initial
decline in output and consumption, followed by a quicker recovery at the cost of more
persistent core and wage inflation.

The less accentuated rise of the policy rate under core inflation comes along with an
initial smaller drop in output and consumption, compared to headline inflation. At the
same time, since the policy stays in a restrictive territory for longer, the central bank

stabilizes both core and wage inflation more rapidly but prolongs the negative effects
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on aggregate demand. Overall, core inflation targeting brings the economy closer to the
path achieved under optimal monetary policy.

Turning to the green subsidy case (Figure 6), we observe that, unlike under optimal
policy, both headline and core inflation targeting regimes prescribe a reduction in the
policy rate. The two targeting strategies appear to be more closely aligned than in the
case of a carbon pricing shock. The direct impact on energy prices and headline inflation
is less pronounced than under the carbon pricing scheme, reducing the gap between the
two inflation measures. Notably, the Taylor rules amplify the expansionary effects of the
shock, reversing the sign of core consumption, now boosted by a stronger increase in the
real wage. Overall, both rules increase economic volatility and deviate from the optimal
policy. In this scenario, identifying a targeting strategy that clearly outperforms the

other in aligning with optimal policy is not straightforward based on the IRF analysis.
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Figure 6: Dynamic response to a green subsidy shock: optimal monetary policy vs
headline inflation targeting vs core inflation targeting

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.

5.2 Welfare analysis

In this section, we assess the welfare costs associated with different Taylor rules com-
pared to optimal monetary policy. We consider both inflation-targeting rules and dual
mandate Taylor rules. Given the importance of the economic structure for optimal

policy and welfare (see Section 4), we compare the results obtained in our baseline econ-
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omy with those from a “Cobb-Douglas” economy and their counterparts without energy

consumption.'? The findings are summarized in Table 2.

Table 2: Welfare costs of different Taylor rules

‘ Carbon Pricing ‘ Green Subsidy ‘
‘ Headline Core ‘ Headline Core ‘

Cobb-Douglas

e =1.5,1, =0 0905  .0783 | .0712  .0709
Cobb-Douglas - No Cg

e = 15,1, =0 - 0702 | - 0652
Baseline

tg = 15,15 =0 .0472 .0425 ‘ .0425 .0429
Baseline - No Cg

e = 15,1, =0 - 0319 [ - 0383
Cobb-Douglas - Dual mandate

tr = 1.5,15 = 0.5 .0740 .0720 ‘ .0707 .0705
Baseline - Dual mandate

te = 1.5,04 = 0.5 .0423 .0413 ‘ .0422 .0421

Note: Numbers are computed as percentage deviations of unconditional mean welfare under the two
rules from unconditional mean welfare under optimal policy.

First, the results show that in the Cobb-Douglas economy a simple Taylor approach
leads to higher costs than in the Baseline economy. This is due to the fact that the
planner is faced with lower trade-offs and can induce a higher level of welfare than what
simple inflation targeting can achieve. On the one hand, a Cobb-Douglas production
structure implies constant cost shares and thus reduces the size of the policy-trade off. On
the other hand, the absence of complementarity in production and consumption reduces
the direct distortionary effects of the carbon price hike that come through households’
labor and consumption. Both these channels contribute to attenuate the size of the
trade-off faced by the policymaker. The distance between Taylor rules and optimal
policy is lower in the Baseline case, where the planner is confronted with a larger trade-
off and cannot fully stabilize the economy. Similarly, abstracting from consumption of
energy eliminates the distortion coming from households’ direct response to shocks and

aligns the response of inflation and output gap (see Figure D-1). As overall volatility is

12The reasoning behind this choice is detailed in Appendix D.2, where an approximation to the welfare
of households is derived analytically.
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also reduced, the welfare costs decrease in both economy configurations.

Second, our findings align with previous literature (e.g., Aoki, 2001) suggesting that
targeting core inflation would be better from a welfare perspective than targeting head-
line. Since the price markup influences the intratemporal allocation of energy between
households and firms, monetary policy should stabilize the sticky component of the price
index, which has the greatest impact on welfare. Interestingly, the welfare gap between
core and headline inflation targeting narrows under a more realistic economic structure
(Baseline). In this setting, targeting core inflation is less effective in closing the output
gap compared to a Cobb-Douglas economy, and it incurs the cost of lower consumption
and output levels, as illustrated in Figure 5. In the green subsidy scenario, the welfare
outcomes are similar for both targeting strategies. This is due to the relatively mild de-
cline and low volatility in energy prices, resulting in only a minor difference between core
and headline inflation. Consequently, the choice between the two targeting strategies
has no significant impact on welfare.

Third, dual mandate Taylor rules, which also stabilize the output gap, mitigate both
the welfare costs relative to optimal policy and the welfare gap between the two inflation
measures. These rules are more effective in addressing the trade-off-inducing nature of

climate policy shocks, as they target output gap stabilization in addition to inflation.'3

6 The role of fiscal policy

So far, we have focused on the response of the monetary authority to policy shocks
abstracting from any discussion on the fiscal side.

Recent literature shows that policy interventions in specific sectors can create fiscal
externalities that monetary policy might want to offset. Bianchi and Coulibaly (2025)
make this point for tariffs, arguing that they create a fiscal externality by inefficiently
reducing private incentives to import foreign goods, and that the optimal response of
monetary policy is to stimulate aggregate income in order to counteract this distortion.
When a tariff is introduced, individuals and firms see imported goods as more expensive
than they truly are for society as a whole. This happens because they do not take into
account that higher imports generate tariff revenue for the government, which increases
overall income in the economy. Because of this, people reduce their imports by more

than is socially optimal. In other words, imports fall too much, reason why monetary

BIncluding some degree of interest rate smoothing further aligns the welfare outcomes of the two
inflation measures. All results are robust to a different specification of the welfare costs, as shown in
Appendix D.4.
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policy becomes expansionary.

A similar logic is partially at work also in the current framework: whenever resources
are transferred back to households, agents fail to internalize that in equilibrium higher
demand of fossil energy raises carbon pricing revenues and aggregate income. Thus, the
optimal policy is expansionary, with the aim of sustaining employment and aggregate
income to limit the contraction in the demand. On the other hand, when a subsidy
is financed lump-sum from households, the monetary authority is pushed to cool down
the economy to counteract agents not internalizing that lower demand of green energy
reduces subsidy costs.

Given these premises, in this section we explore qualitatively the implications of
relaxing the assumption that carbon pricing revenues are redistributed lump-sum and
green subsidies are financed lump-sum. Together with the two baseline scenarios, namely
an increase in carbon pricing with revenues redistributed lump-sum (solid line) and an
increase in the green subsidy financed lump-sum (dashed-dotted line), we consider an
alternative fiscal policy design, or policy mix, where both measures are combined and

the green subsidy is financed through carbon pricing revenues (dotted line).
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Figure 7: Dynamic response to climate policy shocks - Energy variables and emissions

Note: Results are reported as percentage deviations (%) from the steady state. All prices are expressed
in real terms with respect to Pc. The shocks represent increases in carbon pricing and green subsidies,
with their magnitudes adjusted to achieve the same emissions reduction within the first year. Time on
the horizontal axis is in quarters.

To conduct the experiment shown in Figure 7, we equalize the shocks based on emission

reduction rather than standard deviation, as in the main analysis. Achieving a 5% annual
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reduction in emissions requires a green subsidy shock that is nearly twice as large as the
one used in the main analysis. We maintain a shock persistence of 0.9 across all scenarios
and assume a pure headline inflation targeting regime.

The carbon pricing shock raises consumer and producer energy prices by about 6% and
increases fossil resource prices by 11%, while the green subsidy reduces energy prices
by approximately 4%, with only a marginal 0.4% increase in the price of green energy.
The policy mix significantly reduces economic volatility, limiting the increase in energy
prices to only 0.5%. The policy mix behaves as an intermediate scenario that achieves
the mitigation target while minimizing volatility in the energy aggregates. By offsetting
fossil fuel taxation with a subsidy for green energy, fluctuations in relative energy prices
are sterilized and expenditure effects are dampened. As a result, aggregate energy prices

remain relatively stable.
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Figure 8: Dynamic response to climate policy shocks - Macroeconomic variables

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.

In Figure 8, we can see that the dynamics of the policy mix largely mirror those ob-
served under a pure carbon pricing policy, except for output, which is slightly positive.
From a monetary policy perspective it is interesting to notice that this policy achieves
the same emissions reduction while exerting less inflationary pressure and allowing for
a small increase in GDP. The policy mix aligns the behavior of output and inflation,
eliminating the trade-off faced by monetary policy under the other two scenarios. As the

policy mix resembles a positive demand shock, monetary policy reacts accordingly by
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increasing the policy rate. Additionally, as the policy mix significantly reduces economic
volatility, monetary policy is less in need of stabilizing the economy and this is reflected
in a milder response of the policy rate. Eventually, assuming an alternative way of em-
ploying resources in the budget constraint by making better use of the available climate
instruments seems to go in the direction of reducing room for monetary policy inter-
vention.'* Overall, the policy mix approach achieves a more balanced macroeconomic

outcome, making it a compelling policy option.

7 Conclusions

This paper investigates the macroeconomic impact of climate policy shocks and how
monetary policy can best respond to them in an economy characterized by price and
wage rigidities and imperfect complementarities in production and consumption between
energy and other production inputs and consumption goods.

We find that climate policy shocks are trade-off inducing for monetary policy. Rises
in carbon prices lead to an increase in inflation and a fall in output, while green sub-
sidies decrease inflation and increase output. Complementarities in production and
consumption makes the trade-off between output and inflation stabilization larger via
distortionary effects on labor and consumption.

In this context, we show that the optimal monetary policy response to an increase

in the carbon price implies a decrease in the policy rate after the shock to help dampen
real output fluctuation. The opposite is true in response to a green subsidy shock.
While long-term price stability is maintained through a credible commitment to keeping
inflation and inflation expectations anchored, in the short run the trade-off is resolved
in favor of output stabilization.
We also show that dual-mandate Taylor rules that place substantial weight on output gap
stabilization perform particularly well. Such rules reduce both the welfare loss relative to
optimal policy and the welfare differences associated with targeting headline versus core
inflation. Although targeting core inflation can lower welfare losses, especially following
a carbon pricing shock, the choice of inflation measure to target becomes less relevant
when monetary policy actively stabilizes the output gap.

More broadly, our results highlight that the optimal monetary policy response to

climate policy shocks reflects a general principle: when shocks introduce inefficient dis-

MThis does not exclude a role for optimal policy, although weakened. The different structure of
climate policy reduces the fiscal externality, but the monetary authority can still find optimal to sustain
aggregate income as higher demand now finances more subsidies. Given the scope of the discussion, we
refrain from exploring other alternatives to employ carbon pricing revenues.
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tortions that simultaneously affect marginal costs and aggregate demand, strict inflation
stabilization is no longer optimal, and monetary policy should instead accommodate

short-run inflation in order to limit welfare-reducing output fluctuations.
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Appendix A: The cyclical evolution of carbon prices
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Figure A-1: Cyclical fluctuations in carbon price under the EU ETS

Note: The figure reports the cyclical component of the series of the price of EUA futures contracts
(converted to quarterly frequency) derived via HP filtering. Vertical dashed lines show the end of each
phase of the ETS (Phase 4 ongoing). Grey bars indicate periods of recessions for the Euro Area according
to OECD indicators.
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Appendix B: Analytical derivations

Appendix B.1: Optimal price setting

We assume that each period only a fraction 1 — 8y of firms j, drawn randomly from the
firms’ population, re-optimize their price to choose the price Pg’Y,j,t that maximizes the
current market value of the profits generated while that price remains effective. Formally,
the maximization problem is the following:

CY.,j,t
max B, Y (0y)" [Qt,wk (P LY — 0 (Yt+k,t)ﬂ ; (B-1)
PCY,j,t k=0 CYt+k
subject to the sequence of demand constraints:
Pove ) *
Yiiiht = <Pjt> Yiik, (B-2)
CYt+k
for K =0,1,2,.... The firm will discount future profits by the gross nominal interest rate

between today, t, and any future date, ¢t + k. The real stochastic discount factor for the
nominal pay-offs is:

Quipr = B ()\;\M) . (B-3)

¢

Y, k)¢ is the output in period ¢ + k for a firm resetting its price at time t and W (Y31 44)
is the cost function depending on output set in period t. At the optimum, the firm able
to reset its price at time t will choose to equate the expected discounted value of real
marginal revenues to that of real marginal costs. The expected discounted value of real
marginal revenues associated with a price changed in period t is:

o0 Pt . -0 Y,
(1—0)E; Z 9§/Qt,t+k < CY:dit ) bk (B-4)

)
prrs Poy i+ Poviyk

while the expected discounted value of real marginal costs stemming from a price change
occurring at time ¢t is:

* —o—1
MCiypy < Py iy > Yiik (B-5)

oo
k
—oEt ) Oy Qv 7
,; Poyiik \ Povi+k Poyiik

By equating the dynamic marginal revenues to the dynamic marginal costs, we have the
following optimal pricing condition:
oo (o]
— o MCiipy
Phy Be Y 03 Quuei Py York = Ee D 05 Qi 1P Py i1 Yirk, (B-6)
where we have dropped the j-index, since all firms able to set their price optimally at
time t will make the same decisions. We can rewrite the above equation as follows:

% oo pk MCi gt (Pcy,t+k>g
PCY,t - o ]Et Zk:o 0YQt,t+k Poy itk Poy, }/t—&—k (B-?)
Peyy Co—1 0o pk Peoy, i1k o-1
7 B X520 0% Que (o222 )" Vg

31



To solve the model we now re-write each of the expected values of the infinite sums in
the above equation recursively, in terms of two artificial variables namely, 21 ; and Qg :

> MCiirt Porar [ Povisk 7
Qe =Er Y 05y Qupn D L D - PY’H Ytk (B-8)
s Cit+k oYtk CY,t
- Povern )
Qo = Ey Z 9§/Qt,t+k <P+> Yitk. (B-9)
—n CYt
The optimal pricing equation can then be expressed as:
Pty . P, Q
eyt ot _ o 1,t’ (B—lO)
Poy Poye o—1Q,
with MC. P
C
L= 5 =LY 4 Oy By Quea TTES 1 Q1 e, (B-11)
Pcy Poyy
Qo1 =Yy + Oy BrQu i 185111 Qa1 (B-12)
where TIfy, = ’;?ij 7;; et
The aggregate price level evolves according to:
1-o s1-o)\1/(1-9)
Peyy = (HYPCY,tfl + (1 —0y)Pry, ) (B-13)

that is to say that the price level is just a weighted average of the last period’s price
level and the price set by firms adjusting in the current period. This equation can be
rewritten in real terms as:

1_
Poy: ¢

P -0 P l1—0o
— Oy TIo L [ 2O (16 ovy¢ . B-14
Poy Yo ( Pe— ( v) Pey ( )

Appendix B.2: Optimal wage setting

Consider a household resetting its wage in period ¢, and let W;* denote the newly set
wage. The household will choose W in order to maximize:

e 1 a1 N
max Eo» (Owp)" | ——C, ., —x =1, (B-15)
”/'t* kz:%] 1 C t+k;t 1 SO

with Ciir and Nyy; denote the consumption and labor supply in period ¢ + & of a
household that last reset its wage in period . The above expression can be interpreted
as the expected discounted sum of utilities generated over the (uncertain) period during
which the wage remains unchanged at the level W}* set in the current period. Maximizing
the expected utility subject to the flow households budget constraint (5) and the sequence
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of labor supply schedules (expressed in real terms) that are effective while W} remains

Wy Poyir P —ow .
2y %ﬁﬁ) Niyk, at the optimum we have that:

in place, Nyjp s = (

W ow (1+¢) 1+ 1+
Wt* 1+owe _ ow E[} Zzoz() (GI/VB)IC X (ﬁ) Hg‘:‘;j‘k SD)Nt(+s SO)
= — W, ow o —
Pcy ow =1 By Y2 (0wB)* A (Pcfffk ) T e Nt

Rewriting the above equation in recursive terms we obtain:

Wy trowe ow Hiy
Ve _ 2Lt
Poy ow — 1 Hay

1+
(W ) ow (1+6)
Hii=x|5— N, + 0w bl T Hit,

w, \ 7" _
Hyp=M| 5| Ne+OwpBUGY | Hopir.
PC,t ’

The aggregate wage index equals:
1
Wi = (0w WS 4 (1= o) W0 )

The equation can be rewritten in real terms as:

— l—O'W l—O'W
W, 1-ow o Wiy W

= =y IIov 1 [ — +(1-6 ¢ .
PC,t Waci PC,tfl ( W) Pcy

)
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Appendix C: Equilibrium conditions

This appendix reports the equilibrium conditions of the economy. The model is expressed
in real terms, using Pc; as numeraire. Lower case letters denote relative prices (i.e.

prices divided by Pc¢).

Households
Crt=N
1

Ry gy

Q¢ = BE; ()\Zl)

Cyy = (1 —wcE)(poy,) 7¢Cy

Cgt = wce(pces) "¢ Cy

—op
Prt
Cert = wor < > Cet

PCEt

—op
Tg,tPG,t

Crat = (1 —wcr) <g> CEt
PCE

PCEr = [WCF (pFa)' 7% + (1 — wer) (pG.e)

Hey = {WCE (Megperi—1) ¢ + (1 — weg) (HCY,tpCY,tfl)liac}

_PcEt

Hep: = I
PCEt—1
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Moy = II
pCcyt—1

Firms

Intermediate goods sector
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Appendix D: Optimal monetary policy

Appendix D.1: Analytical details

This section of the Appendix enriches the discussion on the carbon pricing shock in the
main text by providing analytical insights from the first-order approximation of some
equations of the model. The definition of real marginal costs is:

mer — poye = [(1 — ay) + ay (1 — ama) + dyame(l — &o)| (0 — Povie)

S (D-1)
+ ayaypcao(Por — Pevie),
where
B PME l—ey ~ PF l—ep . PO l—ep

The weight of the price of the fossil resource po; in the definition of the real marginal
costs depends therefore on three components. As the two types of energy are considered
to be substitute in production and ep > 1, a higher share of fossil energy used in
overall energy production implies more substitution, thus making real marginal costs
less sensitive to increases in fossil resource prices. On the other hand, as the fossil
resource is a complement to labor in fossil energy production and er < 1, an increase in
Do, has greater impact on real marginal costs when the economy depends more on fossil
resources. More notably, as energy is a complement to labor in the production of the
core good and ey < 1, real marginal costs are more sensitive to changes in the price of
the fossil resource when the economy is less competitive, or the degree of monopolistic
competition MC~! is greater. A planner concerned with price stabilization is then
faced with a bigger trade-off when the economy is on a more distorted steady state' and
depends more on fossil resources, although the fossil resource price elasticity of marginal
costs is also partially reduced by the possibility to substitute fossil with green energy.
Under these conditions and when the production of core goods relies heavily on the
labor input factor, keeping real marginal costs constant would indeed entail a bigger
drop in the real wage, with employment and output falling correspondingly. Note that
the inflation-output trade-off stems also from the input-output structure of the economy,
which makes marginal costs in the core sector dependent on the price of fossil fuels both
directly and indirectly via the product wage.

Investigating the definition of consumption, it is possible to appreciate how an increase
in the price of fossil resources induced by a carbon price hike acts as a tax on labor
income when core good and energy consumption are complement:

&= 1—ace)i
3 - . A - . (D-2)
— 0EACE {[aCF(l — o)+ (1 — acr)|(W; — poet) + dordo(Por — pCE,t)} ,

! Assuming away steady-state distortions does not alter significantly the dynamics of the optimal
monetary response, especially when they are removed separately. Reducing the sensitivity of marginal
costs to the price of the fossil resource can anyway affect computationally the reaction on impact of the
policy rate in the face of a carbon pricing shock.
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where

—oc

~ P l-0g
acp = wer (Pop)t r ) )

, OCF = WCF (PCE

The impact of an increase in pp ¢ on total consumption is again magnified by the economy
being more dependent on fossil resources for the production of energy, while on the other
hand is attenuated by the possibility to substitute for green energy in consumption. More
notably, an increase in po; has a negative effect on total consumption which is larger
when the latter depends more on energy, and core goods and energy consumption are
complement, with oo < 1.

On a final note, recall that full price stabilization would be anyway unfeasible for a
planner because of wage rigidities that would limit the response of salaries required to
keep marginal costs constant. As households do not all immediately adjust their salary,
wage inflation is defined according to:

(1—06w)(1—Bw) . R
R p— (W — mirsy), (D-3)

fwye = BEiwir1 — B(1 — 0w )Eefrop1 —
where
mArst = ¢ﬁt + Cét (D-4)

Thus, a planner is also faced with the problem of reducing wage dispersion across house-
holds and can end up prioritizing wage inflation and output stabilization, while tolerating
fluctuations in real marginal costs on impact.
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Appendix D.2: Inspecting the welfare mechanism

In this subsection, we examine more in detail the economy’s welfare function. To do so,
we take a second-order approximation of household h’s utility fol (Ug(h) = U)dh/(UcC),
which yields:

~2 1+ ~ 9 —~
R a N R n 5 var(wy (h))
(Ct—(c—1)2>—Xcl_C<nt+(1+¢)2+<PUW2
We can define ¢; + 1;246t2 as proportional to

. ¢—1 PoEt — Povi)?
Yo — T(yC,t)z —we (I —we)(1—o¢) UC( 5 )

When the energy share in consumption we > 0 and energy and core goods are comple-
ments, i.e. ¢ < 1, households dislike too much variability in relative price movements
of energy and core goods prices. Yet, the term representing this "consumption cost”
disappears when either wg =0 or o¢ = 1.

When considering the labor part of households’ utility, we can define 1y + (1 +
¢) (74?) /2 as proportional to

UIQ/V Uar(ﬁ;t (h)) + jvar(ﬁgy,t (.7)) + ﬁg/r;)ss + cov(ﬁgfvﬂfss )
v : :

(1—ey)ey (Povie)? N (1—cr)er (Pre)?

+ wy 2 o 2

Whenever energy and labor are complements in production, i.e. ep < 1 and ey < 1,
higher variability of relative prices changes in production inputs, pcy;; and pr, induces
higher disutility of labor. Consequently, those terms affect households’ utility negatively.
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Appendix D.3: Additional figures

This subsection integrates the analysis in the main text with additional figures.

Figure D-1 illustrates the significance of the economic structure for the output gap,
marginal cost gap, and the policy rate dynamics. We compare our Baseline economy
with an economy without energy in consumption and with a “Cobb-Douglas” economy,
in which the elasticities between labor and energy in the intermediate sector, between
energy consumption and core consumption, and between labor and fossil fuels are all set
to 1. Figures D-2 and D-3 complement Figures 1 and 2 in the main text, showing the
behavior of monetary policy under flexible wages.

<02 Output Gap 10 Marginal Cost Gap Nominal Interest Rate
4 4 0.15
3 3 0.1
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53 53 & off
1
-0.05
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Figure D-1: Dynamic response to a carbon pricing shock under different structures of
the economy
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Figure D-2: Dynamic response to a carbon pricing shock - Macroeconomic variables

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Wage is expressed in real terms with respect to Pc. Time on the horizontal axis is in
quarters.
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Figure D-3: Dynamic response to a carbon pricing shock - Energy variables, emissions,
and markup

Note: Results are reported as percentage deviations (%) and percentage point deviations (p.p.) from
the steady state. Prices are expressed in real terms with respect to Pc. Time on the horizontal axis is
in quarters.
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Appendix D.4: Additional results on Taylor rules

Table D-1: Welfare costs of different Taylor rules

‘ Carbon Pricing ‘ Green Subsidy ‘
‘ Headline Core ‘ Headline Core ‘

Cobb-Douglas

e =1.5,1, =0 21.67  18.75| 17.06  17.00
Cobb-Douglas - No Cg

e =151, =0 - 16.90 | - 15.69
Baseline

e =151, =0 1145  10.30 | 10.32  10.41
Baseline - No Cg

e =1.5,1, =0 - T - 7.78

Cobb-Douglas - Dual mandate
tx = 15,1, =0.5 17.73 1725 | 1694  16.91

Baseline - Dual mandate
te = 1.5,14 = 0.5 10.25 10.01 ‘ 10.24 10.22

Note: Numbers are computed as percentage deviations of unconditional mean welfare under the two rules
from unconditional mean welfare under optimal policy normalized by the increase in welfare obtained
from a 1% increase in consumption. See Levine et al. 2008, 2010.
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