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I. Introduction

On 26 August 2022, natural gas in Europe reached a record price of 342 euros (EUR)
per megawatt-hour (MWh).! Less than a year earlier, the price was only 50 EUR per
MWh (EUR/MWh), and from 2010 to 2020, it was between 8 and 32 EUR/MWh. This
unprecedented price increase followed Russia’s invasion of Ukraine on February 24, 2022.2

Similar price movements affected other energy commodities as well, see Figure 1. Two
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2For an assessment of the energy market in time of war, see Pollitt (2022).
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weeks after the beginning of hostilities, oil, coal, and gas prices had risen by approximately
40%, 130%, and 180% respectively, see Adolfsen et al. (2022). In the Euro area (EA),
these increases in crude energy prices were rapidly transmitted to retail energy prices.
The Harmonized Index of Consumer Prices (HICP) for energy products increased by
approximately 57% between 2020:Q1 (normalized to one) and its peak in 2022:Q4, as
shown in Figure 2.

These developments occurred while the EA economy was recovering from the COVID-19
pandemic, one of the most severe and rapid recessions in its history. Real GDP declined by
about 11% in 2020:Q2 relative to 2020:Q1 and then rebounded sharply in 2020:Q3, almost
returning to its pre-pandemic level, as shown in Figure 2. As emphasized by Cardani et al.
(2022) and Ferroni et al. (2024), this episode differed from standard recessions because it
reflected the closure and subsequent reopening of the economy.

The recovery was also unusual. By 2022:QQ3, real GDP had increased by approximately
7% relative to 2020:Q1, while the HICP had risen by about 9% over the same period,

marking the most pronounced inflationary episode since the introduction of the euro.
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Figure 1. : Price Indexes of the Three Main Fossil Energy Sources. The figure reports oil (solid blue line with
circles), coal (dashed red line with squares), and natural gas (dash-dotted green line with diamonds). All series are
normalized to one in 2020:Q1. The oil price is measured by the Brent crude oil price (DCOILBRENTEU) from
the Federal Reserve Bank of St. Louis; the coal price is the global coal price (Australia) from the International
Monetary Fund; and the gas price is the European Union natural gas price from the International Monetary Fund.
See Section III for further details on data sources.

This paper studies the combined effects of the pandemic and energy shocks and the
channels through which they propagated to prices and economic activity. We propose a
closed-economy two-sector Dynamic Stochastic General Equilibrium (DSGE) model with
a core sector and an energy sector. In addition to much of the earlier literature, which
typically focuses on oil alone (Kim and Loungani, 1992), our model includes oil, coal,
and gas. This distinction matters for economies such as the EA, where refined energy is
produced from an energy mix rather than a single primary source. On the supply side,

the energy sector combines crude energy inputs (oil, coal, and gas) to produce refined
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Figure 2. : HICP Price Indexes and Real GDP Growth in the EA. The top panel reports the HICP (solid
blue line with circles) and the HICP for energy (dashed red line with squares). The bottom panel reports real GDP
(solid blue line with circles). All series are normalized to one in 2020:Q1. The HICP series are obtained from
the Area-Wide Model (AWM) database and the OECD. Real GDP data are obtained from the AWM database and
Eurostat. See Section I1I for details.

energy.? On the demand side, refined energy is used both by households for consumption
and by firms in the core sector for production.

A central feature of the model is that energy is allowed to be imperfectly substitutable
with other inputs in both production and consumption. Because energy is a peculiar
component of expenditure and production, its substitutability with non-energy inputs is
ultimately an empirical question. The literature has considered cases ranging from no
substitutability (Finn, 2000), to unit elasticity (Bodenstein et al., 2007), to unrestricted
elasticities (Kim and Loungani, 1992; Labandeira et al., 2017). We adopt the unrestricted
specification and estimate the relevant substitution parameters for households, core-sector
firms, and energy firms.

We estimate the model on EA real and nominal data up to 2025:Q4. The framework
identifies the contribution of two sets of disturbances: the recession and rebound shocks
in 2020 associated with the pandemic, and the subsequent shocks to the prices of oil, coal,
and gas in 2020-2022.* Because these energy markets are highly interconnected and linked

to global economic conditions, we model their joint behavior explicitly, see Baumeister

3In the EA, refined energy includes electricity, gas, liquid fuels, solid fuels, heat energy, and fuels and lubricants
for personal transport equipment, and electricity alone accounted for 25% of final energy consumption in the
residential sector and 33% in the industrial sector in 2021 see Jacquinot et al. (2009) and Donoval et al. (2010) and
Eurostat’s Energy Balances, see Eurostat (2026a,c)

4We consider only shocks to crude energy, to isolate the effects of commodity price increase in 2020-2022. A
broader definition of these shocks could also include shocks to demand and supply of refined energy.
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et al. (2022) and Bjgrnland et al. (2018). Specifically, we first extract a latent factor
from the prices of oil, coal, and gas and then combine this factor with global GDP in a
Structural Vector Autoregression (SVAR) embedded in the DSGE model. This approach
allows us to capture the endogeneity of crude energy prices with respect to global activity,
as in Bjgrnland et al. (2018). At the same time, we introduce wedges between the global
prices implied by the SVAR and the corresponding prices in the DSGE model so that

energy prices in the EA can also respond to domestic demand conditions and shocks.

Our first result is that shocks specific to oil, coal, and gas played a central role in the
surge in refined energy prices. Over the period 2020:Q2-2022:QQ3, refined energy prices
(HICP Energy) would have increased by about 16% in the absence of these shocks, com-
pared with an observed increase of 57%. Thus, approximately 71% of the rise in refined
energy prices can be attributed to energy shocks. The effect on headline inflation is
smaller, but still economically meaningful. Over the same period, the total HICP would
have increased by about 9% in the absence of these shocks, compared with an observed
increase of 12%, implying a contribution of approximately 25%. These findings are con-
sistent with a strong direct effect of oil, coal, and gas price disturbances on retail energy
prices, together with a smaller but non-negligible pass-through to headline inflation. Oil
and gas account for the largest shares of these effects, reflecting the larger role of oil in
energy use and the greater volatility of gas prices, while coal contributes comparatively

less.

Our second result is that these energy shocks have a negative effect on economic activity.
By 2022:Q3, real GDP is about 0.75% lower than in the counterfactual without oil, coal,
and gas shocks. In this sense, recent energy disturbances act as negative supply shocks
for the EA economy. Our analysis of the interaction between post-pandemic recovery
forces and energy shocks complements Amiti et al. (2024), who emphasize the interaction
between domestic pressures, especially labor market conditions, and external disruptions

through supply chains.

Our third result is that complementarities between energy and non-energy inputs are
central to the transmission mechanism. The estimated elasticities of substitution in both
production and consumption are below one, implying that energy and non-energy inputs
are complements rather than substitutes. As a consequence, firms and households are
limited in their ability to reoptimize their input mix when energy prices rise. This am-
plifies the effects of energy shocks on output and demand, in line with the mechanisms
emphasized by Ramey and Vine (2011), Bachmann et al. (2022), and Moll et al. (2023).
Counterfactual exercises confirm that lower substitutability generates larger and more

persistent declines in economic activity.

Other mechanisms further shape the transmission of energy shocks. Lower substitutabil-

ity in production increases the sensitivity of output to energy price changes, while lower
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substitutability in consumption reduces the ability of households to reallocate expendi-
ture between energy and non-energy goods. In addition, a high degree of wage indexation
amplifies the effects of energy shocks by transmitting price increases into labor costs,

reinforcing inflationary pressures and generating more persistent output losses.

We also discuss whether energy shocks behave as Keynesian supply shocks, namely
shocks that originate on the supply side but are transmitted with demand-like features,
see Guerrieri et al. (2022) and Kharroubi and Smets (2024).> Our estimates imply that

the relevant rigidities are not consistent with such a transmission mechanism.

A further result concerns monetary policy. The model includes a central bank interest-
rate rule that responds to inflation, which allows us to evaluate how policy affects the
transmission of energy shocks to activity and prices, see Bernanke et al. (1997), Leduc and
Sill (2004), Blanchard and Gali (2007), Kormilitsina (2011) and Ramey and Vine (2011).
Although the energy sector is modest in size relative to total output, recent energy shocks
generate substantial inflationary pressure. Motivated by this fact, we simulate tighter and
looser monetary policy responses by varying the inflation coefficient in the policy rule.
When a gas price shock is accompanied by a more aggressive monetary response, the
decline in GDP is about 2.5 times as large as under a looser response. When the central
bank does not raise the interest rate in response to energy shocks until 2022:Q3, GDP is
about 1.5% higher.

Our final set of results concerns fiscal policy. We analyze an intervention that effectively
fixes the price of refined energy faced by households and core-sector firms at its 2020:Q2
level over the period 2020:Q2-2022:Q3. This policy is implemented through fiscal shocks
that offset fluctuations in energy prices and therefore shield consumption and production
decisions from the increase in energy costs. We find that such interventions mitigate
the adverse effects of energy shocks on GDP by sustaining energy demand and reducing
marginal costs. However, the associated fiscal multipliers are below one for household-
targeted interventions. Distinguishing between policy instruments, subsidies directed to
firms generate larger multipliers than subsidies directed to households because they op-
erate more directly through production costs and supply conditions. At the same time,
the effectiveness of these interventions is weakened by equilibrium feedbacks. Since EA
demand affects the prices of oil, coal, and gas in our framework, the increase in energy
demand induced by subsidies pushes up crude energy prices and partially offsets the pol-
icy. Accounting for this channel is therefore important when evaluating the effectiveness

of energy-relief measures.

5Kharroubi and Smets (2024) analyze the Keynesian feature of energy shocks in a theoretical model with
flexible prices and heterogeneous households. They find that energy shocks can have Keynesian effects when
income heterogeneity is intermediate and the fraction of credit-constrained households is high.
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Related literature

This paper contributes to several strands of literature. It contributes to the macroe-
conomic literature on the transmission of large supply shocks and to the literature on
complementarities and their implications for fiscal and monetary policy, Guerrieri et al.
(2022), Kharroubi and Smets (2024), Dew-Becker (2023) and Baqaee and Farhi (2022).
Our framework combines multiple sectors, complementarities in production and consump-
tion, and both real and nominal rigidities, allowing us to study the dynamic propagation
of large energy shocks and the effects of policy interventions in a unified setting. In the
case of the large energy shocks observed after the pandemic, complementarities amplify
the transmission of these shocks and shape the effectiveness of fiscal and monetary policy
responses.

Our paper is also related to the literature on the role of energy in macroeconomic mod-
els. Kim and Loungani (1992) study energy in a single-sector Real Business Cycle (RBC)
model in which energy enters production and its price follows an exogenous process.’
Rotemberg and Woodford (1996) examine energy in a model with imperfect competition,
while Finn (2000) analyze energy price shocks in a perfectly competitive model with com-
plementarities in production. By contrast, we consider a two-sector model with multiple
energy sources, real and nominal rigidities, and complementarities in both production
and consumption. Jacquinot et al. (2009) refine this framework by distinguishing be-
tween crude and refined energy. Relative to their setup, we also include coal and gas, in
addition to oil, as crude inputs in the energy sector, reflecting the major developments in
these markets over our sample period.

Blanchard and Gali (2007) analyze oil price shocks in a model where oil is used both
in production and consumption, highlighting the roles of wage rigidity, monetary policy,
and oil shares. Golosov et al. (2014) develop a DSGE model with fossil energy sources
to study the optimality of carbon taxes in the presence of environmental externalities.
Like them, we consider multiple fossil energy sources, but we focus on historical shock
transmission rather than environmental damage. Dissou and Karnizova (2016) use a
multi-sector model with coal, oil, and electricity to evaluate emission caps and emission
taxes. Unlike their calibrated framework, we abstract from carbon emissions and instead
study energy subsidies as a policy response to realized shocks.

Recent research has analyzed the large energy shocks associated with the Russo-Ukrainian
War using multi-sector models. Bachmann et al. (2022) study these shocks in a multi-
sector setting. Albrizio et al. (2022) and Di Bella et al. (2024) examine how integrating
the gas market and access to global liquefied gas markets help buffer gas supply shocks

6Using a similar single-sector model, Dhawan et al. (2010) study the link between energy prices and the
volatility of macroeconomic variables during the Great Moderation. Bjgrnland et al. (2018) analyze the effects of
oil price fluctuations on macroeconomic volatility in a Markov-switching New Keynesian model.
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in Furopean countries. As in our paper, they show that complementarities amplify the
effects of negative energy supply shocks. Unlike our setup, these papers focus on supply-
side effects through input-output models that abstract from business cycle amplification
mechanisms. Di Giovanni et al. (2022) analyze the impact of the COVID-19 pandemic on
EA inflation using an input-output model with international trade linkages and Keynesian
effects as in Baqaee and Farhi (2022). In contrast, our approach uses a more aggregated
model that captures both dynamics and policy feedback.

In this paper, we build and estimate a structural model to study the propagation of
energy shocks, whereas much of the recent literature relies on VAR methods to assess
their macroeconomic effects. Casoli et al. (2024) analyze the effects of energy shocks on
EA inflation using a Bayesian SVAR. Adolfsen et al. (2024) study shocks in the European
gas market and find that gas supply shocks and changes in world economic activity affect
both energy and core-sector prices. Boeck and Zorner (2025) analyze gas price shocks
in the EA and document positive pass-through to inflation and inflation expectations.
Alessandri and Gazzani (2025) identify gas supply shocks using external instruments and
find stagflationary effects. Finally, Caldara et al. (2022) and Bruhin et al. (2023) show
that the increase in geopolitical risk associated with the Russo-Ukrainian War gener-
ated stagflationary effects at the global and European levels. Related to our approach,
Pataracchia et al. (2025) also use a structural DSGE model to analyze the effects of energy
commodity price shocks, complementing the VAR-based evidence in the literature.

The remainder of the paper is organized as follows. Section II describes the model.
Section III discusses the empirical analysis. Section IV presents the economic results.
Finally, Section V concludes. Derivations, data description, and further empirical results

are reported in the Appendix.

II. Model Description

The economy consists of households, a core sector, an energy sector, unions, the govern-
ment, and the central bank, see Figure 3. In the energy sector, firms combine crude energy
sources to produce refined energy. Following Bernanke et al. (1999), and for tractability,
firms in both sectors are divided into wholesalers (responsible for production processes)
and retailers (responsible for selling goods and setting prices). Wholesale firms produce
goods using sector-specific production technologies and transfer output to retail firms,
which sell goods and set prices in monopolistically competitive final-goods markets. In
the core sector, wholesale production uses refined energy (m.), labor (n.), and capital
(kc). In the energy sector, wholesale production uses a composite basket of crude energy
sources (V), labor (n.), and capital (k).

The composite basket of crude energy sources (V) consists of oil (V}), coal (V;) and
gas (Vy), and the price of these sources also depends on economic conditions in the rest of

the world (RoW). Households consume the core sector good (c.) and the refined energy
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Figure 3. : Flowchart of the Economy. The Core Sector produces general goods; Crude Energy represents the
sources of crude energy (oil, coal, and gas) that are refined by the Energy Sector to produce refined energy; the
prices of crude energy sources also depend on the Rest of the World (RoW). Arrows represent the flow of the
indicated variables. ke and ke represent the capital stocks that are lent by the households to the Core Sector and
Energy Sector firms; ne and ne are the hours of work that are supplied by the households and employed by the
Core Sector and Energy Sector firms; cc and ce represent the consumption variables demanded by the households
to the Core Sector and Energy Sector firms; me represents the intermediate energy used for production purposes
by the Core Sector firms. The arrows connected to the government block represent the subsidies to the price of
energy provided to households and firms, and the tazes that the households must pay to finance these subsidies.
The Core Sector and the Energy Sector include unions and retail/wholesale branches, which are omitted from the
flowchart for brevity. Finally, the central bank is also omitted for convenience.

good (c.), and supply labor (n. and n.) and capital (k. and k.) to wholesale firms in the
two sectors. Labor markets are subject to frictions, and unions (not shown in the flow
chart for convenience) intermediate between households and wholesale firms, introducing
contractual wage stickiness in both sectors, see Smets and Wouters (2007) and Iacoviello
and Neri (2010). The government sets taxes and subsidies for households and firms, while
the central bank conducts monetary policy. In what follows, we refer to the core sector

as the ‘¢’ Sector (S.), and to the energy sector as the ‘e’ Sector (S).
Energy Sector

Energy firms supply refined energy (Y¢ ;) and are divided into wholesale and retail branches.
Wholesale energy firms rent capital (k. ;) from households, hire labor (n. ;) from unions,
and employ crude energy sources (oil, Vo, gas, V¢, and coal, V) taking as given the
input prices (the real wage rate wcy, the real capital rental rate 7 ), the utilization
rate of capital Uke,t77 and the prices of crude energy sources (po, pgs and pc¢). These

prices are expressed relative to the price of refined energy, P.;, so that pot = Pot/Pey,

7As in Christiano et al. (2005), firms take the utilization rate of capital as given because this choice is made
by households, which own the capital stock.
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Pet = Pey/Pey, and pgy = Pyi/Pey for oil, coal, and gas, respectively. Capital (k) is
also used to refine crude energy sources, and can be interpreted more broadly as including
other forms of capital employed in energy production, such as renewable energy plants.

Wholesale energy firms sell refined energy at a wholesale price (P;%), and we denote the
P.,

The profit maximization problem, expressed in real terms by dividing nominal profits
by P, is:

markup between the final-good price and the wholesale price as X.; =

Yeu
(1) max 7X7 — We tNet — The,tWk, tKet—1 — Dot Vot — PgtVgt — PetVets
et

subject to the production function:

_ 1— Qe
(2) Ve = 3 (o)™ | (up, thiea 1) Vo |

In equation (2), a.,,; denotes energy-sector productivity, while a3® scales the steady-state
size of the sector (Y.), see Appendix B. The parameter o, determines the cost share of
capital and crude energy relative to labor in the production of refined energy, whereas wy,
measures the cost share of capital relative to crude energy within the capital-energy com-
posite. As in Golosov et al. (2014), energy firms use multiple fossil fuels as intermediate
inputs to produce refined energy. They optimally choose the composition of this energy
mix, effectively acting on behalf of households and firms that demand refined energy. To
allow for flexible substitution patterns across these inputs, the composite crude energy
basket (V¢) is specified as a nested Constant Elasticity of Substitution (CES) aggregator
of oil, gas, and coal. Because gas and coal play similar roles in electricity generation and
industrial applications, they are first combined in an inner CES nest, V., which is then

aggregated with oil in the outer nest V, ;:

90,9¢
1 0o,gc—1 1 0o,gc—1 co,gc—1
_ Jo,g¢c Jo,gc To.0¢c %0,9c
(3) ‘/e,t = | AV, t Wo V:),t + (1 - wO) 7onge Vgc,t
Ogc
1 oge—1 1 oge—1 Jgfil
— ggc ggc e oge
(4) Voer = |avyewg™ Vo /4 av.i (1 —wg)ooe Ve,

This structure allows gas and coal to be more substitutable with each other than oil is
with the gas—coal bundle, consistent with the distinct role of oil in transportation and
refining and with evidence on interfuel substitution, see Stern (2012). In equations (3)-
(4), 04c and o0, 4. denote the elasticities of substitution between gas and coal, and between

oil and the gas—coal composite, respectively. The parameters w, and w, determine the
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steady-state cost shares of oil and gas in the energy mix, while ay, 4, av, +, and ay,; are
exogenous productivity shifters for the three fossil fuels. The corresponding price indices
for the inner and outer nests are

1—0g4c 1-0g4c

l—oge
Pge,t = [ngg,t +(1*W9)Pc,t } -,

1

1- o,gc 1— o,gc —0o,gc
(5) Dot = {wopo,t 70 + (1 - wo) pgcﬂ;7 4 :| ' ! ’

where p,; denotes the aggregate price index of crude energy. Solving the optimization
problem in equation (1), subject to equations (2)—(5), yields the optimal demand sched-
ules for labor, capital, and each crude energy source. These conditions are reported in

Appendix A.

Retailers in the energy sector buy wholesale output (Y ;) at a price P, and differenti-
ate it costlessly into a continuum of varieties with constant elasticity of substitution (e, .
Demand for each variety j is Yc;(j) = (%ﬁj))ieﬁe Y+ Retailers face quadratic adjust-
ment costs a la Rotemberg in retail price P.;(j), that depend on the previous quarter’s
inflation rate, with relative weight governed by the indexation parameter ¢,,. Adjustment

costs (Zr, +) generate price stickiness, and are given by:

. 2
- e [ Pet(j) .
Set = | =——= —-7F Y. )
et 2 <Pe,t—1 ,]) 7Te,t—1 et

Pe,t(j)
’ PE,tfl(j) ’
Wé’ff_l, are penalized according to the rigidity parameters 7,,. This pricing problem is

so that deviations of individual varieties inflation rates from lagged inflation,

standard, see Appendix A.

Concerning the supply of crude energy sources, we distinguish between international
prices and EA prices. We denote international prices by an asterisk, p} ; for = € {o, g, c},
while EA prices without an asterisk, p, ;. To capture comovement in international energy
markets, we assume that international prices depend on a common unobserved factor

(pf,t) plus idiosyncratic components (ap, ¢, ap, ¢, and ap, ¢):

*
Po Ao Apo,t
* _

Pgi| = [Ag| Prtt+ |apgt|
ES

pc,t AC apcvt

where \,, Ay and A. are factor loadings.®

8These loadings scale the steady state of the common factor (p?s) so that the steady states of the international
*,88 *,88

prices match the calibration targets, namely A, = p, /p;s7 Ag = p;’ss/pj';s and A\. = p. /p;s7 see Appendix B.
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We assume that the idiosyncratic components follow autoregressive (AR) processes:

apmt = ppoapmt_l + 8povt’
(6) a’pg7t = ppgapg,t—l + gpgvt’

a’p(:vt = ppcapat—l + Epcﬂf’

where, pp,, pp, and p,, are persistence parameters, and €y, ¢, €p,+ and gy, + are Gaussian

white-noise shocks, with standard deviations oy, op, and oy, , respectively.

To allow crude energy prices to respond endogenously to global economic conditions, we

model the common factor (py;) jointly with global GDP, GDPY, in an SVAR:’

R (GoRY) | _ ., 22: a,| Ao (GDRY,) | | ewa
log (py,t) pouc log (pf,t—q) Epyit

where Ag, Ay, Ay are coefficient matrices, ¢ is the vector of constants and ew; and
€p,,t the Gaussian white-noise shocks to global GDP and crude energy price factor, with
standard deviations o, and ow. As in Bjgrnland et al. (2018) and similarly to Kilian
(2009) we assume two lags in the SVAR and a lower triangular matrix Ag, implying
that global GDP responds to crude energy price shocks only with a lag, while crude
energy prices can respond contemporaneously to global GDP shocks.'® The SVAR block
is estimated jointly with the rest of the DSGE model and directly identifies the latent

common factor driving crude energy prices.!!

A bivariate SVAR with only global activity and the common factor for crude energy
prices rules out endogenous effects from EA activity. This assumption is reasonable
because the EA represents only a modest share of the global economy.'?> The SVAR block
delivers an international component for crude energy prices, {p;’;’t, Pyits pz’t}, that captures
global comovement. We allow the prices relevant for the EA model, {po¢, Py, Det} (see
equation 1), to also reflect local market conditions. In particular, even if the EA is small
relative to the world economy, its demand for specific energy inputs may affect the price

it effectively faces when markets are imperfectly integrated. To capture this reduced-form

Consistent with the model, relative to the price of refined energy, i.e. pz ¢ = Prt/Pe+ for z € {0,g,c}, ensuring
stationarity and consistency with the factor model structure. All processes are estimated jointly with the rest of
the model rather than in a two-step procedure.

9Exogenous oil supply has been considered by Leduc and Sill (2004), Blanchard and Gali (2007), and Bodenstein
et al. (2011), among others. The gains from endogenizing the price of oil have been stressed by Kilian (2009) and
Nakov and Pescatori (2010), among others.

10Unlike Bjgrnland et al. (2018) and Kilian (2009), we use a common factor for crude energy prices rather than
the price of oil alone. Also, as in those papers, we include global GDP in log differences and the energy price factor
in logs.

U Technically, the parameters of the VAR in equation (7) are estimated jointly with the remaining model
parameters using the Metropolis-Hastings algorithm, and the common factor py ; is extracted as a latent variable
with the Kalman smoother.

12Precisely, 12% of world GDP in PPP terms in 2022, according to the ECB. Source: https://www.ecb.europa.
eu/mopo/eaec/html/index.en.html
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local price endogeneity, we assume that EA prices are elastic with respect to EA quantities

relative to their steady states:

V. ¢ Mo \V ‘ Ng \V . Ne
% o, ok 9, ok c
(8) Dot =154 <VOSS> s DPgt = DPgy (V;S ; Pet = Dey ves )

Here V3, VJ7®, and V® denote the steady-state quantities, and 7, 7y, and 7. are

the corresponding price elasticities with respect to EA demand. In log terms, n; =
Ologp;:/0logV;, for j € {o,g,c}, so higher values of n; imply a stronger response of
prices to local demand conditions. This mechanism improves robustness by allowing for
imperfect market integration and fuel-specific segmentation. We estimate 7,, 14, and 7.

jointly with the remaining model parameters in Section III.
Core Sector

The core sector is divided into wholesale and retail branches. Wholesale firms produce
goods and sell them to retail firms at flexible wholesale prices. They rent raw capital
(ket) from households, hire labor (n.;) from unions, and employ intermediate energy
goods (me), taking as given the input prices (the real wage rate wc, the real rental rate
of raw capital 7, ¢, and the relative price of energy goods in terms of core sector goods,
Pet = Pet/P.y) to maximize their profits. Wholesale core firms sell goods at the wholesale
price P}, and we define the markup between the final-good price and the wholesale price

Pct

as Xet = P, - The resulting profit-maximization problem expressed in real terms by

dividing by P, is:

c,t
(9) max X — We,tNet — rkc,tukc,tkc,t—l — Pe,tMet,
c,t

subject to the production function:

(10) Y;:,t = Qg t (nc,t)l_ac (]_"v'c,t)ac 5

where l;:qt denotes the capital used in the core sector, and is defined as a CES function'?

of raw capital and energy, with elasticity of substitution o,. The expression for /Zc,t is:

Ukc
1 op, 1 . The =1 Tp, 1

(11) ket = w;:fc (ke thei—1) “re + (1 —wp,) ke m;* ;

13 Cobb-Douglas functions (implying an elasticity of substitution equal to one) have been proposed for instance by
Bodenstein et al. (2007), Blanchard and Gali (2007), Bjgrnland et al. (2018), Argentiero et al. (2018); CES functions
(implying an unrestricted elasticity of substitution) have been used by Kim and Loungani (1992), Jacquinot et al.
(2009), Dhawan et al. (2010), Bodenstein et al. (2011), Bodenstein and Guerrieri (2011), Natal (2012), Balke and
Brown (2018), Di Bella et al. (2024) among others; functions with a fixed energy requirement tied to the level of
production (analog to Leontief function, implying an elasticity of substitution equal to zero) have been proposed
by Finn (2000), Leduc and Sill (2004), Kormilitsina (2011), Dissou and Karnizova (2016).
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where wy,_ pins down the steady-state expenditure share of raw capital relative to total
capital-related costs in production. The CES specification, which we also use for the
household consumption bundle in the next subsection, nests the limiting cases of perfect
substitutability (ox, — +00), Cobb-Douglas function (ox, — 1), and perfect complemen-
tarity (o, — 0). We estimate oy, so that the degree of substitutability is determined by
the data; see Section III. Solving the profit maximization problem faced by the core firms
in equation (9) subject to (10) and (11) yields the optimal factor demand schedules in
the core sector, see Appendix A.

As in the energy sector, retailers in the core sector purchase wholesale goods Y., at
a price P} and differentiate it costlessly into a continuum of varieties with constant

. —€ne
elasticity of substitution €. The demand for variety j is Y.((j) = <%(3)> Yer.
Retailers face quadratic adjustment costs a la Rotemberg in retail price, P..(j), that
depend on the previous quarter’s inflation rate, with relative weight governed by the

indexation parameter tr.. The adjustment costs (Zr, ) are given by:

. 2
—_ Nre Pc t(]) L
= = < —t — 7 Y.
et 2 (Pc,t—l 7) ﬂci_l) b

Pe,t(j)
Pc,tfl(j) ’
772’;_1, are penalized according to 7,,. The maximization problem and the resulting

so that deviations of individual variety inflation rates, from lagged inflation,

Phillips curve are reported in Appendix A.
Households

At each time ¢, households choose the basket of core and energy consumption (¢ ), hours
worked in the two sectors (n.; and n.;), investment in sectoral capital stocks (i.; and

iet), capital utilization rates (ug, + and uy, ;), and bond holdings (b;) to maximize lifetime

utility:
- 14+v, 1+v,
1—h _ B Ney © Ney ©
12 E t 1 Ché ) — cllet e e,
(12) 0;(5) ac - og(ct Ct—1) — Ayt 1o Ayt T+,

Equation (12) describes the discounted utility flow from consumption net of the disutility
from supplying labor in the two sectors. The parameter 3 is the intertemporal discount
rate, while a¢; is a discount-factor shock that captures changes in household patience.
The parameters v, and v, govern the curvature of labor disutility and therefore measure
the elasticity of labor supply with respect to wages. The term a,; is a labor-supply
shock (e.g., new social insurance programs) that shifts hours worked in both sectors. The
coefficients ¢ and ° scale steady-state hours to match their historical averages. Finally,

h denotes the external habit parameter, which increases the persistence of consumption
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over time.

The consumption basket ¢ is a CES aggregate of core (¢.) and energy (cc ) goods:

9c

1 oc—1 1 1 ge=171 5o—1
Py Oc Oc Oc o Oc
(13) a= |wese;© +ali (1—we)o ¢

In equation (13), o. is the elasticity of substitution between core and energy goods, and w.,
controls the steady-state expenditure share of non-energy relative to energy consumption.
The variable a;; is a taste shifter reflecting changes in the relative preference of energy and
non-energy goods in consumption, and therefore shifts exogenously household demand for
energy. We refer to this shock as the ‘energy demand’ shock.

In the utility maximization problem households face the following budget constraint:

(14)

Tet Lyt Ri_1bi—1  weney
Cet + PetCet + —— + Det +b = X + Det X
a ak.t Tept We,t We,t

7t )

We tNe,t

+ The Uk thet—1 + DetThe t Uk, thet—1

+ Pe,t(1 = 55)P0Vo + Pe,t(1 = 53)0gVy + pest(1 — 5%)pcVe,

expressed in real terms using the relative price of energy goods, pe¢ = Pe;/P.;. In this
constraint, r;,; and 7, ; denote the real rental rates of capital in the two sectors, while

wey and we ¢ denote real wages.

The right-hand side (r.h.s.) of equation (14) collects the sources of funds: wage income

We,tNe,t

N . . w n.
in the core sector ( o ), wage income in the energy sector (pe:——
We,

X’wmt
capital rented to core and energy firms (74, 1ug, tket—1 and peyrk, tUk, tket—1), income

), returns on

from the domestic component of crude energy endowments (pe¢(1 — 55)poVo + pet(1 —
85)PgVy + Pet(1 = s7)peVe), and liquidity from maturing bonds (b—1). The parameters sj,
sy, and s¢ denote the import shares of oil, gas, and coal, so that only the domestically
available share of crude energy generates income for households. Bonds are denominated
in nominal units of the numeraire good and pay a gross risk-free return Ry, implying real
gross returns equal to Ry_1bs—1/mct, where mey = Pot/Pe1+—1 is core inflation. The terms
Xuw.t and X, ; are wage markups, that is, wedges between the wages paid by wholesale
firms and those received by households, with the difference accruing to unions that enforce
monopolistic competition in labor markets. The term II; collects profits from retailers
and labor unions, which are rebated lump-sum to households; its expression is reported
in Appendix A. The term W; collects investment and capacity adjustment costs; see
Appendix A. These costs imply that reallocating capital across sectors is not frictionless,

making adjustments between the energy and core sector costly.
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The left-hand side of equation (14) shows the uses of funds: core and energy consump-
tion (cc¢ and cc¢), investment in core and energy capital (i.; and i.;), and new bond

purchases (b;). Net investment in the two sectors is defined by:
(15> Z'c,t = kc,t - (1 - 5kc) kc,t—h and Z.e,t = ke,t - (1 - 6198) ke,t—la

where 0y, and 0y, are the depreciation rates of capital in the core and energy sectors.
Finally, a; is an investment-specific technology shock that changes the relative cost of
investment goods; see Justiniano et al. (2010). Solving the household problem in equation
(12), subject to equations (13), (14), and (15), yields optimal demands for core and energy
goods, optimal bond holdings, and optimal supplies of labor and capital to both sectors;

see Appendix A.
Unions

Unions buy homogeneous labor services from households and costlessly differentiate them
into varieties. Differentiated labor inputs, n;:(j), where j indexes the variety and i the
sector, are aggregated into CES composites and sold to wholesale firms. In each sector,
unions face labor demand schedules of the form n;.(j) = (V[/’Vi’,iz(tj))iew nit, © € {c,e}, and
incur quadratic Rotemberg adjustment costs when changing wages. These costs depend
on lagged inflation, with the degree of indexation governed by t,,. The adjustment-cost

terms are

) 2
- o ( Wi(d) . .
=5 (i i) e 1<)
where 1,, determines the degree of wage rigidity. Solving this problem yields the wage

Phillips curves for the two sectors; see Appendix A.
Monetary Policy

The central bank sets the nominal interest rate according to the Taylor rule:

GDP,

(177‘R)'ry
G'D]Dt_1> (aT»t) exp(Ee,t) .

(16) Ry = Rj" R "R TR0 (

In equation (16), R, denotes the steady-state gross interest rate, €. ¢ is a Gaussian white-
noise shock capturing transitory deviations from the monetary policy target, and a,; is

an autocorrelated process that captures more persistent shifts in monetary policy:

log (art) = prlog (ari—1) + ers,

where p, is the persistence parameter and €,; is a Gaussian white-noise innovation with

standard deviation o,. Equation (16) implies that the central bank responds to inflation
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and GDP growth with coefficients r; and ry, respectively, and smooths interest rates
with inertia rg.

We define gross domestic product, GDP,, in equation (16) as total production in the
two sectors, Y.; and Y., net of intermediate inputs used in production, namely refined

energy me; in the core sector and crude energy Ve ; in the energy sector:
GDP; =Yey — peiMet + Pet (Yer — DotVer)

Headline inflation, m, is defined as a weighted average of core inflation, m.+ = Pet/Pet—1,
and energy inflation, 7. = P ;/P.;—1, where the weights are the value-added shares of

the two sectors:

_ _Sept 1_Sc,t
(17) T = Tet Tet )

where s.; is the share of core-sector value added in GDP at time ¢, given by s.; =
(YVC,f - pe,tme,t) /GDPt

Aggregation and Equilibrium

For convenience, aggregate consumption and aggregate investment are defined as

Ct = Ceit + Pe,tCet, it = let + Dejtlet-
The evolution of the relative price of S, is related to inflation in the two sectors:

DPe,t Pe,t/Pc,t _ Tegt

Pet—1 Pe,t—l/Pc,t—l Te,t

Similarly, the evolution of the relative prices of oil, coal, and gas, pot, Pet, and pgy, is

linked to the inflation rates of their nominal prices, 7¢, 7§, and 7}

C

0
Dot Po,t/Pe,t Ty Det Ty

g
Pgt Ty

- - M ) .
Pot-1  Por—1/Pet—1 ey Det—1  Tet Dgit—1  Tegt

The resource constraint for S, equates consumption and investment to production net of

adjustment costs:!

(18) Cet +tet + Petiet = Yer — Wi — Zeie

4Tnvestment in both the core and energy sectors (icyt and 7;5775) appears in the resource constraint of the core
sector because investment goods are produced using core-sector output (Y, ;) rather than refined energy (Ye ). See
Tacoviello and Neri (2010) for a similar assumption in a model with a core sector and a housing sector. Consistently,
the real adjustment costs associated with capital accumulation and capacity utilization (¥;) also enter the core-
sector resource constraint.
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Here, W; collects real adjustment costs related to capital and capacity utilization, while
E.t denotes nominal adjustment costs in the core sector; their expressions are reported

in Appendix A.

The resource constraint for S, requires that energy used by households, c.;, and by

core firms, m. ¢, equals energy production net of nominal adjustment costs:

(19) Ce,t + Met = }fe,t - Ee,t - S:poVo - Sng‘/;) - Szpc‘/c‘

Following Smets and Wouters (2003), we define employment as an auxiliary variable,

I, that adjusts sluggishly to changes in hours worked, with rigidity governed by 6;:

(1—6)(1 — 56r)

Iy = li—1 = Eglyyr — iy + 7
!

(et + et — ).

This variable is needed for estimation because, for the EA, aggregate hours worked are

not available, whereas employment is observed; see Section III.

Finally, aggregate wage inflation, wy, is defined as the weighted average of wage inflation

in the two sectors, with weights given by steady-state hours worked, n® and nJ*:

Ss SS
nC ne

W= ————Wet + ————=
SS SS
ng® +ng

We t-
SS SS ?
n® +ng

Exogenous Processes

The remaining exogenous variables are assumed to follow AR processes. These include
the discount-factor shock (a¢ ), the energy-demand shock (a;), the labor-disutility shock
(ap,t), the productivity of crude oil, coal, and natural gas (av, ¢, av,,, av, ), the marginal
productivity of investment (ay ), the core sector productivity (a., ), and the energy sector

productivity (a,, +). Specifically,

log (ac) = pclog (aci—1) + et log (ajt) = pjlog (aji—1) + ;.

log (ap,t) = pylog (api—1) + €, log (av, ) = pv, log (av, 1—1) + €v, 1
log (av,.+) = pv, log (av, +—1) + €v.1, log (av,t) = pv, log (av,—1) + v, +,
log (ak,t) = prlog (akt—1) + ek, log (az.t) = pz.10g (az.t—1) + €zt
log (@, t) = pz. log (az, t-1) + €2 1.

The innovations e¢ ¢, €j.t, Epty EVi,ts EVirts EVy,ts Ekity Ezot a0d €, ¢ are Gaussian white-noise

shocks with standard deviations o¢, 0;, 0y, ov,, OV, OV,, Ok, 0., and o, respectively.
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ITI. Empirical Analysis
Data

We solve the model by a first-order approximation around the steady state in Dynare,
see Adjemian et al. (2022). The steady-state derivation is reported in Appendix B. We
estimate the model with Bayesian methods using EA data on real GDP, real consumption,
real investment, employment, GDP deflator growth, HICP of energy products, oil price
inflation, coal price inflation, natural gas price inflation, wage inflation, gross available
energy of oil, coal, and natural gas,!® the nominal short-term interest rate, and global
GDP growth. Including both energy prices and energy quantities among the observables
helps discipline demand- and supply-side responses in the energy block and improves
identification of the substitution parameters. Appendix C provides a detailed description
of the data sources.

The measurement equations are:

AGDP = 1og(GDP;) —log(GDP;_1),  Acl® =log(c;) — log(ci_1),

A = log(ir) — log(i-1), Aldate — og(l,) — log(l;—1),
e = .+ log(m), mdata — 5 4 log(mey),

(20) PP = A, + log(P), a2 =y, + log (),
40t = e+ log(nf), wiat® = 4 4wy,
Vo' = v, % Vo, VIS =y, x Vey,
Vit = v, x Vg, RIta — 400 x (R; — 1),

AGDPY " —10g(GDPY) —log(GDPY,).

In equation (20), the constants v, Vr., Vo> Vrer Vrrgs Yos W, VW, and vy, align the
means of model variables with those of the corresponding data series. In particular, the
parameters yy,, Yy, and 7y, rescale the model-implied quantities of crude energy to match

their empirical counterparts.'6
Calibrated Parameters

Following standard practices in the DSGE literature (see, among others, Smets and
Wouters, 2007, Ireland, 2004, Christiano et al., 2005, and Herbst and Schorfheide, 2015),

15For each energy item, we use Eurostat’s gross available energy from the Simplified Energy Balances which
measures the quantity of each fuel available in the EA for domestic energy use at the frequency of the data,
expressed in tonnes of oil equivalent (Eurostat, 2026a,c).

16Note that the data variables AGDP‘tiam, Ac‘ti“t“ and Ai‘ti‘”“ have been demeaned (see Appendix C). As
a result, they are zero-mean variables, like their model counterparts, and therefore do not require constants in
equation (20). Moreover, energy quantities (Vo ¢, Vet and Vg ¢) are included in levels, as they do not exhibit a
pronounced deterministic trend over the sample.
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we calibrate a subset of parameters on the basis of economic theory. We also target the
parameters governing the steady state to match key features of the EA energy market.!”
Table 1 reports the calibrated parameters and their values.

We begin by matching labor input across sectors. After normalizing steady-state hours
in the core sector to one, n, = n}® = 1, we set steady-state hours in the energy sector
to ne = nf* = 0.0116, corresponding to 1.1% of total hours worked in the energy sector;
see Donoval et al., 2010 and the EU KLEMS database.!8). Following Christiano et al.
(2005), we set the inverse Frisch elasticities of labor supply, v, and v, equal to 1. The
discount factor is set to S = 0.991, implying an annual steady-state interest rate of
3.60%. Quarterly depreciation rates are fixed at 0y, = 5, = 0.025, which corresponds
to annual depreciation rates of 10%. The elasticities of substitution across core goods,
energy goods, and labor varieties, €, €r., and €,, are set equal to 7.68, implying steady-
state markups of 15%, see lacoviello and Neri (2010). For the production side, we set the
capital share in the core sector, a., to the standard value of 0.30 (Smets and Wouters,
2003), and the capital share in the energy sector, ., to 0.55, which implies a labor share
<w§,—1“Xe =1- ae) of 0.45, see Jacquinot et al. (2009).

We next calibrate the energy-related parameters. We normalize the steady-state relative
price of oil to one, p, = p5* = 1. The steady-state gas price (py) is set equal to the average
ratio of natural gas to oil prices (both per Ton of Oil Equivalent, TOE) computed over
the estimation sample!'?, yielding pg = py° = 0.66. Analogously, the steady-state relative
price of coal is calibrated as the average ratio of coal to oil prices (per TOE), implying
pe = p5* = 0.30 (see Appendix C).

Following Jacquinot et al. (2009), we target a steady-state household energy expenditure
share of 6%, which implies w., = 0.94. Since average intermediate energy inputs account
for 3% of production in the EA (see Donoval et al., 2010 and the EU KLEMS database),
and the ratio of production to capital is 17% (see EU KLEMS database), we set the steady-
state share of intermediate energy in capital-related production costs to s, k. = T/?f =
0.03x0.17 = 0.0052. Again following Jacquinot et al. (2009), we target a steady-state cost

share of crude energy in energy-sector production equal to 33.5%, sp,v..v. = p“{/—‘;"' = 0.335.

Using the estimation sample and expressing all quantities in TOE, we calibrate the ratio
of gas to oil to sy, y, = % = 0.51, and the ratio of coal to oil to sy, v, = % = 0.33.
We calibrate the steady-state import shares of oil, natural gas, and coal (s}, s7, s7) to
match the EA import dependency rates by fuel type, obtaining sj = 0.95, sy = 0.87, and
sk = 0.60 (Eurostat, 2026b). Appendix B describes in detail how these calibration targets
map into the steady state of the model.

17EA countries are heterogeneous in both economic structure and energy mix. Because our focus is on aggregate
variables, such as prices, that reflect developments in the energy sector and are affected by ECB monetary policy,
we model the aggregate EA economy.

18 Source: EU KLEMS data: www.euklems.net.

19Data from 2022 are excluded to avoid distortions from large shocks.
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Table 1—: Calibrated Parameters. The table reports the parameter’s name (Full Name), the associate symbol
(Symbol), and the calibrated value (Value).

Economic parameters

Full Name Symbol Value
Hours worked in S ng® 1.000
Hours worked in Se 100 x nZ® 1.160
Depreciation S, Ok, 0.025
Inverse Frisch elast. S¢ Ve 1.000
Inverse Frisch elast. Se Ve 1.000
Capital share S, o 0.300
Depreciation Se Ok, 0.025
Capital share S, Qe 0.550
Discount factor B 0.991
Elast. substitution of goods S, Ere 7.677
Elast. substitution of goods Se €re 7.677
Elast. substitution of labor varieties €w 7.677

Energy parameters

Full Name Symbol Value
Relative price of oil pes 1.000
Relative price of natural gas P’ 0.660
Relative price of coal P 0.300
Share of imported oil 55 0.950
Share of imported natural gas Sy 0.870
Share of imported coal sk 0.600
Share of non-energy expenditure in consumption We, 0.940
Share of refined energy in S. production Sme ke 0.005
Share of raw energy in S production SpyVe,Y.  0.335
Ratio of gas to oil SVy,Ve 0.510
Ratio of coal to oil SV,,V, 0.330
Steady-state common factor pffs 0.826
Estimation

We estimate the model on quarterly EA data from 1990:Q1 to 2025:Q4. For observations
in 2020, we treat some entries as missing to limit the effect of pandemic outliers on the
likelihood. We then use the estimated parameters to recover the shocks realized between
2020:Q2 and 2025:Q4, similarly to Boragan Aruoba et al. (2018), Brinca et al. (2021) and
Faria-e Castro (2021).

We use a standard Random Walk Metropolis-Hastings (RWMH) algorithm to target
the posterior distribution of the model parameters. Prior choices follow the literature on
medium-scale DSGE models (Smets and Wouters, 2003) and are reported in Tables 2 and
3. We map the Rotemberg adjustment-cost parameters for prices and wages, 1., M.,
and 7, into the corresponding probabilities of non-adjustment in an equivalent Calvo
setting; see Richter and Throckmorton (2016). These probabilities are denoted by 6.,

0r., and 6,,, respectively, and satisfy

o Oi(e; — 1)
= Be - 1), —1)

1= T, e, W.
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For 0, and 0., we use Beta (B) priors with mean 0.75 and standard deviation 0.05,
as in Smets and Wouters (2003), implying an average price duration of one year. For
the wage rigidity (6,,) we use a B prior centered at 0.50, consistent with a moderate
degree of wage rigidity. For the habit parameter (h), we set a B prior with a mean 0.80
and standard deviation 0.05. The priors for 0;, g, ry, 7, tr., ande,, also follow Smets
and Wouters (2003). For the investment adjustment-cost parameter, 7, we adopt the
prior in Tacoviello and Neri (2010). For the capacity-utilization rigidity parameter, 7,, we
use a B prior centered at 0.50, as in Smets and Wouters (2007) and ITacoviello and Neri
(2010). The prior for wage indexation, ¢, is set equal to that for price indexation; see
Smets and Wouters (2003). For the substitution elasticities in the nested fossil-energy
aggregator in (3) and (4), we use informative but relatively diffuse Gamma (G) priors
based on the macro-level elasticities reported by Stern (2012), which reviews 47 studies
of interfuel substitution. For the inner coal-gas elasticity o4 in (4), we center the prior at
Stern’s macro predicted coal-gas value, oo = 1.114 (s.e. 0.904). For the outer elasticity
Oo,gc in (3), Stern reports similar macro predicted elasticities for oil-gas and coal-oil,
Oog = 1.783 (s.e. 0.319) and oco = 1.744 (s.e. 0.384), which supports interpreting the
outer nest as oil versus a fossil composite. We therefore center o, 4. at their average,
Hoge = (1.783+1.744) /2 = 1.764, and set the prior dispersion equal to the corresponding
average uncertainty, s, g = (0.319 4 0.384)/2 = 0.352.

For 7,, ng, and 7., we use G priors. Motivated by the view that gas markets in Europe
are more segmented than coal markets, and coal markets are more segmented than oil
markets, we assign prior means that are highest for 7y, followed by 7., and then 7,. This
reflects the idea that more segmented markets display a stronger response of local prices
to European demand. At the same time, we remain agnostic by keeping these priors
sufficiently diffuse.

For the elasticity of substitution between energy and core consumption goods, ., and
the elasticity of substitution between intermediate energy and raw capital in production,
ok, we use G priors centered at 0.54, as in Acurio Vésconez (2015). The second part of
Table 2 reports the priors for the constants in the measurement equations (20). For these
parameters, we use Normal (N) priors with means equal to the sample averages of the
corresponding observables and standard deviations equal to 10 percent of those averages.
Table 3 reports the priors for the parameters governing the exogenous shock processes:
B for the persistence parameters and Inverse Gamma (ZG) for the standard deviations
of the shocks. The parameters of the SVAR in equation (7) are estimated jointly with
the remaining model parameters. Their priors are A/ and are based on a preliminary
estimation over a presample. The corresponding prior and posterior distributions are
reported in Appendix D.

Tables 2 and 3 report posterior means and standard deviations for the estimated
parameters. The posterior estimates point to a high degree of consumption habits (h).
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Table 2—: Estimation Results. The table shows the endogenous propagation parameters and the measurement-
equation parameters. The table reports each parameter name (Full Name), the associate symbol (Symbol), the
prior distribution (Prior), prior mean and standard deviation (Mean, St. Dev), and the posterior mean (Post.
Mean) and standard deviation (Post. St. Dev). B denotes the Beta distribution, N the Normal distribution, G
the Gamma distribution, and TG the Inverse-Gamma distribution.

Endogenous propagation parameters

Full Name Symbol Prior Mean, St. Dev.  Post. Mean Post. St. Dev
Habits h B (0.80, 0.05) 0.78 0.04
Price Rigidity Sc Ox, B (0.75, 0.05) 0.45 0.03
Price Rigidity Se O, B (0.75, 0.05) 0.72 0.01
Employment Rigidity 0, B (0.50, 0.15) 0.80 0.02
Wage Rigidity O B (0.50, 0.05) 0.78 0.02
Price Indexation S, Ly, B (0.75, 0.15) 0.65 0.12
Price Indexation Se lre B (0.75, 0.15) 0.03 0.02
Wage Indexation Lw B (0.75, 0.15) 0.50 0.13
Cap. Adj. Cost - G (10.00, 2.50) 27.32 2.61
Utiliz. Adj. Cost N B (0.50, 0.05) 0.55 0.05
Taylor Rule Inertia R B (0.80, 0.10) 0.89 0.01
Taylor Rule Output ry N (0.13, 0.05) 0.21 0.05
Taylor Rule Inflation rr N (1.70, 0.10) 1.74 0.09
El. Subst. Energy Consumption oc g (0.54, 0.10) 0.25 0.04
El. Subst. Energy Production Ok, g (0.54, 0.10) 0.30 0.05
El. Subst. Gas vs Coal Oge g (1.11, 0.90) 0.77 0.03
El. Subst. Oil vs (Gas,Coal) Oo,gc g (1.76, 0.35) 0.52 0.04
Feedback (oil price) No g (0.05, 0.05) 0.46 0.12
Feedback (gas price) Ng g (0.40, 0.20) 3.88 1.16
Feedback (coal price) Ne g (0.08, 0.08) 1.11 0.23

Measurement equations parameters

Full Name Symbol Prior Mean, St. Dev. Post. Mean Post. St. Dev
Meas. Const. Inflation 100 X v N (0.54, 0.05) 0.51 0.04
Meas. Const. Inflation Se 100 X r, N (0.91, 0.09) 0.87 0.06
Meas. Const. Oil Price 100 X vr, N (1.14, 0.11) 1.27 0.08
Meas. Const. Gas Price 100 X v, N (1.34, 0.13) 1.48 0.10
Meas. const. Coal Price 100 X v, N (0.85, 0.09) 0.87 0.08
Meas. Const. Wage Inflation 100 X 7w N (0.73, 0.07) 0.91 0.04

Price-setting frictions are sizable in both sectors, with 6., and 6,, implying non-negligible
nominal rigidity. Price indexation is moderate in the core sector (ir,) and close to zero
in the energy sector (ir,). The estimate of §; implies employment rigidity, suggesting
that employment adjusts only gradually to changes in hours worked. The Taylor-rule
estimates imply strong interest-rate smoothing, through (rg), and moderate response of
the nominal interest rate to GDP (ry) and inflation (7). Wage-setting estimates indicate
a high degree of wage rigidity, 6,,, together with a moderate degree of wage indexation,
Lyw. We also estimate sizable investment adjustment costs, 7, and a moderate degree of
rigidity in capital utilization, n,. Finally, the estimated substitution elasticities across
fossil fuels, o4 and o0, 4c, and the substitution elasticities of energy in consumption and
production, o. and oy, are all below one, implying limited substitutability of energy

inputs. We discuss the role of these estimates for model dynamics in the next section.
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Table 3—: Estimation Results. The table reports the parameters of the exogenous processes. The table reports
each parameter name (Full Name), the associate symbol (Symbol), the prior distribution (Prior), prior mean
and standard deviation (Mean, St. Dev), and the posterior mean (Post. Mean) and standard deviation (Post.
St. Dev). B denotes the Beta distribution, N the Normal distribution, G the Gamma distribution, and ZG the
Inverse-Gamma distribution.

Exogenous processes parameters

Full Name Symbol Prior Mean, St. Dev.  Post. Mean Post. St. Dev

Persistence parameters

Persistence Prod. Sc Pze B (0.50, 0.10) 0.98 0.00
Persistence Prod. Se Pze B (0.50, 0.10) 0.62 0.03
Preference for Se pj B (0.50, 0.10) 0.98 0.01
Persistence Lab. Supply Py B (0.50, 0.10) 0.96 0.01
Persistence Intertemp. p¢ B (0.50, 0.10) 0.83 0.04
Persistence Prod. Inv. Pk B (0.50, 0.10) 0.92 0.02
Persistence Oil Price Ppo B (0.50, 0.10) 0.96 0.01
Persistence Gas Price Pry B (0.50, 0.10) 0.86 0.05
Persistence Coal Price Ppc B (0.50, 0.10) 0.92 0.02
Persistence Oil Prod. PV, B (0.50, 0.10) 0.75 0.03
Persistence Gas Prod. PV, B (0.50, 0.10) 0.39 0.05
Persistence Coal Prod. PV, B (0.50, 0.10) 0.90 0.02

Standard deviations of shocks

St. Dev. Prod. Sc 100 x o, g (0.001, 0.01) 0.87 0.08
St. Dev. Temp. Mon. Policy 100 X oe g (0.001, 0.01) 11.47 0.82
St. Dev. Prod. Se 100 X o, g (0.001, 0.01) 10.37 0.87
St. Dev. Intratemp. 100 x o 6 (0.001, 0.01) 9.38 0.74
St. Dev. Pers. Mon. Policy 100 X o g (0.001, 0.01) 0.22 0.17
St. Dev. Lab. Supply 100 x oy g (0.001, 0.01) 2.77 0.34
St. Dev. Pref. 100 X o¢ g (0.001, 0.01) 3.40 0.53
St. Dev. Oil Price 100 x 0p,  IG (0.001, 0.01) 10.04 1.09
St. Dev. Gas Price 100 X op,, g (0.001, 0.01) 17.56 3.03
St. Dev. Coal Price 100 X op,. 6 (0.001, 0.01) 5.60 0.59
St. Dev. Oil Prod. 100 x oy, g (0.001, 0.01) 15.48 2.04
St. Dev. Gas Prod. 100 x oy, g (0.001, 0.01) 10.25 1.19
St. Dev. Coal Prod. 100 x oy, 6 (0.001, 0.01) 13.78 1.36
St. Dev. Prod. Inv. 100 X oy g (0.001, 0.01) 1.62 0.15
St. Dev. Common Factor 100 X op, 6 (0.001, 0.01) 18.62 1.60
St. Dev. Global GDP 100 X ow g (0.001, 0.01) 0.36 0.02

IV. Economic Results
IRFs

Figure 4 reports the Impulse Response Functions (IRFs) to an unexpected increase in
the price of natural gas, (py), generated by a shock (ep,) to the idiosyncratic gas-price
component a,,, see equation (6). The shock reduces the quantity of natural gas, V;, used
by firms in the energy sector to produce refined energy. This raises both the crude-energy
price index, p,, and the refined-energy price, p.. Higher energy prices reduce firms’
demand for energy, m., and households’ energy consumption, c.. As a result, GDP
declines because lower energy use depresses production in the core sector and household

demand. At the same time, headline inflation, 7, increases, implying that the shock
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operates as a negative supply shock. At the same time, headline inflation, 7, increases,
implying that the shock operates as a negative supply shock. Appendix E reports similar

IRFs for idiosyncratic shocks to the prices of oil and coal, as well as for shocks to the

common factor in crude-energy prices.?’
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Figure 4. : Impulse Responses Functions (IRFs) to a Natural Gas Price Shock. The figure reports the
responses of the natural gas price (pg), natural gas use in energy production (Vy ), the crude-energy price indez (py),
the refined-energy price (pe), intermediate energy demand by core-sector firms (me ), household energy consumption
(ce), Teal GDP (GDP), and headline inflation (w) to a positive one-standard-deviation shock to the idiosyncratic
component of the gas price. Shaded areas denote the 20th and 80th percentile credible bands associated with
parameter uncertainty. The IRFs represent percentage deviations from the steady state.

Smoothed shocks

The estimated model provides a historical decomposition of the shocks associated with the
pandemic in 2020 and the subsequent energy-price shocks. Figure 5 reports the smoothed
shocks over the sample, with a focus on the period from 2015:Q1 to 2025:Q4.2! The main
shocks driving the COVID-19 recession and the subsequent recovery are concentrated in
the final part of the sample. The pandemic is associated with a large increase in la-
bor disutility (e,) in 2020:Q2, followed by a sharp reversal in 2020:Q3, consistent with
the collapse and subsequent rebound in hours worked. The discount-factor shock (e¢)
20We focus on gas price shocks in the main text because gas prices display the largest increases in our sample.
The corresponding simulations for oil, coal, and the common crude-energy factor are reported in Appendix E.

21The smoothed shocks are obtained by running the Kalman smoother on the full sample, from 1990:Q1 to
2025:Q4, using the posterior mean of the parameters reported in Tables 2 and 3.
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also fluctuates markedly during this period, turning negative in 2020:Q2 and positive in
2020:QQ3, in line with a temporary rise in savings followed by a recovery in consumption.

The pandemic period is also characterized by a large negative global shock (eyy) in
2020:Q2, capturing the contraction in world economic activity, followed by a sharp re-
bound in 2020:Q3. Energy-price shocks display a more heterogeneous pattern across
commodities. In particular, gas and coal price shocks (e, and €;,) become strongly posi-
tive and remain persistently elevated in the post-pandemic period, especially around 2022,
consistent with the sustained rise in EA energy prices (see Figure 1 in the introduction).
By contrast, oil price shocks (e),,) are more volatile and less persistent over the same

period.
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Figure 5. : Smoothed Shocks Over the Sample. The shocks are standardized by their respective standard de-
viations and are computed using the posterior mean of the model parameters reported in Tables 2 and 3. The
gray-shaded area denotes the period after the outbreak of the pandemic, starting in 2020:Q2. €, denotes the labor-
supply shock, e¢ the discount-factor shock, ey the global-GDP shock, ¢p, the oil-price shock, €p, the coal-price
shock, and ep, the gas-price shock.

Energy shocks

To isolate the contribution of energy-price shocks, we perform a counterfactual exercise
in which we shut down shocks to oil, coal, and gas prices (ep,, €p,, €p,) Over the period
2020:Q2-2022:Q3; see Figure 6. As shown in Figure 5, these shocks are predominantly
positive over this interval and capture the unusually large increase in energy prices ob-
served in the EA. We focus on these shocks as they directly drive energy price fluctuations
in the model, allowing us to isolate their contribution to the dynamics of prices and eco-

nomic activity during this period.
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Figure 6. : Energy Counterfactual. The top row reports the smoothed (realized) series (solid blue lines) together
with their counterfactual counterparts (dashed red lines), obtained by shutting down shocks to oil, coal, and gas
prices, €p,, €p., and €p,, over the period 2020:Q2-2022:Q3. The three columns report, respectively, the HICP of
energy products (P.), the aggregate HICP (P), and real gross domestic product (GDP). The bottom row reports the
percentage difference between the smoothed and counterfactual series (green dash-dotted lines), which measures the
contribution of energy-specific shocks over time. All level variables are normalized to one in 2020:Q1, the quarter
immediately preceding the start of the counterfactual, so that deviations can be interpreted as percentage changes
relative to the pre-counterfactual level. The shaded area denotes the period following the onset of the COVID-19
pandemic.

Figure 6 reports the results of the energy counterfactual. The first row shows the
smoothed paths of the main variables together with their counterfactual counterparts
obtained by shutting down oil, coal, and gas shocks from 2020:Q2 to 2022:Q3. The
second row reports the corresponding percentage differences, which make the contribution
of these shocks over time easier to visualize. For comparability with the figures in the
introduction, all level variables are normalized to one in 2020:Q1, the quarter immediately
preceding the start of the counterfactual.

The first column reports the effect on the HICP for energy products (P.). Consistent
with the evidence discussed in the introduction, energy prices increase by about 57% in
the data, while in the absence of energy shocks they would have risen by only about
16%. Thus, a large share of the increase in refined energy prices is directly attributable
to shocks to oil, coal, and gas. The second column reports the effect on the total HICP
(P). Over the period 2020:Q2 to 2022:Q3, headline inflation rises by about 12% in the

data, while in the absence of energy shocks it would have increased by approximately 9%.
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Energy shocks therefore account for a substantial share of the overall rise in consumer
prices. First, energy prices enter headline inflation directly through the energy component
of the consumption basket, see equation (17). Second, higher energy prices raise firms’
marginal costs because energy is used as an intermediate input (m.), thereby increasing
core prices (production channel). Third, they affect households’ consumption choices,
as higher energy prices induce substitution effects that alter the demand for non-energy
goods and, in turn, their prices (P) (consumption channel). We examine the latter two
mechanisms in more detail below. The third column reports the response of real GDP
(GDP). Energy shocks depress economic activity over most of the period, so that by
2022:Q3 output is about 0.75% lower than in the counterfactual without these shocks.This
evidence is consistent with interpreting recent energy disturbances as adverse supply
shocks for the EA economy, in line with Liadze et al. (2022), who estimate that the
Russo-Ukrainian war reduced European GDP by between 1% and 2%.

Figure 7 reports the contribution shares of oil, gas, and coal to the movements in
headline inflation (P) and in the energy price level (FP.). These shares are obtained
by comparing the baseline economy with counterfactual scenarios in which shocks to
one energy source at a time are shut down over the period 2020:Q2 to 2022:Q3. More
specifically, for each energy source we construct a counterfactual path by shutting down
the corresponding idiosyncratic shock while leaving all other shocks unchanged. The
contribution of each source is then measured as the difference between the baseline and
the corresponding counterfactual path, expressed as a share of the total contribution of
all energy shocks. At the end of the sample, oil and gas account for the largest shares
in the increase in headline inflation, while coal plays a smaller role. Oil contributes
substantially due to its larger weight in energy use and higher relative price, whereas gas,
makes a comparable contribution because of the magnitude of its price increase A similar
pattern emerges for the energy price level (P,), where oil and gas account for most of the

variation and coal contributes relatively less.
The role of complementarities

The estimated elasticities of substitution between energy and non-energy goods in pro-
duction (o) and consumption (o.) are both below one, implying complementarities. To
assess their quantitative importance, we compute IRF's to a gas price shock under alter-
native values of oy, . Figure 8 shows that lower substitutability amplifies the decline in
GDP. Quantitatively, the impact response of GDP is about 60% larger at the estimated
value of oy, than under unit elasticity. The reason is that, when relative energy prices

rise, firms have limited scope to substitute away from energy inputs. As a result, the

DPeMe
The Uk KetDeme’

o, < 1, further amplifying the contraction in output.

share of energy costs in production, s,,, = increases after the shock when
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Figure 7. : Contribution Shares of Oil, Gas, and Coal. The figure reports the percentage contributions of
oil (blue), gas (green), and coal (red) to movements in headline inflation (P, left panel) and in the energy price
level (Pe, right panel) over the period 2020:Q2-2022:Q3. Contributions are computed by comparing the baseline
economy with counterfactual scenarios in which shocks to each energy source are shut down one at a time. The
vertical azxis is normalized so that 100% corresponds to the total contribution of energy shocks.

These findings indicate that complementarities are quantitatively important for the
transmission of large energy shocks. Additional results, including alternative shocks and
the role of o., are reported in Appendix E, where we also discuss how wage indexation

amplifies energy shocks.
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Figure 8. : The Role of the Elasticity of Substitution in the Transmission of a Natural Gas Price Shock.
The figure reports impulse response functions (IRFs) to a positive one-standard-deviation shock (z—:p ) to the price
of natural gas (pg), computed for alternative values of the elasticity of substitution parameter oy, The black line
corresponds to the response at the estimated value of oy . IRF's represent percentage dematwns from the steady
state.
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Keynesian supply shocks

Keynesian supply shocks (KSS) arise when a negative supply disturbance, such as a
supply-chain disruption, triggers a decline in aggregate demand that is larger than the
initial supply contraction; see Guerrieri et al. (2022). In that case, the shock is effec-
tively transmitted as a demand shock, leading to a fall in prices. Guerrieri et al. (2022)
emphasize several mechanisms that can generate KSS, including complementarities in
consumption, incomplete markets, and firm exit. Because negative energy supply shocks
could, in principle, have this characterization in our model, we apply the framework of
Guerrieri et al. (2022), originally developed for pandemic shocks, to our setting.

As shown in Section IV, the overall effect of energy shocks on core-sector prices (F,) is
positive, which rules out a Keynesian supply-shock interpretation in our baseline model.
To highlight the mechanisms that distinguish our setup from that of Guerrieri et al.
(2022), Figure 9 reports the IRFs of core-sector inflation (7.) to a generic supply shock to
the common factor in crude energy prices. At the estimated parameter values (Baseline
model, blue solid line), 7. increases after the energy shock, implying positive pass-through
from energy prices to core-sector prices and therefore excluding KSSs.

To connect our framework to the key features of the stylized model in Guerrieri et al.
(2022), we next consider a parameterization with no consumption habits (h = 0), flexible
wages (0, ~ 0), and no use of energy in production (s, r =~ 0). We also set the
elasticity of substitution between energy and core goods in consumption to a very low value
(o, = 0.01), so that the two goods are strong complements. Under this configuration,
shown by the dashed red line, core-sector inflation falls after the energy shock, mimicking
the effect of a negative demand shock. When consumption goods are strong complements
and habits are absent, a decline in energy consumption generates a sufficiently large
decline in demand for core goods (consumption channel) to reduce their prices. At the
same time, because intermediate energy in production is shut down (s, x, =~ 0), higher
energy prices do not raise marginal costs in the core sector through the production function
in equation (10), so the production channel implying higher final good prices is absent.

To further study the interaction between the consumption and production channels, we
perform a second exercise in which we vary the elasticity of substitution in consumption
(o) and the share of energy in production (s, ). Figure 10 reports the impact response
of core-sector inflation (7.) to a positive shock (ep,) to the common crude-energy factor
(pf). We focus on this shock because it generates a broad increase in energy prices and
avoids substitution effects across individual fuels. The responses are computed under the
KSS parameterization described above, with o, ranging from 0.01 (strong complementar-
ity) to 1.50 (strong substitutability), and s,,, . ranging from 0.0001 (almost no energy in
production) to 0.0156 (three times the baseline value). When substitutability is low and

the energy share in production is small, the response of 7. is negative, generating KSS. In
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Figure 9. : Energy Shocks as Keynesian Supply Shocks. The figure reports the impulse response function
(IRFs) of core-sector inflation (mc) to a positive one-standard-deviation shock (ep; ) to the common crude-energy

component (py), computed at the posterior mean of the estimated parameters (Baseline) and under the parameter
configuration that generates Keynesian supply shocks (Keynesian). The IRFs represent percentage deviations from
the steady state.

this case, the negative demand-complementarity effect dominates the positive supply-side
effect of higher energy prices on core prices. By contrast, when demand complementari-
ties are weak and the energy share in production is large, core-sector prices rise after the
shock.
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Figure 10. : Energy shocks as Keynesian Supply Shocks Heatmap. The figure shows the impact response of
core-sector inflation (mc) to a positive one-standard-deviation shock (epf) to the common crude-energy component
(py) for alternative values of the elasticity of substitution in consumption, o, and the energy share in production,
Sme,k.- Darker colors correspond to more negative responses of m., consistent with a Keynesian supply-shock
transmission, while lighter colors correspond to positive responses. Responses are expressed as percentage deviations
from steady state.

To isolate the role of complementarities in a simplified setting, we consider a stripped-
down version of the model that removes capital, intermediate energy in production, habits,
and nominal rigidities in both goods and labor markets, and excludes energy as an input
in production. This setup closely resembles the framework in Guerrieri et al. (2022).
Figure 11 reports the response of core-sector inflation for different values of o, shown in

the color bar: values of o, below one generate KSS effects, whereas values above one do
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not. By contrast, we do not find KSS effects in the estimated full model, where real and
nominal rigidities, together with pass-through from energy used in production, dampen

the Keynesian transmission mechanism.
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Figure 11. : Impulse Responses of Core Inflation to an Energy Price Shock. The figure shows the impulse
responses of core-sector inflation (m:) to a one-standard-deviation shock to the common crude-energy component
(ps), computed under alternative values of the complementarity parameter o (see color bar). The model abstracts
from capital and nominal rigidities, allowing for a characterization of energy disturbances as Keynesian supply
shocks. All responses are expressed as percentage deviations from steady state.

Monetary policy

The literature has long emphasized the role of monetary policy in amplifying the effects
of energy shocks, see Bernanke et al. (1997), Leduc and Sill (2004), Blanchard and Gali
(2007), Kormilitsina (2011) and Ramey and Vine (2011). As shown in Section III, the
energy sector, despite its modest share in total production, plays an important role in
inflation dynamics. In our framework, energy shocks therefore affect GDP not only di-
rectly, but also indirectly through the monetary policy response to higher inflation. By
contrast, Bodenstein and Guerrieri (2011) find that monetary policy plays only a limited
role in the transmission of oil price shocks, because in their estimated model most oil
price fluctuations originate abroad.

The top panel of Figure 12 reports the IRF of headline inflation (7) to an exogenous
increase in the price of natural gas under alternative values of the inflation coefficient in
the Taylor rule, r,, ranging from 1.25 (a loose response) to 2.50 (an aggressive response).
The figure also reports the IRF at the estimated value, 7, = 1.74 (solid black line). A
stronger monetary response reduces the inflationary effect of the gas price shock. On
impact, a loose response with r, = 1.25 implies an increase in inflation that is 62% larger
than under a more aggressive response with r, = 2.50. This tighter inflation stabilization
comes at the cost of a larger decline in output, as shown in the bottom panel of Figure
12. The impact decline in GDP is about three times larger when r; = 2.50 than when

rr = 1.25. Appendix E reports analogous results for shocks to individual crude energy
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prices and to the common factor in crude energy prices under alternative monetary policy

responses.22
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Figure 12. : Monetary Policy Transmission and the Response to a Natural Gas Price Shock. The figure
displays the impulse responses of inflation and output to a one-standard-deviation shock to the natural gas price
(spg), computed under alternative values of the central bank’s responsiveness to inflation (rr). All responses are
expressed as percentage deviations from steady state.

Figure 13 reports a counterfactual scenario in which the policy rate (upper panel) is held
constant at its 2021:Q4 level, thereby shutting down the subsequent monetary tightening.
To implement this experiment, we simulate a sequence of monetary policy shocks, .,
that offsets the observed increase in the interest rate between 2022:Q1 and 2022:Q4.

By the end of the sample, 2022:Q4, headline inflation (7) and core inflation (7.) are
about 80 basis points higher than in the baseline with tightening. Energy inflation (m.),
by contrast, is about 20 basis points lower. Real GDP is approximately 1.60% higher
under the counterfactual. These results highlight the trade-off faced by the central bank
between containing inflation and supporting economic activity in the presence of large

energy shocks.
Fiscal policy

We next consider a fiscal intervention aimed at shielding users of refined energy from the
increase in energy prices. The fiscal authority introduces a subsidy, 7., that lowers the
price of refined energy paid by households and firms in the core sector.?® The policy is

financed through a balanced-budget lump-sum tax, 7}, levied on households. Under this

22 Analyzing how beliefs about the central bank’s future stance on inflation affect the transmission of energy
shocks, in the spirit of Bianchi (2013), is left for future research.

23For instance, several Euro area countries implemented energy price caps and subsidies during 2021-2022. In
Germany, the Energiepreisbremsen introduced in 2022 capped retail electricity and gas prices for households and
firms, while Italy and France adopted similar measures to limit the pass-through of wholesale energy prices to final
consumers. These policy responses are discussed in a broader European perspective by Pollitt (2024) and Pollitt
et al. (2022).
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Figure 13. : Effects of Accommodative Monetary Policy on Energy Price Shocks. The top panel reports
the nominal interest rate (R), with the solid blue line denoting the smoothed series and the dashed red line the
counterfactual path under monetary policy intervention. The remaining panels report the differences in headline
inflation (m), energy inflation (we), core inflation (m.), and real gross domestic product (GDP) between the
counterfactual and the baseline scenario. The green dash-dotted lines denote these differences, measured in basis
points (bp) for inflation rates and in percentage terms (%) for GDP.

policy, the household budget constraint in equation (14) becomes
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and the profit function of core sector firms (see equation 9) becomes:

c,t k 1
max 7X — We,tNet — Tke tUke tRet—1 — ( - Te,t) DPetMet-
c,t

The subsidy (7+) follows an exogenous AR(1) process,
Te,t = PreTet—1 + S

where p;, is the persistence parameter and the innovation ., ; captures new policy inter-

ventions. The balanced-budget lump-sum tax (73) satisfies:

(21) Tt = TetDetMet + Te tPe,tCet-
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In the quantitative exercise, we assume that the fiscal authority chooses interventions so
as to keep the effective price of energy at its 2020:Q1 level, denoted t*. Operationally,
this requires increasing the subsidy rate to offset subsequent price increases. We set
the persistence parameter to p,, = 0.99, so that the policy is perceived as long-lasting,
although agents do not expect the fiscal authority to offset future energy price increases

beyond the realized intervention path.
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Figure 14. : Effects of Fiscal Policy in Response to Energy Price Shocks. The figure reports the subsidy rate
(Te,t), the ratio of lump-sum tazes to gross domestic product (T./GDP), headline inflation (x), effective energy
inflation (7 = [pe,t(1 — 7e,t)]/[Pe,t—1(1 — Te,t—1)]), core inflation (w.), and real gross domestic product (GDP).
In the panels for Te;t, Te/GDP, and 7}, the solid blue lines denote the smoothed series under no subsidy shock,
while the dashed red lines denote the counterfactual with the subsidy policy in place. In the panels for m, 7., and
GDP, the dashed red lines denote the difference between the subsidy counterfactual and the no-subsidy baseline.

Figure 14 reports the evolution of selected variables under the subsidy program and
in the no-intervention baseline. For comparability with the monetary policy exercise,
we plot the same variables as in Figure 13, except that the first row reports the fiscal
instruments, namely the subsidy rate and the lump-sum tax. The subsidy rate, 7. ;, must
rise by 62% to offset the cumulative increase in energy prices by 2022:Q4 (first panel).
Financing this intervention requires a lump-sum tax equal to 5.3% of GDP in 2022:Q4
(second panel). The fourth panel shows that the policy is designed to stabilize effective
= %, (red dashed line) rather than allowing the large

positive energy inflation observed in the data (blue solid line). By lowering the effective

energy inflation, w

price of energy, the policy mitigates the reduction in household energy consumption, c,
and firms’ demand for intermediate energy, m., thereby raising GDP through both the
consumption and production channels. By 2022:Q4, GDP is about 3.25% higher than
in the no-subsidy scenario. Figure 14 also shows that the subsidy reduces both headline
inflation, 7, and core inflation, 7, relative to the no-intervention benchmark.

To understand these effects more clearly, we examine the role of feedback from EA
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Figure 15. : The Role of Endogenous Energy Prices in Fiscal Policy. The figure compares the effects of
an energy subsidy under two alternative assumptions: fuel prices (oil, gas, and coal) are either endogenous and
respond to EA demand (baseline model), or exogenous. The top panels report the subsidy rate (te) and the ratio
of lump-sum tazes to GDP (Te/GDP), while the bottom-left panel reports the percentage deviation of real GDP
relative to the no-subsidy baseline within each specification. Solid blue lines denote the smoothed series without
subsidies, dashed red lines the subsidy counterfactual with endogenous prices, and dash-dotted green lines the
counterfactual with exogenous prices. The bottom-right panel reports the difference in fuel-price responses between
the two specifications for coal (pc), oil (po), and gas (pg). Positive values indicate that the subsidy raises fuel
prices more when prices are endogenous, reflecting feedback from EA demand.

demand to energy prices. Figure 15 compares the subsidy under two alternative specifi-
cations. The first is the baseline estimated model, in which oil, gas, and coal prices are
endogenous and respond to EA demand according to equation (8), through the feedback
elasticities 7, 7., and 7. The second shuts down this channel by treating energy prices
as exogenous.

When energy prices are exogenous, the subsidy lowers the effective price of refined
energy without generating any feedback on crude fuel prices. In that case, the policy is
more effective because it does not induce further increases in input costs. By contrast,
when energy prices are endogenous, the subsidy raises the demand for refined energy by
households and firms in the core sector. Energy producers respond by increasing the
use of oil, gas, and coal, which pushes up the prices of these inputs. As shown in the
bottom-right panel of Figure 15, this feedback is particularly strong for gas, whose price
rises by as much as 18%, while oil and coal prices also increase, although by less. Energy
firms pass these higher costs through to refined energy prices, which in turn requires a
larger subsidy to stabilize the effective price of energy.

This creates a feedback loop: higher subsidies stimulate energy demand, stronger de-
mand raises crude fuel prices, and higher input costs require additional fiscal support.

Although this mechanism increases the subsidy rate and the associated tax burden, it
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also supports aggregate demand and output. At the same time, it makes the policy less
efficient, because part of the intended relief is offset by the induced increase in energy
prices. We quantify this inefficiency using fiscal multipliers.

We compare the economic gains resulting from this policy (increases in GDP) with its
costs (increases in taxes), quantifying the fiscal multipliers (Mountford and Uhlig, 2009
and Zubairy, 2014):

h 1 .
(22) MTe,h = Et Zi:O A (Ri|t+i> GD]DH_Z

EtZ?:oA< ! )Tt+i 7

Rt\t+z‘

where the discount factor is the product of gross risk-free policy rates from t to t + i:
i
Rt|t+i = H Riy;.
j=0

In equation (22), at each horizon ¢ after the subsidy shock (e, +), we compute (i) the
gain in GDP relative to the no-subsidy case, AGDP,,,;, and (ii) the corresponding increase
in taxes, AT;y;, which equals the increase in subsidies under the balanced-budget rule in
equation (21).

Fiscal multipliers
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Figure 16. : Fiscal Multipliers. The figure reports the cumulative fiscal multipliers associated with the energy-
subsidy policy at different horizons after a shock to the subsidy rate, er,. The horizontal axis measures the number
of quarters after the shock. The two upper green lines correspond to subsidies targeted to firms, with the solid
line referring to the baseline model with endogenous energy prices and the dashed line to the specification with
exogenous energy prices. The two middle blue lines correspond to joint subsidies to households and firms, again
with the solid line denoting the baseline model and the dashed line the exogenous-price case. The two lower red
lines correspond to subsidies targeted to households, with the same distinction between solid and dashed lines.

Figure 16 reports the cumulative multipliers M, ; at different horizons. Multipliers are

positive on impact and increase over time, with substantial heterogeneity across policy
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designs. We distinguish between interventions targeted to households, firms, and both
jointly, and between the baseline model with endogenous energy prices and the case
with exogenous prices. In the baseline specification, the multipliers converge to 0.40
for household-targeted interventions, 1.30 for firm-targeted interventions, and 0.80 when
both policies are implemented jointly. The larger multipliers for firms reflect stronger
supply-side effects, since lower energy costs directly reduce production costs.

Multipliers are systematically larger when energy prices are exogenous. In that case,
they converge to 0.50 for household-targeted interventions, 1.40 for firm-targeted inter-
ventions, and 0.85 when both policies are active. Without feedback from EA demand to
energy prices, the subsidy does not raise crude input costs and therefore becomes more
effective. By contrast, when energy prices are endogenous, the subsidy increases demand
for fossil fuels, raises their prices, and partially offsets the reduction in effective energy
costs. This feedback weakens transmission and lowers the associated multipliers. These
findings suggest that endogenous energy-price feedback is a key component in the evalua-
tion of energy-relief policies. At the same time, our framework abstracts from mechanisms
that could amplify the effectiveness of subsidies, such as imperfect consumption smooth-
ing by debt-constrained households that benefit most from the policy (Bhattarai and
Trzeciakiewicz, 2017).24

V. Conclusion

This paper develops and estimates a two-sector macroeconomic model in which an en-
ergy sector combines crude energy sources—coal, oil, and gas—to produce refined energy
used by households and a core sector. The model is estimated on EA data covering the
surge in energy prices following the COVID-19 pandemic, which allows us to distinguish
between the effects of pandemic-related shocks and those of energy shocks over 2020-2022.

We find that shocks to oil, coal, and gas are the main drivers of refined energy prices,
while their contribution to headline inflation is smaller but still economically meaningful.
Oil and gas account for most of the variation in energy prices, whereas coal plays a more
limited role. The model also highlights several amplification mechanisms. Complemen-
tarities in energy use, labor market inertia, and monetary policy all strengthen the effects
of energy shocks. At the same time, the use of energy in production, together with the
estimated nominal and real rigidities, implies positive pass-through to core-sector prices,
ruling out a standard Keynesian transmission of these shocks.

We also study the role of fiscal policy in mitigating the effects of energy shocks. The
effectiveness of energy subsidies depends on the response of energy prices to domestic
demand. When this feedback is present, stronger demand raises fuel prices and partially

offsets the decline in effective energy costs, weakening the transmission of the policy.

24 At the same time, introducing constraints on public finance could reduce the effectiveness of this policy.
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When energy prices are exogenous, this channel is absent and fiscal interventions are
more effective. Future work could extend the model to allow for limited consumption
smoothing by households, which may increase the effectiveness of fiscal policy. Another
extension would be to incorporate green energy sources and study how energy shocks

interact with the transition toward cleaner technologies.
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A. The Model Equations
Wholesale Energy Sector Firms

The first-order conditions of the wholesale firms in the energy sector are:
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e,t

tion (A3) can be written more compactly as:

Potav, ) %
U7 3
Vot = woVe (o > .

po,t
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e Natural gas demand:
Maximizing profits in equation (1) with respect to Vg ; requires differentiating Y.,
with respect to V;;, taking into account the dependence of Y.; on the inner and

outer CES aggregators in equations (4)—(3). By the chain rule,

5’Ye,t aYe,t 8Ve,t 8V90¢

Wgi  OVey OVgeyr OVyy

These terms are:

ey
WVer

Combining these three components gives:

1 1
OYe Yeu 1 Vet \ oowse e (V. oge
) ) ) ’ ge,t
= ae(l —wg,) (1 —wp)7erse | —— av,twg” | )

a‘/g,t ‘/;E,t Vtgc,t Vg,t
Equating this marginal product to the marginal cost py; yields the natural gas
demand:
Y. 1 V. T 1 v 1
( ) Xe,t e( ke) Vv&t ( O) %c,t Vgt g qu,t Pg,t
Using
1 Yer
= o 1 —w ’
pv,t Xet e( ke) ‘/et

and the outer-nest relation

V ¢ 1/00,gc
Pge,t = Pv,t(l — wo)l/"ﬁ«gc (VG) ’
ge,t

equation (A4) becomes

1

1 \V Toc
- ogc ge,t 9
Pg,t = Pgc,t AVt Wg .
Vgﬂf
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Solving for V; ; gives the explicit demand for natural gas:

a Tgc
‘/gﬂj = w, ngt (pgc,t Vgﬂf) ‘
pg,t
Coal demand:
The demand for coal is derived analogously. Maximizing profits in equation (1) with

respect to V., yields:

(A5)
1 1
1 Yeu 1 Vey \ o0 L (Vyer ) ooe
JE— 1— ) 1— J0,gc ? 1— ggc At — .
Xe,t ae( wke) ‘/e,t ( WO) (‘/qut ant ( wg) ‘/c,t pc»t
Using again
DPut = 7ae(1 — Wk )}/67t
T Xet Ve

) )

and
Ve )1/Go,gc
)

_ 1/0'0 c
Pget = Pot(l —w 9 (
gc v ( 0) ngt

equation (Ab5) can be rewritten as

1

L V ggc
c,t

g

Solving (A6) for V., gives:

1

(‘/tqc,t ogc _ Pc,t
V. - 10
et Pget av,t (1 — wg) 7o

hence the explicit coal demand:

Ogc
Pget Vot \ 2
Ver = (1 —wg) Vger <gc ) :
Dyt

Retail Energy Sector Firms

Retail firms in the energy sector choose the price of variety j, Pe:(j), to maximize

the expected discounted stream of profits net of quadratic Rotemberg adjustment costs.

These costs depend on the price-adjustment parameter 7,, and on lagged inflation, with

indexation governed by ir,:

(A7) Eo ) B’ {uCt
t=0

Poii)y oo Lo e Peal) )
s Y _ Y _ e > _ Te Y
Pe,t et (-7) Xe,t eut(vj) 2 Pe,t—l (]) Tr@,t—l e,t

Ue,,0

2



47

subject to:

(P
vuli) = () T
€,

The adjustment-cost term penalizes deviations of the price change of an individual

variety, Pifgj()j)’ from lagged indexed inflation, W;Tte_l. Equation (A7) also shows that

retailer profits are discounted by the stochastic discount factor, Btzz—c’;, which depends on
the marginal utility of consumption. When prices are fully flexible, that is, when 0., = 0,
the markup is constant at its steady-state value, X, = —"=7. Profits of retail firms in the

energy sector are given by

- 1 e e )2
IL, ;= (1— X Yoi — Tet — Tet1) Yet
et

The first-order condition of the retailer’s problem yields the following Phillips curve for

energy prices:

L Ue, t+1 L Yve,t—‘rl
1-— TetNre (7'('6715 — 71'6‘:?71) + /Bnﬂ'eEt |:7T6,t+1c (ﬂ-e,t—i-l _ 7_‘_e7rte)

U, t ’ Yeu
1
=(1- .
< Xe,t>€ﬂe

)

(A8)

Wholesale Core Sector Firms

Profit maximization by wholesale firms in the core sector yields the following input-

demand schedules:

e Labor demand:

I (1—ae)Yey
A9 t_ '
( ) Xc7t et wc’t
o Raw capital demand:
(A10) 1 7 Yo Fer )\ om
cht e ch Ec7t ukc?tkC,t—l uk67t - rk(;atuk(ht'

e FEnergy demand:

(A11) 2 (1w ()™



48 ENERGY SHOCKS, PANDEMICS AND THE MACROECONOMY

Retail Core Sector Firms

Retail firms in the core sector face quadratic Rotemberg price-adjustment costs, gov-
erned by the rigidity parameter n,, and the indexation parameter ¢, , analogously to
retailers in the energy sector. Their problem is to choose P, ;(j) to maximize the ex-

pected discounted stream of profits net of adjustment costs:

(A12)
o0 et | Pet() _ 1 N ( Pey(5) ) >2
E t CH ) }/c _ 7}/0 _ c ,7 — Wc_ }/C ,
° ; (5) { Uc.,0 Pc7t ot <]> Xc,t ot <'7) 2 Pc,t—l (]) ct—1 it
subject to

. Pei(5)\
Yei(g) = <Pt(tj)> Yoy

The adjustment-cost term penalizes deviations of individual price changes, Pfct’_t (1]‘()]‘)7 from

lagged indexed inflation, 772';_1. As equation (A12) shows, retailer profits are discounted
by the stochastic discount factor, 6%‘2—2’3, which depends on the marginal utility of con-
sumption at time t.

The first-order condition of the retailer’s problem yields the Phillips curve for core-sector

prices:

Lre U, t+1 Lre Yc,t+1
1-— TetNne <7Tc,t - Trc,t—l) + 577ch¢ |:7Tc,t+1 (7Tc,t+1 — Tet )

ucmt }/C,t
1
=(1- .
( Xc,t> e

Profits of retail firms in the core sector are given by

1 nﬂ'c Te 2
IL,, ;= (1 - cht> Yer — 5 (7Tc,t - Wé’t;l) Yoy

Unions

(A13)

We report the optimization problem of labor unions in the two sectors. Unions face

. : —€w
sector-specific labor demand schedules, n;(j) = (mwit(t])) nit, © € {c,e}, and incur
quadratic adjustment costs @ la Rotemberg for wage changes. These adjustment costs

depend on lagged inflation, with indexation governed by tq,:

IEO Zﬁt { ucc,t
t=0

agsptagnig(j) }

Wi,t(j)n‘ () — T Wit (5) s ? Wis
Py 2 \Wiya(j) !

1+vy
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The first-order conditions imply the following wage Phillips curves:

o Wage Phillips curve for Sg:

2
w

CC7t+ 2 C,tJrl
ThwWe,t (Wc,t t 1) B"]w Wet+l — Toy) —
(A14) e Uc, t ( ) Te,t41
1+1/C

('0 a’%t Ct

+(1—ep)nes+ey | ——————|.
We,tUc,,t

o Wage Phillips curve for Se:

2
U, t4+1 v We,t+1
NwWe, t ((JJe,t Te, t 1) an = ((JJe,tJrl — We%)

(A15) Ue, t Te,t4+1
1+v,
()0 a‘Pytnet ¢
+ (1 —€ew)net+ew | ———— | .
We, tUc,,t
H h . 1 . ﬁ . 1 . _ Wi,t _ Pi,twi,t
ere, We,t and we,¢ are the nominal wage intlation rates, namely w; ; = W T = Poywr T =
Za - ’Lv - ’Lv -

w. . . . . .
Tt ttl. Profits of unions are given by net margins minus adjustment costs:
1,t—

1 Nw 2
L
It = (1 X Wet Nyt — o> (wqt — 776:’;_1> We Nt
We,t

1 Nw 2
L
Iy, :=(1- WetMet — — (Wet — Th_1) WeitNeg-
X 2 et
We,t

The profit term II; appearing in the household budget constraint in equation (14) is
therefore:
Iy = Wyt + petllu, ¢ + it + pe Il ¢

Finally, total nominal adjustment costs in the two sectors, which enter the market-clearing

conditions in equations (18) and (19), are given by:

(A16)
5

2 2
T, L nw L
< Ter — ﬂ'c’;il) } Yei + o (wqt — Wcﬁil) We,tNe t

and
Zet = PetZmet T PetSwe t

(A17) {nﬂe
2

2 2
¢ T v
(71'@7,5 - ﬂ'e’ft‘il) ] DetYer + 5 (we,t — 7re7,ﬂt—1) De,tWe,tMe,t-
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Households

The functional forms of the investment and capacity-utilization costs appearing in the

household budget constraint in equation (14) are:

Nk kc,t 2 Tk ke,t 2
qjk}c,t = 5 -1 kc,tfla \Ijke,t = 5 -1 k‘e,tfla
2 k?c,tfl et—1

i Nu N T
! () |, (%)
= [ooa] [ @) )]

1_77u

i Nu Nu

! () | (%)

\IJ’U,eyt = |:ﬁ - (1 - 5kﬁ)] 277 + 277 uze,t + <1 B 1 iun ) uke7t - 1
u

The total adjustment-cost term in the household budget constraint is therefore:
Uy =W ¢ +Det Wit + Vo tkei—1 + Pet WY, thei—1-

The household optimization problem implies the following first-order conditions.

e Fuler equation:

Ue,t = BRIE <ucc’t+1> .

Te,t+1

e Intratemporal consumption condition:

The marginal utilities of non-energy (u., ) and energy (u., ;) consumption are given
by:

— Marginal utility of non-energy goods:

1

1—h ag hBagesr | [ & | 2

ucc,t = — — — Et — — —_— .
1—Bh [ — heiq Ctr1 — hey ] [cep

— Marginal utility of energy goods:

e 1 L
(1 - ch) oe a;; :

1—~h |: a¢.t E hﬁag’t_;'_l :| I: Ct
; _—
Ct

Ue, t — = = - — —
“ 1—Bh — hegq Cip1 — her ] | cey



e Labor supply to S.:

wc,tucc ,t

Cc Ve __
a47ta‘/77t90 nc,t - X
We,t

e Labor supply to Se:

We U
e ve _ PeiWeitlc,t
Ao tP Nep = — v -

Xwe,t
o Capital supply to Se:
k 1
Ucort [1 + (t - 1)} —
ket—1 At
_ 1 Mk
=BE e, t4+1 |The t+1Uket+1 + (1 — 6g,) — Wy 41 + =
Ok t+1 pi+1 2
o Capital supply to Se:
Ket 1
Pe,tUce,t |1+ 1k . )| —
e,t—1 Q¢
1 1
=BEPett1Uce,t41 |The 41Uk, 141 + (1 — Op, ) — Wy 41—
Ak t+1 Ak t+1

o Capacity utilization in S, condition:

Tkeot U M
(A18) Tkt g + "
5~ (1—=d,) L—ny 1=

o Capacity utilization in Se condition:

Tke,t T T
(A19) ket g + -
5~ (1= d) L=t 1=

B. Steady State

2
kc,t—H
2
kc,t

Nk

2

<k2

e,t+1
2
ket
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-1 .
Ak t+1

This section derives the steady state of the model. Variables without time subscripts

denote steady-state values. For convenience, define the following ratios:
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The Phillips curves in equations (A13), (A8), (A14), and (A15) imply the steady-state
markups

The model is solved around a zero-inflation equilibrium, where the gross interest rate
equals the inverse of the discount rate. Moreover, utilization rates are normalized to one
in steady state and all adjustment costs are zero, namely:

=1 "7m.=1 w.,=1 we=1  R=
Uk, = 1, U, = 1, \I/kc = 0, \I/ke = 0, \Ijuc = 0, \I/u = O, Ee = 0, Ee =0.

We normalize the relative price of refined energy to one:
Pe = 1.

The capacity-utilization conditions in equations (A18) and (A19) imply the steady-state
rental rates of capital:

1 1
rkc:B_1+5kc7 Tke:B_1+5/€e'

We set the relative prices of oil, gas, and coal equal to their calibration targets:
Po=Dys Dg=Dy, Pe=Dc-
The exogenous processes are fixed at their unconditional means in steady state:
aj=1, ac=1, a,=1, a, =1, a, =1, a=1, a=1,

c

ay,=1, ay,=1, ay. =1, ap.=0, ap, =0, ap



53

B1. Core sector

From the demand for raw capital in equation (A10) and the demand for refined energy
in equation (A11), the share parameter wy, can be written as a function of the calibration
target sp, g, = Me/ke:

—o) !
wr, = (14 SmekeTk, .

Define the price index of the CES composite k.:

1
_ l1—og l1—oy l—op
Tke = [wkcmc ¢+ (1 — wg,)pe ] <.

In steady state, the demand for k. by the core sector implies

1 1
:aci

Cl = Xca-

SIE

Using the production function in equation (10), we obtain

Qc

Y. = nccll_acv %c = (1Ye.

Using the demand conditions for raw capital and refined energy, we obtain
m 1 __1 90k

Substituting m. = (4k. into equation (11) yields

kc:%c

1 Ukp_l l—op
O-kC 0'7 Ukc
wy ¢+ (1 —wg,) e ¢ ]
B2.  FEnergy sector

Using the definition of the crude-energy composite V. and its price index p,, the demand

for crude energy by the energy sector implies

1Y
(B1) ae(1l — w’“e)ZVZ = Py.

Matching the calibration target sp, v, y, = pyVe/Ye implies

1
Wi, =1 —sp, .7, o Xe.
e
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From the demand for raw capital in equation (A2), we obtain

¢ ke 1 1
= = — QW —-
TY. X ey,
Equation (B1) also implies
Ve 1 1
= (1 —wp)—
“=y, Txol e,

Define the scaled level of production in the energy sector as

Qe

Yo (a2) 7T = ne [Gheg ] T

Ze

Y,

B3.  Crude-energy nest

From the demand conditions for gas and coal in the inner CES aggregator,

Vo _ <p>
Vc 1_Wg Py

Imposing the calibration target sy, v, = V,/V., we obtain

Oge
“Yg  _ Py

1 - SVg Ve ’
- wg DPe

so that

The corresponding price index of the gas-coal composite is:

Dge = |Wg Pg + (1 = wg) pe

1
170’90 170'96:| 1-oge

Let sy, v, = V,/V.. The share parameter w, in the outer nest satisfies

w D Ogc D To,gc
—— =sy,v.(1—wy) | =~ — :
1 —w, Pe Pgc




Solving for w,:

Ogc To,gc
svave(l <P ) (Pw)

Wy —
1+8V0Vc 1—(4}9 (

The implied steady-state ratios are

Ve g
V p Tgc v p Ogc
C**Evig:u)g (gc) 5 C***Eic—(l_wg) <gc
gc Py gc Pc

Hence,
_Vo_ DPov 7o.ge _‘/g_ _‘/c_
(s = V. —Wo< ) > G6 = V. = GuxCx, Cr = V. = Grsx Gy

and therefore

Vo=0CVe, Vg=0GVe, Ve=0Grbe.
B4. Consumption, wages, and profits

The steady-state resource constraints are
Cc+ 5kckc + 5keke = }/Ca

Ce + Me + Szpov;) + Sngvg + Szpc‘/c = Yé~

Using the resource constraints, we obtain the normalization constant a2’

ce 1—ae
s — Yo — Okcke + p255 e )
- lefCC Ye — 1fo¢¢ (55P0Cs + 5ipgCe + 55pcCr) Ye + Ok, C2Ye
This implies:
1 ~
1/6 = aiz 1-ae Yv67
ke = C2}/67 Ve = C?)Ye-
Consumption of energy and core goods is:
* * * We,
Ce =Ye — 50povo - Sgngg - Scpcvvc — M, Cec = Ce.

1—w,

55
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The aggregate consumption composite is:

Oc
1 gc—l 1 Ze=1l7 oo—1

c=|wic.”™ +(1—we)oece

The corresponding marginal utilities are:

- _1 - 1 1 -
— Jc Z5 -1 >
Ue, = We, C%¢ Cc U,

= (1 —we,)occoc "ce

e

The labor-demand conditions in equations (Al) and (A9) imply:

Y.
Xcne'

Ye
Xene '

we = (1 — ) we = (1 — ap)

Hence the labor-disutility parameters satisfy:

¢ Wclc, SOe _ DPeWelc,
= , ==t "
chnzc Xwenze

¥

Steady-state profits of retailers and unions are:

1 1
M, =(1-—1Y, IO, =(1--—]Y,
e ( Xc)c ¢ < Xe>

1 1
Huc = <1 - )(wc> WeNe, Hue = <1 — )(we> WeNe.

The aggregate profit term entering the household budget constraint is therefore
Il =1Ly, + pelly, + Iy, + pell,, .
B5.  Aggregate quantities

Aggregate GDP is
GDP = Y; — PeMe + Pe (Y; _pv‘/e) .

Aggregate inflation is defined using sectoral value-added shares:

Aggregate investment is
i = 5kckc + peékeke

The capital-energy composite in the energy sector is:

T w 1—w
ke = ke ke‘/e be
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The expenditure share of energy goods in total consumption and the share of energy value
added in GDP are

_ DeCe s _ pe(Yve - pv‘/e)
DeCe + Ce ) eVALIVA GDP —

See
Total employment and total hours are
E =n.+ ne, N =F.
B6. SVAR Block

Regarding the crude energy block, we impose logpy = log pjf. The SVAR block then

pins down the steady-state value of world output growth:

Cocse + (@112 + a2,12) log ps

Alog (GDPW) - 1—a111 —a211

International commodity prices coincide with domestic ones:
Py =DPg» Do =DPo, DPe=De
B7.  Measurement Equations
The measurement equations in (20) imply the following steady-state relationships,

where growth rates are zero, inflation rates are constant, and level observables are pro-

portional to scaling parameters:

AGDP™* =0, Aclt =0,

Aidam -0 Aldata -0

ﬂ_data = Y ﬂ_gata = VTmes

7-‘-Odata = ’Yﬂ'o? Wgata = r)/ﬂ'c?

71,‘gata — ,_Yﬂ_g’ wdata = Yo,

Ve =y, VA, VI =y, V,
V'gdata = v, Vg, Rdata — 400(R _ 1)7

Alog GDPWA4 = Alog (GDPY) .

The loading parameters must satisfy
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C. Data Construction

Gross Domestic Product

Real gross domestic product (GDP) in the EA from 1990:Q1 to 1995:Q1 is retrieved from
the Gross Domestic Product series (YER code) in the Area-Wide Model (AWM) database
constructed by Fagan et al. (2005), and from 1995:Q1 onward from Eurostat, retrieved
via FRED (CLVMEURSCAB1GQEA19). The series is seasonally adjusted and measured
in millions of chained 2010 euros. We divide GDP by total EA population, obtained from
the World Bank and retrieved from FRED (SPPOPTOTLEMU), to express the series in

per capita terms. The resulting series is transformed into log differences and demeaned.

Consumption

Consumption in the EA from 1990:Q1 to 1995:Q1 is retrieved from the Individual Con-
sumption Expenditure (PCR series) in the AWM database. From 1995:Q1 onward, we
use Eurostat quarterly national accounts data on final consumption expenditure of house-
holds and non-profit institutions serving households (NPISH) for the EA (19 countries).
The series is seasonally and calendar adjusted and measured in millions of chain-linked
2010 euros. We divide it by total EA population (SPPOPTOTLEMU) to obtain per

capita consumption. The resulting series is expressed in log differences and demeaned.
Investment

Investment in the EA from 1990:Q1 to 1995:Q1 is measured as Gross Fixed Capital
Formation (ITR series) in the AWM database. From 1995:Q1 onward, we use Eurostat
quarterly national accounts data on gross fixed capital formation for the EA (19 countries).
The series is seasonally and calendar adjusted and measured in millions of chain-linked
2010 euros. We divide it by total EA population (SPPOPTOTLEMU) to obtain per

capita investment. The resulting series is expressed in log differences and demeaned.
Employment

Employment in the EA from 1990:Q1 to 1995:Q1 is retrieved from the Total Employ-
ment series (LNN) in the AWM database. This series is seasonally and calendar adjusted
and measured in thousands of persons. From 1995:Q1 onward, we use Eurostat quarterly
national accounts data on total employment (domestic concept) for the EA (19 countries).
The series is seasonally and calendar adjusted and measured in thousands of persons. We
divide employment by the total population of the EA (SPPOPTOTLEMU) to obtain per

capita employment. The series is taken in log differences.
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Inflation

Inflation in the EA from 1990:Q1 to 1995:Q1 is measured using the GDP Deflator (YED
series) in the AWM database. From 1995:Q1 onward, we use Eurostat data (table
namqg-10_gdp_1). We take log differences of the deflator to obtain inflation.

Energy inflation

Energy inflation in the EA from 1990:Q1 to 1995:Q1 is measured using the HICP for
energy (HEGSYA) from the AWM database. From 1995:Q1 onward, we use OECD
data retrieved from FRED (ENRGYOEZ19MOS6NEST). The series is a seasonally and

calendar-adjusted index. We take log differences to obtain energy inflation.
Oil price inflation

The oil price is measured using the Brent crude oil spot price series (DCOILBRENTEU).
Because the series is denominated in U.S. dollars, we convert it into euros using the euro-
dollar exchange rate: the EXR series from the AWM database before 1995:Q1 and, from
1995:Q1 onward, the DEXUSEU series provided by the Board of Governors of the Federal

Reserve System. We then take log differences to obtain oil price inflation.
Natural gas price inflation

The price of natural gas in the European Union is obtained from the International Mon-
etary Fund (PNGASEUUSDM), retrieved from FRED. We convert the series into euros
using the same procedure as for oil prices and then take log differences to obtain natural

gas price inflation.
Coal price inflation

The coal price is measured using the global price of coal, Australia, provided by the
International Monetary Fund (PCOALAUUSDQ), retrieved from FRED. This is the rep-
resentative world market price, determined by the largest exporter of the commodity;
see https://wuw.imf.org/en/Research/commodity-prices. As above, we convert the

series into euros and take log differences to obtain coal price inflation.
Nominal wage inflation

Nominal wage inflation in the EA is constructed as total compensation divided by total
employment. From 1990:Q1 to 1995:Q1, both series are taken from the AWM database:
employment from LNN and total compensation from WIN. Both series are seasonally and

calendar adjusted; employment is measured in thousands of persons and compensation


https://www.imf.org/en/Research/commodity-prices
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in millions of euros at current prices. From 1995:Q1 onward, total employment is taken
from Eurostat (table NAMQ-10_PE, total employment, domestic concept) and total com-
pensation from Eurostat (table NAMQ_10_GDP, compensation of employees). These series
are seasonally and calendar adjusted, with employment measured in thousands of persons
and compensation in millions of euros at current prices. We take log differences of the

resulting nominal wage series to obtain wage inflation.
Oil, natural gas and coal quantities

Quantities of oil, coal, and natural gas are measured using Eurostat’s gross available
energy series from the Simplified energy balances (dataset nrg bal_s). Eurostat defines
gross available energy as an energy-balance aggregate representing, over a given period,
the quantity of energy required to satisfy total energy demand in the reference area
(Eurostat, 2026a,c). The series are measured in tonnes of oil equivalent (toe). We divide

them by EA population (Eurostat series SPPOPTOTLEMU) to obtain per capita quantities.
Interest rate

The nominal short-term interest rate is measured by the three-month Euribor. Before
1995:QQ1, we use the STN series from the AWM database; from 1995:Q1 onward, we use
Eurostat data (table irt_st_q).

Global GDP

Global GDP is measured using quarterly GDP for OECD countries, retrieved from the
OECD (VPVOBARSA series). The series is seasonally adjusted and expressed in purchasing-
power-parity terms. We take log differences to obtain global GDP growth.

D. SVAR Estimation
As discussed in the main text, the growth rate of global GDP, Alog (GDPtW ), and

the log of the common factor in oil, coal and gas prices, log (pf+), are determined by the
The coefficient matrices in equation (D1) are:

following bivariate SVAR:
+ ]
Epf t
(D2)

1 0 cw a1l ai,12 a211 @212
Ay = ,C= 7A1 = ' ’ and Ay = ’ ’ .
ap21 1 Cp; a1l 4122 a221 @292

Alog (GDPY)
log (py.1)

Alog (GDPY,)
log (pf,t—5)

(D1) Ao [




61

The SVAR parameters in equation (D2) are estimated jointly with the remaining model
parameters using the RWMH algorithm. Their priors and posteriors are reported in Table
D1.

Table D1—: Estimation Results for the SVAR Parameters. The table reports each parameter symbol (Symbol),
the prior distribution (Prior), the prior mean and standard deviation (Mean, St. Dev.), and the posterior mean
and standard deviation (Post. Mean, Post. St. Dev.). N denotes the Normal distribution.

SVAR parameters

Symbol Prior Mean, St. Dev. Post. Mean Post. St. Dev.

100 X cw N (0.14, 0.03) 0.17 0.02
a0,21 N (-0.18, 0.04) 0.18 0.03
arn N (0.76, 0.15) 0.66 0.06
a1z N (0.02, 0.00) 0.01 0.00
ar,21 N (-0.41, 0.08) -0.38 0.08
ar,22 N (0.98, 0.20) 0.87 0.05
as 11 N (-0.16, 0.03) -0.15 0.03
as,12 N (-0.02, 0.00) -0.01 0.00
az,21 N (-0.10, 0.02) -0.10 0.02
as,2 N (-0.14, 0.03) -0.23 0.03
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Figure E1. : Impulse Responses Functions (IRFs) to a Oil Price Shock. The figure reports the responses of the
oil price (po), oil use in energy production (V,), the crude-energy price index (pv), the refined-energy price (pe),
intermediate energy demand by core-sector firms (me ), household energy consumption (ce), real GDP (GDP), and
headline inflation (m) to a positive one-standard-deviation shock to the idiosyncratic component of the oil price.
Shaded areas denote the 20th and 80th percentile credible bands associated with parameter uncertainty. The IRF's
represent percentage deviations from the steady state.
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Figure E2. : Impulse Responses Functions (IRFs) to a Coal Price Shock. The figure reports the responses
of the coal price (pc), coal use in energy production (V.), the crude-energy price index (py), the refined-energy
price (pe), intermediate energy demand by core-sector firms (me), household energy consumption (ce), real GDP
(GDP), and headline inflation (m) to a positive one-standard-deviation shock to the idiosyncratic component of the
oil price. Shaded areas denote the 20th and 80th percentile credible bands associated with parameter uncertainty.
The IRF's represent percentage deviations from the steady state.
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Figure ES. : Impulse Responses Functions (IRFs) to a Common Factor Shock to the Price of Crude
Energy. The figure reports the responses of the common component of crude energy price (py), crude energy use
in energy production (Ve), the crude-energy price index (pv), the refined-energy price (pe), intermediate energy
demand by core-sector firms (me), household energy consumption (cc), real GDP (GDP), and headline inflation
() to a positive one-standard-deviation shock to the idiosyncratic component of the oil price. Shaded areas denote
the 20th and 80th percentile credible bands associated with parameter uncertainty. The IRFs represent percentage
deviations from the steady state. .

Pandemic counterfactual

Figure E4 reports a counterfactual exercise in which all structural shocks are set to zero
from 2020:QQ2 onward. The figure compares the observed series (solid blue lines) with the
counterfactual paths (dashed red lines), where all shocks from 2020:Q2 onward are set to
zero. The shaded area denotes the pandemic period. The upper panels report normalized
levels of energy prices (HICP Energy), headline inflation (HICP), and Real GDP. En-
ergy prices exhibit the strongest response: they fall sharply below the counterfactual in
2020:Q2—Q3, reflecting the collapse in demand, and then increase persistently during the
recovery, rising well above the counterfactual by 2022. The aggregate price index initially
moves little, but from 2021 onward it increases more strongly in the smoothed series than
in the counterfactual, reflecting the contribution of recovery and energy shocks. Real
GDP shows a similar pattern: in the absence of shocks, the sharp contraction in 2020:Q2
would have been avoided, as well as the subsequent rebound, resulting in a much smoother
path.

The lower panels report percentage deviations from the counterfactual. Energy prices
decline by more than 10% in 2020:Q2-Q3 and then increase by up to 30% by 2022:Q3,

reflecting the combined effect of demand recovery and energy shocks. The aggregate price
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Figure E4. : Pandemic Counterfactual. The top row reports the smoothed (realized) series (solid blue lines)
together with their counterfactual counterparts (dashed red lines), obtained by shutting down all structural shocks
from 2020:Q2 onward. The three columns report, respectively, the HICP of energy products (Pe), the aggregate
HICP (P), and real gross domestic product (GDP). The bottom row reports the percentage difference between the
smoothed and counterfactual series (green dash-dotted lines), which measures the joint contribution of pandemic-
related and energy shocks over time. All level variables are normalized to one in 2020:Q1, the quarter immediately
preceding the start of the counterfactual, so that deviations can be interpreted as percentage changes relative to the
pre-counterfactual level. The shaded area denotes the period following the onset of the COVID-19 pandemic.

index rises by about 5% above the counterfactual by 2022:Q3. Real GDP also displays
large deviations, confirming that both the contraction in 2020 and the subsequent recovery

were primarily driven by the shocks realized during 2020-2022.
The role of complementarities

The parameters o, and o, govern the elasticity of substitution between energy and
non-energy goods in production and consumption, respectively, and are estimated to be
below one, see Table 2. We assess their quantitative role by computing IRFs to a gas
price shock (ep,) for alternative values of these parameters.

Figure E5 reports the responses for different values of oy,. Lower values of oy, amplify
the decline in GDP, reflecting more limited substitution away from energy inputs. The
lower panel shows that the share of energy costs in production, s,, = mewf:;f%’

when oy, < 1, remains constant in the Cobb-Douglas case, and falls when inputs are

rises

substitutes.



66 ENERGY SHOCKS, PANDEMICS AND THE MACROECONOMY

Figure E9 presents the analogous exercise for consumption. A gas price shock raises
the price of refined energy and changes the composition of household expenditure. Lower
values of o, imply a smaller reallocation across goods and a weaker response of aggregate
consumption and GDP. At the same time, the share of household expenditure on energy,
Se, = %, rises after the shock when o, < 1.

The corresponding exercises for production are reported in Figures E6, E7, and ES8
which consider oil shocks (ep, ), coal shocks (g, ), and common crude-energy shocks (ep, ),
respectively. The analogous exercises for consumption are reported in Figures E10, K11,
and E12. The results are qualitatively similar across cases: lower elasticities of substitu-
tion amplify the contractionary effects of energy price shocks and increase the share of

energy expenditures in both production and consumption.
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Figure E5. : FElasticity of Substitution in Production and the Transmission of Gas Price Shocks. The figure
reports impulse response functions (IRFs) to a positive one-standard-deviation shock (Epg) to the price of natural
gas (pg), computed for alternative values of the elasticity of substitution parameter oy, . The black line corresponds
to the response at the estimated value of o.. IRFs are expressed as percentage deviations from steady state.

The role of wage indexation

The wage-indexation parameter ¢, shapes the transmission of energy price shocks. Our
estimate, ¢, = 0.96, implies substantial wage adjustment to price movements. Figure E13
in the upper left panel reports the response of GDP to a positive natural gas price shock,
€p,, for alternative values of ¢,. Higher wage indexation amplifies the contraction in
GDP. Relative to a medium-indexation case, t,, = 0.50, the cumulative effect on output
after 20 quarters is about three times larger at the estimated value. Under stronger
indexation, higher prices feed more quickly into wages, amplifying production costs and
further depressing output.! The remaining three panels in Figure E13 report the responses
to coal price shocks (g, ), oil price shocks (g, ), and shocks to the common crude energy

10n the empirical side, Donoval et al. (2010) provide reduced-form evidence that oil price shocks have larger

effects in European countries with stronger wage indexation. Amiti et al. (2024) provides a broader analysis of the
pass-through from wage inflation to price inflation after the COVID-19 pandemic.
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Figure E6. : The Role of the Elasticity of Substitution in Production and the Transmission of Oil Price
Shocks. The figure reports impulse response functions (IRFs) to a positive one-standard-deviation shock (ep, )
to the price of oil (po), computed for alternative values of oy,. The black line corresponds to the response at
the estimated value of oy, . Responses are expressed as percentage deviations from steady state for GDP and as
deviations from steady state for sm, .

G DO to s, Sy, tO =4
o
-0.005 ,////
i,
7777
-0.01 777 7
.
iy 4
Iy i
-0.0= o
g
Ny i
i 7%
-0.025 -
2 A4
c 4
I A
-0.03 200 )
P 0 4

40

20

20

T - © o Time T 7 © o Time

<

Figure E7. : The Role of the Elasticity of Substitution in Production and the Transmission of Coal Price
Shocks. The figure reports impulse response functions (IRFs) to a positive one-standard-deviation shock (ep,) to
the price of coal (pc), computed for alternative values of oy . The black line corresponds to the response at the
estimated value of oy,,. IRF's are expressed as percentage deviations from steady state for GDP and as deviations
from steady state for sm, .

price factor (g, f). The results are qualitatively similar: higher wage indexation amplifies

the contractionary effects of energy price shocks on GDP.
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Figure E8. : The Role of the Elasticity of Substitution in Production and the Transmission of Common
Crude-Energy Shocks. The figure reports impulse response functions (IRF's) to a positive one-standard-deviation
shock (ep,) to the common factor in crude-energy prices (py), computed for alternative values of oy, . The black
line corresponds to the response at the estimated value of oy,,. IRFs are expressed as percentage deviations from
steady state for GDP and as deviations from steady state for sm., .

c. to =45, Se. to =,

22

g

0.04 oO.08
o.02 O.06
o O.04
-0.02 0.02

-0.04

-0.06

S 8
N
RN

AR

N
R
N
R
N

N
N

D, W
NN

W
N
NN
NN
NN
NN
NN

-0.08

.
N
R

N
N

A\

W
\\?\\\“
N

3
AN

40 40

N\

a
20

T o o Time T~ © o Time

Figure E9. : The Role of the Elasticity of Substitution in Consumption in the Transmission of Gas Price
Shocks. The figure reports impulse response functions (IRFs) to a positive one-standard-deviation shock (z—:pg) to
the price of natural gas (pg), computed for alternative values of the elasticity of substitution parameter o.. The
black line corresponds to the response at the estimated value of o.. The IRFs represent percentage deviations from
the steady state.
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The Role of the Elasticity of Substitution in Consumption in the Transmission of Oil Price

Shocks. The figure reports impulse response functions (IRFs) to a positive one-standard-deviation shock (gp,)
to the price of oil (po), computed for alternative values of oc.

Figure E10. :

The IRFs represent percentage deviations from the steady state for c. and deviations from
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Figure E12. : The Role of the Elasticity of Substitution in Consumption in the Transmission of Common
Crude-Energy Shocks. The figure reports impulse response functions (IRFs) to a positive one-standard-deviation
shock (apf) to the common crude-energy factor (py), computed for alternative values of oc. The black line cor-
responds to the response at the estimated value of o.. The IRFs represent percentage deviations from the steady
state for cc and deviations from the steady state for sc, .
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Figure E13. : The Role of Wage Indexation in the Transmission of Energy Shocks. The figure reports impulse
response functions (IRFs) of GDP to a positive one-standard-deviation natural gas price shock (spg), coal price
shock (ep,.), oil price shock (ep,), and shock to the common component of crude energy (ep, ), for alternative
values of the wage-indexation parameter vy,. The black line corresponds to the response at the estimated value of
tw. The IRFs represent percentage deviations from the steady state.
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Figure E14. : The Role of Monetary Policy in the Transmission of Coal Price Shocks. The figure reports the
impulse response functions (IRFs) of inflation and GDP to a positive one-standard-deviation shock to the price
of coal (ep,), computed for alternative values of the central bank’s inflation-response coefficient, rr. The IRFs
represent percentage deviations from the steady state.
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Figure E15. : The Role of Monetary Policy in the Transmission of Oil Price Shocks. The figure reports the
tmpulse response functions (IRFs) of inflation and GDP to a positive one-standard-deviation shock to the price
of oil (ep,), computed for alternative values of the central bank’s inflation-response coefficient, r~. The IRFs
represent percentage deviations from the steady state.



72 ENERGY SHOCKS, PANDEMICS AND THE MACROECONOMY

7T to =,, G IDOFP to s,

ra

-0.05

a0 40

20 20

T i1 o Time T 1 o Time

Figure E16. : The Role of Monetary Policy in the Transmission of Common Crude-Energy Shocks. The
figure reports the impulse response functions (IRFs) of inflation and GDP to a positive one-standard-deviation
shock to the common factor in crude-energy prices (ep f ), computed for alternative values of the central bank’s
inflation-response coefficient, rr. The IRF's represent percentage deviations from the steady state.



